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Abstract—Nucleosides were coupled to estradiol via a 17a-ethynyl spacer group using Pd(II) as a catalyst. The conjugates were eval-
uated in vitro for estrogen receptor (ER) binding affinity and cytotoxicity against cell lines with and without ER. The highest recep-
tor binding affinities (RBA ~ 3) were observed with conjugates coupled via a relative long spacer group, while none of the

conjugates exhibited cytotoxicity against either cell lines.
© 2005 Elsevier Ltd. All rights reserved.

The clinical use of most anticancer chemotherapeutics is
limited by their lack of specificity and associated unde-
sirable side effects. To stop proliferation of all tumor
cells, drugs must be given at high concentrations result-
ing in toxicity against fast-growing cells of both tumor
and healthy tissues. Reducing the side effects requires
the development of anti-tumor agents that are effective
at relative low doses. Several attempts have been made
to improve target selectivity of cytotoxic agents through
coupling to steroid hormones that bind to receptors
overexpressed in endocrine tumors such as those of the
breast and prostate.! Such agents include steroids
functionalized with groups that contain alkylating moi-
eties such as N-mustard,? nitrosoureas® or aziridines®
(i.e., estramustine and ninestramide) and intercalating
agents such as ellipticine® and daunorubicin® derivatives.
Cytotoxic metal chelates, used in the treatment of differ-
ent types of cancers and known to interact with DNA,
were also coupled to estrogen derivatives to target breast
tumors.” An estrogenic-enediyne hybrid molecule has
been advanced as a temperature- and concentration-de-
pendent drug that interacts with estrogen receptors (ER)
via a-cyclization.® Taxol, a well-known anti-tumor drug,
was also coupled to estradiol through an ester linkage.’
Steroidal nitroimidazoles were prepared as potential
site-selective radiosensitizers,'® while steroids coupled
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to phthalocyanines''! and porphyrins'> have been
advanced as potential ER-binding photosensitizers.

Nucleoside analogs have emerged as important therapeu-
tic agents for the development of antiviral and anti-tumor
drugs.'? In particular, uracil derivatives substituted at C-5
or modified at the furanose ring exhibit strong biological
activities.'* Previously, we showed that steroid—nucleo-
side conjugates exhibit anti-tumor activity.!> An estro-
gen-bridged adenine derivative has also been shown to
be cytotoxic against murine leukemia and andriamycin-
resistant cells.'® Some adenine and adenosine methy-
lene-bridged estrogens were developed as inhibitors of
the estrogen sulfotransferase.!”

Using the palladium catalyzed cross-coupling reaction,'®
a number of estrogen-based hybrid molecules were pre-
pared via the coupling of terminal alkyne-estrogen
derivatives and halo-nucleosides, and tested for selected
biological properties.

The 17a-ethynylestradiol (1) was dissolved in DMF/THF
and treated with 5-iodo-uracil (2a) (room temperature,
2-4 h) in triethylamine containing copper(I) iodide and
a catalyticamount of bis(triphenylphosphine)Pd(II) chlo-
ride. The product 3a gave a molecular ion at m/z 406 cor-
responding to the coupled conjugate. The '"H NMR
spectrum of 3a shows a singlet at ¢ 5.31 corresponding
to the C-6’ proton of the uracil ring and other character-
istic peaks between § 6.44 and 7.05 corresponding to the
C-1, C-2, and C-4 protons of the A-ring of estradiol.
Using the same reaction condition we coupled the 17a-
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ethynylestradiol (1) with 2b,c,d to yield corresponding ad-
ducts 3b,c,d. The estrogen conjugates 5 and 7 were also
prepared by coupling 1 with 8-bromoadenosine (4) and
8-bromoguanosine (6). We previously showed that
attachment of a long chain at the 17a-position increases
the ER binding affinity. Thus, we prepared compound 9
by reacting estrone with 1,7-di-octyne to yield a terminal
alkyne that was used for further substitution. Using the
same reaction conditions, compound 9 was coupled with

2 to yield conjugate 10. All products were characterized by
"H NMR and mass spectral analysis (Scheme 1).

Relative binding affinity (RBA). Binding affinities for
ER were measured by a competitive [*H]estradiol bind-
ing assay using Flash Plate technology, taking estradiol
as unity (RBA =100)." The RBA values are summa-
rized in Table 1. RBA values increase proportionally
with lengthening of the spacer chain. Changing the spac-
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Table 1. Relative binding affinity (RBA) for ER of steroid-nucleoside
conjugates

Conjugate RBA (SD)*
Estradiol 112 (46)
Tamoxifen 18 (5)
3a 0.07

3b 0.01

3c 0.18

5 0.02
10a 2.9 (0.6)
10b 0.5(0.2)
10c 1.4 (0.5)
10d 1.8 (0.6)

“RBA values were measured by a competitive binding essay against
[PHlestradiol.

er chain from two (3a) to eight carbon atoms (10a) re-
sults in a substantial increase of the RBA. Further sub-
stitution of 10a with a sugar moiety (10c and 10d) results
in decrease of RBA values (Student’s ¢ test: £(4) = 2.205,
p <0.05, one-tailed), suggesting a possible interference
of the bulky sugar moiety nucleoside with the receptor
binding process.

In vitro cytotoxicity. Cytotoxicity was evaluated in vitro
against two human breast cancer cell lines. The MCF-7
cell line expressing ER and the MDA-MB-231 cell line
(American Type Culture Collection) lacking ER.2° None
of the conjugates or free estradiol showed activity
against the MCF-7 or MDA-MB-231 cell lines at all
concentrations and all incubation times tested. Only 5-
fluorouracil at 10 pM showed activity against test cell
lines after 72 h incubation, that is, 40% and 67% cell sur-
vival against MCF-7 and MDA-MB-231 cells, respec-
tively. Tamoxifen at 10 uM showed only activity
against MCF-7 cells (72% cell survival after 72 h incuba-
tion). This limited biological effect likely results from its
low affinity for the ER.
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Abstract—We have recently reported hexahydropyrazinoquinolines as a new class of dopamine 3 (Ds) receptor ligands with high-
affinity to the D5 receptor and excellent selectivity over the closely related D;-like and D,-like receptors. However, our previously
reported most potent and selective D5 ligands have poor aqueous solubility, which greatly hinders our in vivo studies aimed at eval-
uation of their therapeutic potential in animal models. In this study, we wish to report the design, synthesis, and evaluation of a
series of new hexahydropyrazinoquinolines as D3 ligands with improved solubility. Among them, compound 4g has a K; value
of 9.7 nM for the D5 receptor and displays a selectivity of >5000 and 466 times over the D,-like and D,-like receptors, respectively.
Importantly, the hydrochloride salt form of compound 4g has a good aqueous solubility (>50 mg/mL) and represents a promising
D; ligand for further in vivo evaluations of its therapeutic potential for the treatment of drug abuse, restless legs syndrome, schizo-

phrenia, Parkinson’s disease, and depression.
© 2005 Elsevier Ltd. All rights reserved.

Recent studies' ™ have suggested that the dopamine 3
subtype receptor (D3) is a promising therapeutic target
for a variety of conditions including drug abuse, restless
legs syndrome, schizophrenia, Parkinson’s disease, and
depression. Potent and selective D3 ligands may have
therapeutic potential for the treatment of these condi-
tions. Accordingly, there is a strong research interest
in the design of potent and selective D5 ligands.®

Our laboratory has recently reported the design, syn-
thesis, and evaluation of hexahydropyrazinoquinolines
as a new class of potent and selective Ds ligands.”-®
Based upon its chemical structure, the initial lead
compound 1 was divided into three structural regions,
the tricyclic hexahydropyrazinoquinoline core structure
as the ‘head’, the naphthyl ring as the ‘tail’, and the
linker between the ‘head’ and the ‘tail’ groups. In
our previous studies,”® we have designed and synthe-
sized analogues to explore the structure-activity rela-

Keywords: Hexahydropyrazinoquinolines; Dopamine D; receptor;

Ligands.
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tionships for the ‘head’ and ‘linker’ regions. Those
modifications have yielded compounds 2 and 3 with
high affinity for the Dj receptor and excellent selectiv-
ity over the Dj-like and D,-like receptors. However,
compounds 2 and 3 have a limited aqueous solubility,
which greatly hinders our in vivo studies for evalua-
tion of their therapeutic potential in animal models.
Of note, many of those potent and selective D3 ligands
recently reported by other laboratories are also highly
hydrophobic in nature and will likely encounter a sim-
ilar solubility problem.>*!'! In a recent study, efforts
have been made toward improvement of the aqueous
solubility in the design of potent and selective Dj
ligands.!? In this paper, we report the design, synthe-
sis, and evaluation of new analogues of compounds
2 and 3 with modifications at the ‘tail’ region with a
goal to derive potent and selective Dj ligands with
improved aqueous solubility.

Our previous molecular modeling analysis showed that
the hydrophobic naphthyl ‘tail’ occupies a large binding
pocket primarily formed by hydrophobic residues in the
D5 receptor.® For this reason, a hydrophobic tail may be
required for achieving high binding affinities to the Dj
receptor. Hence, in our design, we have chosen to
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replace the naphthyl ring in our lead compounds with
either a quinolinyl ring, or an isoquinolinyl ring, or qui-
noxalinyl ring. We reasoned that these ring systems are
still primarily hydrophobic in nature but have improved
aqueous solubility over the naphthyl ring. Thus, the
resulting compounds (4a-h) will have better aqueous
solubility than compounds 2 and 3. Since enantiomers
2 and 3 have very similar binding affinities to the D;
receptor and also very similar selectivities over the D;-
like and D,-like receptors,® we have decided to employ
the racemic template for rapid exploration of the struc-
ture—activity relationship in the tail region. A series of
new analogues 4a—h were synthesized and evaluated at
the dopamine receptors.

The synthesis for compounds 4a-h is straightforward
and outlined in Scheme 1. Briefly, compound 5 was syn-
thesized using our previously published method.” Com-
pound 6 was obtained by condensation of compound
5 with trans-(4-tert-butoxycarbonylamino-cyclohexyl)-
acetic acid, followed by removal of the Boc-protecting
group and reduction with lithium alumina hydride.
Compound 6 was then coupled with the requisite acids

Me MeO.
a
k S8R

L_NH

5

N
A O\
6 NH;

using EDCI as coupling reagent in dichloromethane to
produce the target compounds 4a—4h.!”

In view of the numerous dopamine receptors at which
binding affinity might be determined for these com-
pounds, we have designed our screening protocol to
make the most important comparison (i.e., Dj-like/
D3) as well as compare between the major subclasses
of dopamine receptors (i.e., Dj-like/D,-like, and D;-
like/D3). Accordingly, in this study, all the new com-
pounds were evaluated for their binding affinities at
the D;-like, D,-like and D5 receptors using previously
established methods.!3 !> Because the affinities of com-
pounds at the dopamine receptor subtypes have been
shown to vary depending on the in vitro assay condi-
tions used and the source of receptors (i.e., human or
rat and the expression system used),’ the assay condi-
tions used in these assays were designed to favor ago-
nist binding and used receptors expressed in their
native tissue, brain. Our receptor binding assay enable
selective assessment of each dopamine receptor subtype
of interest by using brain regions that predominantly
express the receptor of interest (e.g., the caudate puta-

MeO.
b

—_—

NK/NV'/,
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R
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Scheme 1. Synthesis of hexahydropyrazinoquinolines. Reagents and conditions: (a) i. trans-(4-tert-butoxycarbonylamino-cyclohexyl)-acetic acid,
EDCI, HOBT, N,N-diisopropylethylamine, CH,Cl,, rt, 12 h; ii. 4 M HCl in dioxane, rt, 4 h; iii. LiAlH4, THF, reflux, 2 h; (b) RCO,H, EDCI, HOBT,

N,N-diisopropylethylamine, CH,Cl,, rt, 2 h.
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men, which expresses very low levels of Dj sites, for the
D;-like and D»-like receptor assays) and/or in vitro
conditions that affect the binding of the radioligand
to a particular binding site (e.g., PHJPD 128907 bind-
ing to D, sites is disfavored in the absence of Mg*",
thus enabling selective labeling of Ds sites in ventral
striatal membranes).!* These assay conditions have
been extensively validated and compared with those
of other in vitro assay systems.!® Of note, the non-se-
lective antagonist haloperidol, and the Ds-selective
antagonists (+)-S14297 and U99194A exhibited binding
affinities and selectivities in our assays and are highly
similar to those previously reported using cloned hu-
man receptors expressed in transfected cells.>'® The
binding affinities for compounds 4a-h, together with
reference compounds haloperidol, (+)-S14297, and
U99194A at the D3, Dj-like, and D»-like receptors
determined in our assay conditions are summarized in
Table 1.

Replacement of the naphthyl ring by a 3-isoquinolinyl,
3-quinolinyl, or 2-quinolinyl ring results in compounds
4b, 4c, and 4d in which a carbon atom in ring A of
the naphthyl ring is replaced by a nitrogen atom at
three different positions. These replacements reduce
the binding affinity to the Dj; receptor by 10, 10,
and 36 times, respectively, as compared to the initial
lead compound 4a. These replacements also signifi-
cantly reduce the selectivity of these compounds for
the D3 receptor versus the D,-like receptors. To inves-
tigate the effect of the substitution position for the
aromatic ring, we changed the substitution position
from B- to a-position for the quinolinyl in compound
4c, which resulted in compound 4e. This change re-
sults in an improvement of three times in both bind-
ing affinity to the D; receptor and selectivity over
the D»-like receptors as compared to compound 4c.
But compound 4e is still three times less potent than
4a and also much less selective over the D,-like recep-
tors than 4a. Replacement of the naphthyl ring by a
2-quinoxalinyl ring resulted in compound 4f, which
is significantly less potent and selective than com-
pound 4a. The significant reduction in binding affinity
and selectivity for these new analogues as compared

to compound 4a further confirms the importance of
the hydrophobic interaction between the naphthyl ring
in compound 4a and the hydrophobic residues in the
D3 receptor, as suggested in our molecular modeling
studies.®

Based upon our previous modeling results,® although
the naphthyl ring in compound 4a interacts with sev-
eral hydrophobic residues, part of the ring B in the
naphthyl ring is exposed to solvent. It suggests that
a nitrogen atom may be inserted into the ring B in
the naphthyl ring without causing significant reduction
in binding affinity to the D5 receptor. To test this
idea, we have synthesized compounds 4g and 4h, in
which the 2-naphthyl ring in 4a is replaced by either
6-quinolinyl or 8-quinolinyl ring. As can be seen from
Table 1, although compound 4h is >10 times less po-
tent than 4a in its binding affinity to D3 and has no
selectivity between the D3 receptor and D,-like recep-
tors, compound 4g is a potent D3 ligand with a K;
value of 9.7 nM. Furthermore, compound 4g has an
excellent selectivity over the D;-like and D»-like recep-
tors, being >5000 times between the D3 and Dj-like
receptors, and 466 times between the D3 and D,-like
receptors. Importantly, compound 4g was found to
have a much better aqueous solubility than compound
4a in our solubility testing. For example, the hydro-
chloride salt form of 4g has an aqueous solubility
greater than 50 mg/mL, whereas the hydrochloride salt
form of 4a has an aqueous solubility less than 1 mg/
mL. Therefore, compound 4g represents a potent,
selective, and soluble Dj ligand for our further in vivo
studies.

In summary, a series of new hexahydropyrazinoquino-
lines were designed, synthesized, and evaluated as Dj li-
gands. Among them, compound 4g has a K; value of
9.7 nM for the Dj receptor and displays a selectivity of
>5000 and 466 times over the D;-like and D»-like recep-
tors, respectively. Importantly, compound 4g has a good
aqueous solubility (>50 mg/mL) and represents a prom-
ising D5 ligand for further in vivo evaluations of its ther-
apeutic potential for the treatment of drug abuse and
several other conditions.

Table 1. Binding affinities at the D;-like, D,-like, and Dj; receptors in binding assays using rat brain

Compound K; £ SEM (nM) Selectivity

D;-like [PHJSCH 23390 D,-like [*H]spiperone D; [PH]PD 128907 D;-like/Ds D,-like/D;
1 >250,000 >250,000 244 + 59 >1000 >1000
4a >50,000 3660 + 594 5.1%0.67 >9804 717
4p" >50,000 188 + 39 48+ 1.8 >1041 3.9
4c >50,000 1360 + 345 51+6.5 >980 27
4d 55,000 * 4640 4760 + 797 183+ 17 301 26
4e 19,700 + 2130 1470 + 132 16+2.7 1259 94
af 24,800 + 2800 2830 + 171 152+ 24 163 19
4g >50,000 4500 + 841 97+18 >5154 466
4n" >50,000 162 + 48 87+ 12 >575 1.9
Haloperidol 42+34 72+1.7 24+ 3.1 1.75 0.30
S12947 >100,000 256 + 52 98+ 1.6 >10,000 26
U99194A >100,000 11,200 513 498 + 72 >200 22

Validated in vitro assay conditions were optimized to enable selective assessment of each receptor of interest and to favor agonist binding.'®

Data represent means = SEM of 3-5 independent determinations.
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The NMR data for compound 4c: '"H NMR (300 MHz,
CDCls): 6 1.10-1.40 (m, 5H), 1.45-1.57 (m, 2H), 1.72-2.00
(m, 5H), 2.16-2.30 (m, 3H), 2.41-2.47 (m, 2H), 2.72-3.05
(m, 6H), 3.67-3.74 (m, 1H), 3.76 (s, 3H), 4.00-4.10 (m,

18.

19.

1H), 6.07 (d, J=8.0Hz, 1H), 6.61 (d, J=3.0 Hz, 1H),
6.68 (dd, /=9.0, 3.0 Hz, 1H), 6.77 (d, J=9.0 Hz, 1H),
7.60-7.67 (m, 1H), 7.80-7.85 (m, 1H), 7.93 (d, J = 8.5 Hz,
1H), 8.17 (d, J=8.5Hz, 1H), 8.58 (d, J=2.2 Hz, 1H),
9.25 (d, J=2.2 Hz, 1H). '3C NMR (75 MHz, CDCls): §
27.6,27.8,32.3,33.5,34.1, 35.9, 47.7,49.8, 53.9, 55.8, 56.0,
56.9, 60.2, 112.6, 114.0, 115.3, 126.4, 127.3, 127.8, 127.9,
129.1, 129.8, 131.6, 135.8, 140.9, 148.5, 149.6, 152.6, 165.3.
[PHJSCH 23390 binding assays for Di-like dopamine
receptors were performed as previously described in
detail’> using membranes prepared from the caudate-
putamen of adult male Sprague-Dawley rats (Harlan,
Indianapolis, IN). All compounds were dissolved in
100% EtOH at a concentration up to 5 mM. The assay
buffer was 50 mM Tris-HCl, 5mM KCl, 2 mM MgCl,,
and 2 mM CaCl,, pH 7.4, at 23 °C; the concentration of
[*HISCH 23390 (73 Ci/mmol; Amersham) was 0.3 nM;
and non-specific binding was determined in the presence
of 1 uM (+)-butaclamol. SigmaPlot was used to deter-
mine K; values using the Kp value for [P'H]SCH 23390 of
0.3nM."> [PH]spiperone binding assays for D»-like
dopamine receptors were performed as previously
described in detail and as described for [PH]SCH
23390, except that the concentration of [*H]spiperone
(24 Ci/mmol; Amersham) was 0.2nM.'>> K, values
were determined using the Kp value for [*H]spiperone
of 0.1nM."> [PHJPD 128907 binding assays Ds-like
dopamine receptors were performed as previously
described in detail'®!® using ventral striatal (nucleus
accumbens and olfactory tubercles) membranes prepared
in assay buffer (50 mM Tris, 1 mM EDTA; pH 7.4 at
23°C). The concentration of [PH]PD 128907 was
0.3nM; 116 Ci/mmol; (Amersham, Arlington Heights,
IL) and non-specific binding was defined by 1uM
spiperone. K; values were determined using the Kp
value for [PHJPD 128907 of 0.3 nM.'* Haloperidol and
U99194A were purchased from Sigma (St. Louis, MO).
(+)-S12497 was the generous gift of Dr. Mark Millan of
Institut de Recherches Servier.

Competition data for these compounds in the [*H]spipe-
rone binding assay was consistent with interactions at two
binding sites as analyzed by SigmaPlot, suggesting
potential agonist activity at D,-like receptors. K; values
presented here are for the high-affinity component.
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Abstract—A number of 9-acylamino and 9-sulfonylamino derivatives of minocycline have been synthesized for structure-activity
relationship studies. These compounds showed activity against both tetracycline-susceptible and tetracycline-resistant strains. Many
of the 9-sulfonylamino derivatives exhibited improved antibacterial activity against a number of tetracycline- and minocycline-

resistant Gram-positive pathogens.
© 2005 Elsevier Ltd. All rights reserved.

The first tetracycline was introduced in the 1950s as a
safe and effective broad-spectrum antibiotic, and it has
been more than 30 years since the last tetracycline anti-
biotic, minocycline (1), was introduced into the market.!
These agents have been important medical products for
the last 50 years, however, the utility of these agents has
gradually diminished in recent years due to the emer-
gence of tetracycline-resistant bacteria. Similarly, the
alarming incidence of pathogenic bacteria resistant to
other currently available antibiotics has caused concern
among medical professionals.? Tetracyclines inhibit pro-
tein synthesis by interfering with the binding of amino-
acylated tRNA to the A-site of the 30S subunit. There
are two major resistance mechanisms associated with
tetracyclines: (1) ribosome protection mechanism medi-
ated by cytoplasmic protein that interacts with the ribo-
some, and (2) efflux of the antibiotics mediated by
membrane-spanning proteins (an active transport mech-
anism).>©

Previously, we reported a novel class of semi-synthetic
tetracyclines that has been referred to as ‘glycylcy-
clines’.” The unique feature of these agents was the abil-
ity to overcome both ribosomal protection (tetM) and
efflux resistance (fetA, tetB, tetC, tetD, tetK, etc.) mech-
anisms associated with tetracycline. Most importantly,

Keywords: Novel tetracyclines; Antibiotic; Resistant bacteria.
* Corresponding author. Tel.: +1 845 602 3431; fax: +1 845 602
5561; e-mail: sump@wyeth.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.078

glycylcyclines are also effective against pathogens
that are resistant to other antibiotics, for example, meth-
icillin-resistant Staphylococci, penicillin-resistant
Streptococcus pneumoniae, and vancomycin-resistant
Enterococci® Three of the glycylcyclines, DMG-
DMDOT 2, DMG-MINO 3, and TBG-MINO 4 (also
known as tigecycline or GAR-936), have been investi-
gated extensively.>'? Tigecycline (Tygacil®) was selected
for further development (Fig. 1) and was recently
approved by the FDA.

During the course of our research to discover com-
pounds with improved activity and pharmacokinetic
properties, we have synthesized a number of compounds
with C-9 modifications. These compounds were de-
signed based on previous SAR that modifications at
ring-D might lead to compounds with enhanced activi-
ty.!! The crystal structure of tetracycline binding to
30S ribosomal subunit was only recently determined
by Ramakrishnan and co-workers.!? The data obtained
from the crystal structure shared numerous similarities
with our hypothesis derived from SAR and many bio-
chemical experiments.'®!* Crystal structure of the ret
repressor in complex with DMG-DMDOT indicated
that the bulky and positively charged glycylamido group
interferes with amino acid side chains which were iden-
tified by mutagenesis as sensitive to Tc (tetracycline) rec-
ognition and to the mechanism of induction.'’ Both
findings suggested that the hydrophilic domain of the
tetracycline molecule is important for binding to ribo-
some (Fig. 2) and modification at that region would
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Figure 1. Structures of minocycline (1), DMG-DMDOT (2), DMG-
MINO (3), and tigecycline or tygacil® (4).
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Hydrophilic region (interacting with ribosome)

OH O NH,

Figure 2. Possible interactions of 6-demethyl-6-deoxytetracycline with
30S ribosomal subunit.

interfere with the binding, while modification of
the hydrophobic region might produce compounds with
enhanced antibacterial activity.

Herein, we report the synthesis and antibacterial activity
of 9-acylamino and 9-sulfonylamino derivatives of min-
ocycline. The key intermediate was prepared using the
same method as described previously.’ Nitration of min-
ocycline 1 gave the 9-nitro-mino and subsequent catalyt-
ic reduction gave the desired 9-amino-mino 6.
Treatment of 9-amino-mino hydrochloride 6 with excess
sodium carbonate and appropriate acylating agents gave
the desired final products 7a—g and j (Scheme 1).

Treatment of 9-amino-mino 6 with 4-bromobutyrylchlo-
ride gave the intermediate 8. Compound 8 was then treat-
ed with excess dimethylamine to give 7i (Scheme 2). This
compound was designed to probe the spacing require-
ment between the carbonyl and the nitrogen of the glycyl
group. Compound 7h, reported previously, was included
for comparison.’

The 9-sulfonylamino derivatives 9a—e were synthesized
by treatment of 9-amino-mino 6 with appropriate sulfo-
nyl chloride (Scheme 3). Final products were purified by
HPLC.

The activities of the above new tetracycline derivatives
were determined by the agar dilution method following

N(CHs),

N(CHs),
~ OH

. . ab
1 Minocycline ——

OH O

\ \ \ A\
Woalivalieolve
7a 7b 7c 7d
FCe C A e N O/\/\G/H\/\
Te 7t 79 7h
N\ oA
7i 7j

Scheme 1. Reagents and conditions: (a) HNO3/H,SOy, 0 °C, 1 h; (b)
10% Pd/C, H,, 40 psi.

6 9-Amino-mino

1a

N(CHg),
~ OH

Scheme 2. Reagents: (a) 4-bromobutyrylchloride/DMPU; (b)
dimethylamine.

the recommendations of the National Committee for
Clinical Laboratory Standards.'® The arylacylamino
derivatives in general show good activity against
Gram-positive bacteria, with the best compound in this
series 7e exhibited MICs of 0.5-1.0 ng/mL. However,
this series was less active against Gram-negative
bacteria; most of the MICs are greater than the highest
concentration tested (>32 pg/mL) (Table 1).

Compound 7g, designed with a methylene in place of
NH, is less active than 7h, suggesting that the basicity
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Scheme 3. Sulfonylamino derivatives of minocycline.

of cyclopentylamine is crucial for the potent broad-spec-
trum antibacterial activity (Table 2). Extension of the
carbon linker between the glycyl dimethylamino nitro-
gen and the carbonyl, for example compound 7i, led
to reduction in overall activity when compared to that
of the dimethylglycylamido derivative (DMG-MINO)
3, indicating that the spacing between the carbonyl
and the nitrogen is crucial for binding to the protein,
and that gylcyl moiety seems to be the optimal group
for the antibacterial potency in both Gram-positive
and Gram-negative strains.

The sulfonamide derivatives show the most interesting
in vitro activity. Almost all the compounds listed in
Table 3 exhibited potent activity against Gram-positive
pathogens and were considerably less active against
Gram-negative bacteria. Compounds 9b and e show
very good activity against Streptococcus. aureus strain
carrying the tetM-resistant determinant (MIC 0.06-
0.25 pg/mL). In general, these compounds with MICs
of 1 and 8 pg/mL, respectively, were moderately active
against the S. aureus strain carrying the tetK-resistant
determinant (efflux). The best compound in sulfon-
amide series is 9b, demonstrating good activity with
MICs against Gram-positive bacteria ranging from
0.06 to 1.0 pg/mL. The fact that the sulfonamide and
the acylamido derivatives are much less active against
Gram-negative bacteria than the glycylcyclines® sug-
gests that in addition to possibly structural require-
ments, the basicity of the cyclopentylamino group of
7h, dimethylamino side chain in 3 (DMG-MINO),
and tert-butylamino group in 4 (tigecycline) at the
9-glycylamido side chain is most likely responsible for
the good activity against Escherichia coli. The poor
activities against E. coli that are still sensitive to mino-
cycline shown by acylamido derivatives 7a-g,j and
sulfonamide derivatives 9a—-d suggest that these com-
pounds most likely are not being permeated into the
Gram-negative cell wall. The moderate activity (MIC
8 ug/imL) of 9e against E. coli carrying the tetB
determinant suggest that it is possible for the
compound to be able to gain entry into the bacteria
cell and is most likely to be pumped out by the efflux
protein.

Table 1. Antibacterial activity of 9-(arylacylamino)-7-(substituted)-6-demethyl-6-deoxytetracycline 7a—f

Organism Minimal inhibitory concentration (MIC) pg/mL compound
Ta 7b Tc 7d Te 7f

S. aureus UBMS 90-1 (tetM) 16 4 4 8 1 4
S. aureus UBMS 90-2 (tetM) 8 4 2 2 1 4
S. aureus UBMS 90-3 (sensitive) 8 1 1 1 0.5 2
S. aureus UBMS 88-7 (tetK) 16 8 8 4 1 32
S. aureus Smith (sensitive) 4 1 1 1 1 2
E. faecalis ATCC 29212 8 4 4 2 1 8
E. coli UBMS 88-1 (tetB) >32 >32 >32 2 >32 >32
E. coli 88-2 (sensitive) >32 >32 >32 >32 >32 >32
E. coli UBMS 89-1 (tetM) >32 NT NT NT >32 >32
E. coli 89-2 (sensitive) >32 >32 >32 >32 >32 >32

Table 2. Antibacterial activity of 9-(alkylacylamino)-7-(substituted)-6-demethyl-6-deoxytetracycline 7g—j

Organism Minimal inhibitory concentration (MIC) pg/mL compound
7g 7h Ti 7§ DMG-MINO GAR-936

S. aureus UBMS 90-1 (tetM) 8 0.25 8 4 0.12 0.12
S. aureus UBMS 90-2 (tetM) 8 NT 4 2 NT NT
S. aureus UBMS 90-3 (sensitive) 4 0.12 2 1 0.06 0.25
S. aureus UBMS 88-7 (tetK) 8 2 16 >32 0.5 0.5
S. aureus Smith (sensitive) 4 0.25 2 0.5 0.06 0.25
E. faecalis ATCC 29212 8 0.12 4 32 0.06 0.12
E. coli UBMS 88-1 (tetB) >128 0.25 >32 >32 0.25 0.5
E. coli UBMS 90-4 (tetM) >128 0.25 16 >32 0.25 0.12
E. coli 90-5 (sensitive) >128 0.25 16 >32 0.12 0.25
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Table 3. Antibacterial activity of 9-(sulfonylamino)-7-(substituted)-6-demethyl-6-deoxytetracycline 9a-e

Organism Minimal inhibitory concentration (MIC) pg/mL compound

9a 9b 9c 9d 9e Mino
S. aureus UBMS 90-1 (tetM) 4 0.25 1 32 0.25 8
S. aureus UBMS 90-2 (tetM) 0.06 0.12 0.25 4 0.06 2
S. aureus UBMS 90-3 (sensitive) 4 0.12 0.25 2 0.12 0.03
S. aureus UBMS 88-7 (tetK) 4 1 2 32 8 0.25
S. aureus Smith (sensitive) 4 0.12 0.03 2 0.12 0.06
E. faecalis ATCC 29212 0.06 0.06 0.25 1 0.06 2
E. coli UBMS 88-1 (terB) 16 >32 32 >32 8 16
E. coli 88-2 (sensitive) 8 >32 8 >32 2 0.25
E. coli UBMS 89-1 (tetM) ND ND ND 32 ND >32
E. coli 89-2 (sensitive) 16 >32 16 >32 2 2

In summary, the sulfonamide series is much more active
against Gram-positive bacteria than the acylated series.
The structure-activity relationship studies of these
compounds provided useful information on the structur-
al requirements for activity against Gram-negative
bacteria. It also indicated that it is possible to design
compounds with activity selectively just against Gram-
positive bacteria. The potent in vitro activity of some
of the sulfonamide derivatives (e.g., 9b,e) against resis-
tant Gram-positive bacteria makes them potential
candidates for the development of new antibiotics tar-
geting selectively just the Gram-positive pathogens.
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Abstract—Oxindole (2) is a potent and selective PDE2 inhibitor with a favorable ADME, physiochemical and pharmacokinetic
profile to allow for use as a chemical tool in elucidating the physiological role of PDE2.

© 2005 Elsevier Ltd. All rights reserved.

The phosphodiesterase (PDE) enzyme family controls
intercellular levels of secondary messenger cAMP or
c¢GMP through regulation of their hydrolysis. Phospho-
diesterase Type II (PDE2) possesses a low affinity cata-
Iytic domain and an allosteric domain specific for
c¢GMP. The low affinity catalytic site can hydrolyze both
cAMP and cGMP with a lower apparent Ky for cGMP
over cCAMP. However, when cGMP binds to the alloste-
ric site, the catalytic site undergoes a conformational
change showing high affinity for cAMP. PDE2 is ex-
pressed throughout the body and therefore has a broad
array of functions and potential therapeutic utility.! It
has been shown that EHNA (erythro-9-(2-hydroxy-3-
nonyl)adenine) (1) (Fig. 1), a potent adenosine deami-
nase inhibitor (K;=10""M),2 selectively inhibits
PDE2.? However, the use of EHNA (1) as a chemical
tool in determining the pharmacological role of PDE2
is limited due to low PDE2 potency and high potency
in inhibiting adenosine deaminase. A recent advance-
ment in the development of PDE2 inhibitors is marked
by the discovery that analogs of phosphatidylinositol
3-kinase (PI3K) inhibitor LY294002 inhibit PDE2 with
potency approaching that of EHNA (1).# Another re-
cent advancement in the area is the report that Bay
60-7550, a potent and selective PDE2 inhibitor structur-

Keywords: Phosphodiesterase; PDE2.
* Corresponding author. Tel.: +1 860 441 5695; fax: +1 860 441 1758;
e-mail: Robert.J.Chambers@pfizer.com
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Figure 1. PDE2 inhibitors EHNA (1) and oxindole (2).

ally derived from EHNA (1), elevates intracellular
c¢GMP in cultured neurons and is efficacious in animal
models of memory and cognition.> These recent findings
prompt us to report that oxindole (2) is a potent and
selective PDE2 inhibitor with a favorable pharmacolog-
ical profile to allow the use as a chemical tool in further
defining the role of PDE2 across a broad range of
disease states.

In a comparative evaluation of potency and selectivity
across the phosphodiesterase isozyme family, oxindole
(2) was found to be a potent inhibitor of PDE2 being
over an order of magnitude more potent than EHNA
(1) and both compounds lacked significant inhibition
of other isozymes indicating a high degree of selectivity
toward PDE2 (Table 1).%7 Also, 2 shows PDE2 potency
higher than those reported for LY294002 analogs and
PDE1 selectivity higher than that reported for Bay 60-
7550.4>
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Table 1. Comparative PDE2 potency and selectivity of EHNA (1) and
oxindole (2)

PDE isozyme EHNA (1) Oxindole (2)
PDEI ICs, nM (n) >16,000 (1) >16,000 (1)
PDE2 ICsy, nM (n)* 635+ 134 (2) 40+ 18 (9)
PDE3 ICsy, nM (n) >16,000 (1) >16,000 (1)
PDE4A ICsy, nM (n) >16,000 (1) >16,000 (1)
PDE4B ICsy, nM (n) >16,000 (1) >16,000 (1)
PDEA4C ICsp, nM (n) >16,000 (1) >16,000 (1)
PDE4D ICsp, nM (n) >16,000 (1) >16,000 (1)
PDES5 ICsp, nM (n) >16,000 (1) >16,000 (1)
PDESA 1Cso, nM (n) >16,000 (1) >16,000 (1)
PDESB ICsy, nM () >16,000 (1) >16,000 (1)
PDE9 ICsy, nM (n) >16,000 (1) >16,000 (1)
PDE10 ICso, nM (n) >16,000 (1) >16,000 (1)
PDEII1 ICs, nM (n) >16,000 (1) 11,600 (1)
PDE?2 selectivity >25X 290X

#Values are means of a number (n) experiments with standard
deviation.

In considering that 2 might interact with other pharma-
cological targets that in turn could then compromise
interpretation of results from further in vitro and in vivo
functional profiling, 2 was assayed for interaction
against a collection of 54 receptors and ion channels
where no significant level of binding relevant to its
PDE2 potency was found (Table 2). In addition, oxin-
dole (2) showed no inhibition of 5-lipoxygenase (5-LO)
or cyclooxygenase (COX-1), two enzymes which other
oxindole derivatives inhibit and derive anti-inflammato-
ry activity (Table 3).%° The chemical structure of 2 dis-
plays proximal hydrogen bond donor and acceptor pairs
which is associated with kinase inhibition which in turn
would effect cell signaling.!® Against a panel of thirty ki-
nases, 2 showed no significant inhibition relative to the
level of PDE2 inhibition (Table 3).!!

In comparing the solubility and ADME properties of
EHNA (1) and oxindole (2), both compounds showed
an appreciable level of solubility and cell permeability
however, oxindole (2) shows over a twofold increase in
metabolic stability over EHNA (1) as measured by
half-life in rat liver microsomes (Table 4). !? In parental
Madin-Darby canine kidney (MDCK) and transfectant
multidrug resistant (MDR) overexpressing human
p-glycoprotein (P-gp) cell lines, oxindole (2) showed a
moderate rate of absorption with no apparent efflux.'?

Having found a favorable solubility and ADME profile
for oxindole (2), the in vivo pharmacokinetic profile was
determined in rats, which showed a moderate rate of
clearance and a low volume of distribution leading to
a moderate half-life and level of oral bioavailability
(Table 5).'* Furthermore, unbound plasma concentra-
tions of oxindole (2) were achieved which exceeded its
1Csq value for over 2 h.

The synthesis of oxindole 2 proceeds via an eight-step
linear sequence in a 33% overall yield starting from Me-
tol 3, an inexpensive and readily available starting mate-
rial (Scheme 1). Acylation of 3 with chloroacetyl
chloride occurs chemoselectively at the aniline nitrogen
to give amide 4.'° Cyclization of 4 by way of a intramo-

Table 2. Broad ligand binding profile of oxindole (2)

Target % binding at 10 pM*?
Adenosine A 16
Adenosine A,, 24
Adenosine A; 35
Adrenergic o, 0
Adrenergic o, 16
Adrenergic B 15
Adrenergic B, 12
Norepinephine Uptake 12
Angiotensin-I 11
Angiotensin-IT 4
Benzodiazepine 11
Bradykinin B, 0
Bradykinin B, 5
Dopamine D, 5
Dopamine D, 12
Dopamine D3 0
Dopamine D4 0
Dopamine Uptake 11
GABA 3
GABA Uptake 8
AMPA 20
Kainate 0
NMDA 7
Histamine H; 7
Histamine H, 0
Histamine Hj 0
MCR4 12
Muscarinic M; 9
Muscarinic M, 0
Muscarinic M3 0
Muscarinic My 1
Choline Uptake 0
Neurokinin K; 0
Nicotinic (neuronal) 7
Nicotinic (muscle) 0
Opiate & 3
Opiate 0
Opiate p 3
PAF 21
Serotonin 5-HT ;o 23
Serotonin 5-HT54 15
Serotonin 5-HT,¢ 0
Serotonin 5-HT; 0
Serotonin 5-HT, 0
Serotonin 5-HT; 0
Serotonin Uptake 0
Glucocorticord 0
Thyroid hormone 0
Vasopressin V) 5
Vasopressin V, 13
Ca®* channel D (dihydro pyridine) 0
Ca®" channel D (dilitiazem) 0
Ca®* channel L (verapamil) 0
Ca®" channel N 0

#Values are from a single experiment with duplicate determinations.

lecular Friedel-Crafts alkylation occurs regioselectively
to yield 5. Acylation of 5 with chloroacetyl chloride
followed by Fries rearrangement of ester 6 affords ke-
tone 7.'7 Reduction of 7 and subsequent acid-catalyzed
dehydration of alcohol 8 gives furan 9. Acylation of 9
with diethylcarbonate followed by aminolysis of ester
10 with 2-aminothiadiazole affords 2 as a crystalline
solid.
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Table 3. Off target inhibition profile of oxindole (2)

Target % inhibition at 10 uM*
5-Lipoxygenase 35
Cyclooxygenase 0
MKKI1 0
MAPK2 12
JNKlal 0
SAPK2a 0
SAPK2b 5
SAPK3 7
SAPK4 13
RSK1 1
MAPKAP-K2 8
MSK1 6
PRAK 28
PKA 16
PKCa 13
PDK1 0
PKBa 14
SGK 0
p70S6K 23
GSK3p 16
ROCK-II 20
AMPK 8
CHK1 0
CK2 32
PHK 0
LCK 5
CSK 5
CDK2 2
CK1 10
DYRKIA 53
NEK6 7
NEK2 0

#Values are from a single experiment with duplicate determinations.

Table 4. Comparative ADME and solubility profile of EHNA (1) and
oxindole (2)

EHNA Oxindole
(1) (2
Rat liver microsome #;,, (min) 31 83
CACO-2 apical P, (x107% cm/s) 34 5
CACO-2 basolateral Py, (x107° cm/s) 18 32
MDCK apical P, (x10~® cm/s) NT 3.0
MDR basolateral P, (x107° cm/s) NT 4.6
Turbidimetric solubility (pH 7, pg/ml) >65 55
NT, not tested.
Table 5. Rat pharmacokinetics of oxindole (2)
Clearance Cl (ml/min/kg) 8.8
Volume of distribution Vyss (L/kg) 0.1
Half life ¢/, (h) 1.6
Tmax (h) 0.8
Chnax (ng/ml) 8303
Oral bioavailability % F 41

Oxindole (2) is a potent and selective PDE2 inhibitor
that possesses a suitable solubility and in vitro ADME
profile leading to a moderate level of in vivo oral
bioavailability and half-life in rats. Against a panel of
54 receptors and ion channels, oxindole (2) shows no
significant interaction nor is effective in inhibiting 5-li-

HO. HO cl HO
T o CLL 2"
NH NO N
3

\
CH, 4 CHj 5 | CHs
lc
0 e O d uWO
0 ~—— 0 —— 0
N N ° N
HO g CHg o , CH 6 CHs
‘f N’N\
o o s
o NH
S - Sm 2¢
o) —_— o)
\ N N\ N \ N
CH, CHj CHy
9 10 2

Scheme 1. Reagents and conditions: (a) CICOCH,Cl, TEA, DMAP,
DMF, 0 °C, 83%; (b) AlCl3, 180 °C, 89%; (c) CICOCH,CI, Py CH,Cl,,
0 °C; 94% (d) AICl;, 180 °C, 76%; (¢) NaBH,4, MeOH, 0 °C, 92%; (f)
TFA, MeCN, 20 °C, 88%; (g) (EtO),CO, Na, EtOH, reflux, 97%; (h) 2-
amino-1,3,4-thiadiazole, 4 A Sieves, PhH, reflux, 80%.

poxygenase (5-LO) or cyclooxygenase (COX-1), two en-
zymes which other oxindole derivatives inhibit and
derive anti-inflammatory activity. In regard to mediat-
ing off target cell signaling pathways, oxindole (2)
showed no significant inhibition against a panel of 30 ki-
nases. Thus, oxindole (2) is positioned to be a useful
chemical tool in defining the role of PDE2 in a broad
range of disease states.
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Abstract—Trigonella foenum-graecum, commonly known as fenugreek, is an annual herbaceous plant. From the seeds of T. foenum-
graecum an unusual amino acid, 4-hydroxyisoleucine 5, has been isolated, which significantly decreased the plasma triglyceride levels
by 33% (P < 0.002), total cholesterol (TC) by 22% (P < 0.02), and free fatty acids by 14%, accompanied by an increase in HDL-C/

TC ratio by 39% in the dyslipidemic hamster model.
© 2005 Elsevier Ltd. All rights reserved.

According to recent estimates approximately 215 million
people all over the world suffer from diabetes mellitus
and 80-90% of them are from type II diabetes.! This
number is expected to increase as medical advances ex-
tend life expectancy and more widespread access to a
calorie-rich diet promotes the prevalence of obesity.
Diabetes mellitus is an independent risk factor for the
development of coronary artery diseases, myocardial
infarction, hypertension, and dyslipidemia. Clinically,
diabetic patients are characterized by marked increase
in blood glucose level followed by normal or mild hyper-
lipidemia. When carbohydrates are in low supply, or
their breakdown is incomplete, fats become the pre-
ferred source of energy. As a result, fatty acids are mobi-
lized into the general circulation leading to secondary
triglyceridemia in which total serum lipids, in particular
triglycerides, as well as the levels of cholesterol and
phospholipids increase. This rise is proportional to the
severity of the diabetes. Uncontrolled diabetes is mani-
fested by a very high rise in triglycerides and fatty acid
levels.

Keywords: 4-Hydroxyisoleucine; Antidyslipidemic activity; Hamster

model.
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An increase in plasma lipids, particularly cholesterol, is
a common feature of atherosclerosis, a condition involv-
ing arterial damage, which may lead to ischemic heart
disease, myocardial infarction, and cerebrovascular inci-
dents. These conditions are responsible for one-third of
deaths in industrialized nations.? Therefore, a drug,
having 2-fold properties, that is, lowering of blood lipids
(triglycerides and cholesterol) and glucose together, is in
great demand. Several research groups are focusing to
develop dual-acting agents some of which (1 and 2)>*
are in clinical trials.

The discovery of new drugs from traditional medicine is
not a new phenomenon. The synthetic biguanides
such as Metformin 3 and its analogues>® were synthe-
sized on the basis of natural product leads, that is,
galegine 4, which was isolated from the seeds of Galega
officianalis.” These drugs, which were first marketed in
the late 1950s, decrease hepatic glucose production by
reducing gluconeogenesis as well as modest improve-
ment in insulin sensitivity. 7. foenum-graecum (Legumi-
nosae family) is an annual herbaceous plant commonly
known as fenugreek and is widely distributed across
Asia, Africa, and Europe. Fenugreek seeds are of value
to the steroid industry and have special culinary uses.?
Several groups® !¢ have reported antihyperglycemic
activity in its alcoholic and aqueous extracts. Fowden'”
was the first to isolate and identify the unusual amino
acid, 4-hydroxyisoleucine 5. It was estimated that 5
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accounted for 80% of the total amino acid within the
seeds. Christophe et al.!® discovered that the major iso-
mer, that is, 2S5,3R,4S of 4-hydroxyisoleucine induces
insulin secretion through a direct effect on pancreatic 3
cells in rats and humans. Furthermore, in a new model
of type II diabetes rats, the above compound was active
and partly corrected hyperglycemia and glucose toler-
ance.!” Sharma et al.?° reported the effect of fenugreek
seeds on lowering of serum lipids for the first time. A
clinical study was also carried out on the effect of fenu-
greek on blood lipids, blood sugar and platelet aggrega-
tion in patients with coronary artery disease.?' Recently,
the soluble dietary fiber fraction of 7. foenum graecum
has been reported for its effect on glycemic, insulinemic,
lipidemic, and platelet aggregation in a type II diabetes
model.>> However, the lipid-lowering principle has not
been identified in their studies.??2? OQur-activity guided
fractionation and isolation work led to discover the
antidyslipidemic activity for the first time in the com-
pound 5.

In the present study, we carried out experiments to inves-
tigate the antidyslipidemic activity of 5 in the high fat diet
(HFD) fed dyslipidemic hamster model, which has been
reported as an ideal in vivo model for evaluating antidy-
slipidemic drugs.?*?* Feeding with HFD in hamster in-
duced dyslipidemia as the plasma levels of triglycerides
(TG),* total cholesterol (TC),%® high density lipopro-
tein—cholesterol (HDL—Chol),?’ glycerol (Gly)?® and free
fatty acids (FFA)?® were found to be significantly elevated
by 5-, 2.8-, 1.7-, 1.4- and 5.3-fold, respectively, as com-
pared to normal chow fed control animals (Table 1).

A purified compound 5, isolated from the fenugreek
seeds, was administered orally at the dose of 50 mg/kg
b wt for seven consecutive days. No significant differenc-
es were observed in the food intake and weight gain be-
tween the groups. Results obtained in dyslipidemic
hamsters showed a significant decrease in lipid profile.
The higher TG levels and lower HDL-C increase the
risk of coronary heart disease (CHD).?® The HDL-C
mediate the reverse transport of cholesterol from periph-
eral tissues to the liver for disposal by excretion into bile.
This process will disallow the slow accumulation of lip-
ids in artery walls. The compound 5 has exhibited both
the above-mentioned properties. It significantly lowered
the plasma triglycerides from 9.73 to 6.56 mM by
33%, total cholesterol (TC) by 22% and increased the

HDL-C from 2.30 to 2.52 mM by 8.7% similar to finof-
ibrate’s 63!32 action (Fig. 1). The compound 5 also low-
ered the free fatty acids (FFA) by 14% and glycerol by
4.9% compared to HFD fed hamsters. The ratio be-
tween HDL-C and total cholesterol (TC) was increased
by 39% after the treatment with the compound 5, which
is considered a beneficiary effect in the treatment of
dyslipidemia condition.

In conclusion, we have isolated an unusual amino acid
5, which has antidyslipidemic activity in the hamster
model from 7. foenum-graecum seeds. Earlier, the com-
pound 5 was reported for its antidiabetic activity in type
IT diabetes model, hence the compound 5 may be
considered as a novel lead, which could be a potential
antidiabetic and antidyslipidemic agent. Synthesis of
appropriate analogues may pave the way to develop a
potent dual-acting drug.

Isolation of 4-hydroxyisoleucine 5. The seeds (5kg) of
T. foenum-graecum were collected from the local market
of Lucknow and extracted with 4 1 of ethyl alcohol four
times in a percolator. The resultant alcoholic extract was
(161) combined and concentrated under reduced
pressure to give 100 g of alcohol extract. This was
fractionated with chloroform and n-butanol successively.
The resultant aqueous fraction (10 g) was subjected to
conventional silica gel column chromatography using
ethyl acetate and methanol (90:10) solvent system to give
an unusual amino acid (750 mg). It was characterized as
4-hydroxyisoleucine by using "H NMR, '°C NMR, IR
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Figure 1. PPARa/y dual agonist in clinical trials, 1 and 2; Synthetic
antidiabetic agent, 3; Naturally occuring antidiabetic agents, 4 and 5
and triglyceride lowering drug, 6.

Table 1. Effect of compound 5 on biochemical parameters in dyslipidemic hamsters at 50 mg/kg body weight (values are means + SD of eight

hamsters in each group)

Control HFD HFD + 4-hydroxyisoleucine
TG (mM) 1.92 £0.61 9.73£2.93 6.56 £ 0.81 (—33)**
TC (mM) 3.44 £0.77 9.87%£1.37 7.75 £2.31 (—22)*
HDL-C (mM) 1.35+0.16 2.30 £ 0.46 2.52+042 (+9)
Gly (mM) 0.70 £0.19 1.01 £0.25 0.96 £0.32 (—4)
FFA (uM) 151175 802 + 264 689 + 147 (—14)
HDL-C/TC 0.39 0.23 (—41) 0.32 (+39)
Food intake (g) 8.50 £ 1.25 7.13%1.5 6.97 £ 1.39
Body weight (g) 125.7 £5.50 131.0 £5.15 126.4 £7.98

P values: *<0.02; **<0.002.

Values in parentheseis indicate the increase or decrease as compared to control HFD fed animals.
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and mass spectral data and comparing with literature
data. The HPLC analysis of the isolated compound indi-
cated the presence of minor isomer, that is, 2R,3R,4S
(6%) along with major isomer 2.5,3R,4S (94%).

IR: 3139, 1632 cm™ !, "H NMR in D,O: 4 0.93 (3H, d),
1.22 (3H, d), 1.89 (1H, m), 3.85 (2H, m); '*C NMR in
D,0: 6 12.5 (CH3), 21.1 (CH3), 41.6 (CH), 57.3 (CH),
70.2 (CH), 174.1 (CO); FAB Mass 148 (M+1).

Experimental animals. Golden Syrian hamsters, male, 12
weeks old, 110-120 g body weight were used. A group of
eight animals were kept in controlled conditions, tem-
perature 25-26 °C, relative humidity 60-80%, and 12/
12 h light/dark cycles (light from 8.00 a.m. to 8.00
p.m.). The animals with identification marks were accli-
matized for 7 days before experiment.

High fat diet (HFD ). The HFD was purchased from Re-
search Diet Inc., New Breenswick, USA (Product code
No. 99/12211). This diet contained normal pellet diet
mixed with groundnut oil, cholesterol (Sigma), deoxy-
cholate (Sigma), and fructose (Sigma) in a ratio of
610:300 ml:5 g:5 g:100 g, respectively, to contain 1 kg
HFD. This homogeneous soft cake was molded in the
shape of pellets of about 3 g each. Animals of all the
groups, except control, were fed with HFD (10 g/animal)
daily from day one to day ten. Control group received
the normal hamster chow. Animals had free access to
the diet and water. The daily diet consumed by animals
was calculated by subtracting the leftover diet on next
day from the added diet previous day. The body weight
of each animal was recorded daily. Drug was adminis-
tered orally (suspension in gum of acacia); daily once
for seven consecutive days (day 4 to day 10) to treated
HFD groups. HFD fed and normal chow fed control
groups were given the same amount of vehicle.

Collection of blood samples and biochemical analysis from
plasma. The blood was collected on day 10, 2 h after the
last drug administration. Hamster (nonfasted) were
anesthetized by pentothol sodium (50 mg/ml in normal
saline), injection (1 ml/kg b wt) ip Blood was withdrawn
from retroorbital plexus using 10pl (20 mm
(L) x 0.8 mm (dia) glass capillary and collected in an
EDTA coated-tube (3 mg/ml) for the estimation of total
cholesterol (TC),?° triglyceride (TG)? and HDL—choles-
terol (HDL-C).?” Blood was collected in separate
EDTA-coated tubes, containing 5.4 mg NaF (45 mg/
ml) in 120 pl volume, for free fatty acid (FFA) (Wako
Pure Chemicals) and glycerol (Gly)?® estimation. Blood
was kept in wet ice for 30 min, centrifuged at 4 °C, and
plasma was separated for estimation. The analysis of
plasma biochemical parameters was performed on
auto-analyzer of Beckman ‘Coulter model Synchron
CX-5 clinical system,” by standard enzymatic methods.
The assay kits were purchased from Beckman Coulter,
International, USA, except for FFA, which was pur-
chased from Wako Pure Chemicals Industries, Limited,
Osaka, Japan.

Statistical analysis: Data were analyzed by Student’s
t test.

The percentage of lowering of lipids calculated as below:

%lowering = HFD animal lipid values — drug + HFD
animal lipid values/HFD animal lipid values x 100.
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Abstract—A novel class of 1-[4-(1 H-benzoimidazol-2-yl)-phenyl]-3-[4-(1 H-benzoimidazol-2-yl)-phenyl]-ureas are described as
potent inhibitors of heparanase. Among them are 1,3-bis-[4-(1H-benzoimidazol-2-yl)-phenyl]-urea (7a) and 1,3-bis-[4-(5,6-di-
methyl-1H-benzoimidazol-2-yl)-phenyl]-urea (7d), which displayed good heparanase inhibitory activity (ICso 0.075-0.27 uM).

Compound 7a showed good efficacy in a B16 metastasis model.

© 2005 Elsevier Ltd. All rights reserved.

Heparanase degrades heparan sulfate glycosaminogly-
can in the extracellular matrix (ECM) and the basement
membrane, and is involved in tumor cell invasion, angi-
ogenesis, and other physiological and pathological pro-
cesses.! Different from the large number of proteases
know to disassemble the ECM,? there is only one hepa-
ranase cDNA sequence coding functional enzyme iden-
tified to date.'®° These findings indicated heparanase as
a major enzyme that degrades heparan sulfate glycos-
aminoglycan in mammalian tissues.'®> Among the hep-
aranase inhibitors known*> are sulfated oligosaccharide
derivatives, and the most advanced of them is PI-88,
which is currently in phase II clinical trials.* Only
recently, small molecule heparanase inhibitors, exempli-
fied by 1H-isoindole-5-carboxylic acid®® and ben-
zoxazol-5-yl-acetic acid,®® were reported.

Our effort aimed at the development of ‘proof-of-con-
cept’ small molecule heparanase inhibitors led to the
identification  of  N-(4-{[4-(1 H-benzoimidazol-2-yl)-
arylamino]-methyl}-phenyl)-benzamides, such as 1

Keywords: Heparanase inhibitor; Benzimidazole; Urea.

* Corresponding authors. Tel.: +1 646 638 5014; fax: +1 212 645 205
(H-Q.M.); tel.: +1 917 755 5856; fax: +1 718 633 0856 (H.L.); e-mail
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(Scheme 1), as a potent heparanase inhibitor with an
ICso (compound concentration that causes 50% inhibi-
tion of the enzyme activity) of 0.29 uM.” Nevertheless,
the highest plasma exposure observed for 1 in mice
was 5.5 uM, and this observation deterred us from using
it as the ‘proof-of-concept’ candidate for evaluation in
animal models. Our early effort in this area has also
identified (benzimidazol-2-yl)-phenyl-phenyl-urea 2’
and 4-(1H-benzoimidazol-2-yl)-N-[4-(1 H-benzoimidazol-
2-yl)-phenyl]-benzamide 3% as heparanase inhibitors
with ICss of 0.93 and 0.95 uM, respectively. We hence
envisioned that the symmetrical urea 7 (Scheme 2),
which has combined structural features of 2 and 3,
might lead to another series of heparanase inhibitors
with desired potencies.

The synthesis of 1,3-bis-[4-(1 H-arylimidazol-2-yl)-phen-
yl]-urea 7 is straightforward (Scheme 2). Heating an
aryldiamine 4 with 4-amino-benzoic acid 5 in poly-
phosporic acid at 220 °C for 4 h afforded 4-(1H-ben-
zoimidazol-2-yl)-phenylamine 6 in good yield. In the
second step, 6 was dimerized at room temperature for
overnight with CDI to afford the urea 7,” which was test-
ed in the heparanase enzymatic assay (Table 1).1°

Results in Table 1 revealed that 1,3-bis-[4-(1H-ben-
zoimidazol-2-yl)-phenyl]-urea 7a has an ICsy of
0.27 uM against heparanase. Substitution on the phenyl
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Table 1. In vitro inhibition of heparanase activity of 7a—i

Compound A B R Heparanase Heparanase
percent inhibition
inhibition ICso (UM)?
at 0.83 uM? (%)

7a CH CH H 0.27

7b CH CH 5-Me 0.15

Tc CH CH 4-Me 0.15

7d CH CH 5-Me 0.075

6-Me

Te CH CH 5-F 21 NT®

" CH CH 5-OMe 16 NT®

7g CH CH 4-OMe 0.87

7h N CH H 0.90

7i CH N H 3.42

# Average of three experiments with SD < 15%.
> Not tested.
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ring of 7a proved to have dramatic effects on the hepa-
ranase inhibitory activities. Improved activities were ob-
served for methyl substitution, such as 7b—d, with 7d, a
tetra-methyl-substituted urea, having an ICsy of
0.075 uM. On the other hand, fluoro (7e), or methoxy
(7f,g), substitutions diminished the activities. Pyridine
containing ureas, such as 7h,i, had ICsys of 0.90 and
3.42 uM, respectively.

Encouraged by the results obtained from the symmetri-
cal urea series, we then turned our attention to the
unsymmetrical ureas 11. The synthesis of compound
11 is shown in Scheme 3. A phenyl diamine 8 was first
reacted with 4-formyl-benzoic acid 9 in nitrobenzene
to provide benzimidazole acid 10. Curtis rearrangement
of 10 in the presence of diphenylphosphoryl azide
(DPPA) and triethyl amine generated the isocyanate
intermediate, which upon reacting with 6 (R =H)
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provided urea 11. The activities of 11 against heparanase
are summarized in Table 2.

Results from Table 2 indicate that, not surprisingly, the
unsymmetrical ureas showed structure—activity relation-
ship (SAR) patterns similar to those of the symmetrical
ones, such that methyl substitution (11a) improved the
heparanase inhibitory activity, and a methoxy substitu-
tion (11b,c) diminished the activity compared to 7a.
In the latter case, again a 4-methoxy (11c) is preferred
over the 5-methoxy (11b). On the other hand, pyridine
containing ureas, such as 1le-g, showed decreased
heparanase inhibitory activities.

The SAR on the ureas showed a preference for an over-
all linear, yet ‘bent’ disposition of the molecule. In order
to examine effects of the overall shape and length of the
molecule on the heparanase inhibitory activity, several
of the more ‘bent” molecules, such as 12-14 (Scheme
4), were prepared similarly using the synthetic route
described in Scheme 3. Consistent with the SAR trends
observed in the N-(4-{[4-(1 H-benzoimidazol-2-yl)-aryl-
amino]-methyl}-phenyl)-benzamides 1,” the more ‘bent’
ureas 12-14 all have dramatically diminished activities

Table 2. In vitro inhibition of heparanase activity of 11a-g

Compound A B R’ Heparanase Heparanase
percent inhibition
inhibition at  ICsy (uM)*
0.83 }«LMa (0 ())

11a CH CH 4-Me 0.15

11b CH CH 5OMe 17 NT®

11c CH CH 4-OMe 1.15

11d CH CH 4-NO, 20 NT®

1le N CH H 17 NT®

11f N CH 5OMe 8 NTP

11g CH N H 1.0

@ Average of three experiments with SD < 15%.
°Not tested.

R R
R o)
Q \
s PR
R—@—NH N\ /
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Scheme 4.

against heparanase (less than 10% inhibition at
0.83 uM).

Urea 7a showed less than 50% proliferation inhibition
on B16-BL6 melanoma cells in vitro at 100 uM, and
hence was selected for further biological evaluation.
When dosed intraperitoneally (ip) to mice (n = 3) as a
suspension in cremophore/5% DMSO/CMC, compound
7a showed a plasma concentration of 31 pM at 1 h, and
23 uM by 4 h, after dosing. These levels were consider-
ably higher than its ICsq of 0.27 pM against heparanase.
In the B16 metastasis model®® (Fig. 1), compound 7a
was dosed ip to C57 mice at 30 mg/kg as a suspension
in cremophore/5% DMSO/CMC. About 30-60 min
after the injection of the compound, B16-BL6 melano-
ma cells (2 x 10°/mouse) were injected into the tail vein
of the mice. Twenty-one days later, the mice were sacri-
ficed and their lungs were examined for nodules. Results
in Figure 1 demonstrate that the group of mice treated
with compound 7a (rn = 10) showed around 50% inhibi-
tion of lung metastasis compared to the vehicle-treated
group (n=28) or the untreated group (n=10). This
result is comparable to that obtained from PSS (single
ip dose of 16 mg/kg, n = 10), which is a sulfated poly-

100+

80

60

40+

20

Number of tumor nodules on lung surface

Vehicle Compound 7a Untreated PSS
n=8 n=10 n=10 n=10

Figure 1.
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saccharide heparanase inhibitor with a heparanase
inhibitory ICsy of 15 nM in the enzymatic assay.

In summary, a novel class of 1-[4-(1 H-benzoimidazol-
2-yl)-phenyl]-3-[4-(1 H-benzoimidazol-2-yl)-phenyl]-
ureas are described as potent inhibitors of heparanase.
Among them are 1,3-bis-[4-(1H-benzoimidazol-2-yl)-
phenyl]-urea (7a), and 1,3-bis-[4-(5,6-dimethyl-1H-ben-
zoimidazol-2-yl)-phenyl]-urea (7d), which displayed
good heparanase inhibitory activity (ICsq 0.075-
0.27 uM), with 7a showing good efficacy in the B16
metastasis model. Active effort is in progress to further
prove the link between the inhibition of heparanase
activity and the efficacy observed in the B-16 study,
and the results will be reported in due course.
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All synthetic intermediates were characterized by 'H
NMR and MS; all final products were characterized by
"H NMR and LCMS.

Heparanase activity assays: human heparanase protein
was purified from human platelets using a modified
protocol (Freeman, et al. Biochem. J. 330, 1998, 1341).
Heparan sulfate (HS, Seikagaku) was labeled with sodium
boro[*H]hydride (Amersham-Pharmacia Biotech). The
specific activity was determined as 98.4 cpm/ng HS. The
purified 3H-HS was then immobilized on CNBr-activated
sepharose beads (Pharmacia) according to manufacturer’s
instructions. Heparanase activity was determined using
96-well plates. Human platelet heparanase (2.67 nM) was
pre-mixed with a compound of the present study (various
concentrations for ICsy studies) in a total volume of
125 pl. *H-HS-sepharose slurry (25 pl, 4 nM) was then
added into the mixture and incubated overnight at 37 °C.
The reaction buffer was transferred to 96-well Luma plates
(Perkin-Elmer). The plates were air-dried and the radio-
activity was directly detected in a TopCounter (Perkin-
Elmer).
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Abstract—During SAR exploration of N-(2-aryl-cyclohexyl) substituted spiropiperidine as GlyT1 inhibitors, it was found that
introduction of an hydroxy group in position 2 of the cyclohexyl residue considerably improves the pharmacological profile. In
particular, reduction of the binding affinity at the nociceptin/orphanin FQ peptide and the p opioid receptors was achieved.

© 2005 Elsevier Ltd. All rights reserved.

Enhancement of glutamate transmission, in particular
via N-methyl-D-aspartate (NMDA) receptor activation,
is postulated to produce both anti-psychotic and cogni-
tive enhancing effects, thus constituting a potential ther-
apeutic target for the treatment of schizophrenia,
psychoses and cognitive impairment.! The amino acid
glycine is known to act as a positive allosteric modulator
and obligatory co-agonist with glutamate at the NMDA
receptor complex.? Glycine transporters (GlyT) play an
important role in the termination of post-synaptic gly-
cinergic actions and maintenance of low extracellular
glycine concentration by re-uptake of glycine into pre-
synaptic nerve terminals or glial cells. In particular,
GlyT1 is the only sodium chloride dependent glycine
transporter in the forebrain, where it is co-expressed
with the NMDA receptor. At this site, GlyT1 is thought
to be responsible for control of extracellular level of gly-
cine at the synapse.? Therefore, one strategy to enhance
NMDA receptor synaptic function is to elevate the gly-
cine concentration in the local microenvironment of
synaptic NMDA receptors by inhibition of GlyT1.%>

In the course of a program aimed at identifying new
glycine transporter inhibitors for the treatment of schizo-
phrenia, we discovered N-(2-aryl-cyclohexyl) substituted
spiropiperidines of type 1 to be very potent inhibitors of

Keywords: GlyT1; GlyT2; NMDA; Schizophrenia; Transporter;

Spiropiperidine.
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GlyT1, showing good selectivity against the type 2
isoform.®

The spiropiperidine motif is a privileged structure in a
variety of CNS active agents.” Indeed, compounds 1
and 2 and their derivatives showed consistently high
level of binding to the p opioid receptor (u), with a
resulting high risk of addiction and tolerance liabilities.
Moreover, the trans diasteroisomer 2, while showing
comparable activity at the GlyT1 transporter, was also
a potent inhibitor of the nociceptin/orphanin FQ recep-
tor (NOP) (Table 1).% In the course of SAR exploration
of the N-(2-aryl-cyclohexyl) needle, we discovered that
the introduction of a hydroxy group in position 2 had
a noticeable influence on affinity for the p receptor.
While the trans isomer 3 retains considerable activity
at NOP, the cis isomer 4 shows only micromolar affinity
towards the p and the NOP receptors (Table 1). The
most active enantiomer of 4 (obtained via chiral HPLC
separation) shows an even improved pharmacological
profile with respect to p and NOP receptors.’

Rapid exploration of the substitution patterns at the two
aryl rings of the cis isomer via parallel chemistry allowed
identification of a number of active derivatives (Table
2), all sharing good pharmacological profile with respect
to NOP and p receptors. A number of different substit-
uents in positions meta and para of the phenyl in posi-
tion 2 of the cyclohexane ring are tolerated, while
substitution in ortho, as in compound 10, seems to be
detrimental to selectivity vs the p receptor. Also hetero-
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Table 1. In vitro inhibitory activity at the GlyTl and the GlyT2 cycles are tolerated, with a preference for the 4-pyridine
transporters and potency in inhibiting the NOP and p receptors for motif, as in 15. Attempts to substitute the ary] ring with
compounds 1-4 an alkyl chain (compounds 16-20) met with no success.

H The SAR at the phenyl group in position 1 of the spiro
N systems parallels that of the derivatives lacking the hy-
N droxy group, with 4-fluorophenyl derivatives 21 and

Xl

cis, rac

@ 23 and 4-chloro derivative 22 showing the best activity.

The selectivity profile of compound 21 was further
trans, rac explored by assessment of its activity at other glycine
receptor binding sites present in brain, the glycine site
of the NMDA receptor and the strychnine-sensitive gly-

% |
2
O N o N cine receptor, as well as towards a panel of 50 selected
N> N> binding sites, ligand gated ion channels and other neuro-
HO L N ) s Y ) transmitter transporters. In all cases, no sign of signifi-

N

cant interaction was detected at concentrations below
10 pM, thus confirming that introduction of the hydroxy

trans, rac cis, rac group in position 2 of the 2-aryl-cyclohexyl needle
3 4 grants a clean pharmacological profile to this class of
Compound GIyT1 GlyT2 NOP u GlyT1 inhibitors.
ECso, tM)* (ECsg, pM)* (ICs9, pM)° (ICs, pM)° .
ECa 1) ECs, i) (Cs0 ) (Cs0 M) The cyclohexyl ring of the 2-hydroxy-2-phenyl-cyclo-
1 0.026 12 6 0.15 hexyl needle can also be substituted with a tetrahydro-
; 8822 ;2'3 8?; (1)'2? pyran ring, as in compounds 25 and 26 with no loss in
4 0.044 7 15 574 activity or selectivity (Table 3).

# Radiometric assay using [3lﬂl]glycine.]0

® Displacement of [’H]NOP in membranes prepared from permanently
transfected HEK293 cells expressing hNOP receptors.'!

°Displacement of [*H]naloxone in membranes prepared from BHK
cells transiently expressing hy receptors.'!

Synthesis of the cis isomer of 8-(2-hydroxy-2-phenyl-
cyclohexyl)-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one
derivatives was performed as detailed in Scheme 1.
Reaction of commercially available 1-phenyl-1,3,8-tri-

dFull (3) and partial (4) agonists as assessed in GTPyS binding assay azaspiro[4.5]decan-4-one 27 Wij[h the CPOXid.eS 28 Or.29
in the same cell membranes, by comparison with DAMGO (full (derived from cyclohexene or dlhydropyran) in refluxing
agonist) and morphine (partial agonist). ethanol affords the corresponding secondary alcohol

Table 2. In vitro inhibitory activity at the GlyT1 and the GlyT2 transporters and potency in inhibiting the NOP and p receptors for compounds 5-24

O N

o (:TFJ
SAs
RZ

cis, rac
Compound R! R? GlyT1 (ECsp, uM) GlyT2 (ECsp, pM) NOP (ICso, tM) t (ICso, pM)
5 4-MeO-Ph H 0.261 67 7 2.5
6 4-Me-Ph H 0.140 25 >10 3
7 4-Cl-Ph H 0.080 16 1 3.6
8 3,4-C1,-Ph H 0.173 6 10 3.7
9 4-F-Ph H 0.040 57 1 4
10 2-Me-Ph H 0.050 70 1 0.26
11 3-Cl-Ph H 0.130 21 3.85 1.09
12 3-MeO-Ph H 0.130 41 5.8 2.17
13 2-Py H 0.130 >100 15 1.42
14 3-Py H 0.110 — 13.4 1.8
15 4-Py H 0.062 >100 >10 1
16 Me H 9
17 C-C6H11 H 17
18 Bn H 4.4
19 -Bu H 29
20 i-Pr H >3
21 4-F-Ph F 0.024 36 10 4
22 4-F-Ph Cl 0.015 2.5 >10 22
23 4-Cl-Ph F 0.024 19 10.4 2.4
24 4-Cl-Ph MeO 0.099 25 >10 44
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Table 3. In vitro inhibitory activity at the GlyTl and the GlyT2
transporters and potency in inhibiting the NOP and p receptors for
compounds 25-26

o N 0N
; QT % % QT %
HO,, N HO,, N
N «N
o o)
R R?

cis, rac cis, rac
25 26
Compound GlyT1 GlyT2 NOP p (ICsp, uM)
(ECsp, uM) (ECsp, pM) (ICso, pM)
25 0.058 35 >10 5.3
26 0.090 >100 >10 2.5
H
o
H N
O N o) >
> a OH N
N + > N
HN >: X
Yo
X
28 X =CH, 30aX=Y=CH,
27 29X=0 30b X =0, Y =CH,
30c X=CH,,Y=0
o N oN
b o) §N> c R N>
- —s HO,
sadsTNeags
Y.
X
3laX=Y=CH, cis, rac
31b X=0,Y=CH,
5-20, 25-26

31c X=CH, Y=0

Scheme 1. Synthesis of compounds 5-20 and 25-26. Reagents and
conditions: (a) EtOH, reflux, 40-55%; (b) SOs—pyridine complex,
DMSO, TEA, DCM, 20-65%; (c) i—R'Br, BuLi, THF, —78°C;
ii—31a—¢, THF, —78 °C-rt, 20-70%.

30a,b, which can be easily oxidized to ketone 31a,b with
the SO;—pyridine complex. Reaction of 31 with a variety
of aryl-lithium reagents proceeded with very good
stereoselectivity and was amenable to parallel chemistry,
allowing easy access to compounds 5-20 and 25. Com-
pound 26 was obtained in an analogous way from the
minor isomer 30c deriving from epoxide opening of
dihydropyrane-3,4-epoxide Scheme 2.!2

The synthesis of compounds 21-24, where the N(1)-
phenyl is substituted, required construction of the
substituted l1-aryl-1,3,8-triazaspiro[4.5]decan-4-ones
starting from N-benzyl piperidin-4-one, in analogy to
what was described in the preceding publication.®®
These can then be employed in place of the unsubstitut-
ed analogue 27 as detailed in Scheme 1.

Spiropiperidine systems of type 1 show suboptimal met-
abolic stability, which seems to be bound to the presence
of the 2-phenyl-cyclohexyl ring system. The effect of
2-hydroxy substitution on in vitro microsomal metabo-
lism was therefore of particular interest. Introduction

H

O N
o H o) >

> a OH N

N + N H

HN H X
Y.
X

28X =CH,
29X=0

35aX=Y=CH,
35b X=0,Y=CH,
35c X =CH, Y=0

34

oK
¢
N
N \—\

cis, rac
33

o N
b OH N> c
358 ———— N \\\ —= HO,,
36a

Scheme 2. Synthesis of N(1)-alkyl derivatives as, for example, 33.
Reagents and conditions: (a) EtOH, reflux, 40-55%; (b) propanal,
NaHB(OAc);, 80%; (c) i—SOs-pyridine complex, DMSO, TEA,
DCM, 50%; ii—PhLi, THF, —78 °C-rt, 35%.

of the hydroxy group on the parent 8-(2-phenyl-cyclo-
hexyl)-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one  did
not have any significant effect on metabolic rate mea-
sured in mouse and human microsomes (Table 4). The
corresponding N(1)-alkyl derivatives, on the contrary,
appear to be considerably stabilized by the introduction
of the hydroxy group in position 2. Microsomal clear-
ance data of compound 33, for example, predict a max-
imal achievable bioavailability (MAB) of up to 81% in
mouse and 84% in human microsomes (Table 4).!3

The synthesis of N(1)-alkyl derivatives as 33 was
achieved in a way amenable to SAR exploration
through the key building blocks 35. These were obtained
by simple reaction of the cyclohexene or dihydropyran
epoxides 28 or 29 with 1,3,8-triazaspiro[4.5]decan-4-
one 34,'* yielding the secondary alcohols 35a—¢. These
can perform reductive amination at the N(1) nitrogen,
as in the case of the reaction of 35a with propanal to
generate the N(1)-propyl derivative 36a. Oxidation fol-
lowed by reaction with phenyl lithium affords com-
pound 33. The two diversity vectors of such structures
can be varied very easily by employing different alde-
hydes in the reductive amination step and various aryl

Table 4. Effects of the introduction of the 2-hydroxy group on
microsomal metabolic stability of N(1)-aryl and N(1)-alkyl derivatives

o N o N
b b
N HOI, N
N L\ AN L\
32 33
Compound GlyT1 CI (mouse Cl (human
(ECsg, pM) microsomes)* microsomes)®
1 0.026 — 68
21 0.024 102 92
32 0.45 10 25
33 0.40 7 5

#(l, clearance, pL/min/mg protein.
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lithium reagents in the final addition step. In this way,
the SAR of selective and metabolically stable GlyT1
inhibitors can be extensively explored.

In conclusion, introduction of a hydroxy group in posi-
tion 2 of the potent GlyT1 inhibitors 8-(2-aryl-cyclo-
hexyl)-1-aryl-1,3,8-triazaspiro[4.5]decan-4-ones had a
considerable influence on the pharmacological profile
of such compounds, reducing, in particular, the affinity
towards the p and NOP receptors in the cis series. From
the stereochemical point of view, the relative 1,2 orienta-
tion showing the optimal profile is inverted with respect
to the non-hydroxy substituted derivatives. Synthetic
access to such compounds was amenable to parallel
synthesis, which allowed rapid exploration of the SAR
and modulation of the physicochemical properties. In
the N(1)-alkyl subset, introduction of the hydroxy group
brings about a notable metabolic stabilization, paving
the way for the identification of metabolically stable,
potent and selective GlyT1 antagonists.
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Abstract—A previously discovered DHODH inhibitor series was further improved by replacing the cyclopentene ring by aromatic
heterocycles. Different isomers of these compounds were prepared by the directed ortho-metallation procedure. The compounds are
more active than the corresponding cyclopentene analogs and show potent effects on PBMC’s proliferation.

© 2005 Elsevier Ltd. All rights reserved.

We have developed a novel series of DHODH inhibitors
based on a lead, which came out of a docking procedure
using 4Scan® technology and medicinal chemistry
exploration. The activity of the initial lead was im-
proved by a QSAR method and yielded low nanomolar
inhibitors.!

Such compounds promise to have great potential as
treatment for autoimmune diseases such as rheumatoid
arthritis, graft versus host disease, and multiple sclero-
sis.? To further explore the scope of DHODH inhibitors
of types 1-3 (Table 1), a replacement of the cyclopentene
ring with other small aromatic systems was envisaged.
Our X-ray structure indicated that the cyclopentene
ring lies virtually planar in a pocket close to the FAD
cofactor.® Flat small aromatic rings might therefore
be of benefit for binding and activity.

Compound B (Fig. 1) was synthesized by the directed
ortho-metallation procedure (DOM)* at the stage of
the amide using butyl lithium and dry ice as CO, source
for the introduction of the carboxylic group. Thiophene
amides A were prepared from commercial 3-thiophene-
carboxylic acid by conversion into the acid chloride
and reaction with the corresponding 4-phenylaniline,
which in turn were obtained by the Suzuki cross-
coupling method as described earlier.! Compounds with

Keywords: DHODH inhibitors.
* Corresponding author. Tel.: +49 89 700763 0; fax: +49 89 700 763
29; e-mail: leban@4sc.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.10.011

a second carboxylic group, like in C or E, were either
built up by 2-fold DoM/CO,-quenching or from 3,4-thi-
ophene dicarboxylate upon its conversion into the
anhydride with acetic anhydride and nucleophilic anhy-
dride opening with the respective 4-phenylaniline to give
compounds 13-15. Regiochemistry for the carboxylate
introduction in 3-thiophenamides A was in analogy to
a literature protocol* and was finally deduced from
NMR analysis to be in the 2-position.

Introduction of a third carboxylic group into B yielded a
major and a minor component, which were separated by
HPLC. Major product C possessed a completely identi-
cal NMR spectrum as the major product E from carbox-
ylation of 3-thiophene-2-carboxylate D by the DoM
protocol. Therefore, the structure has to be as depicted
in Figure 1.

Enzyme inhibition was measured in an in vitro enzyme
assay. For the assay N-terminally truncated recombi-
nant human DHODH was used and the data are pre-
sented in Table 1.°

Direct comparison of the previously described com-
pounds 1-3 with their thiophene analogs 4, 5, and 8
showed a clear trend toward an increased inhibitory
activity of the thiophene analogs. As with the cyclopen-
tene series, the activity increases with fluoro constituents
in the aromatic ring adjacent to the amide bond and
with a methoxy group in the terminal aromatic, but
the trend is more pronounced in the thiophene series.
A X-ray structure investigation of the cyclopentene
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Table 1. Inhibition of human DHODH

Table 1. (continued)

Compound Structure I1Cso (nM) Compound Structure 1Cs5¢ (nM)
HO__ o R o—
' Eg—f o 15 S HN >1000
COH
HO_o A O _on R o—/
2! ;2\ HN O O 134 16 & 16
° © o bk
Oy_oH R
3! |:§—1(0 N © 8 17 w 340
A0 56
F F o ©OH
o
OH
4 &N Q Q 303 18 Brequinar 8
~ 0
0 R 0 series revealed a binding mode with the possibility of the
5 ﬁ” O O m carboxylic acid either having an ion bridge toward Arg
ST\ 136 of the enzyme or pointing into the opposite direc-
=~ 0 tion toward Tyr 365 and 147 upon turning by 180°.
0 R o\ To test the possibility that both binding modes could
oH be obtained within one molecule, compounds with two
6 s\ Q Q 3 free carboxylic acids (compounds 13-15) were synthe-
= o F sized. These compounds, however, were inactive, which
o c o was explained by the fact that for the alternative binding
; gz 9 mode, a conformational change of some residues in the
s\ "N Q Q active site of the enzyme was required.
= F
o ° £ Fd There was not much difference between the regioisomers
g gz . 7 and 11 in their inhibitory activity, indicating the rela-
s\ HN Q Q tively diminished importance of the sulfur position.
=~ OoF F
o d If one compares the X-ray structures of the cyclopentene
0 OH . analiog.Z versus those of the thiophene derivatiye 5, it is
s\ HN Q Q of §1gn1ﬁqange that the cyleopentene analog 2 dlspl'c.lyed
~ % - a single binding mode which we termed ‘non-brequinar’
like.? In contrast, the thiophene analog 5 showed a dual
HO o binding mode which was brequinar-like and non-brequ-
10 L o 1000 inar-like, Whic}l: can be fieduced from the electron densi-
s/ AY ty pattern 1n the crystal structure.
HO_ We have previously shown that the brequinar-like bind-
or o ing mode leads to a better inhibitory activity, reflecting a
11 — P 10 high affinity binding mode. Thus, the higher activity of
s HN O O the compounds of the thiophene series as compared to
; that of the respective representatives of the cyclopentene
HO o series can easily be explained by taking into account their
i,/7;_/(0 R 0O-CF3 possibility for binding in this high affinity mode. Com-
12 S/ HN 10 pound 3 represents an exception within the cyclopentene
class, as it likewise binds in both modes, resulting in a
F comparable excellent activity (cf. compound 3 vs 8). Fur-
E o— thermore, an increased number of fluoro substituents in
CO,H H the aromatic ring adjacent to the amide bond correlate
13 s\ O O >1000 with an increased tendency toward a ‘brequinar-like’
=~ 0 binding mode, thus with a better inhibitory activity.
COLH
As can be seen from the furan analogs 16 and 17, a
14 >1000 replacement of sulfur by oxygen in the pentacyclic ring

is well tolerated. From the few furan analogs prepared,
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R 0—
<~

1. nBuLi
2.CO,
B — e
R o—
COLH
A )4
= 0
CO,H
8
R o—
1)
= o)
OH D
o

COLH

9
Figure 1.

it can be deduced that this series will have a similar SAR
compared with that of the thiophene compounds. A
somewhat lower activity can be expected from higher
hydrophilicity which results in a hindered diffusion into
the hydrophobic environment of the active site, a phe-
nomenon we have encountered with all analogs.

Inhibition of DHODH is reflected by an antiprolifera-
tive effect on peripheral blood mononuclear cells
(PBMCs), which can be measured by the inhibitory
effect on their phytohemagglutinin (PHA) stimulated
growth. The test was performed as described in the ref-
erence.® Data for few selected compounds are presented
in Table 2. Compounds 8 and 12 displayed potent anti-
proliferatory activities on PBMCs and suggest the po-
tential of such compounds to have an effect in animal
models for autoimmune diseases.

In conclusion, we have found that pentacyclic aromatic

heterocycles can be a potent substitute for a cyclopen-
tene ring for the design of DHODH inhibitors. Such

Table 2. Inhibition of human PBMC proliferation

Compound ICso (uM)
5 20
8 2

12 2

16 15

1. nBuLi R
2.CO, CO,H
~
o}

o—

—_—

B
R o—
CO,H
A )
HO,C o
2

1. nBuLi
2.CO,

. o R o—
CO,H
HN
H W, v avay,
SN\ Q—&
= o HO,C o
CO,H

1

compounds have activities comparable to those of
brequinar and promise to be useful to treat autoimmune
diseases.
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Cells (mononuclear cells) were isolated from human periph-
eral blood by Accuspin™ System-Histopaque®-1077 (Sig-
ma,Germany). After washing, the cells were diluted to
approximately 1,00,000-2,00,000 cells/well in a sterile 96-
well flat-bottomed MP (Corning, Netherlands). T-lympho-
cytes were stimulated by addition of 20 pg/ml Phytohemag-
glutinin-L (Roche, Germany). The incubation at 37 °C, 5%
COy,, 90% humidity was made in the presence of different
concentrations of the compounds. All cells were incubated
for 48 h at 37 °C, 5% CO,, 90% relative humidity over a
concentration range of 0.4-50 pM compound solutions with
a final volume per well of 100 pl. After the initial incubation
period, 10 uM BrdU (Roche, Germany) was added for an
additional 4 h incubation. The culture medium employed

was RPMI 1640 which contained 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine, 100 units/ml penicillinG,
and 100 pg/ml streptamycin sulfate. After 48 h incubation,
the cells were labeled by adding 10 pl BrdU-Solution (Roche,
Germany) and reinsulated for further 4 h. Following incu-
bation, the media plus BrdU and drug were removed, the
cells were fixed, and the DNA was denatured in a single step
using FixDenat (Roche, Germany) The anti-BrdU-POD
(Roche, Germany) binds to the BrdU incorporated in a
newly synthesized, cellular DNA. The immune complexes
were detected by the subsequent substrate reaction. The
reaction product was quantified by measuring the absor-
bance at the respective wavelengths using an ELISA reader.
The ECsq values were determined using a fitting function.
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Abstract—Highly potent and novel derivatives of doxorubicin were linked to monoclonal antibodies (mAbs) for site-specific drug
delivery. Drug linker 5 consisted of a dipeptide linker attached directly to the daunosamine nitrogen of the n-butyldiacetate doxo-
rubicin derivative 2a. Upon hydrolysis of the peptide linker and acetate groups, the free daunosamine nitrogen is able to form the
highly potent 2-pyrrolinodoxorubicin (3a). The second approach involved the use of an oxazolidine carbamate (13) to mask an acti-
vating aldehyde group until proteolytic hydrolysis releases 3a. Both drug linkers were shown to be substrates for the lysosomal
enzyme cathepsin B. Each molecule was conjugated to the mAbs c1F6 (anti-CD70) and cAC10 (anti-CD30) to give potent drug
conjugates against renal cell carcinoma and anaplastic large cell lymphoma cell lines, respectively. The activities were immunolog-
ically selective, since antigen negative cell lines were much less sensitive to treatment with the drug conjugates. The approaches
described here for attaching highly potent doxorubicin derivatives to mAbs are novel and allow for control of drug stability while

covalently bound to the delivery agent.
© 2005 Elsevier Ltd. All rights reserved.

A great deal of attention has surrounded the use of
monoclonal antibodies (mAbs) for the delivery of anti-
cancer drugs to tumor cells. Several mAb-drug conju-
gates have displayed pronounced activities in
preclinical cancer models, and there are now three ap-
proved antibody—cytotoxin conjugates for cancer thera-
py: Mylotarg™ (gemtuzumab ozogamicin), Zevalin™
(ibritumomab tiuxetan), and Bexxar™ (tositumomab).
Research surrounding the critical parameters for thera-
peutic success has suggested that highly potent drugs
are required for mAb-based delivery strategies, and the
linker used to attach the drug to the mAb should be
highly stable in circulation. A significant body of litera-
ture describes efforts in this field using an assortment of
cytotoxic payloads including doxorubicin,'? taxanes,?
maytansinoids,* minor groove binders,>® and others.
We have recently reported ADC technologies based on
the antimitotic agent monomethyl auristatin E°>~!! and
minor groove binders® released through proteolytic
cleavage of dipeptide linkers. This communication
describes our work with highly potent derivatives of

Keywords: Anthracycline; Antibody—drug conjugate; Antitumor;
Cancer; Cathepsin B; Cytotoxic; DNA crosslinking; Doxorubicin;
Drug-linker; Lysosome; Monoclonal antibody; Potent; Protease;
2-Pyrollinodoxorubicin; Targeted delivery; Self-immolative spacer.
* Corresponding author. Tel.: +1 425 527 4738; fax: +1 425 527
4109; e-mail: sjeffrey@seagen.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.081

doxorubicin which employ a similar proteolytic release
strategy. In one example, we employed a novel masking
strategy for tethering to the mAb through a latent alde-
hyde group to result in highly potent cytotoxic activity.

Cyclic derivatives of doxorubicin involving the daunos-
amine sugar nitrogen were first reported by Acton
et al.'> The morpholino cyanide compound 1 was
reported to be intensely potent, displaying cytotoxic
activities several log units higher than doxorubicin.
Structure—activity relationship studies suggested that
the potential for iminium formation through displace-
ment of the cyanide group was key to increased potency
of 1 relative to doxorubicin. More recently, Farquhar'?
reported n-butyl and n-pentyl diacetate derivatives of
doxorubicin (2a,b) which displayed a similar potency
profile to 1. The basis for activity likely involves ester-
ase-mediated hydrolysis of the acyclic diacetates 2a,b.
The resulting aldehydes cyclize to form derivatives
3a,b'* (Scheme 1). These compounds alkylate double-
stranded DNA, through the corresponding cyclic
iminium, resulting in interstrand crosslinking and apop-
tosis.!> In addition, they are capable of overcoming
P-glycoprotein-mediated multidrug resistance.!> A re-
cent report demonstrated the use of the pentyl diacetate
2b tethered through a hydrazone linkage to the mAb
BR96 which displayed improved potency relative to a
doxorubicin hydrazone linker.'® We wanted to explore
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conjugates based on these highly potent doxorubicin
derivatives employing a more stable dipeptide linkage
for mAb-targeted delivery. We have already shown that
these molecules can be stably masked and activated by a
targeted mAb-enzyme conjugate.!’

Two approaches were conceived for targeted delivery
and protease-mediated release of 3a (Scheme 2). The
key feature of both methods was that the formation
of a reactive pyrroline ring would not occur until the
drug was released from the mAb by proteolytic hydro-
lysis of the peptide linker. This is in contrast to an ap-
proach previously taken with this class of molecules in
which the drug could undergo activation while bound
to the mAb carrier.'® The first approach illustrated in
Scheme 2 involved attaching the dipeptide linker,
through a p-aminobenzyl carbamate spacer (PABC),
to the daunosamine nitrogen of 2a. Hydrolysis of both

OHO

k/’““(]

the geminal diacetate group and the dipeptide (resulting
in 1,6-elimination of drug through the PABC spacer),
and loss of a water molecule would generate 3a. The
second approach involved tethering the molecule
through an oxazolidine carbamate a group which would
stably mask the activating aldehyde group until proteo-
Iytic cleavage from the mAb. By tethering through a
masked aldehyde, we hoped to prevent potentially
undesired chemistry involving a free aldehyde that
might compromise the drug while attached to the
mAb. Cleavage of the dipeptide would result in 1,6-
elimination to liberate an intermediate that should
rapidly cyclize to 3a. The peptide sequence val-ala
was chosen over val-cit to reduce hydrophobicity and
the potential for aggregation.

To construct the molecule described as Approach 1
(Scheme 2), compound 2a was reacted with the p-nitro-
phenyl (PNP) carbonate of the valine-citrulline (val-cit)
dipeptide linker 4'%!° (Scheme 3). This chemistry was
problematic, due to the hindered nature of daunosamine
nitrogen of 2a. Nevertheless, low yields of the desired
agent could be obtained by first protecting 2a as its
mono-TBS ether. Coupling with 4 and deprotection
afforded the drug-linker 5.

To prepare the oxazolidine carbamate described as Ap-
proach II (Scheme 2), the benzyl alcohol 6 was activated
using diphosgene and reacted with the oxazolidine 7
formed through treatment of aldehyde 8 (prepared from
1,4-butanediol in two steps) with ethanolamine in the
presence of 4 A molecular sieve powder (Scheme 4).
The resulting product was N-deprotected with piperi-
dine to give 9. Coupling with Fmoc-Val-OSu and depro-
tection of both the TBDPS and Fmoc groups with
TBAF afforded 10. This was followed by coupling of
the free amine to maleimidocaproyl N-hydroxysuccina-
mide ester (MC-OSu) and oxidation of the alcohol
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Scheme 2. Approach I: n-butyl diacetate carbamate. Approach II: oxazolidine carbamate.
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Scheme 3. Reagents and conditions: (a) TBSOTT, 2,6-DTBP, CH,Cl,,
81%; (b) 4, pyridine, DMF, rt, 48 h, 36%; (c) HF-—pyridine complex,
CH;CN, 47%.

group to the corresponding aldehyde 11. Finally, reduc-
tive alkylation with doxorubicin hydrochloride (12)
using sodium cyanoborohydride afforded the desired
drug linker 13 with the aldehyde stably masked as the
oxazolidine carbamate.

To determine if the drug-linkers 5 and 13 were likely to
release free drug once transported by the mAb to the
lysosomes of target cells, the reactive maleimide groups
were quenched with cysteine (cys) and the resulting com-
pounds were exposed to the human lysosomal enzyme
cathepsin B.' Both drug-linkers were substrates for
cathepsin B, with the val-cit compound cys-5 being
cleaved at approximately twice the rate of the val-ala
compound cys-13 (Table 1). The linker cys-5 cleanly
released the butyl diacetate 2a, while the linker cys-13
released 2-pyrrolinodoxorubicin 3a directly as deter-
mined by LC-MS analysis of the sample digests. Both
reactions went to completion. In the absence of cathep-
sin B, both cysteine-quenched drug-linkers were highly
stable.

Compounds 5 and 13 were conjugated to the chimeric
mAbs 1F6 and AC10. Chimeric 1F6 binds to CD70
(TNF receptor superfamily) which has a high relative
expression profile on both hematologic and renal cell
carcinoma lines compared to normal tissues.?*23
cACI10 binds to the CD30 antigen found on malignant
B cell lines.>* For the preparation of conjugates, both
mAbs were treated with dithiothreitol (DTT) to reduc-
tively cleave the heavy-heavy and heavy-light chain
disulfide linkages. Full reduction provides a mAb with
approximately eight free sulfhydryl groups. Exposure
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Scheme 4. Reagents and conditions: (a) TBDPSCI, NaH, 56%; (b)
Dess—Martin, CH,Cl,, 97%; (c) ethanolamine, benzene, 4 A powdered
sieves; (d) diphosgene (2 equiv), pyr (8 equiv), CH,Cl,, —78 °C, 2 h,
then 7, —78 °C to rt, 61%; (¢) DMF, piperidine (4:1); (f) Fmoc-Val-
OSu, DMF, 94% two steps; (g) TBAF, THF, 82%; (h) MC-OSu,
DMEF, 88%; (i) Dess—Martin, CH,Cl,, 91%; (j) doxorubicin-HCl (12),
CH;CN, H,0 (2:1), NaCNBH3;, 0 °C to rt, 26%.

to the drug linkers 5 and 13 resulted in conjugates that
were largely monomeric (Table 2) as determined by size
exclusion chromatography. Achieving a high level of
loading with 5 (>4 drugs/mAb) was complicated by pre-
cipitation and aggregation of the resulting ADCs. In
contrast, 13 could be loaded with 7.4 drugs/mAb with-
out exceeding an acceptable level of aggregation
(>10%). Drug loading was determined using spectromet-
ric methods by comparing the absorbance of the

Table 1. Cathepsin B digest of cysteine-quenched 5 and 13

Compound Human cathepsin B hydrolysis (¢, min)
Cys-5 72
Cys-13 142

Results from a single experiment. Substrate:enzyme ratio = 20,000.
Final substrate concentration of 2.5 mM. Half-life was determined by
LC measuring percent remaining starting material at 254 nm.
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Table 2. Characterization and in vitro cytotoxicity of the conjugates®

Compound Target antigen Drug loading % Aggregation Caki-1 cells® 786-0 cells” Karpas 299 cells”
(CD70+, CD30-) (CD70+, CD30-) (CD30+, CD70-)

2a — — — 0.039 0.006 0.099

Doxorubicin (12)  — — — 112 64.5 29.2

clF6-5 CD70 2.4 <1 1.6 0.4 —

cACI10-5 CD30 33 3 65 108 1.42

cl1F6-13 CD70 49 <1 0.65 2.3 >50

cAC10-13 CD30 7.4 10 >50 >50 0.57

#The activities of the ADCs were compared to that of doxorubicin, and a highly potent doxorubicin derivative (2a) that leads to the same molecule

released from the conjugates.

®Cells were treated with the test agents for 96 h and viability was determined by reduction of resazurin. The ICs, values indicated are the

concentrations (nM) of the drug component of the conjutates.

doxorubicin chromophore (490 nm) to the protein
absorbance (280 nm).

Compound 2a showed exquisite cytotoxic activity on
the three cell lines evaluated: the renal cell carcinoma
(RCCQ) lines Caki-1 (CD70+) and 786-O (CD70+), and
ALCL line Karpas 299 (CD30+) with potencies rang-
ing from 6 to 99 pM (Table 2). Doxorubicin (12) was
2.5-4 orders of magnitude less active on the same cell
lines.

When the active drug 3a was conjugated to the mAbs
clF6 or cACI10 either via drug-linker 5 or 13, significant
levels of cytotoxic activity were obtained and the effects
were immunologically specific. The cells ranged from 41-
to 270-fold more sensitive to binding conjugates than to
non-binding conjugates. In addition, the ICsy values of
conjugates with these two drugs were similar, suggesting
that both linker constructs delivered the active drug 3a
with equal effectiveness. However, the potency of the
conjugates was significantly less than that of the free
drugs 2a. This might be due to the fact that passive cel-
lular uptake of free drug may lead to higher intracellular
concentrations compared to those obtained through
mAb-mediated delivery.

We compared the potency of our ADCs (relative to
doxorubicin) to that of the hydrazone-based BR96
conjugate of 2b previously described by King
et al.'® For the hydrazone of 2b on BR96, an in-
creased potency of 10-fold was seen over the free
drug doxorubicin. The increased potency of ADCs
based on 5 and 13 ranged from 70- to 170-fold, rel-
ative to doxorubicin. We believe the increased relative
potency of our ADCs stems from the potency of the
released drug. In our hands, compound 2a was
approximately 10-fold more potent than 2b on a ser-
ies of cell lines (data not included).

In summary, the drug linkers 5 and 13, based on the
potent doxorubicin derivative 3a, were designed, syn-
thesized, and linked to mAbs that recognize tumor
associated antigens on RCC and ALCL tumors. The
cysteine-quenched adducts of 5 and 13 were substrates
for the lysosomal enzyme cathepsin B and were
cleaved at comparable rates. Conjugation to the mAbs
clF6 and cACl10 gave ADCs with single-digit
nanomolar to sub-nanomolar cytotoxicity ICsps, and

>40-fold specificity when evaluated against an antigen
negative cell line and non-binding control ADCs. Both
drug-linkers gave conjugates that were >70-fold more
potent than doxorubicin when evaluated on the basis
of drug concentration. Results from the in vivo evalu-
ation of ADCs based on 5 and 13 will be reported
elsewhere.
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Abstract—A novel triarylimidazole derivative, SB-590885 (33), bearing a 2,3-dihydro-1H-inden-1-one oxime substituent has been
identified as a potent and extremely selective inhibitor of B-Raf kinase.

© 2005 Elsevier Ltd. All rights reserved.

Mitogen-activated protein (MAP) kinases are a family
of serine/threonine protein kinases that participate in
signal transduction pathways controlling numerous
intra-cellular events.! MAP kinases are regulated by
phosphorylation cascades whereby activation of an up-
stream kinase leads to phosphorylation of a downstream
substrate which itself has protein kinase activity. Typi-
cally in such MAP kinase cascades, three protein kinases
are sequentially activated in response to appropriate
extracellular stimuli and allow for signal amplification
at each step of the cascade.

The RAF-MEK-ERK MAP kinase cascade appears to
be intimately involved in the regulation of cell cycle pro-
gression and apoptosis. Indeed, activating mutations in
B-Raf, one of the Raf family members, are reported to
be present in 66% of malignant melanomas.? Disruption
of this signaling cascade could thus offer a novel ap-
proach for cancer chemotherapy.? Conversely, increased
activation of ERK1/2 has been reported in a number of
in vitro models of neuronal cell death and following

Keywords: B-Raf; Imidazole.
* Corresponding author. Tel.: +44 (0) 1279 627686; fax: +44 (0) 1279
622260; e-mail: Andy.K.Takle@gsk.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.072

focal cerebral ischemia in in vivo rodent models of
stroke.* Furthermore, inhibition of the cascade at the
MEK level has proved to be neuroprotective leading
to a significant reduction in infarct volume in such
animal models.®

(1) B-Raf I1C,, 900nM (2) B-Raf 1C,, 10nM
We sought to identify inhibitors of B-Raf, the likely ma-
jor Raf isoform in the central nervous system, to assess
their potential as neuroprotective agents in the treat-
ment of stroke.

Screening of the SmithKline Beecham compound bank
identified the tri-substituted imidazole (1) as a sub-
micromolar inhibitor of B-Raf. Concurrently we became
aware of a poster publication from Merck disclosing a
related tri-aryl imidazole 2 (L-779,450) as a highly
potent low nanomolar inhibitor of Raf.® Compound (2)
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was reported to demonstrate good selectivity over other
kinases tested, with the exception of p38 where the selec-
tivity was approximately 30-fold. Unfortunately 2 is
poorly soluble in aqueous systems (~0.005 mg/ml in
pH 5 buffer) thus precluding its use as an in vivo tool
where administration via iv infusion is desirable. We
sought to explore the SAR of the imidazole leads whilst
being mindful of the selectivity and developability issues
described above.

Our studies began with the synthesis of the hybrid mol-
ecule 3 which displayed comparable activity to 2.
Further investigation demonstrated that the imidazole
C2 position was tolerant of a variety of substituents
(Table 1). Heteroaryl derivatives such as 4 and 5 showed
comparable potency with 2, whereas the unsubstituted
derivative 6 only showed a modest reduction in potency.
Introduction of a basic amine substituent on either the
C2 aromatic or tert-butyl groups was well tolerated
(e.g., compounds 7 and 8) as was the carboxamide
linked derivative 9. Such derivatives lead to enhanced
aqueous solubility but also provide a handle for further
substitution (e.g., 10, 11) and modulation of the physi-
cochemical properties of the series.

Acylation of the C2 benzylamine 7 was also of value in
the generation of a fluorescent derivative 12 (SB-477790)
which proved to be suitable for the development of a
B-Raf fluorescent ligand binding assay (FP). The two
B-Raf assay formats showed a good correlation in rank
order potency but, due to increased throughput, the FP
format was used to generate all subsequent SAR.

SB-477790 (12)

Table 1. B-Raf activity of C2 modified imidazoles’

Compound R! B-Raf B-Raf (FP)
ICS() Kd nM
nM

2 Ph 10 2.4

3 tBu 12 2

4 3-Pyridyl 6 —

5 2-Furyl 13 4.2

6 H 33 39

7 4-(H,NCH,)Ph 8 5.3

8 Me,CCH,NH, 6 4.8

9 CONH(CH,);NMe, 40 24

10 Me,CCH,NHSO,Me 14 10

11 Me,CCH,NHCONHPh(4-Cl) 13 21

Table 2. B-Raf activity of C5 modified imidazoles

2

R5H
N

Cl
OH
Compound R R? B-Raf (FP)
Kd nM

2 H 4-Pyridyl 24
13 H Phenyl >200
14 H 3-Pyridyl >200
15 H 4-Pyrimidinyl 14
16 H 4-Pyridazinyl 87
17 CN 2-Amino, 4-pyrimidinyl 5.7

Our investigation of the imidazole C5 substituent
showed trends similar to those reported in the p38 ki-
nase area (Table 2).8 Replacement of the 4-pyridyl C5
substituent of 2 by phenyl- or 3-pyridyl groups (13 and
14, respectively) produced compounds that were essen-
tially devoid of activity in the FP assay, thus implying
that an appropriately positioned H-bond acceptor at
C5 is essential for activity. This is consistent with the
well-established binding mode of such imidazole-based
kinase inhibitors where the C5 substituent forms an H-
bond to the ‘hinge’ region of the protein.® As with p38,
B-Raf activity can be retained if the C5 pyridine group
is replaced by an alternative H-bond acceptor such as
in the pyrimidinyl- and pyridazinyl-derivatives 15 and
16, albeit with a 5- to 30-fold reduction in potency.
The potency drop can be mitigated through the intro-
duction of a 2-amino-4-pyrimidinyl substituent as in
17, which is postulated to pick up a second H-bonding
interaction with the hinge region of the protein.

Table 3. B-Raf activity of C4 modified imidazoles™®

Compound R? B-Raf (FP)
Kd nM
2 3-OH, 4-CI 2.4 (10)
18 3-OH 8
19 4-OH 316° (339)
20 3-OMe >196
21 4-CH,OH 71
22 3-CH,OH >196° (1585)
23 3-OH, 4-CH,0H 22
24 3-Cl, 4-CH,OH 132
25 4-CH=NOH 5
26 3-OH, 4-CH=NOH 27
27 3-Cl, 4-CH=NOH 6
28 4-C(Me)=NOH 11
29 4-C(NH,)=NOH 53

#Data from the B-Raf kinase assay is shown in parentheses (see
Ref. 7).

® Oxime derivatives isolated as mixtures of £ and Z isomers.

¢ Data derived from a variant of the FP binding assay and hence is not
directly comparable.
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Early investigation of the imidazole C4 position SAR
demonstrated that the 3-hydroxy phenyl substituent
was key for potent B-Raf activity (Table 3). The
mono-substituted 3-hydroxy derivative 18 showed
comparable affinity to 2, whereas the 4-hydroxy isomer
19 and 3-methoxy derivative 20 showed significantly
reduced B-Raf affinity. These data suggested that the
3-hydroxy group was acting as an H-bond donor
and so we embarked upon a search to identify alterna-
tive groups to perform this role. We were encouraged
to find that the 4-hydroxymethyl derivative 21 showed
modest affinity in the FP assay (K3 71 nM), which was
in contrast to the regioisomeric 3-hydroxymethyl deriv-
ative 22. Further substitution of the C4 phenyl ring
was tolerated as exemplified by the 3-hydroxy- and
3-chloro-4-hydroxymethyl derivatives 23 and 24 but
this had only a modest effect on potency. Transforma-
tion of 21 into the oxime derivative 25 however pro-
duced a 15-fold increase in potency (Kyg 5 nM). Once
again, substitution with hydroxyl- or chloro-substitu-
ents in the 3-position was tolerated (26 and 27)
although the hydroxyl derivative 26 showed a 5-fold
drop in potency compared to 25. Further exploration
of the oxime unit demonstrated that substitution on
the oxime carbon atom was also tolerated in the form
of the ketoxime 28 (K4 11 nM), although the amidox-

Table 4. B-Raf activity of cyclic oximes

Compound X n B-Raf (FP) Ky nM
30 H, OH (R/S) 1 >200

31 HON 1 1.3

32 HON 2 17

Table 5. Selectivity profiling of SB-590885 (33) and (2)*

ime derivative 29 showed a 10-fold drop in potency
relative to 25.

Cyclization between the 3 and 4 positions of the C4 substi-
tuent to form the 2,3-dihydroindene and 3,4-dihydro-
naphthalenone derivatives (30-32) also provided some
interesting SAR findings (Table 4). Whilst the racemic
1-hydroxy 2,3-dihydroindene 30 showed weak affinity,
the oxime 31 (K4 1.3 nM) was extremely potent with activ-
ity at least equal to that of the early lead 2. The ring
expanded 3,4-dihydro-1(2H)-naphthalenone oxime 32
(K4 17 nM) also showed significant activity, although this
was 10-fold lower than that of 31. SB-590885 (33, K4
0.3nM), the C2 (4-dimethylaminoethoxy) phenyl ana-
logue of 31, was prepared to improve the aqueous solubil-
ity (>1 mg/ml in pH 5 buffer) but also showed enhanced
potency, being some 8-fold more potent than the early
lead 2.

SB-590885 (33)
B-Raf Kd 0.3nM

The selectivity profiles of SB-590885 (33) and 2 were as-
sessed against a panel of 21 protein kinases (Table 5).
The data confirmed the generally good selectivity profile

Table 6. Selectivity of SB-590885 (33) and (2) versus p38a, GSK3p
and Ick

Compound Fold selectivity versus B-Raf
p38a GSK3p Ick
2 7 30 70
33 >1000 >1000 >1000

Com AMPK Chkl CK2 GSK JNKI Ick MAPK2 MAPK MEKI1 MSKI1

p70 Phos. PKA PKB PKC PRAK ROCK- p38 p38 p38 p385 SGK

pound 3B AP-K2 S6K K a a 11 o f v
2 12 1 -3 83 0 88 -3 -1 5 7 26 17 12 44 2 19 3 95 81 5 —15 2
33 14 9 8 25 19 39 11 9 14 38 13 3 -2 8 10 18 26 46 9 10 10 17
#Values are %inhibition at 10 uM drug concentration in kinase activity assays in the presence of 100 uM ATP (see Ref. 9 for details).
O/\/NMe2

|
O\/OTBDMS
@7 ||| iv | /
MeON MeON
vu

(34) X=0; R=Br (38)
(35) X=NOMe; R=Br i
(36) X=NOMe; R= CHO =

(9 x=Nowe
(41) x=0 viii
(33) X = NOH

(39)

Scheme 1. Reagents and conditions: (i) MeONH, HCI, pyridine, ethanol (97%); (ii) nBuLi, DMF, THF —60 °C (65%); (iii) LDA, THF —60 °C, add
36; (iv) TBAF, THF (64% over two steps); (v) DMSO, oxalyl chloride, triethylamine dichloromethane —60 °C to room temperature (94%); (vi)
4-(2-dimethylaminoethoxy)benzaldehyde, ammonium acetate, acetic acid 100 °C (30%); (vii) S M HCI, acetone, dioxane 100 °C (56%); (viii) 50% ags

NH,OH, ethanol, reflux (100%).
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of 2 but also identified some activity against GSK3f and
Ick. SB-590885, on the other hand, appeared to be de-
void of significant activity against this panel of enzymes.
More in-depth profiling of both compounds against
p38a, GSK3p, and Ick in the fluorescent binding assay
format confirmed the enhanced selectivity profile for
SB-590885 (Table 6).

Triaryl imidazoles, such as SB-590885 (33), were pre-
pared as outlined in Scheme 1.'%!" Thus, commercially
available 5-bromo-2,3-dihydro-1H-inden-1-one 34 was
converted to the O-methyl oxime 35 and then formylat-
ed by treatment with n-butyl lithium followed by the
addition of DMF, to afford 36. Reaction of 36 with
the anion derived from the 4-hydroxymethylpyridine
derivative 37,'? followed by desilylation, afforded the ra-
cemic 1,2-diol 38. This was then oxidized to the dione 39
under Swern conditions and converted to the imidazole
40 in modest yield, by treatment with 4-(2-dimethylami-
noethoxy) benzaldehyde and ammonium acetate in ace-
tic acid at 100 °C. Hydrolysis of the O-methyl oxime, by
treatment with 5 M hydrochloric acid and acetone in
dioxane, formed the ketone 41 which was converted to
33 by treatment with aqueous hydroxylamine.

In summary, SB-590885 (33), a potent and extremely
selective inhibitor of B-Raf kinase, was identified follow-
ing an evaluation of the SAR of a series of imidazole
based leads. SB-590885 represents an excellent molecule
with which to investigate the role of B-Raf in neurode-
generative and other disease states.
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Abstract—Despite their relatively weak basicity, simple azoles, specifically imidazoles and aminothiazoles, can function as potent
surrogates for the more basic amines (e.g., alkyl amines, amidines, guanidines, etc.) which are most often employed as the P1 ligand

in the design of noncovalent small molecule inhibitors of thrombin.

© 2005 Elsevier Ltd. All rights reserved.

Structure-based design approaches to the development
of novel noncovalent small molecule inhibitors of the
serine protease thrombin have involved designing tem-
plates capable of binding to the enzyme’s three principal
binding pockets (the specificity pocket S1, the proximal
pocket S2, and the distal pocket S3).! A sampling of the
wide variety of structures which have been developed
highlights the fact that most of the structural diversity
in the field has come from designing novel scaffolds to
fill S3 and S2.' The S1 specificity pocket is much less
accommodating of structural variety than either the S3
or S2 pockets. Generally, to produce potent inhibitors,
the P1 ligand features a strongly basic functional group
such as an alkylamine, amidine, benzamidine or a 4-
aminopyridine. These basic groups are capable of mak-
ing a significant contribution to overall binding energy
because of their ability to form strong ionic interactions
with the carboxyl group of the Aspl89 residue at the
bottom of the thrombin S1 pocket. As such, these basic
groups can often be combined with a wide variety of
P3P2 scaffolds to yield inhibitors with good inhibitory
potency and a broad spectrum of chemical, physical
and pharmacokinetic properties.! Nevertheless, such
strongly basic amines have the disadvantage that they
tend to impart poor oral absorption properties and in
some instances unacceptable off-target activity.”? For

Keywords: Thrombin; Anticoagulant.
* Corresponding author. Tel.: +1 215 652 0880; fax: +1 215 652
3971; e-mail: richard_isaacs@merck.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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example, thrombin inhibitor 13 is potent (K; = 0.10 nM)
but not orally bioavailable in rats or dogs (Fig. 1). Fur-
thermore, some inhibitors with this P1 aminocyclohex-
ane group displayed in vivo toxicity. Detailed SAR
studies indicated that the observed toxicity was a func-
tion of the pK, of the aminocyclohexane. Modifications
to the aminocyclohexane, which lowered its pK, (for
example, incorporation of electron-withdrawing groups
or heteroatoms), attenuated the observed toxicity. To
try to address these issues, we decided to investigate
the design of inhibitors in which the S1 binding element
is considerably less basic.*> As expected, for a given
P3P2 template, an initial change from a highly basic
P1 group to one of lower basicity results in a significant
drop in binding potency. However, we reasoned that fol-
lowing such a modification, the ready availability of
X-ray structural data for thrombin-inhibitor complexes
and the use of molecular modeling could guide the
design of structural modifications which would either
result in the establishment of other compensatory bind-
ing interactions or maximize the interaction between the
weak base and the carboxylic acid of Aspl89. In this
paper, we will describe how we used this approach to
demonstrate the utility of simple azoles, specifically
imidazoles and aminothiazoles, as Pl ligands in the
design of noncovalent small molecule thrombin
inhibitors.

Replacement of the basic P1 aminocyclohexane moiety
in the potent dipeptide thrombin inhibitor 1
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Figure 1. Effect on thrombin inhibitory potency of directly replacing a
basic aminoalkyl P1 ligand in a key dipeptide inhibitor 1 with weakly
basic heterocycles, imidazole and aminothiazole.

(K;=0.10nM) with either an imidazole as in 2
(K;=380nM) or an aminothiazole as in 3
(K; = 350 nM) resulted in more than a 3000-fold loss
in binding potency (Fig. 1). While these potency decreas-
es could be partly rationalized in terms of reduced P1 li-
gand basicity (aminocyclohexane pK, 9.8, imidazole pK,
7.2, and aminothiazole pK, 5.4) and the concomitant
weakening of the electrostatic interaction with the car-
boxyl group of Asp189 in the thrombin specificity pock-
et, structural considerations, specifically the trajectory
of the Asp189 to P1 ligand interaction was also assumed
to be a contributing factor. Azoles have one ring atom
less than a cyclohexane and therefore the exocyclic
nitrogen atom of the aminothiazole in 3 cannot occupy
a similar position in proximity to Aspl89 in the throm-
bin S1 specificity pocket as the nitrogen of the aminocy-
clohexane in 1 without potentially perturbing key P3P2
enzyme—inhibitor binding interactions. In the case of the
imidazole group in 2, neither of the two ring nitrogens
can be positioned to interact directly with Asp189 with-
out likewise potentially disrupting beneficial P3P2 bind-
ing interactions. Based on this analysis, we concluded
that one approach to compensating for these inherent
structural restrictions would be to lengthen and thereby

increase the flexibility of the chain connecting the azole
to the proline portion of the inhibitor. The effects of
these modifications on thrombin binding potency are
summarized below in Table 1.

Addition of an extra methylene spacer to the imidazole
in 2 (K;=380nM) and aminothiazole in 3 (K=
350 nM) provided only modest potency increases [5
(K; =200 nM) and 6 (K; = 193 nM), respectively]. How-
ever, insertion of an additional methylene group in 5
gave 7 (K; = 17 nM) which is 12-fold more potent. With
the azole to Aspl89 binding interaction presumably
enhanced by their increased proximity and relaxed
trajectory of interaction, we explored the effect of
introducing conformational constraints along the
three-carbon tether in imidazole containing inhibitor 7.
Replacement of the ethylene spacer by an acetylene gave
8 (K;=13nM), whereas a trans-alkene gave 10
(K;=2nM). This lengthened and trans-constrained
imidazole containing inhibitor 10 is 190-fold more po-
tent than the original imidazole containing inhibitor 2,
presumably reflecting both geometric optimization of
the imidazole interaction with Asp189 and simultaneous
maintenance of P3P2 interactions of the inhibitor with
the enzyme.

Addition of a methyl group to an imidazole generally re-
sults in a modest increase in basicity. The effect of this
type of substitution was investigated as a potential
means of increasing binding potency while still limiting
gross increases in basicity. In the case of the aminoethyl
imidazole compound 2 (K;= 380 nM), addition of a
methyl group caused a 6-fold increase in potency (4,
K; = 65nM). A similar substitution on the imidazole in
alkyne 8 (K; =13 nM) and trans-alkene 10 (K; =2 nM)
resulted in a 2-fold improvement in potency (9,
K;=6nM and 11, K; =1 nM, respectively). It is note-
worthy that the optimized imidazole containing inhibi-
tor 11 is only 10-fold less potent than the original lead
aminocyclohexane containing inhibitor 1, despite a
roughly 2 log unit pK, difference in basicity of the two

Table 1. Thrombin and trypsin inhibition constants for dipeptide compounds 2-13
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X
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ya
Y

z

R

Compound X Y Z R Thrombin K; (nM) Trypsin K; (uM)
2 None NH H H 380 36
3 None S NH, H 350 59
4 None NH H CHj; 65 9.6
5 CH, NH H H 200 23
6 CH, S NH, H 193 59
7 CH,CH, NH H H 17 0.24
8 C=C NH H H 13 6
9 C=C NH H CH; 6 7.2
10 trans-CH=CH NH H H 2 0.14
11 trans-CH=CH NH H CH; 1 0.1
12 CH,CH, S NH, H 198 32
13 trans-CH=CH S NH, H 30 178






340 R. C. A. Isaacs et al. | Bioorg. Med. Chem. Lett. 16 (2006) 338-342

P1 groups. Similar P2P1 tether modifications in the
aminothiazole series, while not achieving comparable
levels of potency restoration, did further validate our
original hypothesis by demonstrating a general increase
in binding potency as a function of increased proximity
of the aminothiazole to the carboxylate of Aspl189 (cf.
compounds 12 and 13).

Although thrombin inhibitory potency was optimized in
the dipeptide azole series, the reduced basicity of these
compounds did not result in improved animal pharma-
cokinetics. For example, following oral dosing of inhib-
itor 11 in dogs at 5 mpk, the observed C,,.x was only
550 nM and the compound was very rapidly cleared.
However, no in vivo toxicity was observed. More gener-
ally, the toxicity observed with aminocyclohexane con-
taining inhibitors was absent with imidazole and
aminothiazole containing inhibitors.

Compound 11 displayed excellent functional in vitro anti-
coagulant potency. The concentration of inhibitor re-
quired to double the activated partial thromboplastin
time (APTT) in human plasma was 0.32 uM. Excellent
in vivo antithrombotic efficacy was observed in the rat fer-
ric chloride arterial thrombosis assay.® At an iv infusion
rate of 10 pg/kg/min and n = 6, only one animal occluded.

Several of the imidazole and aminothazole P1 ligands
which had been optimized for potency in the peptide ser-
ies of thrombin inhibitors were also evaluated in our
nonpeptide 3-aminopyridinone series (Table 2).”* His-
torically, we have found that these nonpeptide com-
pounds have the advantage of improved in vivo
pharmacokinetic properties relative to their correspond-
ing dipeptide analogs.”® Compound 14 (K; = 4.6 nM)
was the baseline aminocyclohexane compound targeted
for P1 substitution studies.

P3 P2 P1
—r

As was the case in the peptide series, for both imidazole
and aminothiazole Pl ligands, increasing the P2P1
tether from one carbon to three improved binding affin-
ity. Thus, imidazole compound 16 (K;= 34 nM) was
5-fold more potent than imidazole compound 15
(K;=170nM) and aminothiazole compound 20
(K; =450 nM) was 2.5-fold more potent than amino-
thiazole compound 19 (K;=1100 nM). In contrast to
the observation in the peptide series, the frans-alkenyl-
imidazole and aminothiazole P1 ligands did not furnish
potency enhancement in the nonpeptide series.

Methylimidazole compound 18 (K; = 8 nM) was the most
potent imidazole analog in the pyridinone series. The 20-
fold increase in potency relative to des-methylimidazole
compound 15 is inconsistent with merely an increase in li-
gand basicity but more likely stems from an additional
lipophilic binding interaction between the methyl group
and the aliphatic side chain of Val-213 as previously ob-
served in the X-ray structure of a methylaminopyridine
P1 analog.”® In the absence of any X-ray structural data
for methylaminothiazole P1 inhibitor 22 (K; = 10 nM),
we also speculate that the methyl group plays a similar
role in enhancing potency relative to aminothiazole inhib-
itor 19 (K; = 1.1 uM). It should also be noted that based
on our initial structure—activity analysis, it was anticipat-
ed that the imidazole group in 18 would be incapable of
reaching sufficiently far into the S1 pocket to interact
directly with Asp189 without potentially disrupting bene-
ficial P3P2 binding interactions with the enzyme. We spec-
ulate that compound 18 likely binds to Asp189 via the
intermediacy of an ordered water molecule. Although
we do not have an X-ray structure of compound 18
(Y = NH) bound to thrombin to confirm this, we do have
a structure of a related analog (Y = NCH,CONHBu) in
which such a water mediated binding interaction is
observed.®

None of the pyridinone azole analogs were orally
bioavailable. The optimized aminomethylimidazole P1
ligand in compound 18 was next evaluated in our
3-aminopyrazinone series of thrombin inhibitors.” The
corresponding pyrazinone compound 23 (K; =53 nM)
was found to be about 7-fold less potent. By contrast,
the corresponding aminocyclohexane P1 containing
pyrazinone compound 24 (K; = 6.4 nM) was equipotent

Table 2. Thrombin and trypsin inhibition constants for 3-aminopyridinone imidazole and aminothiazole containing compounds 15-22

SEF eSB!

Compound X Y V4 R Thrombin K; (nM) Trypsin K; (LM)
15 None NH H H 170 314

16 CH,CH, NH H H 34 17

17 trans-CH=CH NH H H 143 21

18 None NH H CH; 8 43

19 None S NH, H 1100 >1000

20 CH,CH, S NH, H 450 124

21 trans-CH=CH S NH, H 1800 >1000

22 None S NH, CHj; 10 6.5
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with pyridinone analog 14 (K; = 4.6 nM). The P3 group
could be adjusted to compensate for these differences.
Thus, replacing the phenyl group in 23 by a 2-pyridyl
group gave 25 with 2-fold improvement in potency.
With respect to animal pharmacokinetics, compound
23 was the first azole compound to display improved
results. Following oral dosing in dogs at 4 mpk, the
observed Cp,,x was 1.4 uM and the half-life was 2 h.

‘\/ N/\N/o ‘ N‘/\N/ o
O\AM Hr Q\Ag( O

23 X =CH,K; 53nM 24 K; 6.4nM

25 X=N,Kj 22 nM

The aminoalkylimidazoles 31 and 36 used in the prepa-
ration of inhibitors 11 and 18, respectively, were pre-
pared from similar starting materials (Fig. 2).!°
Commercially available 5-methylimidazole-4-carboxal-
dehyde 26 was first protected as its trityl derivative 27.
Wittig homologation gave ester 28, which was reduced
to the allylic alcohol 29 using DIBAL. Alcohol 29 was
converted to an azide 30, which was then reduced with
triphenylphosphine to give the aminoalkylimidazole
31. EDC mediated amide coupling to Boc—D-diphenyl-
alanine-L-proline® followed by simultaneous acid
promoted removal of the Boc- and trityl-protecting
groups gave dipeptide imidazole inhibitor 11. Commer-
cially available acohol 33 was converted to amino
alkylimidazole 36 by the same sequence of steps as
described for aminoalkylimidazole 31. Amide coupling
with the requisite benzylsulfonamidopyridone acid’® fol-
lowed by deprotection gave pyridinone imidazole inhib-
itor 18. The aminothiazole analogs were prepared using
similar functional group interconversions of suitably
protected aminothiazole derivatives.!?

We have shown that simple azoles, in particular imidaz-
oles and aminothiazoles, can be incorporated into the
design of noncovalent small molecule thrombin inhibitors
as the P1 ligand. To compensate for the modest basicity of
such groups, the ionic interaction with the carboxylic acid
of Asp189 in the S1 specificity pocket of thrombin can be
optimized by varying the distance and the geometric
disposition of the ring nitrogen atoms relative to the

H
OHC_N a OHC, N_Tr b,c HO' = NyTr
) — | % —_— | »
Y/ 7
N N N

26 27 29

H =
N d N_T1i H,N N _Tr
HO ‘ > ade H,N ‘ 7 r > ‘ §
) —— 5
N N N
33 36 31
‘ f9 \f,g
18 1

Figure 2. Synthesis of analogs 11 and 18. Reagents and conditions: (a)
TrCl, Et;N, CH,Clp; (b) Ph3P=CHCO,Me, toluene, reflux; (c)
DIBAL, CH,Cl,, —78 °C; (d) (PhO),PON;, DBU, THF; (e) PhsP,
THF, water, 60 °C; (f) RCO,H, EDC, HOBt, Et;N, DMF; (g) Et;SiH,
TFA, CH,Cl,.

carboxylate of Aspl189. With relatively few exceptions,
the azole compounds displayed very good selectivity for
thrombin versus trypsin. The azoles furnished inhibitors
free of the in vivo toxicity observed with more basic
aminocyclohexane analogs. Improved oral bioavailabili-
ty was observed only in the pyrazinone series. Antithrom-
botic efficacy was demonstrated in the pyridinone series.
Further structure-driven  optimization of these
compounds with respect to thrombin binding affinity,
functional in vitro anticoagulant potency, and in vivo
antithrombotic efficacy will be presented in a subsequent
manuscript.
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Abstract—A series of substituted 1,2,3,4-tetrahydropyrazino [1,2-a] indole derivatives have been synthesized and tested against the
Gram positive and Gram negative strains of bacteria namely Staphylococcus aureus (MTCCB 737), Salmonella typhi (MTCCB 733),
Pseudomonas aeruginosa (MTCCB 741), Streptomyces thermonitrificans (MTCCB 1824) and Escherichia coli (MTCCB 1652). All
synthesized compounds showed mild to moderate activity. However, compounds 4d-f were found to have potent activity against
pathogenic bacteria used in the study. Their MIC ranged from 3.75 to 60 pg/disc. In vitro toxicity tests demonstrated that toxicity
of 4d—f was not significantly different than that of gentamycin. However, at higher concentration (10004000 pg/ml) difference was

highly significant.
© 2005 Elsevier Ltd. All rights reserved.

Since the introduction of penicillin in the 1940s, antibi-
otics have a history of success in controlling morbidity
due to infectious diseases. But, as a consequence of fre-
quent use, bacterial resistance to known classes of anti-
biotics has become a severe global problem in recent
years and presents a continuous clinical challenge.!-3
Resistance can result from modification of an antibacte-
rial target or from functional bypassing of that target, or
it can be contingent on impermeability, efflux or enzy-
matic inactivation of the drug.* There are serious con-
cerns that untreatable pathogens may develop at an
alarming rate in the near future. Strategies to address
this challenge include the design of improved versions
of antibacterial classes already in clinical use and the
use of drug combinations. The application of these strat-
egies can be quite successful, but a high risk of rapid
resistance development remains. Thus, an urgent need
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for new potent classes of antibiotics with novel modes
of action persists.

Pyrazino [1,2-a] indoles have attracted a great deal of
attention due to their therapeutic uses as serotonin
antagonist,’ thrombolytic,® in cardiovascular diseases,’
antidepressant, anxiolitics,® central nervous system
depressants,’ anticonvulsants,'® antihistaminic,!' pro-
tein kinase C inhibitors,!? 5-HT,4,!? 5-HT,c'>!* and
selective imidazoline I, receptor ligands.'®> The antibac-
terial activity of the indole derivatives has not been
much studied. One report shows the activity of pyrazi-
noate towards resistant Mycobacterium tuberculosis.'®
Some triazino [5,6-b] indoles have been reported to have
antifungal properties.!”

2-(3-Methyl-1H-indol-1-yl) ethylamine 2 was obtained
by the reaction of 3-methylindole 1 with 2-chloroethyl-
amine hydrochloride in CH;CN in the presence of
NaOH and Buy,NHSO, by reported procedures.'® Key
benzotriazolyl intermediate 2-(1H-1,2,3,4-benzotriazol-
1-ylmethyl)-10-methyl-1,2,3,4-tetrahydropyrazino [1,2-
a] indole 5 and nucleophilic substituted derivative 6a,b
and compounds 7-9 were obtained according to our
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published procedure.'® 1-Substituted 1,2,3,4-tetrahydro-
pyrazino [1,2-a] indoles 4a—i were obtained as a racemic
mixture in high yields by the reaction of 2-(3-methyl-1H-
indol-1-yl) ethylamine 2b with benzotriazole and alde-
hydes 3a-i in the presence of catalytic amount of AlCI;
in CH,Cl, (Scheme 1).'° The structures of new com-
Pounds 4c and 4g are clearly supported by thelr H,

3C NMR spectra and microanalysis.2’ The 'H NMR
spectra showed NCH-pyrazino singlet signal for 4a-i
at ~5.3 ppm. Presence of exchangeable NH-pyrazino
was confirmed by deuterium exchange. 1,3-Dimethyl-
pyrazino [1,2-a] indole 11a and 3-methyl-1-phenyl-pyr-
azino [1,2-a] indole 11b were prepared by the reaction
of 1-propargyl-2-acetylindole 10a and 1-propargyl-2-
benzoylindole 10b in dry ammonia and methanol
(Scheme 2).2! 1-Propargyl-2-acetylindole 10a and 1-
propargyl-2-benzoylindole 10b were synthesized by stan-
dard procedure®? starting from 2-acetyl-1H-indole?* and
2-benzoyl-1H-indole.>*

The in vitro antibacterial activity was tested by disc dif-
fusion method?® using pathogenic strains of Staphylo-
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coccus  aureus, Salmonella  typhi,  Streptomyces
thermonitrificans, Pseudomonas aeruginosa and Esche-
richia coli. The experimental®’ result of antibacterial
activity indicated a variable degree of efficacy of the
compounds against different strains of bacteria (Table
1). Compound 4a showed strong activity against P.
aeruginosa (MIC 3.75 pg/disc); however, it did not show
any effect on other strains of bacteria even up to a con-
centration of 60.00 pg/disc. Similarly the 4¢ was effective
against P. aeruginosa and S. thermonitrificans only, the
MIC being 3.75 and 15.00 pg/disc, respectively. Signifi-
cant activity was observed with 4d-4f against all the bac-
terial strains used in the study and their MIC ranged
from 7.50 to 60.00 pg/disc. Other compounds appeared
to be broad spectrum, as they showed mild to moderate
effect on most of the strains, although the compound
with pyrazinoate moiety was shown earlier to inhibit
the growth of M. tuberculosis at a concentration of
0.5-32 pg/ml. However, pyrazino [1,2-a] indoles have
not been investigated. We, for the first time, synthesized
substituted pyrazino [1,2-a] indoles and tested for the
antimicrobial properties. The activity of the compound

CHj

N R _| R

N NH 4a | CgHs
4b | p-BrCgH,

4a-i 4c | mCICgH,
ad | p-FCeH,
4e | p-CH3CeHy
4t | p-NOCgH,
4g | M-CHLOCeH,
4h | 2-pyridyl
4i | 2-thienyl

\

. N\\/Nﬂ OCaHs

OC2H5

Scheme 1. Synthesis of substituted 1,2,3,4-tetrahydropyrazino [1,2-a] indoles. Reagents and conditions: (a) CICH,CH,NH,HCI, NaOH, TBAHS,
CH;CN, reflux, 36 h; (b) benzotriazole, dichloromethane, catalytic AICl3, 25 °C, 85-96%; (c) benzotriazole, HCHO (2 equiv), 25 °C stirring; (d)
R!'MgX, THF, reflux; (¢) NaCN, DMSO, 25 °C, 36 h; (f) P(OEt)s, ZnBr,, DCM, 25 °C, 24 h; (g) NaBH,, THF, reflux,12 h.
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Scheme 2. Reaction conditions: molar ratio indole 10a-b, 1/2 M NHj3 in MeOH = 1:20, sealed tube.
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Table 1. Minimum inhibitory concentrations of substituted-1,2,3,4-tetrahydropyrazino [1,2-a] indoles by disc diffusion assay

Compound MIC (pg/disc)

Staphyloccus aureus — Salmonella typhi ~ Pseudomonas aeruginosa  Streptomyces thermonitrificans  Escherichia coli
4a — — 03.75 — —
4b 15.0 60.0 60.0 15.0 —
4c — — 15.0 03.75 —
4d 30.0 30.0 30.0 07.5 15.0
4e 30.0 15.0 60.0 30.0 15.0
4f 30.0 30.0 30.0 15.0 30.0
4g 60.0 30.0 — 15.0 30.0
4h 03.75 — — — —
4i 60.0 30.0 — — —
5 30.0 60.0 — — —
6a 15.0 60.0 60.0 60.0 —
6b 15.0 30.0 60.0 60.0 —
7 15.0 30.0 60.0 30.0 —
8 — — 60.0 60.0 —
9 30.0 30.0 30.0 30.0 —
11a 60.0 60.0 60.0 60.0 60.0
11b 60.0 60.0 60.0 60.0 60.0
Gentamycin 1.0 1.0 0.5 1.0 1.0
Doxycycline HCI 1.0 1.0 1.0 1.0 2.0

(—) means no activity.
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Figure 1. Cytotoxicity of substituted pyrazino [1,2-a] indoles 4d-f analysed by haemolytic assay.

appeared to be associated with the | or 2 substitution on
the 1,2,3,4-tetrahydropyrazino [1,2-a4] indoles. The pres-
ence of NH group with substitution on 1-position of
compound 4a-i showed better activity than compounds
5-9 with substituents present on 2-position. Reactivity
data of all the compounds revealed that the presence
of free NH group might be responsible for the requisite
activity. It was observed that the presence of 4-bromo-
phenyl and 3-chlorophenyl substituents at 1-position in
compounds 4b—c showed significant activity against
S. aureus and S. thermonitrificans, respectively. Howev-
er, compounds 4d—f with the presence of 4-fluorophenyl,
4-methylphenyl and 4-nitrophenyl at 1-positon showed
significant activity against all the bacteria used in the
study (Table 1). Enhanced activity of 1-substituted
1,2,3,4-tetrahydropyrazino [1,2-a] indoles (4a—i) as com-
pared to that of 2-substituted 1,2,3,4-tetrahydropyrazi-
no [1,2-a] indoles (5-9) might be due to the availability
of lone pair on the pyrazino nitrogen atom as well as
structure of the pyrazino ring.'®

The in vitro cell cytotoxicity of 4d—f was investigated
using haemolytic assay.?® Results demonstrated that
concentrations up to 500 pg/ml of these compounds
lysed 5-10% of erythrocytes. The percent lysis induced
by concentration up to 500 pg/ml of gentamycin was
not significantly different than that of compounds. How-
ever, at higher doses (10004000 pg/ml), the difference in
toxicity was significant (Fig. 1).

Series of substituted pyrazino [1,2-a] indole have been
synthesized and were found to have antibacterial activi-
ty against pathogenic strains of S. aureus (MTCCB 737),
S. typhi (MTCCB 733), P. aeruginosa (MTCCB 741), S.
thermonitrificans (MTCCB 1824) and E. coli (MTCCB
1652) (Table 1). The compounds 4d-f were considered
to be potent antibacterial agents due to significant activ-
ity against all the bacteria used in the study. The com-
pounds 4d—f being less toxic than gentamycin could be
considered as safer drug candidates and can be taken
up for the development of suitable antibacterial drug.
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Abstract—In recent work, we have been developing 2-aminoquinolines as ligands for Src Homology 3 (SH3) domains, so far the
only reported examples of small-molecule ligands for these domains. In this paper, we report the synthesis of a series of N-benzy-
lated-2-aminoquinolines by reductive amination of aryl aldehydes with 2-aminoquinoline. These ligands bound the SH3 domain
with ca. one and a half to twofold reduced affinity relative to 2-aminoquinoline; however, some evidence was found to suggest that
the benzylic substituents made new contacts with the SH3 domain surface. These results provide useful SAR information that may

assist in future ligand design.
© 2005 Elsevier Ltd. All rights reserved.

Src Homology 3 (SH3) domains are small, non-catalytic
protein—protein interaction domains that bind to pro-
line-rich peptides and feature within a range of impor-
tant cell signaling events and other biological processes
(see, Mayer! or Zarrinpar? for reviews). These domains
have long been targets for the development of potential
therapeutics, however until recently, no examples of
entirely non-peptide ligands for the domain had been
reported. Previously, we have reported that 2-amino-
quinolines bind the Tec SH3 domain with weak to
moderate affinity.> The mechanism of the binding of 2-
aminoquinoline 1 has been well studied and involves.
n—7 stacking between the quinoline ring and tryptophan
215 (W215) and a salt bridge between the protonated li-
gand and aspartate 196 (D196), both highly conserved
residues in the proline-rich peptide binding site of the
Tec SH3 domain (Fig. 1A).

The highest affinity 2-aminoquinolines identified so far
are all 6-substituted ligands with bulky hydrophobic
substituents that are thought to make contacts with
regions on the ‘right’ side of the ligand binding site as
illustrated in Figure 1A.3 However, currently little infor-
mation is known about the types of ligand/protein con-
tacts that may be formed between ‘left’ surface residues,

Keywords: Src Homology 3 domain; 2-Aminoquinoline; Ligand.
* Corresponding author. Tel.: +61 8 8303 5358; fax: +61 8 8303
4358; e-mail: simon.pyke@adelaide.edu.au

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. (A) Model for mechanism of binding of 2-aminoquinoline to
the Tec SH3 domain, and regions adjacent to both the ‘left’ and ‘right’
sides of the binding site, predicted to make contacts with substituents
attached to the 2-aminoquinoline nucleus. (B) Summary of some
ligand binding results reported previously. [Ligands 1 and 2, see Ref. 3;
ligand 3; see Ref. 4]. (C) Chemical considerations that assist in the
explanation for why N-substituted-2-aminoquinolines bind the SH3
domain with reduced affinity.
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and ligand-substituents placed at other parts of the 2-
aminoquinoline platform, for example the amino group
as illustrated in Figure 1A. Substitution on the amino
nitrogen atom of 2-aminoquinoline with a methyl group
(ligand 2) resulted in a ca. threefold reduction in affinity?
(Fig. 1B). This may be explained by considering the
rotamers that exist around the HRN-C(1) bond, and
the formation of the salt bridge involved in the binding
of 2-aminoquinolines to the SH3 domain (Fig. 1C). In 1,
(when R = H), both rotamers can be involved in the for-
mation of an ‘ideal’ salt bridge with D196. But when
R = Me (as in 2), only one rotamer interacts favorably
with D196. Thus, there is an entropic cost associated
with the binding of 2 to the SH3 domain, leading to
lower affinity. However, as part of our synthetic investi-
gations into new methods for the preparation of
2-aminoquinolines, some 6-substituted-2-(4-methoxyb-
enzyl)aminoquinolines were prepared and one of these,
compound 3, was tested for binding to the Tec SH3 do-
main. # The affinity of this ligand (Fig. 1B) was sugges-
tive that the penalty for substitution on the amino
nitrogen atom was less severe when the substituent
was a 4-methoxybenzyl group, than when the substitu-
ent was a methyl group alone. Therefore, this prompted
us to further investigate the influence of N-benzylation
of 2-aminoquinoline on its SH3 binding affinity, and this
is the focus of the present study.

A one-pot method for the synthesis of N-benzylated-2-
aminoquinolines from aryl aldehydes and 2-aminoquin-
oline was sought. Thus, the method of Mattson’
involving titanium tetraisopropoxide assisted reductive
alkylation of amines was adapted for use with 2-ami-
noquinoline and aryl aldehydes as illustrated in Scheme
1. By this method, the appropriate aldehyde was stirred
with 2-aminoquinoline in titanium tetraisopropoxide
for ca. 1 h, prior to the addition of sodium cyanoboro-
hydride in ethanol. In cases where the starting
aldehydes were solids, additional titanium tetraisoprop-
oxide and/or THF were added to the mixture to assist
in stirring. Using this approach, the N-benzylated
derivatives 4-9 were prepared in low to moderate yields
(3-46%) (Scheme 1). The poor yields were in part
attributed to the formation of a by-product each time,
the imidazo[l,2-a]quinolin-1-ylamine derivatives (see
the 3-fluorophenyl derivative 10 in Scheme 1). These
by-products were generally not isolated in a pure form,
but in the case of the 3-fluorophenyl derivative 10, pure

Scheme 1. Reagents and conditions: (a)—(1) ArCHO, Ti(‘OPr),,
(THF), rt. (2) NaBH;CN, EtOH. (Experimental details are provided
as Supplementary data.)

10 was isolated in 10% yield and its complete charac-
terization was possible.

The formation of this structure most likely occurs due to
nucleophilic attack by cyanide (from sodium cyano-
borohydride) on the imine intermediate 11, leading to
the formation of the new cycle. The formation of the
structure was accompanied by a very large downfield
change in the "H NMR chemical shift for H8 of the
quinoline ring in 2-aminoquinoline 1 from ca. 7.8 to
9.1 ppm in 10 (H9 in 10). This is thought to be a result
of an anisotropic deshielding effect provided by the par-
tial sp? character of the N—C bond at the amino group.
The assignment of the signal at 9.1 ppm to H9 was
confirmed by the presence of a cross-peak between the
l-amino protons and H9 in the ['H,"H] ROESY NMR
spectrum.

Only one example of this heterocyclic skeleton has been
previously reported,® however, no spectral data were
provided to support its structure. Thus, in order to
further validate the formation of the structure, 10 was
explicitly synthesized by an independent method. Initial-
ly, it was attempted to prepare 10 by adapting the one-
pot titanium tetraisopropoxide assisted method, but
instead using sodium cyanide rather than sodium cyano-
borohydride. However, a complex mixture of products
was isolated after workup in this case. Instead, as illus-
trated in Scheme 2, the imine intermediate 11 was
prepared first by heating the aldehyde with 2-amino-
quinoline in toluene at reflux. This imine was then treat-
ed with sodium cyanide in methanol at ca. 50 °C to form
10 in 33% overall yield from 3-fluorobenzaldehyde. A
small amount (4%) of a second imine 12 was also isolat-
ed following chromatography with silica gel, indicating
that some hydrolysis of imine 11 occurred during the
second step, and the reformed aldehyde was then
condensed with the amine 10 to form 12.

As has been previously demonstrated in the synthesis
of 6-substituted-2-(4-methoxybenzyl)aminoquinolines, *
N-benzylated-2-aminoquinolines  could also  be
synthesized from 2-chloroquinolines by treatment with
the appropriate benzylamine. Thus, in order to
demonstrate an alternative and much improved method
for the synthesis of the desired N-benzylated-

X
- . _
N~ °N
2 \
1 F
11
b
X
NN

‘N F HoN F
F
12 10

Scheme 2. Reagents and conditions: (a) 3-Fluorobenzaldehyde/
toluene/A; (b) NaCN/MeOH/ca. 50 °C. (Experimental details are
provided as Supplementary data.)





S. R. Inglis et al. | Bioorg. Med. Chem. Lett. 16 (2006) 387-390 389

2-aminoquinolines in the current study, the derivative 4
was also prepared in 97% yield by treatment of 2-chloro-
quinoline 13 with benzylamine at ca. 140 °C for 30 h as
illustrated in Scheme 3.

The N-benzylated-2-aminoquinolines 4-9 were all tested
for binding to the Tec SH3 domain using NMR chemi-
cal shift perturbation, with ['H,'>N] HSQC experiments
using '°N labeled Tec SH3 protein, to obtain Ky values.
The use of this method in the current ligand develop-
ment studies has been documented.> Compounds 4-9
all bound the Tec SH3 domain with approximately
one and a half to twofold reduced affinity relative to
2-aminoquinoline 1 (Kgs ca. 180-300 uM for 4-9,
Ky=125uM for 1, Table 1) (sece for 4 and 7 in
Fig. 2). However, all of these ligands bound with im-
proved affinity relative to the N-methylated-2-amino-
quinoline derivative 2 (K;= 380 uM) (Table 1). In the
case of ligands 4 and 6, the improvement in affinity
was approximately twofold relative to 2.

Scheme 3. Reagents and conditions: (a) benzylamine/ca. 140 °C.

Table 1. Equilibrium binding dissociation constants (Ky) for N-
benzylated-2-aminoquinoline derivatives with the Tec SH3 domain,
determined by NMR chemical shift perturbation experiments, and
comparison with Kys from previous studies

Kq (M)

193(+15)
208(+28)
177(+34)
234(%55)
292(%85)
285(+46)
380(+40)°
125(+24)°

#Quoted values are means * standard deviation over residues whose
'"H (H-N) chemical shifts were altered by at least 0.1 ppm at the
maximum concentration of ligand.

® As reported in Inglis et al.?

Compound

NI N A

|A8| "H for W215¢1

0 50 100 150 200 250 300 350 400
[ligand] (uM)
Figure 2. Equilibrium binding of N-benzylated-2-aminoquinolines 4
and 7, and comparison with 2-aminoquinoline 1 and the N-methylated
derivative 2 (from previous studies)® to the Tec SH3 domain as studied
by NMR spectroscopy. Overlays of isotherms obtained from indepen-
dent experiments, represented by the change in 'H (H-N) chemical for
the indole H-N proton of tryptophan 215 (W215¢l).

The SAR information provided above confirms that the
larger benzyl substituents of ligands 4-9 are better tol-
erated than the methyl substituent of ligand 2, suggest-
ing that a new lipophilic contact is formed that mediates
the improvement in affinity. This lipophilic contact is
able to partially offset the entropic costs that are likely
to be associated with the ca. threefold reduction in affin-
ity due to N-methylation of 2-aminoquinoline (dis-
cussed above and see Fig. 1c). Of the N-benzylated
ligands, the variation in the affinities may be explained
by the different substituents on the phenyl ring. The
small inductively withdrawing fluoro substituents of li-
gands 5 and 6 have little influence on the affinity, as
does the 3-hydroxy substituent of 7, suggesting that
substitution at these positions with simple groups is well
tolerated. The differences in the electronic character of
the phenyl rings of ligands 5, 6, and 7 do not appear
to significantly alter the affinities. However, substitution
with a hydroxyl group at the 4-position as in 8 leads to
a small reduction in affinity, suggesting that substitution
at this position is less well tolerated, possibly due to
either steric or electronic penalties. The reduced affinity
of ligand 9 that has a 5-membered electron-rich aryl
group may be a result of the smaller size of the ring,
and hence a reduced lipophilic contact area.

The above results also suggest that the strongly electro-
negative fluorine atoms of ligands 5 and 6 do not have a
significant impact on the affinity of the ligands. It may
also be concluded that the hydroxyl groups on the phen-
yl rings of ligands 7 and 8 are not involved in ‘ideal’
hydrogen bonding, as significantly greater improve-
ments in affinity would have been expected if this were
the case.

Chemical shift mapping of all residues whose '"H (H-N)
resonances were altered by at least 0.1 ppm at the max-
imum concentration of ligand 4 revealed a similar bind-
ing footprint to 2-aminoquinoline 1, confirming that
both ligands bind at the same location of the SH3 do-
main. Furthermore, additional changes in chemical shift
were observed for residues alanine 191 (A191, upfield)
and glutamine 190 (Q190, downfield), ‘left’ of the 2-ami-
noquinoline binding site, attributed to anisotropic
shielding and deshielding effects, respectively, provided
by the phenyl ring of 4 (see Supplementary data). This
provides additional evidence for the positioning of the
phenyl ring and suggests that it indeed interacts with
‘left’ surface residues. An obvious candidate residue in
the region likely to mediate the interaction is the phenyl
ring of phenylalanine (F189) (Fig. 1A), which may form
a m—7 stack with the phenyl ring of the benzyl substitu-
ent of the ligand. Implicating F189 in the interaction
also assists in the explanation for why the penalty for
substituting the amino nitrogen atom with a methyl
group (as in ligand 2) is greater than when bulkier sub-
stituents are present (as in ligands 4-9). The lipophilic
contact area of 2 is considerably smaller, resulting in a
very small, if any, lipophilic interaction.

In summary, a small series of N-benzylated-2-aminoquin-
olines was synthesized by adapting a reported method’
for the titanium tetraisopropoxide assisted reductive
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alkylation of amines with carbonyl compounds. This
method poorly suited the synthesis of the desired amines
presented here, because of low yields. However, the low
yields were partly accounted for by the formation of the
corresponding imidazo[l,2-a]quinolin-1-ylamine by-
products, an uncommon heterocyclic scaffold, in yields
of ca. 10% each time the reaction was performed. N-Ben-
zylated-2-aminoquinolines can instead be prepared in
much improved yields by synthesis from 2-chloroquino-
lines by treatment with benzylamines, as was demonstrat-
ed by the alternative synthesis of derivative 4.

Although all the compounds 4-9 bound the Tec SH3 do-
main with ca. one and a half to twofold reduced affinity
relative to 2-aminoquinoline 1, they all bound with im-
proved affinity relative to the N-methylated-2-amino-
quinoline compound 2. This suggests that the bulkier
benzyl substituents make new lipophilic contacts, but
the overall affinity of the ligand is lower than 2-amino-
quinoline 1, probably as a result of substitution on the
amino group. This provides useful SAR information
and may assist in future ligand design. Particularly, it
would be of interest to prepare 2-aminoquinolines with
bulky lipophilic substituents that may target the ‘left’
surface residues in a similar fashion to the N-benzylated
ligands, but instead attach the substituent at other
points of the 2-aminoquinoline nucleus, for example
the 3- or 4-position of the quinoline ring. Thereby, the

primary amino group, involved in the important salt
bridge with D196, could be retained.

Supplementary material

The experimental details of synthetic procedures pre-
sented in this paper together with chemical shift map-
ping of ligands 1 and 4 onto the SH3 fold are
provided as Supplementary data. Supplementary data
associated with this article can be found, in the online
version, at doi:10.1016/j.bmcl.2005.09.073.
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Abstract—We have synthesized the coumarin-resveratrol hybrid 4 and its dimethoxy derivative 3 by a very direct synthetic route
involving a Pechmann procedure. Compound 4 has also been synthesized by an alternative route (Perkin), which also allowed
the synthesis of compounds 9-13. In addition, we have evaluated the potential vasorelaxant activity of the new compounds in endo-
thelium-containing rat aorta rings pre-contracted with noradrenaline, as well as the inhibitory effects on platelet aggregation induced
by thrombin in washed human platelets. The compounds reported here relaxed vascular smooth muscle and inhibited platelet aggre-
gation with a profile similar to that of trans-resveratrol (z-RESV) and, in some cases, showed activity higher than that of the natural
compound. This is the case for compound 13, which has a vasorelaxant activity that is twice as high as that of s-resveratrol and a
platelet antiaggregant activity that is six times higher. These results suggest that these novel compounds may have potential as struc-
tural templates for the design and subsequent development of new vasodilatory and platelet antiaggregatory drugs.

© 2005 Elsevier Ltd. All rights reserved.

A number of large-scale epidemiological studies have
suggested that prolonged and moderate consumption
of red wine is associated with a very low incidence of
cardiovascular diseases, notably coronary heart dis-
ease.! The cardioprotective effects of red wine appear
to be independent of alcohol content, and over the last
few years numerous studies have been carried out with
the aim of identifying the components responsible.
Although these compounds have yet to be conclusively
identified, the principal candidates are a number of
polyphenolic compounds including trans-resveratrol
(t-RESV; trans-3,4' ,5-trihydroxystilbene; Fig. 1). --RESV
is a natural phenolic component of Vitis vinifera L. (Vita-
ceae), is mainly abundant in the skin of the grapes, and is
present in higher concentrations in red than in white
wines.? This natural compound has shown a number of
biological activities including antiinflammatory and
anticancer properties.>® Several studies within the last

Keywords: trans-Resveratrol; Coumarin; Vasorelaxant; Platelet anti-

aggregatory activity.
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Figure 1. Chemical structures of trans-resveratrol, carbochromen, and
warfarin.

few years have demonstrated that -RESV may protect
against coronary heart disease as a result of different
effects, including significant antioxidant activity, modula-
tion of lipoprotein metabolism, and vasodilatory
and platelet antiaggregatory properties.” ! -RESV (the
Eisomer) readily undergoes photochemical isomerization
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of the central bond, which leads to partial transformation
to the cis-isomer (Z-isomer)—the pharmacological prop-
erties of which have been less widely studied.

On the other hand, coumarins are a large group of
compounds that have been reported to possess a wide
range of biological activities, including cardiovascular
properties.!!"!2 For instance, carbochromen (3-diethyla-
minoethyl-7-ethoxycarbonylmethoxy-4-methylcoumarin)
is a potent specific coronary vasodilator that has been used

for many years in the treatment of angina pectoris.
Furthermore, warfarin  [3-(2-acetyl-1-phenylethyl)-4-
hydroxycoumarin] is a coumarin with potent anticoagu-
lant activity and a good pharmacokinetic profile (Fig. 1).

Bearing in mind the cardioprotective effects of ~-RESV
and certain coumarins, as well as our previous experi-
ence working with both kinds of substances, we de-
signed the synthesis of a hybrid molecule (compound
4) in which the 3,4-double bond of the coumarin nucleus

OMe
OMe
Pechmann reaction
H a O X OMe
+ —_—
HO oH ©O OMe HO o o
1 2 3
EtO o)
4
OH
A OH
HO o) o)
4
0 OMe
o) OH
R3 Perkinreaction R3
H [« OMe
+ E——
R? OH MeO OMe R?
R R
5R=H R2=OMe R3=H 8 b 9 R'=H R’=0Me R®=H
6R!=0OMe R%2=H R3 = OMe / 10R'=0Me R?=H R®=0OMe
7R'=H R’=H R*=OMe 11R'=H R?zH R®=0OMe
OH
R3
N OH
R? 0
Rl
4 R'=H R?=0H R°=H
12R'=0H R?°zH R%®=OH
13R'=H R’=H R®=OH

Scheme 1. Reagents and conditions: (a) 12 M H,SO,, rt, 12 h; (b) 57% HI/AcOH/Ac,0, 0 °C — rt, 3 h; (c) DCC, DMSO, 110 °C, 12 h.
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fixes the trans disposition of the ~-RESV-type double
bond. In this way, the proposed 3-arylcoumarin 4 has
the three hydroxyl groups in the same positions as those
in the -RESV fragment. A series of derivatives was also
synthesized in which hydroxy groups were incorporated
in positions contiguous to the hydroxy group on the
benzene ring of compound 4. The aim of this exercise
was to establish a relationship between the structure
and activity for this type of compound.

3-Phenylcoumarin 3'* was prepared in 42% yield from
B-oxoester 2! and resorcinol (1) by a Pechmann con-
densation'>!¢ in 12 M H,SO,. The 3-phenylcoumarins
9,'7 10,'® and 11'° were prepared from 5, 6°° and 7,
respectively, and 3,5-dimethoxyphenylacetic (8) and dic-
yclohexylcarbodiimide (DCC) by a Perkin reaction?!-??
in dimethylsulfoxide (DMSO). These reactions gave
31%, 47%, and 20% yield, respectively. Hydrolysis of
the methoxy groups?® in 3 gave trihydroxy derivative
4°* by treatment with HI in acetic acid/acetic anhydride
to give the desired product in 65% yield. A similar pro-
cedure was used in the hydrolysis of compounds 9, 10,
and 11 to give compounds 4,>* 12,2 and 13%° in 67%,
79%, and 61% yield, respectively (Scheme 1).

The effects of compounds 3-4 and 9-13 were studied on
pre-contracted rat aortic rings with endothelium.®2’ The
cumulative addition of ~-RESV and the new compounds
(1-100 uM) caused a concentration-dependent relaxa-
tion of the contractions induced by noradrenaline
(NA, 1 uM) in intact rat aortic rings. The corresponding
ICs5, values are shown in Table 1.2

Compounds 3-4 and 9-12 were less efficient than -RESV
in relaxing the contractions induced by NA. However,
compound 13 was found to be more potent than -RESV
in the vasorelaxation assays carried out when
ICso = 10.55 uM.

Platelet aggregation studies were also performed.?
In addition, the new compounds (in a similar way to
t-RESV) exhibited antiplatelet activity when thrombin
(0.25 U/mL) was used as the stimulating agent, albeit
at higher concentrations. Compounds 3, 4, and 13
inhibited thrombin-induced platelet aggregation more
effectively than -RESV (Table 2).28

Compound 13 showed vasorelaxant and platelet antiag-

gregation activity higher than that of ~-RESV and com-
pound 4 is structurally the most similar to ~-RESV in

Table 1. Vasorelaxant activity (ICsy in uM) of tested compounds

Compound Noradrenaline (NA, 1 pM)
-RESV 19.95 + 1.64

3 39.80 +2.94"

4 38.92+2.61"

9 52.48 +3.86"

10 >100"

11 42.65 +2.98"

12 95.5+7.06"

13 10.55 £ 0.73"

* P <0.01 versus the corresponding ICs, values of -RESV.

Table 2. Antiplatelet activity (ICso in uM) for tested compounds

Compound Thrombin (0.25 U/mL)
-RESV 195.50 + 13.82

3 105.00 + 9.98"

4 62.30 +4.80"

9? >100"

10° >100"

11% >25"

12 285.00 £ 29.2"

13 30.10+1.1"

#Not determinated by precipitation of the product.
* P <0.01 versus the corresponding ICsy values of -RESV.

terms of the positions of the hydroxy groups. These re-
sults indicate that variation of the positions of the hy-
droxy groups in this type of molecule can give
derivatives with a significantly higher pharmacological
potency than ~-RESV. This is the case for compound
13, which has a vasorelaxant activity that is twice as
high as that of trans-resveratrol and a platelet antiaggre-
gant activity that is six times higher. The studied com-
pounds with hydroxyl groups, like resveratrol, show a
slightly greater activity than that of similar compounds
with methoxy groups.

In conclusion, the new molecules synthesized have been
characterized as agents with remarkable vasorelaxant ef-
fects in intact rat aorta and also have significant human
platelet antiaggregatory activity. The new compounds
show a pharmacological profile similar to that of -
RESYV and, therefore, have a promising future as vaso-
dilators and platelet antiaggregatory drugs.

Further experiments are in progress aimed at providing
new data to clarify the precise mechanism by which cou-
marin-resveratrol hybrids produce their characteristic
vasorelaxant and platelet antiaggregatory effects.
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C6), 6.50 (t, J = 2.0 Hz, 1H, H-4'), 6.84 (d, J = 2.0 Hz, 2H,
H-2' + H-6'), 6.95 (d, J=2.8Hz, 1H, H-5), 7.10 (dd,
J=9.0; 28 Hz, 1H, H-7), 7.28 (d, J=9.0 Hz, 1H, H-8),
7.75 (s, 1H, H-4). '*C NMR (CDCl;) 6 (ppm): 55.4, 55.7
(2CH30), 101.0, 106.7 (2C), 109.8, 117.3, 119.2, 119.8,
128.4,136.5, 139.8, 147.9, 156.0, 160.4, 160.6 (2C). MS m/z
(%): 313 ((M+1]%, 20), 312 (M*, 100), 284 (16), 241 (13),

20.

21.

22.
23.

24.

25.

26.

27.

28.

213 (8), 198 (7). Anal. Calcd. for C13H;605: C, 69.22; H,
5.16. Experimental: C, 69.28; H, 5.28.

Sinhababu, A. K.; Borchardt, R. T. J. Org. Chem. 1983,
48, 1941.

Hans, N.; Singhi, M.; Sharma, V.; Grover, S. K. Indian J.
Chem. 1996, 35B, 1159.

Perkin, W. H. J. Chem. Soc. 1868, 53, 21.

Begala, M.; Delogu, G.; Maccioni, E.; Podda, G.; Tocco,
G.; Quezada, E.; Uriarte, E.; Fedrigo, M. A.; Favretto,
D.; Traldi, P. Rapid Commun. Mass Spectrom. 2001, 15,
1000.

7-Hydroxy-3-(3',5’-dihydroxyphenyl)coumarin (4). Puri-
fied by chromatography using 7:3 hexane/ethyl acetate as
eluent and then recrystallization from CH3;CN. Mp:
280 °C (dec). IR (KBr): 3530, 2920, 1700, 1620, 1302,
1125, 780 cm™'. '"H NMR (DMSO-dg) é (ppm): 6.22 (t,
J=2.0Hz, 1H, H-4'), 6.54 (d, J=2.0 Hz, 2H, H-2' + H-
6'),6.72 (d, J = 2.1 Hz, 1H, H-8), 6.79 (dd, J = 2.1; 8.5 Hz,
1H, H-6), 7.58 (d, J = 8.5 Hz, 1H, H-5), 8.03 (s, |H, H-4),
9.30 (s, 2H, HO-C3//HO-C5"), 10.55 (s, 1H, HO-C7). 3C
NMR (DMSO-ds) ¢ (ppm): 101.6, 102.4, 106.5 (2C),
111.9, 113.3, 122.4, 129.9, 136.6, 140.7, 154.8, 158.1 (2C),
159.8, 161.1. MS m/z (%): 271 (M+1]*, 17), 270 (M*, 100),
243 (11), 242 (65), 213 (9), 185 (3). Anal. Calcd for
C5sH00s: C, 66.67; H, 3.73. Experimental: C, 66.45; H,
3.85.

6,8-Dihydroxy-3-(3’,5'-dihydroxyphenyl)coumarin ~ (12).
Purified by chromatography using 7:3 hexane/ethyl acetate
as eluent and then recrystallization from CH3;CN. Mp:
299 °C (dec). IR (KBr): 3534, 2912, 1709, 1623, 1310,
1130, 778 cm™'. '"H NMR (DMSO-dg) ¢ (ppm): 6.25 (t,
J=2.0Hz, 1H, H-4"), 6.52 (d, J = 2.6 Hz, 1H, H-5), 6.55
(d, J=2.2Hz, 2H, H-2' + H-6'), 6.58 (d, J = 2.6 Hz, 1H,
H-7), 7.96 (s, 1H, H-4), 9.35 (br s, 3H, 30H), 10.11 (br s,
1H, OH). 3C NMR (DMSO-dg) & (ppm): 102.8, 103.0,
106.5, 106.8 (2C), 120.4, 127.1, 135.4, 136.5, 140.6, 144.9,
153.8, 158.1 (2C), 159.6. MS m/z (%): 287 (M+1]*, 17),
286 (M*, 100), 258 (75), 217 (32), 189 (6), 131 (4). Anal.
Calcd. for C;sH;¢Og¢: C, 62.94; H, 3.52. Experimental: C,
62.88; H, 3.60.
6-Hydroxy-3-(3’,5'-dihydroxyphenyl)coumarin (13). Puri-
fied by chromatography using 7:3 hexane/ethyl acetate as
eluent and then recrystallization from CH3;CN. Mp:
326 °C (dec). IR (KBr): 3533, 2922, 1705, 1629, 1300,
1129, 786 cm™!. '"H NMR (DMSO-d;) 6 (ppm): 6.25 (t,
J=1.8 Hz, 1H, H-4'), 6.55 (d, J = 2.1 Hz, 2H, H-2' + H-
6),7.00 (dd, J = 8.9; 2.8 Hz, 1H, H-7), 7.08 (d, J = 2.7 Hz,
1H, H-5), 7.23 (d, J = 8.9 Hz, 1H, H-8), 8.04 (s, |H, H-4),
9.38 (br s, 2H, 20H), 9.75 (br s, 1H, OH). '>*C NMR
(DMSO-dg) ¢ (ppm): 102.8, 106.8 (2C), 112.6, 116.6, 119.6,
120.0, 127.1, 136.4, 140.2, 146.3, 153.8, 158.1 (2C), 159.7.
MS miz (%): 271 (IM+1]*, 16), 270 (M™, 100), 242 (93),
213 (18), 185 (8), 139 (7). Anal. Calcd. for CysH¢Os: C,
66.67; H, 3.73. Experimental: C, 66.72; H, 3.86.

Vascular rings were prepared from aortae of male Wistar
rats weighing 230-270 g.3 After an equilibration period of
at least 1 h, isometric contractions induced by NA (1 uM)
were obtained. When contraction of the tissue in response
to the corresponding vasoconstrictor agent had stabilized
(after about 20 min), cumulatively increasing concentra-
tions of the tested compounds were added to the bath at
15-20 min intervals (the time needed to obtain steady-state
relaxation). Control tissues were subjected to the same
procedures simultaneously, but in this case omitting the
compounds and adding the vehicle [appropriate dilutions
of dimethylsulfoxide (DMSO)].

Results shown in the tables are expressed as means £ SEM
from five experiments. Means were compared by one-way
analysis of variance (ANOVA) followed by Dunnett’s post
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hoc test. The inhibitory effects of the tested compounds in
rat aorta and human platelets are expressed as ICsg
(concentrations that produce a 50% inhibition) estimated
by least-squares linear regression, using the program
Origin 5.0, with X = log molar concentration of the tested
compound and Y =% of pharmacological response.

Preparation of washed platelets. Washed human platelets
were prepared from blood anticoagulated with citrate—
phosphate—dextrose, which was obtained from Centro de
Transfusion de Galicia (Santiago de Compostela. Spain).
Bags containing buffy coat from individual donors were
diluted with the same volume of washing buffer (NaCl,
120 mM; KCl, 5 mM; trisodium citrate, 12 mM; glucose,
10 mM; sucrose, 12.5 mM; pH 6) and centrifuged at 400g
for 9 min. The upper layer containing platelets (platelet-
rich plasma) was removed and centrifuged at 1000g for
18 min. The resulting platelet pellet was recovered, resus-
pended with washing buffer, and centrifuged again at

1000g for 15 min. Finally, the platelet pellet from this step
was resuspended in a modified Tyrode-HEPES buffer
(HEPES, 10 mM; NaCl, 140 mM; KCI, 3 mM; MgCl,,
0.5 mM; NaHCO;, 5SmM; glucose, 10 mM; pH 7.4) to
afford a cell density of 3-3.5x 108 platelet/mL. The
calcium concentration in the extracellular medium was
2mM. Platelet aggregation studies. Platelet aggregation
was measured using a dual channel aggregometer (Chro-
no-log, Havertown, PA, USA). Each tested compound,
dissolved in DMSO, was incubated with washed platelets
at 37 °C for 5 min. Stimulus (thrombin) was then added to
induce platelet aggregation and the light transmission was
monitored over a 5Smin period. Platelet aggregation is
measured as the maximum change in light transmission
during this period. The 100% aggregation value was
obtained when vehicle (DMSO) was added instead of the
compounds. The final DMSO concentration was below
1% (v/v) in all cases.
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Abstract—A new tropane derivative was synthesized by combining a tridentate ligand, N-(2-picolylamine)-N-acetic acid (2-PAA),
and a phenyltropane derivative. It was labelled with a [*™Tc(CO)s]" moiety, resulting in the formation of two stable and neutral
lipophilic isomers. Their identity was confirmed using radio-LC-MS. In normal mice, no brain uptake was observed for any of the
isomers and in vitro autoradiography using mouse brain sections showed no specific uptake in the striatal area.

© 2005 Elsevier Ltd. All rights reserved.

Parkinson’s disease (PD) is characterized by a significant
reduction in density of the presynaptic dopamine trans-
porter (DAT) in the striatum of PD patients.!

In the past decade, several radiolabelled tropane deriva-
tives that bind specifically to the DAT have been pre-
pared and studied for in vivo imaging using positron
emission tomography (PET)? or single-photon emission
computed tomography (SPECT).*

123]-]abelled ioflupane, also called '**I-FP-CIT and com-
mercially available from GE Healthcare (DaTSCAN™,
Little Chalfont, UK), is an example of such a dopamine
transporter tracer agent for SPECT.> However, the sub-
optimal availability and the high cost of the iodine-123
radioisotope limit the application of this tracer in most
nuclear medicine departments.

Therefore, great effort has been made to develop **™Tec-
labelled diagnostic tropane derivatives, in view of the
attractive nuclear-physical properties and continuous
availability at a relatively low cost of th1s radlonuchde
Unlike radioiodine, the transition metal *™Tc needs a
chelating structure to become stably bound to an organ-

Keywords: Technetium-99m; Tricarbonyl; Radio-LC-MS; Dopamine

transporter.
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ic molecule. However, the incorporation of such a
99mTc chelating m01ety, mostly based on an amide-thiol
(MAMA) or amine-thiol (BAT) tetraligand, may drasti-
cally change the biological behaviour of the resulting
radiotracer as compared to the original compound.

Many 99mTe.complexes have already been proposed for
imaging of DAT sites such as “°™Tc-TRODAT-1,°
PmTc-Technepine’” and  *™Tec- Integrated tropane-
BATS (Fig. 1), but images acquired using iodine-123-la-
belled DAT radiotracers are clearly superior.

\ﬁ/ &/3

Tc\,\I

mm

99mTc-TRODAT-1 99mTc-Integr-Tropane-BAT

COOCH;

99MTc-TECHNEPINE

Figure 1. Structure of some *™Tc-labelled tropane derivatives.
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A few years ago, the organometallic aqua complex fac-
[99mTc(HzO)3SCO)3] was proposed as a versatile source
for the fac-["”™Tc(CO);]" moiety.® This precursor can
easily form complexes with different di- or triligands
by substitution of the three loosely bound water mole-
cules Hoepping et al.!” described TROTEC-1 (Fig. 2),

PmTe. trlcarbonyl tropane complex in which a diligand
th1oether thiol is linked through an ester bridge with a
phenyltropane moiety. Unfortunally, brain uptake of
the complex was limited. Recently, Zhang et al.!' also
developed a %’™Tc-tricarbonyl tropane derivative,
[99mTc(CO)3(TROPYN)I containing the bidentate li-
gand 2-(aminomethyl)pyridine at the 2 position of a
phenyltropane (Fig. 2). High tracer concentration in
rat striatum was reported but no characterization of
the assumed complex structure was provided.

In this study, we have developed a **™Tc-labelled tro-
pane where the phenyltropane is linked to a tridendate
ligand system that is capable of formmg a stable neutral
complex with a fac-| 9mTc(CO) ]© moiety. Previous
studies of the [M(CO)3] core indicated that chelating li-
gands incorporating one amine, an aromatic N-hetero-
cycle and a carboxylate donor are very effective for
this purpose.!>!3 Therefore, we chose 2-picolylamine-
N-acetic acid (2-PAA) as the tridentate Tc-binding moi-
ety. The new tracer agent was characterized using radio-
LC-MS and its biological properties were evaluated
in vivo and in vitro.

The aryltropane ligand was synthesized as outlined in
Scheme 1 starting from 2p-carboxy 3B-(p-chlorophenyl)
N-methyl tropane 1.'* This was converted to the acid
chloride and reacted with 2-(aminomethyl)pyridine in
the presence of Et;N in CH,Cl, at —10 °C to obtain
2.5 After reduction of the amide to amine 3'¢ using bor-
ane in THF, the secondary amine was alkylated with
methyl bromoacetate to obtain intermediate 4.!7 This
intermediate was hydrolysed to the carboxylic acid 5
with NaOH 1 M. A reaction time of 60 min at rt was
sufficient to obtain complete hydrolysis as shown by
HPLC analysis and MS.!8

For radlolabelhng, the precursor fac]\fngc(OHz)y
(CO);]" was prepared using an IsoLink™ kit and then
reacted with ligand 5 or its ester precursor 4 at 70 °C
in phosphate buffer 0.5M (pH 4, 7, 9 or 11) for
20 min.!” HPLC analysis showed in each of the tested
reaction conditions the formation of two main radio-
chemical species with a retention time of 15.3 and

OoC_ ﬁ:o Cl

OC/T“S O
%/\/S\) \ /
/ —

H \

CI

CH3\

TROTEC-1 M Tc(CO)(Tropyn)I]

Figure 2. Structure of two bidentate [*™Tc(CO)s]tropane conjugates.

s

CHa CHs
Cl

o
| o

w@\

O co
CHa e CHa
cl — > N 0 ¢
6

Scheme 1. Reagents and conditions: (a) oxalyl chloride, 2-aminopic-
oline, Et3N, rt; (b) BH3;, THF 1 M, reflux; (c) methyl bromoacetate,
NEt;, MeOH rt; (d) I M NaOH, rt 60 min; (e) phosphate buffer 0.5 M,
pH 7, [**™Tc(CO)3(OH>);]*, 70 °C 20 min.

16.0 min, respectively.?® Optimal labelling yields
(>85%) were obtained at pH 7, even when the ester
intermediate 4 was used as starting material. The latter
procedure was used for further biological evaluation
experiments since more drastic hydrolysis using 1 M
NaOH holds the risk of partial or complete racemisation
to the o configuration.

Up to now, direct identity confirmation of a neutral
99mTe-tricarbonyl complex using radio-LC-MS analysis
has, to our knowledge, not yet been described. For the
purpose of such LC-MS analysm the labelling was per-
formed using an IsoLink ™ kit, which was reconstituted
with a mixture of 600 pl 99mTcO4 solution and 200 pl
PTcO,~ solution (15 pg/ml) in order to obtain a suffi-
cient mass of the Tc-complex. High resolution radio-
LC-MS analysis of such a reaction mixture showed
the expected molecular ion mass of *"™Tc-6
(596.0768 Da, Fig. 3) on the mass spectrometer channel
at the time of elution of both consecutive peaks in the
radiometric channel (zg: 9.16 and 10.34 min) with a rel-
ative error of 5.5 ppm.?' Furthermore, the single ion
mass chromatogram (595.766-596.388) showed the
same two peaks having an identical retention time as
both peaks in the radiometric channel. These mass spec-
trometric data not only provide a strong support for the
identity confirmation of the tracer agents formed but
also indicate that these two compounds are most prob-
ably isomers. Coordination of the tricarbonyl core is
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Figure 3. Radio-LC-MS analysis (ESI*: m/z (M + H")) of the reaction mixture after labelling of 5 with fac-[*>™Tc(OH,);(CO);]" at pH 7. Two main
peaks were observed in the radiometric signal (D) with identical retention times as two peaks in the single ion mass chromatogram (C). The
experimental accurate mass spectrum (B) matches the calculated mass, 596.0768 (A).

most likely exclusively tridentate (via the carboxylate
oxygen, the tertiary amine and the pyridine nitrogen).
As only one of the CO-ligands binds axially to the tech-
netium atom, either the carboxylate or the pyridine
nitrogen is orientated axial to the technetium atom.

Table 1. Biodistribution of *™Tc-6 in normal mice at 2 and 60 min p.i.

Analysis of the assumed isomers by paper electrophore-
sis (Whatman 4 paper, mixture of 0.025 M phosphate
buffer, pH 7.4, and MeOH (50:50) v/v) as electrolyte
solution, 300 V for 15 min) did not show any migration,
which indicates that both tracer agents are neutral.

Organ Isomer A Isomer B

2 min p.i. 60 min p.i. 2 min p.i. 60 min p.i.

% of injected dose * standard deviation (n = 4)
Urine 0.1£0.1 1.9£0.2 0.0£0.0 04£0.1
Kidneys 75+1.5 04+0.0 54103 1.8+£0.2
Liver 56.9+4.38 404 £2.5 51.5+1.3 67.0 £ 2.1
Lungs 0.6+0.1 0.1£0.0 2.7+0.8 04+0.2
Heart 0.5%0.1 0.0£0.0 0.5%£0.0 0.2£0.0
Intestines 85104 63.8+11.6 51104 174+ 1.7
Stomach 09x0.1 0.8+0.2 0.6 0.1 0.4 %0.1

% of injected dose per gram tissue * standard deviation (n = 4)
Cerebrum 0.00 £ 0.00 0.00 £ 0.00 0.02 £ 0.01 0.00 £ 0.00
Cerebellum 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Blood 2.06 £ 0.59 0.06 £ 0.04 3.14 £ 0.60 0.10 £ 0.02
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Log Pocybuier Values were determined using a published
procedure?? and found to be 2.14 + 0.02 for isomer A
and 2.12 + 0.03 for isomer B, both compatible with rea-
sonable brain uptake. Indeed, an optimal passage over
the BBB is suggested for compounds with log Pycyburer
values ranging from 1 to 2.5.%3

For determination of the binding affinity of both iso-
mers of *™Tc-6 for the DAT, a male NMRI mouse
was sacrificed, its brain isolated and quick-frozen to
—40 °C. Adjacent 20-um sections (Bregma 0.50-1.00)
were cut at —20 °C and thaw-mounted onto gelatine-
coated glass slides. Tissue sections were preincubated
for 10 min at rt in Tris=HCI buffer (50 mM, pH 7.4)
to remove endogenous ligand. Sections were then incu-
bated at rt with 300 ul HPLC-purified **™Tc-6 solution
(37 kBg/ml, isomer A or B) for 40 min. DaTSCAN™
was used as a reference substance. After a washing step
of 60 s in a mixture of distilled water and EtOH (75:25
v/v), the sections were exposed to a high performance
storage phosphor screen (Canberra, Packard) which
was analyzed after 24 h using a phosphor imaging sys-
tem. Under the tested conditions, no uptake in the
DAT-rich striatal area was found for any of the
9mTc-6 isomers, in contrast to the results obtained
with DaTSCAN™.

Biodistribution of the two HPLC isolated isomers was
studied in normal mice at 2 and 60 min p.i. The results
are summarized in Table 1. Most importantly, none of
the radiolabelled compounds showed significant brain
uptake. Furthermore, clearance from blood by the hepa-
tobiliary system is faster in the case of isomer A. HPLC
analysis of blood and urine at 60 min p.i. revealed high
stability of these compounds in vivo, as more than 95%
of the activity was still in the original form.

In summary, synthesis of two isomers of the newly
developed **™Tc-tricarbonyl tropane-PAA conjugate
was successful and their structure was confirmed using
radio-LC-MS. Although logPocypufrer Vvalues of the
two radiolabelled species are compatible with BBB pas-
sage, no brain uptake was found in normal mice. In
addition, in vitro autoradiography using mouse brain
sections showed no binding in the DAT-rich striatum.
For these reasons, it may be concluded that the newly
developed ?*™Tc-tricarbonyl tropane derivatives are
not suitable as potential DAT tracer agents.
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Compound 3: brown oil; yield 90%; 'H NMR (200 MHz)
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2.25 (3H, br s); 3.05 (2H, m); 3.25 (3H, m); 3.60 (3H, s);
3.71 (2H, d); 7.04 (2H, d); 7.13 (1H, dd); 7.23 (2H, d); 7.28
(1H, d); 7.60 (1H, dt); 8.51 (1H, d). MS (Micromass LCT
mass spectrometer), ESI+: caled for C,y4H30CIN;O,,
[M+H]": m/z 428; found: 428.

Compound 5: a solution of compound 4 (10mg) in a
mixture of CH3CN (0.5 ml) and 1 M NaOH (0.5 ml) was
stirred for 60 min at rt. Purification was done with HPLC
(Merck-Hitachi L-6200) on an XTerra™ RP18 column
(5 um, 4.6 mm x 250 mm) eluted at a flow rate of 1 ml/min
with gradient mixtures of 0.1% trifluoroacetic acid in
water (A) and 0.1% trifluoroacetic acid in CH3CN (B)
(linear gradient of 100% A to 100% B in 20 min, followed
by 100% B during 5 min). The peak eluting at 13.4 min
was collected and the solvent was evaporated. The identity
of 5 was confirmed with MS (Micromass LCT mass
spectrometer), ESI+: caled for C,3H,5CIN;O,, [M+H]™:
m/z 413; found: 413.

. Ligand 5 (300 pg in 30 pl CH5CN) or its ester (4, 100 pg in

5ul CH3CN) was added to 0.5 ml of 0.5M phosphate
buffer of different pH values. One hundred microliters
(37 MBq) of a freshly prepared solution of **™Tc-tricar-
bonyl precursor [*™Tc(CO)3(OH,)s]" prepared from an
IsoLink™ kit (Tyco-Mallinckrodt, Petten, The Nether-
lands) was added and this mixture was heated at 70 °C for
20 min, cooled and filtered through a 0.45-pum membrane
filter.
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Reversed-phase radio-HPLC: Merck Hitachi L-7100 sep-
aration module connected to RP C18 column (XTerra
RP18 5 um, 250 mm x 4.6 mm, Waters, Milford, USA).
Analysis via radiometric detector (3-in Nal(Tl) detector
connected to radiation analyzer module, Canberra Pack-
ard, Meriden, Connecticut). The column was eluted at a
flow rate of 1 ml/min using linear gradient mixtures of
CH3;CN and 0.1 M NH4OAc (¢t =0min, 0% CH3CN;
t =20 min, 100% CH3CN v/v).

Radio-LC-MS: Waters 2690 separation module connected
to RP CI8 column (XTerra™ MS CI18 3.5um,
2.1 mm x 50 mm). Analysis via radiometric detector (3-in
Nal(Tl) detector coupled to radiation analyzer module,
The Nucleus, Oak Ridge, TN, USA). The column was

22.

23.

eluted at a flow rate of 300 pul/min using linear gradient
mixtures of CH3;CN and 0.1 M HCOOH (¢ = 0 min, 0%
CH;CN; t=20min, 80% CH;CN v/v). Finally, the
column eluate containing the unlabelled precursor 4 as
an internal standard for high resolution MS was directed
to a time-of-flight mass spectrometer (Micromass LCT,
Waters) with an orthogonal ESI probe.

Kieffer, D.; Cleynhens, B.; Verbeke, K.; Vanbilloen, H.; de
Groot, T.; Terwinghe, C.; Verbruggen, A.; Bormans, G. J.
Labelled Compd. Radiopharm. 2004, 47, 199.

Young, R. C.; Mitchell, R. C.; Brown, T. H.; Ganellin,
C. R.; Griffiths, R.; Jones, M.; Rana, K. K.; Saunders,
D.; Smith, I. R.; Sore, N. E. J. Med. Chem. 1988, 31,
656.
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Macrolactonization to 10-deoxymethynolide catalyzed
by the recombinant thioesterase of the picromycin/methymycin
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Abstract—The recombinant thioesterase (TE) domain of the picromycin/methymycin synthase (PICS) catalyzes the macrolactoniza-
tion of 3, the N-acetylcysteamine thioester of seco-10-deoxymethynolide to generate 10-deoxymethynolide (1) with high efficiency.
By contrast, 4, the 7-dihydro derivative of seco-thioester 3, undergoes exclusive hydrolysis by PICS TE to seco-acid 5. The
recombinant TE domain of 6-deoxyerythronolide B synthase (DEBS TE) shows the same reaction specificity as PICS TE, but with

significantly lower activity.
© 2005 Elsevier Ltd. All rights reserved.

Methymycin and picromycin are homologous 12- and
14-membered ring macrolide antibiotics produced by
Streptomyces venezuelae.! The responsible picromycin/
methymycin synthase (PICS), a typical modular poly-
ketide synthase (PKS), has the unusual property of
catalyzing the multi-step biosynthesis of both 10-deoxy-
methynolide (1)?> and narbonolide (2), the parent macro-
lide aglycones of methymycin and picromycin,
respectively (Fig. 1).> The final step in the biosynthesis
of each aglycone is the release from PICS of the respec-
tive ACP-(acyl carrier protein) bound acyclic hexaketide
and heptaketide acyl-thioester intermediates with
concomitant macrolactonization, a reaction catalyzed
by a dedicated thioesterase (TE) domain located at the
C-terminus of PICS module 6.34

Recently, we have functionally expressed the PICS TE
domain in Escherichia coli and characterized the purified
recombinant enzyme mechanistically and kinetically.’
The crystal structures of the TE domains of both PICS
and the closely related 6-deoxyerythronolide B synthase
(DEBS TE)® show that each protein, which belongs to
the o,B-hydrolase family, possesses a large substrate
binding tunnel suitable for lactonization of polyketide

Keywords: Antibiotics; Biosynthesis; Polyketides; Synthase; Thioester-
ase; Macrolactonization.
* Corresponding author. E-mail: david_cane@brown.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.077

Figure 1. 10-Deoxymethynolide (1) and narbonolide (2).

acyl thioester substrates.” The reaction itself involves a
classical Ser-His-Asp catalytic triad and a covalent
acyl-enzyme intermediate.®’

Both TE domains have considerable catalytic flexibility,
as evidenced by their ability to support the formation of
6-, 8-, 12-, 14-, and 16-membered ring lactones when
artificially fused to the C-termini of appropriate PKS
modules.® On the other hand, the corresponding recom-
binant excised TE domains have to date only been
shown to mediate the hydrolysis of model acyl N-acetyl-
cysteamine acylthioester (SNAC) substrates, including
long-chain w-1-hydroxyacyl-SNAC analogues.® By con-
trast, the recombinant TE domain of the related epothi-
lone synthase can catalyze the macrolactonization of
the SNAC-thioester of seco-epothilone C to give the
14-membered lactone epothilone C, accompanied by
significant levels of competing substrate hydrolysis.’
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Similarly, recombinant TE domains from the nonribo-
somal peptide synthetases for tyrocidine, gramicidin,
and pristinamycin synthetase, can also catalyze efficient
macrolactamization and macrolactonization of a wide
variety of acyclic peptide and depsipeptide substrates,
again accompanied by varying proportions of
hydrolysis.'®

We now report that both recombinant PICS TE and
DEBS TE can rapidly and efficiently catalyze the cycli-
zation of the seco-SNAC-thioester 3 to 10-deoxy-
methynolide (1), without any detectable competing
hydrolysis. By contrast, the same enzymes mediate
the exclusive hydrolysis of the reduced analogue,
seco-T7-dihydro-10-deoxymethynolide (4), to the corre-
sponding seco-acid 5.

In designing an appropriate substrate for TE-catalyzed
cyclization, we speculated that the highly substituted
seco-ester of a natural macrolide aglycone might be
intrinsically prone to macrolactonization. The majority
of known macrolide aglycones, however, carry a
hydroxyl group at C-5, which would favor non-en-
zyme-catalyzed conversion of the derived seco-SNAC-
thioesters to the corresponding o-lactones. We therefore
chose to prepare 3, the seco-SNAC-ester of 10-deoxy-
methynolide (1),% rather than that of narbonolide (2).

Treatment of 1 with NaBH,/CeCl; afforded 7-dihydro-
10-deoxymethynolide (6) as a ~3:1 mixture of 7S/7R
diastereomers (50% yield), as determined by '"H NMR
(Scheme 1).'":!2 Hydrolysis of 6 with 0.5 M LiOH (1:1
MeOH-H,O0, reflux, 2 days) afforded the corresponding
reduced seco-acid 5 in 50% yield, without detectable epi-
merization of the C-2 methyl group. The seco-acid 5 was
converted to the 7-dihydro-SNAC-thioester 4 ((PhO),-
PON;, HSNAC, Et;N; 55% yield), which in turn could
be selectively oxidized to seco-SNAC-thioester 3 by
treatment with MnO, (CH,Cl,; 35% yield).!?> "H and
13C NMR analysis of 3 indicated that it was in equilib-
rium with 50-60% of the cyclic hemiacetal 7 in
CDCl;.!13

Incubation of thioester 3 with purified recombinant
PICS TE’ resulted in exclusive macrolactonization to
give 10-deoxymethynolide (1), with no detectable com-
peting hydrolysis to the corresponding seco-acid, as

4 X =SNAC

Scheme 1. Syntheses of 3 and 4. Reagents: (i) NaBH,, CeCl;; (ii)
LiOH, A, MeOH/H,O0:; (iii) (a) (PhO),PON3;, (b) HSNAC; (iv) MnO,,
CH,Cl,.

monitored by RP-HPLC with UV detection (Scheme
2).!2 In preparative scale reactions, 3 was completely
consumed over 18 h, indicating that the hemiacetal form
7 had been cyclized as well, presumably by prior rever-
sion to the ketone 3. The formation of macrolactone 1
was confirmed by direct 'H NMR and MS comparison
with an authentic sample. By contrast, under the same
conditions PICS TE did not cyclize the corresponding
7-dihydro-seco-thioester 4, instead yielding only the
hydrolysis product 5. Addition of the non-ionic deter-
gent BrijS8, previously reported to enhance the propor-
tion of TE-catalyzed cyclization relative to hydrolysis of
acyclic substrates, '’ did not lead to any detectable for-
mation of macrolactone 6. These observations were rig-
orously confirmed by radio-HPLC analysis of the
reaction conducted using [1,3,5,7,9,11-14C]-4, [14C]-5,
and ['*C]-6 standards.'>!*

We also found that the closely related thioesterase,
DEBS TE, which normally mediates the biosynthesis
of the 14-membered ring macrolide aglycone 6-deoxy-
erythronolide B and which resembles PICS TE in struc-
ture and mechanism of action,”® showed the same
pattern of reaction specificity as PICS TE, catalyzing
the cyclization of 3 to 1 but exclusively hydrolyzing
the reduced seco-NAC-thioester 4 to the seco-acid 5,
albeit at reduced rates compared to PICS TE (Scheme
2 and Table 1).

The rate of macrolactonization of seco-ester 3 is pH-de-
pendent, with a maximum at pH 7.7. The steady-state
kinetic parameters for the lactonization and hydrolysis
reactions of 3 and 4, respectively, were therefore deter-
mined at pH 7.7 for both PICS TE and DEBS TE (Table
1), varying the concentration of each substrate and
directly fitting the data to the Michaelis—-Menten equa-
tion. Although both TE domains catalyzed the exclusive
macrolactonization of 3 to 10-deoxymethynolide (1),
PICS TE was by far the superior cyclization catalyst,
with observed values of k¢, and k., /K., for 3 that were
~150-fold greater than those displayed by DEBS TE.
Interestingly, the K, for the acyclic hexaketide 3 was
about the same for both thioesterases, in spite of the fact
that the natural substrate for DEBS TE is a heptaketide
thioester. The maximum rate of hydrolysis by PICS TE
of the reduced substrate 4 was ~8-fold lower than the
ket for cyclization of the natural substrate 3, while the
corresponding K, for hydrolysis of 4 was actually ~4-
fold lower, resulting in only a net ~2-fold decrease in
specificity constant k., /K, for the two substrates.
Intriguingly, while PICS TE had a k../K,, for cycliza-
tion of 3 that was twice the measured k., /K, for hydro-
lysis of 4, DEBS TE showed a ~20-fold preference in
keat! Ky for hydrolysis of 4 over cyclization of 3.

OH OH

o 1E

“'OH “'OH

| OH X | OH X
4 X = SNAC 5 X = OH

| oHX
3 X = SNAC

Scheme 2. PICS and DEBS TE-catalyzed macrolactonization and
hydrolysis of 3 and 4.
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Table 1. Steady state kinetic parameters for PICS and DEBS TE

Substrate TE Reaction kear (min™) K, (mM)* keal Kn M1 5712
3 PICS Cyclization 544+58 4.1%0.8 221 £ 50

DEBS Cyclization 0.36 £ 0.09 39+1.7 1.5+0.8
4 PICS Hydrolysis 6.6 +0.9 1.1+04 100 £ 44

DEBS Hydrolysis 45%11.0 25113 31£19

#The values of K, and ke,/Ky, for 3 are uncorrected for the presence of hemiacetal 7 since the fraction of 7 present under the incubation conditions is

unknown and the two forms are rapidly interconverted.

As previously reported,> 2-methyl-3-ketopentanoyl-
SNAC, a diketide analogue of the natural acyclic 3-keto-
heptaketide precursor of narbonolide, has a k., for
hydrolysis of 56 min~', a value that is essentially equal
to the k., determined for PICS TE-catalyzed macrolac-
tonization of 3, while the corresponding k../K,, for
hydrolysis of this 3-ketodiketide is 3.5-fold lower than
that for cyclization of 3 by PICS TE. Notably, the
keat! Koy previously determined for hydrolysis of the re-
duced diketide, (2R,3S)-2-methyl-3-hydroxypentanoyl-
SNAC,> is >20-fold lower than that determined here
for cyclization of (2R,3S)-2-methyl-3-hydroxy-3.

PICS TE is unique among recombinant PKS and NRPS
TE domains characterized to date, in that it can catalyze
exclusive in vitro macrolactonization of its natural sub-
strate without competing hydrolysis.”"!® The observed
enhancement in the rates of cyclization as well as the
previously noted active site flexibility observed for heli-
ces 6 and 7 of PICS TE” makes PICS TE an attractive
component of the tool kit for engineering chimeric
PKS modules with superior catalytic properties.'?
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reports® that in vivo formation of 10-deoxymethynolide
in engineered strains of S. venezuelae from the natural
hexaketide substrate requires an intact PICS module 6
with active ketosynthase-6, acyl transferase-6, and acyl
carrier protein-6 domains.

. [1,3,5,7,9,11-14C]-1 was isolated from a culture of S.

venezuelae, grown in the presence of the inhibitor
xanthotoxin, as previously described,® and supplemented
with [1-"*C]propionate. The purified ['*C]-1 was con-
verted to labeled 3, 4, 5, and 6 by the procedure
described.

15. While this manuscript was in preparation, Sherman

independently described the cyclization of 3 and hydroly-
sis of 5 catalyzed by PICS TE. Although they reported
that they were unable to measure directly the individual
kear and Ky, parameters for the cyclization, using the linear
portion of the v versus S plot at low substrate concentra-
tions they estimated the k. /K, value to be
1.67 M~ min~!, nearly an order of magnitude less than
the value of 13.5 M~' min™" reported here (cf. Table 1).
See: Aldrich, C. C.; Venkatraman, L.; Sherman, D. H.;
Fecik, R. A. J. Am. Chem. Soc. 2005, 127, 8910.
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Abstract—The design, synthesis and evaluation of four novel pyrrolo[2,1-c][1,4]benzodiazepine (PBD) prodrugs (1a,b and 2a.b;
Fig. 1) for potential use in carboxypeptidase G2 (CPG2)-based antibody-directed enzyme prodrug therapy (ADEPT) is reported.
Although all four prodrugs were shown to be less cytotoxic than the released parent PBDs 3 and 4, the urea prodrugs 1b and 2b
were found to be too unstable for use in ADEPT, whereas carbamates 1a and 2a are both stable in an aqueous environment

and are good substrates for CPG2.
© 2005 Elsevier Ltd. All rights reserved.

A major limitation of the use of cancer chemotherapy
results from the lack of tumour specificity shown by
most anticancer drugs. Many clinically used agents act
predominantly through an antiproliferative mechanism
which leads to damage of normally multiplying cells
such as those of the bone marrow and gut. Therefore,
chemotherapy is often linked to severe side effects due
to the destruction of healthy tissue.! One strategy to
overcome this problem involves the use of non-biologi-
cally active prodrug derivatives of cytotoxic agents that
can be selectively activated at the tumour site.> In the
antibody-directed prodrug therapy (ADEPT) ap-
proach,® an antibody—enzyme conjugate is used to local-
ize an enzyme at the tumour site. A prodrug form of a
cytotoxic agent, that can be converted to the active
agent by the antibody-linked enzyme, is then adminis-
tered systemically leading to selective release of the cyto-
toxic agent at the tumour site. An important feature of
this system is that the releasing enzyme is of non-human
origin (e.g., bacterial), thus avoiding release of the cyto-
toxic agent at other sites in the body. It has also been

Keywords: Pyrrolo[2,1-c][1,4]benzodiazepines; PBD; ADEPT; Pro-

drug; CPG2.
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suggested that a bystander effect may enhance the effica-
cy of treatment, with the cytotoxic agent produced with-
in the tumour diffusing out to neighbouring cells.

One such system is presently in clinical trials and in-
volves a fusion protein conjugate of the ASB7
F(ab’)(2) antibody and the enzyme carboxypeptidase
G2 (CPQG2) targeted against colorectal carcinoma
expressing carcinoembryonic antigen (CEA).* This is
being used in conjunction with a nitrogen mustard pro-
drug ZD2767P (5, Fig. 2). However, with this combina-
tion of agents, therapeutic efficacy may be limited due to
rapid repair of the DNA adducts formed after release of
the cytotoxic agent, a commonly occurring phenomenon
with mustard-based drugs.* To address this issue, we
have designed and synthesized two novel families of pyr-
rolobenzodiazepine (PBD)-based prodrugs (la,b and
2a,b; Fig. 1) that are not only more potent (i.e., picom-
olar) compared to mustard-based prodrugs but their ad-
ducts may be more resistant to repair,>°® thus reducing
the probability of clinical resistance developing.

The pyrrolo[2,1-¢][1,4]benzodiazepines (PBDs) are a fam-
ily of antitumour antibiotics that includes the natural
products anthramycin and DC-81.7 They exert their
cytotoxicity by covalently bonding to the exocyclic
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2aX=0
2b X =NH

CPG2 o N= H
—— H>C
MeO N
o}

Figure 1. Carbamate (1a and 2a) and urea (1b and 2b) PBD ADEPT prodrugs and their conversion to parent monomer (3) and dimer (4) PBDs.

C2-NH; group of guanine residues in the minor groove of
DNA through their N10—C11 imine functionality.” This
leads to a number of biological effects including the inhi-
bition of transcription®® and of enzymes binding to cog-
nate sites.”! The PBD monomers have significant
in vitro cytotoxicity,!! and it has been demonstrated that
joining two PBD moieties through a linker (via their C8-
positions) leads to PBD dimers capable of interstrand
DNA cross-linking.'>"!* One example of a PBD dimer,
SJG-136'3 (6, Fig. 2), is now being evaluated in Phase 1
clinical trials.>'® One interesting property of PBD dimers
is that the interstrand cross-linked adducts they form in
the minor groove of DNA appear to be highly resistant
to repair,>® and it is this feature that may lead to ADEPT
prodrugs with distinct advantages over ZD2767P (5,
Fig. 2). To explore the potential of using these extremely
cytotoxic molecules in prodrug systems, we initially dem-
onstrated the possibility of converting PBD monomers
into nitroreductase-sensitive prodrugs.!” We now report
the design, synthesis and evaluation of four model self-
immolative CPG2 PBD prodrugs (1a,b and 2a,b, Fig. 1)
formed from the PBD monomer 3 and dimer 4 (Penta-
methylene linker between PBD units), respectively, poten-
tially suitable for use in CPG2-based ADEPT therapy.
Prodrugs of this type should have an advantage over exist-
ing mustard-based prodrugs both in terms of potency
and/or resistance to DNA repair.

o H
J\//,, N_ O
HOLO\[O]/ \©\N/\/I
h

I
ADEPT Mustard Prodrug ZD2767P (5)

The new agents (1a,b and 2a,b) are prodrugs of the known
PBD monomer (3)'® and dimer (4),'? respectively, where
the DNA-interactive N10-C11 functionality necessary
for biological activity is masked with an L-glutamic acid
CPQG2 substrate attached through either a carbamate or
ureidic linkage (i.e., X = O or NH, respectively) to the
4’-position of an N10-benzyloxycarbonyl PBD. In the
case of 1a and 1b, cleavage of the substrate by CPG2
releases either a 4’-hydroxy- or 4’-aminobenzyloxycar-
bonyl intermediate 7 (X = O or NH, respectively) which
then undergoes 1,6-elimination to release the cytotoxic
PBD 3 (Fig. 3). The PBD dimer prodrugs 2a and 2b release
PBD dimer 4 by an identical mechanism, except that two
N10-progroups are released rather than one.

The known carbamate and urea progroups 9a (X = O)
and 9b (X = NH) were prepared by modification of liter-
ature procedures,'® allowing the preparation of gram
quantities of each (Scheme 1). These were attached to
the monomer and dimer PBD precursors 8 and 11, pre-
pared using standard methodology developed in our
laboratory (Schemes 1 and 2). This was accomplished
by first converting the PBD precursors to isocyanates
in situ which were then reacted with the progroups to
give the carbamates (10a,12a) and ureas (10b,12b),
respectively. De-protection of the silyl ethers, then
cyclisation using either pyridinium dichromate or

PBD Dimer SJG-136 (6)

Figure 2. Structures of the mustard ADEPT prodrug ZD27767P (5) and PBD dimer SJIG-136 (6).
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Figure 3. Schematic representation of release of the cytotoxic PBD monomer 3 from prodrugs 1a and 1b through CPG2-mediated 1,6-elimination.
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Scheme 2. Reagents and conditions: (a) i—triphosgene, TEA, N, toluene, rt, 2 h; ii—9a or 9b, TEA, DCM, N,, 48 h, X = O, 60%; X = NH, 44%; (b)
AcOH/THF/H,0, 3/1/1, rt, 3h, X = O, 72%, X = NH 75%; (c) i—BAIB, TEMPO, DCM, rt, X = O, 73%, X = NH 64%; ii—Pd(PPhs),, morpholine,

DCM, 18 h, X =0, 78%; X = NH, 77%.

diacetoxyiodobenzene/TEMPO followed by final de-
protection of the diallyl esters using Pd(PPhs), gave
the target compounds 1a,b and 2a,b in good yields.

Stability studies were performed using high-performance
liquid chromatography. Both prodrug/parent pairs (1a,b
and 3; 2a,b and 4) could be readlly separated and detected
using a Phenomenex'™ column (CI8 5puM,
25 cm x 0.46 cm) with a mobile phase of H,O (with
0.1% trifluoroacetic acid)/acetonitrile 70:30 (1 ml/min)
and detection at 254 nM. Stability was assessed over a
24 h period in distilled water at both room temperature
and 37 °C. Differences in the rate of conversion of pro-
drugs to parent PBDs were observed between the carba-
mate and urea series. The urea prodrugs 1b and 2b were
unstable at both room temperature and 37 °C, and were
almost completely converted into the parent PBDs within
24 h. Conversely, the carbamate prodrugs 1a and 2a were
relatively stable at room temperature and underwent only
7% and 3% conversion, respectively, after 24 h at 37 °C.

The in vitro cytotoxicity of the prodrugs was assessed in
the LS174T human colon cell line (Table 1). The results

Table 1. In vitro cytotoxicity data (ICsq") for prodrugs (1a,b and 2a,b)
and parent (3 and 4) PBDs in LS174T cells after 1 h and continuous
exposure

Compound 1 h exposure (uM)  Continuous exposure (LM)

la >100 20£1.2
1b 28%5.9 1.6£0.2
3 1415 1.4£0.1

Compound 1 h exposure (nM)  Continuous exposure (nM)

2a 200 £ 15 21+23
2b 6x1 0.8+0.2
4 13+£2.4 0.47 £0.09

#Results are expressed as mean ICs, (M) values * standard error for
PBD monomers (1a,b and 3) and as mean ICsy (nM) values + stan-
dard error for PBD dimers (2a,b and 4). All values are the mean of
three separate experiments.

were found to reflect the stability of the prodrugs, with
the unstable urea compounds (1b and 2b) giving relative-
ly poor cytotoxicity differentials between prodrugs and
parents (i.e., approximately 2:1 for both after 1 h expo-
sure). However, the carbamate prodrugs (la and 2a)
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Figure 4. Conversion of the carbamate PBD monomer (1a) and PBD dimer (2a) prodrugs into parent PBDs (3 and 4, respectively) by CPG2 at 37 °C.
Left-hand panel: (0 = 1a, Bl = 3, @ = control; Right-hand panel: [ = 2a, Bl = 4, @ = control; O = mono-protected PBD dimer intermediate. Note:
control = incubation of prodrugs in the absence of CPG2; Y axis = relative areas under HPLC peaks.

gave much better cytotoxicity differentials between the
parent PBDs and prodrugs, with differentials of >7.1
and >15.4, respectively, for 1h exposure rising to
>14.3 and >44.7 for continuous exposure. All of the
compounds examined were between 5- and 27-times
more cytotoxic on continuous exposure compared to
1 h incubation, presumably due to both increased
exposure time and hydrolysis of the prodrugs.

Finally, the carbamate monomer and dimer prodrugs
1a and 2a were incubated with 1 U of CPG2 and both
compounds were shown to be good substrates (Fig. 4).
The monomer prodrug la was completely converted
into the cytotoxic parent PBD 3 within 50 min with
no apparent chemical degradation observed in the as-
say buffer (100 mM Tris—HCI/260 uM ZnCl, pH 7.3)
in the absence of CPG2 over the same time period.
Similarly, the dimer prodrug 2a was completely con-
verted into the cytotoxic PBD dimer 4 in 75 min with
no chemical degradation in the absence of CPG2.
Interestingly, in the latter case, it was possible to ob-
serve the formation of an intermediate (O, Right-hand
panel, Fig. 4) thought to be the mono-protected PBD
dimer with only one glutamic acid residue cleaved. As
anticipated, this intermediate converted into the fully
de-protected PBD dimer 4 during the course of the
experiment. To confirm the potential value of these
prodrugs in ADEPT therapy, the monomer (la) and
dimer (2a) prodrugs were incubated with CPG2 in
the presence of LS174T cells for 1h. This reduced
the ICsy values for 1a and 2a by 7.6- and 9.0-fold,
respectively, thus confirming their transformation into
cytotoxic species.

In conclusion, these results demonstrate that it is pos-
sible to synthesize N10-protected PBD prodrugs suit-
able for CPG2-based ADEPT therapy. The prodrugs
are, in the case of the more stable carbamate deriva-
tives 1la and 2a, significantly less cytotoxic than the
parent compounds, and are good substrates for
CPG2, being rapidly converted into the cytotoxic

monomer and dimer parent PBDs upon exposure to
enzyme. As the released PBD dimer (4) and related
analogues (e.g., SJG-136, 6) are known to produce
DNA interstrand cross-links that are difficult for can-
cer cells to repair,>® the potential exists to develop
second-generation ADEPT prodrugs that are less
prone to the development of resistance compared to
mustard-based agents. Further work is underway to
study the behaviour of the prodrugs in human tumour
xenografts and to improve the stability of the pro-
drugs and the cytotoxicity of the released PBDs.
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Abstract—A test library with three novel p38a inhibitory scaffolds and a narrow set of substituents was prepared. Appropriate com-
bination of substituent and scaffold generated potent p38a inhibitors, for example, pyrazolo[3,4-b]pyridine 9, pyrazolo[3,4-d]pyrim-
idine 18a and pyrazolo[3,4-b]pyrazine 23b with potent in vivo activity upon oral administration in animal models of rheumatoid

arthritis.
© 2005 Elsevier Ltd. All rights reserved.

Inhibition of p38a has become one of the major targets
in developing anti-inflammatory drugs, which is due to
its prominent role in regulating inflammatory cytokines
such as TNFo and IL-1.! The benefits of treating rheu-
matoid arthritis patients with TNFa inhibitors (Enbrel®
and Remicade®) or IL-1 inhibitors (Kineret®) have
raised the desire to develop oral treatments. Blockade
of p38a is a very attractive option: p38a inhibitors
downregulate production and signalling of TNFa,
IL-1 and in addition inhibit COX-2 induction. The
value of COX-2 inhibitors (Celebrex®, Vioxx®) has
been proved by their use in arthritic diseases.

Since the discovery of pyridinylimidazoles,” several
novel structural classes of p38 inhibitors have been
reported.> Our search for p38 inhibitors unrelated to
pyridinylimidazoles resulted in pyrido[2,3-d]pyrimidine
1, a modest p38a inhibitor (ICso = 5.8 uM), while its
ring opened analogue 2 was 10 times more potent.

Further modifications gave rise to benzoylpyridines,
benzophenones* and the pyrazoloheteroaryls 3-5, some
with subnanomolar 1Csgs. Here, we wish to report on
the in vitro and in vivo SAR of pyrazolo[3,4-b]pyridines
3, pyrazolo[3,4-d]pyrimidines 4 and pyrazolo[3,4-b]pyra-

Keywords: p38 inhibition; MAP kinase inhibition; Rheumatoid arthri-

tis; Antiarthritic; Anti-inflammatory; Collagen-induced arthritis;

Adjuvant-induced arthritis.

* Corresponding author. Tel.: +41 61 324 3231; fax: +41 61 324
3273; e-mail: laszlo.revesz@novartis.com
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zines 5, three novel p38a inhibiting scaffolds. A narrow
set of substituents R was chosen, aiming at potential
interactions with Aspl64.

The synthesis of pyrazolo[3,4-b]pyridines 9-14 is de-
scribed in Schemes 1 and 2. 2,6-Dichloro-3-lithio-
pyridine (Scheme 1) reacted with 5-bromo-2-
methoxybenzaldehyde to provide the alcohol, which
upon Jones® oxidation gave ketone 6. The latter was
treated with hydrazine and furnished pyrazolo[3,4-
b]pyridine 7. Sonogashira® coupling conditions were ap-
plied to attach the 1,1-dimethylpropynylamine side
chain in 8, followed by a Buchwald’ reaction to substi-
tute the Cl-atom by 2,4-difluoroaniline in 9. Hydrogena-
tion yielded the saturated analogue 10.

Synthesis of pyrazolo[3,4-b]pyridines 13a—c and 14a,b
(Scheme 1) started by SEM protection of 7, followed
by Br-Li exchange and CO, treatment to render acid
11. 2,4-Difluoroaniline was introduced under Buchwald’
conditions to provide 12a, which was first coupled
with 4-aminotetrahydropyran, cyclopentylamine and
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Scheme 1. Reagents and conditions: (a) 2,6-Dichloropyridine, LDA, —78 °C, 80%. (b) CrO;, H,SOy, acetone, water, 79%. (¢) H,NNH, - H,O,
EtOH/1-BuOH (1:1) reflux, 1 h, 70%. (d) PdCL,(PPh;),, Cul, Cs,COs, 1,1-dimethylpropynylamine, reflux in DIPEA, 39%. (¢) Pd(OAc),, Cs,COs,
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Scheme 2. Reagents and conditions: (a) KN(TMS),, SEM-Cl, THF, —78 °C, 72% (2 regioisomers). (b) n-BuLi, —78 °C, THF, CO,, 63%.
(¢) Pd(OAc),, PPh;, NaOtBu, R-(+)-BINAP, 2.4-difluoroaniline, 1,4-dioxane, reflux 15 min, 96%. (d) EtOH, HCI concn 1:1, 2 min, 60 °C, 50%.
(e) 1,1’-Carbonyldiimidazole, amine, THF, reflux 10 min, 60-80%. (f) 13a—c: EtOH, HCI concn 1:1, 15 min, 60-70%. (g) DIBAL-H, THF, reflux,

10 min, 70%.

1-Boc-piperazine and then deprotected to deliver amides
13a-c. DIBAL-H reduction yielded amines 14a and 14b.

Pyrazolo[3,4-d]pyrimidines 18 and 19 (Scheme 3) were
prepared by reacting 5-lithio-2,4-dichloropyrimidine
with 5-bromo-2-methoxybenzaldehyde and oxidising
the resulting alcohol to ketone 15. Hydrazine at low
temperature converted 15 into pyrazolo[3.4-d|pyrimi-
dine 16, which—combined for 15 min with 2,4-difluoro-
aniline at 150 °C—gave 17 in high yield. Sonogashira®
coupling of 17 with a series of alkynes afforded 18a-d
in moderate yields. Hydrogenation gave rise to the
saturated analogues 19a-d.

Pyrazolo[3,4-b]pyrazines 23a,b and 24a,b were prepared
(Scheme 4) by combining 2,6-dichloro-3-lithiopyrazine
at —90°C with 5-bromo-2-methoxybenzaldehyde.

Jones® oxidation of the resulting alcohol delivered ke-
tone 20, which upon treatment with hydrazine furnished
pyrazolo[3.,4-b]pyrazine 21. The remaining Cl-atom in
21 was substituted by 2,4-difluoroaniline by heating to
175 °C, giving rise to 22; Sonogashira® coupling intro-
duced the propargyl side chain in 23a,b. Hydrogenation
of the triple bond gave 24a.b.

The 1,1-dimethylpropynylamino group common to pyr-
azolo[3,4-b]pyridine 9, pyrazolo[3,4-d]pyrimidine 18a
and pyrazolo[3,4-b]pyrazine 23a (ICses =20, 12 and
10 nM) permitted us to compare the p38a inhibiting effi-
cacies of the three pyrazoloheteroaryl scaffolds (Table
1). The inhibitory potencies of the three scaffolds proved
to be very similar, with the tendency of the pyrazolo[3,4-
b]pyrazine analogues to be slightly superior to those of
pyrazolopyrimidines and pyrazolopyridines. An interac-
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dimethylpropynylamine (10 equiv), DIPEA, autoclave, 130 °C, 1 h, 30%. 18b: PdCly(PPh;),, Cul, NEt;, DMF, 1,1-dimethylpropynol (4 equiv),
1 h, 100 °C, 52%. 18c: Pd(OAc),, R-(+)-BINAP, Cul, PPh;, NaOtBu, diglyme, N,N-dimethylamino-2-propyne, autoclave, 1 h, 135 °C, 65%. 18d:
Pd(OAc),, R-(+)-BINAP, Cul, PPh;, NaOtBu, 1-methyl-4-prop-2-ynylpiperazine, diglyme, 40 min, 145 °C, 75%. (f) EtOH, Pd/C, H,, 1 h, 55-80%.
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nylamine, 1 h, 140 °C, 35%. 23b: PdCly(PPh;),, Cul, NEts, 1,1-dimethylpropynol, 1.5 h, 85 °C, 50%. (f) EtOH, Pd/C, H,, 1 h, 70%.

tion of the 1,1-dimethylpropynylamino group of 9, 18a
and 23a with Aspl164 seemed unlikely, since 1,1-dimeth-
yl propynols 18b and 23b had similar potencies against
p38a (ICs0s =19, 7nM). The saturated 1,1-dimethyl-
propylamines 10, 19a and 24a (ICses = 33, 43 and
29 nM) and 1,1-dimethylpropanols 19b, 24b (ICses =
47 and 21 nM) were weaker than their propynyl precur-
sors 9, 18a,b and 23a,b, underlying the preference of rig-
id substituents for high affinity. Acid 12b was not
favoured, nor its piperazine amide 13c. However, pri-
mary amides 13a and 13b were potent p38a inhibitors
(ICs0s = 0.7 and 5 nM). Compared to the unsubstituted
pyrazolo[3.,4-b]pyridine (R = H; not shown in Table 1),
13a was 100-fold more potent, revealing the important
contribution of R to p38a inhibition. The reduced ana-
logues 14a and 14b were considerably weaker than 13a

(ICs0s = 94 and 58 nM), demonstrating again the nega-
tive influence of increasing conformational freedom in
the side chain on p38a inhibition. With the N, N-dimeth-
ylamino-2-propyne side chain in 18c and its piperazine
analogue 18d, two further substituents with subnano-
molar potency were identified (ICs0s=0.6 and
0.9 nM). One may speculate that their basic amines
interact favourably with the acidic Aspl68 of p38a.®
As expected, the saturated analogues 19c¢ and 19d
showed higher ICs¢s (11 and 14 nM). The 7-fold differ-
ence between 13a and 13b may de due to a unique
water-mediated hydrogen bond interaction of the pyran
ring oxygen with Aspl68.

With the exception of acid 12b, all compounds under-
went an in vivo screen for oral efficacy in the acute
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Table 1. Inhibition of p38x and LPS-induced TNFu release in mice

Compound p38a® TNFo°
Pyrazolo[3,4-b Jpyridine
9 20 98

10 33 78
12b 200 n.t.
13a 0.7 97
13b 5 97
13c 280 3
14a 94 80
14b 58 38
Pyrazolo[3,4-d Jpyrimidine
18a 12 85
18b 19 98
18¢c 0.6 96
18d 0.9 96
19a 43 68
19b 47 98
19¢ 11 93
19d 14 73
Pyrazolo[3,4-b Jpyrazine
23a 10 98
23b 7 98
24a 29 0
24b 21 94

n.t., not tested.
2[Cso (nM).1°
® v inhibition of LPS-induced TNFu release in mice at 20 mg/kg po.’

LPS-induced TNFu release in the mouse’ at a standard
dose of 20 mg/kg po (Table 1). Most compounds potent-
ly inhibited the release of TNFa.

Selected compounds with TNFa inhibition >80% were
further tested in the subchronic adjuvant-induced
arthritis (AIA)"' model in the rat at 25mg/kg po
b.i.d. (Table 2). In the pyrazolo[3,4-b]pyridine series,
the 1,1-dimethylpropynylamine and the 4-aminopyra-
nylmethyl analogues 9 and 14a showed appreciable

Table 2. Effects on adjuvant- and collagen-induced arthritis in rats

Compound AIA? CIA®
Pyrazolo[3,4-b [pyridine
9 49 85
10 9 n.t.
13a 28 n.t.
13b 34 n.t.
14a 46 10

Pyrazolo[3,4-d [pyrimidine

18a 69 75
18b 34 n.t.
19b 36 n.t.

Pyrazolo[3,4-b [pyrazine
23a 37 n.t.
23b 41 57

*AIA'"": adjuvant-induced arthritis in rats at 25mg/kg po b.i.d.;
% inhibition of swelling.

®CIA": collagen-induced arthritis in rats at 10 mg/kg po q.d.;
% inhibition of swelling.

activities with >45% inhibition of paw swelling. In spite
of their high potency against p38a, both amides 13a
and 13b were weak in AIA, possibly due to their short
half-lives (1.4 and 1.6 h), low plasma concentrations
(Cnax = 6 1M at 1 mg/kg po) and modest bioavailabili-
ties (BAV =22% and 26%). In contrast to its 1,1-di-
methylpropynylamine  analogue 9 (BAV =95%;
Ciax = 52 nM), the saturated 1,1-dimethylpropylamine
10 showed low BAV (20%), low plasma levels
(Cmax = 11 nM) and was inactive in AIA. In the pyraz-
o0lo[3.4-d]pyrimidine series, the 1,1-dimethylpropynyl-
amine substituted 18a showed the highest efficacy in
ATA (69% inhibition of swelling). The closely related
1,1-dimethylpropynol substituted pyrazolo[3,4-d]pyrim-
idine 18b and its saturated analogue 19b were weaker.
In the pyrazolo[3,4-b]pyrazine series, the 1,1-dimethyl-
propynylamine substituted 23a and its alcohol analogue
23b were nearly equipotent inhibitors of AIA, in spite
of the low oral BAV (9%) and short half-life (2.6 h)
of 23a.

Compound 23b demonstrated an improved BAV (22%)
and higher plasma levels (C.x: 160 nM at 1 mg/kg po).
From the SAR above one may conclude that the side
chains determine the degree of p38a inhibition, but that
the in vivo potency with a given substituent is scaffold-
dependent. For example, the three pyrazoloheteroaryls
9, 18a and 23a—sharing the same 1,1-dimethylpropynyl-
amine substituent—had similar potencies on p38a, but
largely differed in oral BAV (95%, 16% and 9%). The po-
tent in vivo effects of 18a appear to be in contrast to its
modest BAV, but can be explained by its high AUC.!?
In order to confirm AIA results in a different disease
model, 9, 14a, 18a and 23b were tested in the collagen-
induced arthritis (CIA)'® model in rats. Compounds 9,
18a and 23b showed potent inhibition of swelling in
CIA (Table 2). Compounds 9 and 23b were >1000-fold,
18a >100-fold selective against a panel of 13 kinases.!'*
No adverse inhibition of cytochrome P450 isoenzymes
was observed.

Work is in progress to characterise, synthesize and
optimise further analogues of the three novel p38a
inhibitory scaffolds.
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Proposed binding mode of 18¢ to p38a:

Lys53

Thr106

His107,,,,

Leu108 o HN
o?
Met109 mﬁ‘H
o O

HN
\

The proposed binding mode of pyrazoloheteroaryls to
p38a implies that the pyrazolo nitrogen forms a crucial H-
bridge to the NH of Met109 and the difluorophenyl ring
accommodates in the specificity pocket near Thr106. Rigid
basic substituents such as the 1-dimethylamino-2-propyne
side chain in 18¢ increase binding affinity by forming a salt
bridge to Aspl68.

Eight-week-old female OF1 mice were dosed orally by
gavage with solutions of the compounds in DMSO/
cornoil. One hour after dosing, LPS (20 mg/kg) was

10.

11.

12.

13.

14.

injected iv for stimulation of TNF-a release into plasma.
One hour later blood was collected and TNF-o was
determined using a mouse-specific ELISA.

A phosphorylated form of His-p38c. MAP kinase (10 ng/
well) of murine origin was used and immobilised
GST-ATEF-2 as substrate in the presence of 120 uM cold
ATP.

ATA: Adjuvant-induced arthritis. Female Wistar rats were
immunized with Mycobacterium tuberculosis at day 0 and
dosed with the compounds (2 x 25 mg/kg po per day) from
day 14 to 20. Swelling of the joints was measured on day
20.

The area under the curve (AUC) for 18a: 512 [ng hml™'];
9: 422 [ngh ml™'].

CIA: Collagen-induced arthritis. Female (WAGxBUF/F1)
rats were immunized intradermally with bovine nasal
septum type II collagen emulsified in Freund’s incomplete
adjuvant. Swelling started ~10 days after immunization.
Dosing of compounds started on day 13, when swelling
was nearly maximal. Compounds were dosed po once
(q.d.) daily for 10 days.

Selectivity profiles were determined in-house as described.*
Kinase (ICsq or % inhibition at 10 uM for 9/18a/23b): INK2
(100 uM/8.3 uM/>100 pM); CDK1:  (0%/—16%/—13%);
HER-1 (—43%/5.2 uM/0%); c-Abl (—23%/—58%/—42%);
c-Src  (—17%/—68%/—37%); Kdr (—12%/—55%/—12%);
c-Met  (—38%/1.5 uM/—17%); FGFR (=27%/10 uM/
—5%); c-Kit (—=31%/—37%/0%); IGFIR (0%/0%/—23%);
HER-2 (—45%/5.0 uM/—0%); and c-Raf (n.t./0%/—14%).
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Abstract—A series of new 1,3-dipropyl-8-(1-heteroarylmethyl-1H-pyrazol-4-yl)-xanthine derivatives as A,g-AdoR antagonists have
been synthesized and evaluated for their binding affinities for the A,p, A|, Asa, and Az-AdoRs. 8-(1-((3-phenyl-1,2,4-oxadiazol-
5-yDmethyl)-1 H-pyrazol-4-yl)-1,3-dipropyl-1 H-purine-2,6(3 H,7 H)-dione (4) displayed high affinity (K; = 1 nM) and selectivity for
the A,g-AdoR versus Ay, Asa, and Az-AdoRs (A/Asp, Axa/Asg, and Az/A,p selectivity ratios of 370, 1100, and 480, respectively).
The synthesis and SAR of this novel class of compounds are presented herein.

© 2005 Elsevier Ltd. All rights reserved.

The adenosine receptors are G protein-coupled recep-
tors consisting of four subtypes, A;, Asa, Asp, and
As-adenosine receptors.! Interaction of adenosine with
its receptors initiates signal transduction pathways,
including the adenylate cyclase effector system, which
utilizes cAMP as a second messenger. While A; and
Aj adenosine receptors (Aj-AdoR, Az-AdoR) coupled
with Gi proteins inhibit adenylate cyclase and lead to
a decrease in intracellular levels of cAMP, the A,A/
A,p adenosine receptor-coupled Gs proteins stimulate
adenylate cyclase and hence increase cAMP levels.?
Studies have demonstrated the synergy between adeno-
sine receptor activation and allergens in inducing mast
cell degranulation.®* Studies have also shown that in
activated human mast cells the A,g-AdoR plays a major
role in the facilitation of allergen-induced release of pre-
formed mediators and cytokines.>”’ In addition, the
selective A,g-AdoR antagonist MRS1754 (1) inhibited
activation of human mast cells induced by the non-selec-
tive AdoR agonist NECA.3*8 Therefore, antagonists at

Keywords: Adenosine; Antagonists; Asthma.
* Corresponding author. Tel.: +1 650 384 8217; fax: +1 650 858
0390; e-mail: elfatih.elzein@cvt.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.10.002

the A,g-AdoR would be expected to provide a novel ap-
proach to the management and treatment of asthma by
reducing the responsiveness of the airway mast cells to
allergen and hence lead to a reduction in airway inflam-
mation and bronchial hyper-responsiveness.

Even though a number of high affinity A,g-AdoR antag-
onists have been reported, only a few have shown high
selectivity for the A,p-AdoR relative to the Aj, Asa,
and As-AdoRs.>!° Our initial efforts to identify high
affinity and selective A,g-AdoR antagonists had led to
the discovery of compound 2 that possesses a novel N-
substituted pyrazole moiety in the 8-position of the
xanthine ring (Fig. 1).'"!> Even though compound 2
showed good affinity and selectivity for the A,g-AdoR
(vs. Asa and Az-AdoRs) and modest selectivity versus
the A;-AdoR, it contains an amide bond that constitutes
a metabolic liability.!3 Therefore, we directed our efforts
to the optimization of compound 2, with the goal of
improving its A,g-AdoR binding affinity and selectivity
as well as enhancing its metabolic stability.

Amide bonds have been replaced with a wide variety of
structural moieties in attempts to achieve metabolic
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MRS-1754(1)

»I%Nw©

Ki, AZB =22 nM AqlAzg = 5
Ki, A; = 102 nM AoalAsg = 68
Ki, Apa = 1500 nM AglAsg = 54
Ki, Az = 1200 nM

Figure 1. Structures of compounds 1 and 2; binding affinities and
selectivity of compound 2 for the Ayg, A, Aza, and Asz-AdoRs.

stability and oral bioavailability. Heterocyclic 5-mem-
bered rings such as 1,2,4-oxadiazoles, oxazoles, and isox-
azoles have been extensively used as amide bond
bioisosteres.'* Accordingly, we replaced the amide bond
in compound 2 with different oxadiazoles and isoxazoles.

5-(Chloromethyl)-3-substituted-phenyl-1,2,4-oxadiazole
of general formula III was prepared as shown in Scheme
1.13 Treatment of substituted benzonitrile I with hydrox-
ylamine hydrochloride afforded the amide oxime II,
which was then reacted with chloroacetyl chloride in
dichloroethane to afford III. The oxadiazole regio iso-
mer of III, compound VII, was prepared by reacting
the chloro-oxime amide V with a variety of commercial-
ly available benzoyl chlorides (Scheme 2).!3

Isoxazoles of general formula X were obtained by con-
densing substituted 2-ethynylbenzene VIII with ethyl-
chlorooximidoacetate in THF. The resulting ethyl 5-
phenylisoxazole-3-carboxylate IX was then reduced using
NaBH4/EtOH and the primary alcohol was subsequently
converted to the mesylate X (Scheme 3). 1-Benzyl-1H-

N —OH
7\ NH,OH.HCI 7 N\,
P¢ CN —_— e
R — Et3N/EtOH R \— NH,
reflux
' I
Scheme 1.
DA
cl—~ NH,OH.HCI S_ R-<
Na,CO3, H0  HN OH 5iEA, DCE, RT 1
v reflux
Scheme 2.
-\ ethyl-
\/ / — chlorooximidoacetate
R
EtsN, THF
Vil

Scheme 3.

pyrazole-4-carboxylic acid 38 was prepared by direct
alkylation of commercially available ethyl 1 H-pyrazole-
4-carboxylate 36 with benzyl chloride in acetone using
K,COs; as a base followed by ester hydrolysis (Scheme
4). Preparation of the key intermediate 1,3-dipropyl-8-
(1-benzyl-pyrazol-4-yl)-1 H-purine-2,6(3 H,7 H)-dione 41
is outlined in Scheme 5. 5,6-Diamino-1,3-dipropylpyrim-
idine 39 was synthesized following literature procedure.'?
Coupling of 39 with 1-benzyl-1H-pyrazole-4-carboxylic
acid 38 using EDCI afforded intermediate 40, which was
cyclized in NaOH to afford compound 41. Protection of
the N-7 of compound 41 with a SEM group followed by
debenzylation yielded our key intermediate 42. Com-
pound 42 was then alkylated with oxadiazoles of general
formulas IIT and VII, and also with isoxazoles of general
formula X followed by SEM deprotection to afford our
target molecules 3-35.

Binding affinities of compounds 3-35 for the A,p, Ay,
Asa, and Ajz-AdoRs were evaluated (Tables 1-3). As
shown in Table 1, replacement of the amide bond in
compound 2 with 1,2,4-oxadiazole resulted in com-
pound 3 that displayed similar binding affinity for the
Asp-AdoR (K;=19nM) to compound 2. However,
compound 3 showed 26-fold increased selectivity for
the A,g-AdoR versus the A;-AdoR and about 2-fold
improved selectivity for the A,g-AdoR versus the Aja-
AdoR relative to 2.

The unsubstituted phenyl analog 4 exhibited very high
affinity (K; =1nM) and selectivity for the A,g-AdoR
versus Aq, Asa, and A3-AdoRs (A/Asg, Asa/Asg, and
As/Asp selectivity ratios of 370, 1100, and 480, respec-
tively). In fact, compound 4 was our most active and
selective analog among the three classes of compounds
we synthesized. While the 4-Cl-phenyl analog 5 had sim-
ilar binding affinity (K; = 21 nM) to the 2-Cl analog 3, it
showed less selectivity for the A,p-AdoR versus Aj,
Asa, and Az-AdoRs relative to 3. Introducing a stronger
electron-withdrawing group (CF3) in place of the 4-Cl
group as in compound 6 resulted in 2-fold loss in

7 N\ /N\O
A —
N
1]

chloroacetyl chloride

DIEA, DCE, reflux

0O H3N cl
C>_< )\/CI toluene, C>—< 7/\
R o-N

reflux
1|

— O~
N 1) NaBH,, EtOH %
\ 4
X/ N om

2) MsCl, THF, Et;N
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EtOJ\{NH benzyl chloride -  EO )‘\(\N KOH/MeOH HO )k(\N
— ! — R
N K,COj3, acetone, reflux N reflux N
36 37 38
Scheme 4.
o [e] [e]
NH ¥ J N
— b — T XA @
oél\N NH, EDCI.HCI, MeOH, RT OZ\N NH,
92%
39 40
o)
N
N
2N NaOH, MeOH, reflux \/;\ \ %y”\@ 1) SEMCI, K,CO3, DMF, RT
—N
80% o N N 2) Pd(OH),, cyclohexene, EtOH
‘\’ 41 80 °C
55% (2 steps)
o SEM
N 1) I, VIl OR X
—N />_€5m K,COs, DMF, RT
PN N =N - 3-35
(o] N
2) 3N HCI, EtOH, reflux
42 ‘\’ 65-88% (2 steps)
Scheme 5.

Table 1. Binding affinities of 3-phenyl-1,2,4-oxadiazole analogs 315 for the

Asg, A, Asa, and Az-AdoRs

(o] —
H N @ N\ /
e Rta
o I\\I7 N
Compound R K; (nM)?
(Asp)° (Ay)° (Az)’ (As)° Ai/Azp AoalAgg As/Asp

3 2-Cl 19 2500 2500 490 130 130 25

4 H 1 370 1100 480 370 1100 480

5 4-Cl1 21 740 1800 400 35 85 19

6 4-CF; 55 3300 >5000 1300 60 >90 23

7 4-CN 18 1300 >5000 950 70 >277 53

8 3-Cl 32 652 >5000 490 20 >156 15

9 3-CF; 42 3500 >5000 960 83 >119 22
10 2-CF; 74 530 >5000 340 7 >67 4
11 2-OCHj; 82 1900 1600 410 23 19 5
12 4-OCHj; 106 3000 >5000 1500 28 >47 14
13 3-OCHj; 82 2200 >5000 600 26 >60 7
14 4-CH; 54 2600 3000 8700 48 55 160
15 3-CH; 128 1400 >5000 970 11 >39 8

2 22 102 1500 1200 5 68 54

295% confidence limits were generally 15% of the mean value.
® Binding affinity for A,z-AdoR was determined using HEK-A,yp cells with [

*H]ZM241385 as the radioligand.

°Binding affinity for A;-AdoR was determined using CHO-A; cells with [’H]CPX as the radioligand.
9 Binding affinity for A>a-AdoR was determined using HEK-A,4 cells with [PH]ZM241385 as the radioligand.

°Binding affinity for A;-AdoR was determined using CHO-A; cells with ['%

binding affinity (6, K;=55nM). However, the 4-CN
analog 7 showed affinity and selectivity for the A,g-
AdoR comparable to those of compound 5. In general,
compounds that incorporated -electron-withdrawing

IJAB-MECA as the radioligand.

groups in the phenyl ring displayed higher affinity and
selectivity for the A,g-AdoR relative to those having
electron-donating substituents (e.g., 3 vs. 11, 5 vs. 12).
The high binding affinity and selectivity of compound
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Table 2. Binding affinities of 5-phenyl-1,2,4-oxadiazole analogs 16-26 for the A,g, A;, Asa, and A3-AdoRs
o N = )
H
SN NG N\/\« TN
)\ | Vi N N-0
o r\\17 N
Compound R K; (nM)?
(Azp)"® (Ar)° (Azn) (As3)° Ai/Asp Aoa/Asgp As/Asp
16 H 21 1000 1800 630 47 85 30
17 2-Cl 38 630 2500 330 16 65 9
18 4-Cl 39 2900 >5000 >8300 74 >128 >213
19 4-CN 14 570 >5000 640 40 >357 45
20 4-CF; 21 >6000 >5000 1300 >285 >238 61
21 3-Cl 134 3000 >5000 3000 22 >37 22
22 3-CF; 64 >6000 >5000 1800 >93 >78 27
23 2-CF; 100 1900 >5000 620 19 >50 6
24 4-OCH; 123 3900 >5000 2300 32 >40 19
25 3-OCHj3; 136 810 >5000 2000 6 >37 15
26 2-OCH; 83 930 3400 >8300 11 40 >100
2 22 102 1500 1200 5 68 54
%95% confidence limits were generally +15% of the mean value.
® Binding affinity for A,z-AdoR was determined using HEK-A,p cells with [’H]ZM241385 as the radioligand.
°Binding affinity for A;-AdoR was determined using CHO-A, cells with [’H]JCPX as the radioligand.
9 Binding affinity for Aya-AdoR was determined using HEK-A,4 cells with [°PH]ZM241385 as the radioligand.
®Binding affinity for A;-AdoR was determined using CHO-Aj; cells with ['**IJAB-MECA as the radioligand.
Table 3. Binding affinities of 5-phenylisoxazole analogs 27-35 for the Ayg, A, Aza, and Az-AdoRs
O —
H N J
N N { AN
\/\)’\'\)‘j[ />—C?\‘ N—0 R
o r\\17 N
Compound R, K; (aM)*
(Azp)® (Ay)° (Azn) (Az)° Ai/Asp AsplArp As/Arp
27 H 14 1500 420 1800 107 30 128
28 2-Cl 111 >6000 2700 2300 >54 24 20
29 4-Cl 82 540 1200 3300 6 14 40
30 4-CF; 48 2300 1700 1200 48 35 25
31 3-Cl 163 4600 >5000 4400 28 >30 27
32 2-CF; 121 3700 >5000 4200 30 >41 34
33 3-OCH3; 131 3500 >5000 >5000 27 >38 >38
34 4-OCHj; 63 2000 >5000 3000 31 >79 48
35 2-OCH; 195 3300 >5000 4900 16 >25 24
2 22 100 1500 1200 5 68 54

#95% confidence limits were generally £15% of the mean value.

® Binding affinity for A>g-AdoR was determined using HEK-A,p cells with [PH]ZM241385 as the radioligand.
°Binding affinity for A;-AdoR was determined using CHO-A, cells with [’H]CPX as the radioligand.

4 Binding affinity for A,a-AdoR was determined using HEK-A, cells with [PH]ZM241385 as the radioligand.
°Binding affinity for A;-AdoR was determined using CHO-Aj; cells with ['**IJAB-MECA as the radioligand.

4 for the A,g-AdoR suggest that in this 3-phenyl-1,2,4-
oxadiazole class of compounds, unsubstituted phenyl
ring is optimal for both A,g-AdoR binding affinity
and selectivity. The binding affinity and selectivity of
5-phenyl-1,2,4-oxadiazole class of compounds are
shown in Table 2. Compound 16, which is a 1,2,4-
oxadiazole regio isomer of 4, displayed 20-fold de-

creased A,g-AdoR binding affinity relative to 4. In addi-
tion, compound 16 was 7-, 12-, and 16-fold less selective
for the A,g-AdoR versus A;, Asn, and A;-AdoRs,
respectively, relative to 4. Compound 17, which is an
oxadiazole regio isomer of 3, showed a 2-fold decrease
in A,g-AdoR binding affinity (K; =38 nM) and 8-fold
less selectivity for the A,g-AdoR versus the A;-AdoR
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relative to 3. Even though, the 4-Cl phenyl analog 18
showed 2-fold decreased A,p-AdoR binding affinity
(K; =39 nM) than its oxadiazole regio isomer 5, it dis-
played more selectivity for the A,g-AdoR versus other
three receptor subtypes (A/Asp, Axa/Asp, and Az/Asp
selectivity ratios of 74, >128, and >218, respectively).
The 4-CF; analog, compound 20, showed at least 2-fold
increase in A,pg-AdoR binding affinity (K; = 21 nM) rel-
ative to its regio isomer 6. In addition, compound 20
showed much improved selectivity profile for the A,p-
AdoR relative to 6 (A/Asg, Asa/Asp, and As/Asyp selec-
tivity ratios of >285, >238, and 61, respectively). Unlike
in the 3-phenyl-1,2,4-oxadiazole class of compounds
(Table 1, where unsubstituted phenyl ring was optimal
for both, binding affinity and selectivity for the A,gp-
AdoR) and in this series of 5-phenyl-1,2,4-oxadiazoles
(Table 2), a strong electron-withdrawing group in the
4-position of the phenyl ring provided the most active
and selective analog (compound 20). One could envision
the 5-phenylisoxazole series (Table 3) as a direct analog
of the 3-phenyl-1,2,4-oxadiazole series where the 4-ni-
trogen atom in the 3-phenyl-1,2,4-oxadiazole ring is
isosterically replaced with a carbon atom. The isoxazole
analog 30 showed 2-fold decreased A,g-AdoR binding
affinity (K; =48 nM) relative to the oxadiazole analog
20. In addition, compound 30 displayed much lower
selectivity for the A,g-AdoR versus A, A, and As-
AdoRs relative to 20. A similar trend was observed
when comparing the isoxazole analog 29 to the oxadiaz-
ole analog 18. In general, the 5-phenylisoxazole series
was less active and selective for the A,g-AdoR in com-
parison to the other two oxadiazole classes of com-
pounds. It is noteworthy that some of these new
analogs showed good oral bioavailability in rats. Com-
pound 5, for instance, displayed 22% oral bioavailability
in rats when dosed at 1 mg/Kg (in DMSO/ethanol/
PEG300/50 mM  n-methylglucamine) (2.5:10:20:67.5)
with AUC of 2330 ng h/mL and ¢/, of 1.5 h.

In summary, we have discovered a novel class of A,p-
AdoR antagonists. Bioisosteric replacement of the
amide bond in compound 2 with different heterocyclic
5-membered rings (1,2,4-oxadiazoles and isoxazoles)
resulted in compounds with high affinity and selectivity
for the A,g-AdoR. Compound 4 is among the most ac-
tive and selective A,g-AdoR antagonist known to date.
Considering the fact that only a few high affinity and
selective A,p-AdoR antagonists are available, this new
series of compounds constitutes a significant addition
to the field and might be useful as pharmacological
tools. In addition, these new analogs may serve as leads
to discover additional potent and selective A,p-AdoR

antagonists that may have potential use as therapeutic
agents for treatment of asthma.
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Synthesis and interactions of 7-deoxy-, 10-deacetoxy, and
10-deacetoxy-7-deoxypaclitaxel with NCI/ADR-RES cancer
cells and bovine brain microvessel endothelial cells
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Abstract—7-Deoxypaclitaxel, 10-deacetoxypaclitaxel and 10-deacetoxy-7-deoxypaclitaxel were prepared and evaluated for their
ability to promote assembly of tubulin into microtubules, their cytotoxicity against NCI/ADR-RES cells and for their interactions
with P-glycoprotein in bovine brain microvessel endothelial cells. The three compounds were essentially equivalent to paclitaxel in
cytotoxicity against NCI/ADR-RES cells. They also appeared to interact with P-glycoprotein in the endothelial cells with the two
10-deacetoxy compounds having less interaction than paclitaxel and 7-deoxypaclitaxel.

© 2005 Elsevier Ltd. All rights reserved.

Paclitaxel (1, Fig. 1), a cytotoxic agent from the bark of
the Pacific yew (Taxus brevifolia),! exerts its activity by
altering tubulin dynamics.? Paclitaxel as well as its semi-
synthetic analogue docetaxel (2, Fig. 1) are effective
agents for the treatment of ovarian and breast cancer,
Kaposi’s sarcoma, and non-small cell lung cancer.’
However, the continued evaluation of new analogues
is important, because drug resistance has developed,
and paclitaxel, like many other anticancer agents, does
not cross the blood-brain barrier (BBB). Active efflux
by P-glycoprotein (Pgp) is believed to be responsible
for the lack of brain uptake of many anticancer drugs,
leaving brain cancer patients with few viable treatment
options.*> Paclitaxel’s limited oral bioavailability, lack
of accumulation in brain tissues, and efficacy in brain tu-
mors have been attributed to active efflux by Pgp.®’ In
our efforts to develop paclitaxel analogues that can cross
the BBB,® we are studying the influence of chemical
modifications of paclitaxel on Pgp in the BBB and are

Keywords: 7-Deoxypaclitaxel; 10-Deacetoxypaclitaxel; 10-Deacetoxy-

7-deoxypaclitaxel; Synthesis; Bovine brain microvessel endothelial ce-

1lls; NCI/ADR-RES; P-glycoprotein interaction.
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Figure 1. Structures of paclitaxel (1, R' = Ph, R? = Ac) and docetaxel
(2, R! = O-tert-Bu, R?* = H).

now reporting new results concerning structure—efflux
relationships of paclitaxel analogues.

A comparison of the structural features of over one
hundred known substrates and modulators for Pgp
suggested that clusters of hydrogen bond acceptors
(electron-donating groups), arranged in fixed spatial
distances from each other, are required for recognition
by Pgp-binding sites.®!! The recognition elements are
formed either by two or by three electron-donating
groups. It was also hypothesized that the number and
strength of the hydrogen bonds present in a molecule
determine Pgp affinity. This implies that one could
remove recognition elements from the molecule that
are not necessary for biological activity and improve
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Figure 2. Analysis of paclitaxel for type I (1.3) and type II (1.5 and
1.4.6) interaction sites with Pgp.

activity against multi-drug resistant cancers and
achieve BBB penetration.

We analyzed paclitaxel for Pgp recognition patterns and
determined six relevant hydrogen bond acceptor groups
(Fig. 2). Groups 1-4 (Fig. 2) are so-called type I units
that are formed by two hydrogen bond acceptor groups
(A or a) with a spatial separation of 2.5 + 0.3 A. Strong
electron-donating groups, containing oxygens, are
denoted as ‘A’ and less potent donors, such as tertiary
amines, halides, sulfides or m-electron-donating groups,
as ‘a.” In addition, two so-called type II units, groups 5
and 6, were identified. Type II units are formed either
by two hydrogen bond_acceptor groups with a spatial
separation of 4.6 £ 0.6 A (group 5: AA (1.5) pattern be-
tween the 7-hydroxyl and the 5-ether group of the oxe-
tane moiety) or by three hydrogen bond acceptor
groups separated from each other by 2.5+ 0.3 A, with
the outer two acceptor groups at a distance of
4.6+ 0.6 A (group 6: AAA (1.4.6) relationship between
the C9 carbonyl and the C10 acetate). The type I units
are found in all Pgp substrates and type II units are pres-
ent in all Pgp inducers and many Pgp substrates.

According to structure—activity relationship studies, nei-
ther the C7 hydroxy group nor the C10 acetyl group is
essential for bioactivity.!? Substitution at C7 and C10
is well tolerated,!? and it has been demonstrated that
these regions of the molecule are important for Pgp
affinity.'® Ojima and collaborators have shown that spe-
cific modifications at the C10 position (i.e., propionate,
instead of acetate, at O10) of 3’-dephenyl-3’-isobutyl-
paclitaxel and related analogues resulted in a significant
increase in cytotoxicity, especially against NCI/ADR-
RES cells, expressing the multi-drug resistant (MDR)
phenotype. This result was ascribed to an effective inhi-
bition of binding to Pgp by these analogues.!® The ef-
fects are complex, however, and replacement of the 10-
acetate with a 10-propionate group in paclitaxel does
not lead to an increase in cytotoxicity against MDR-ex-
pressing cancer cells.!* In another example, we have
recently shown that Tx-67, a paclitaxel analogue, carry-
ing a 10-O-succinyl monoester moiety, is able to evade
Pgp-mediated efflux and can permeate the BBB in vitro
and in situ.® Of interest in this context are also recent re-
ports, disclosing that TXD-258 (7-O-methyl-10-O-meth-
yldocetaxel) is able to cross the BBB, and that RPR-
109881A (a 7,8-cyclopropyl docetaxel analogue) is effec-
tive against MDR-positive and taxane resistant human
tumor xenografts.!>

Based on these previous observations, we decided to ex-
plore additional chemical modifications of the putative
group 5 and 6 paclitaxel recognition elements with the
goal of decreasing the strength for Pgp binding and
thereby improving activity against MDR cancer cells
and enhancing BBB permeation. We therefore prepared
and evaluated paclitaxel analogues lacking the C7
hydroxy group and/or C10 acetoxy groups.

10-Deacetoxypaclitaxel was prepared in one step via
samarium diiodide-mediated deoxygenation.!®!” Treat-
ment of paclitaxel (1) with Sml, and acetic acid provid-
ed 10-deacetoxypaclitaxel (3) in 91% yield (Scheme 1).

7-Deoxypaclitaxel was prepared, employing the Barton
deoxygenation reaction, as previously described by the
Kingston group (Scheme 2).!8 Treatment of paclitaxel
(1) with tert-butyldimethylsilyl chloride, imidazole, and
4-(dimethylamino)pyridine furnished 2’-(ferz-butyldi-
methylsilyl)paclitaxel (4) in 85% yield. Compound 4
was treated with 2.2 equiv of sodium hydride in dry
THF, then excess carbon disulfide and iodomethane to
provide 5 in 65% yield. Treatment of 5 with tributyltin

PN 0

Ph™ "NH O

HO iH .

BzO AcO

Scheme 1. Reagents: (a) Sml,, AcOH (91%).

HO Z )
BzO Acd [e]

Scheme 2. Reagents: (a) TBSCI, imidazole, DMAP, DCM (85%); (b)
NaH, CS,, Mel, THF (65%); (c) AIBN, Bu3SnH, PhH; then HF-Py,
Py (48% overall); (d) Sml,, AcOH (82%).
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Table 1. Biological evaluation of deoxypaclitaxel analogues in a
tubulin assembly assay and for antiproliferative activity against MCF7
and NCI/ADR-RES cell lines'*

HO <H .

BzO AcO *—O
Compound® R! R?> MT* MCF7® NCI/ADR-RES®
3 H OH 22 087  0.79
6 OAc H 14 300 1.0
7 H H 20 9.0 0.21

4 Microtubule assembly EDso/EDsopactitaxel)-
® MCF7EDs¢/EDsq(pacitaxel)-
¢ NCI/AD}{‘RES22 EDSO/EDSO(PaclituXel)-

hydride and AIBN in toluene at 80 °C, followed by
deprotection of 2’-(tert-butyldimethylsilyl), yielded 7-
deoxypaclitaxel (6) in 48% from 5.

In the course of these studies, we also developed an
efficient method to convert paclitaxel into 10-deacet-
oxy-7-deoxypaclitaxel (7, Scheme 2). Treatment of
7-deoxypaclitaxel (6) with Sml, in the presence of AcOH
furnished 7 in 82% yield. This method is superior to the
one reported earlier for the synthesis of 7, which
produced a low overall yield (5%).!°

The three deoxygenated analogues 3, 6, and 7 were test-
ed in a tubulin assembly assay and as inhibitors of pro-
liferation against the MCF7 and NCI/ADR-RES breast
cancer lines (Table 1).'* In the tubulin assembly assay,
analogue 6 was just slightly less active than paclitaxel,
while 3 and 7 were about half as active as paclitaxel.
Compound 3 had activity similar to paclitaxel against
MCF7 proliferation but 6 and 7 had significantly re-
duced activity. Differences between the three analogues
and paclitaxel against the resistant cell line NCI/ADR-
RES were minimal. In a previous report, it was found
that 3 and 6 had essentially the same cytotoxicity as pac-

=
N
N

|y
o
N

+
+
+

Rhodamine123 accumulation
(nmoles/mg protein)
=} o
ES o

o
N

ol

litaxel against HCT 116 cells, while 7 was slightly less
active.!%-29

We assessed the analogues for rhodamine 123 uptake
into bovine brain microvessel endothelial cells
(BMECs).® The intracellular concentration of rhoda-
mine 123, itself a substrate for Pgp, is enhanced by com-
pounds that compete for binding with Pgp in BMECs.
Analogues 3, 6, and 7 were compared to paclitaxel at
two concentrations and to cyclosporin A, as positive
controls (Fig. 3). All compounds increased the level of
rhodamine 123 uptake, indicating that they interact with
Pgp. At 5 uM, compounds 3 and 7 interacted less than
paclitaxel and 6.

The lack of large differences between paclitaxel 3, 6, and 7
as cytotoxic agents against NCI/ADR-RES cells indicates
that removal of the group 5 and 6 (type II) recognition ele-
ments in paclitaxel did not reduce interactions between
the paclitaxel analogues and Pgp in the MDR cancer cell
line. Apparently, the interactions of the remaining group
1-4 recognition elements of the paclitaxel analogues 3, 6,
and 7 with Pgp are sufficient enough for effective binding
to cause efflux from MDR cancer cells.

The effect in BMECs is concentration dependent.
Paclitaxel and the three analogues increased rhodamine
123 uptake into BMECs at 10 uM. However, at 5 uM,
compounds 3 and 7, which both lack the C10 acetoxy
group, had reduced uptake of rhodamine 123 in com-
parison to paclitaxel and compound 6, which lacks the
C7 hydroxyl group but carries the C10 acetoxy group.
The results demonstrate the importance of the group 6
recognition element for paclitaxel interaction with Pgp
in BMECs. Compounds 3 and 7 are nevertheless sub-
strates for Pgp because uptake of rhodamine 123 is
increased in comparison to the rhodamine 123 control.
As was the case with the MDR cancer cell line, the
group 1-4 recognition elements are sufficient to increase
rhodamine 123 uptake in comparison to the control.
Overall, our original hypothesis, that removal of Pgp
recognition elements could decrease the strength for
Pgp binding, was verified, because rhodamine 123
uptake was clearly reduced for compounds 3 and 7 in
BMECs.

T

Con CsA

Tx 3 6
<= 10 M

TX 3 6 7
5

3

< um P>

>

Figure 3. Rhodamine 123 (5 uM) uptake into BMECs alone (Con = control) and in the presence of cyclosporin A (CsA) at 5 uM, and paclitaxel (Tx)

and paclitaxel analogues 3, 6, and 7 at 10 and 5 pM.®
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Abstract—A novel class of HCV NS5B RNA dependent RNA polymerase inhibitors containing 3,4-dihydro-1H-[1]-benzothie-
no[2,3-c]pyran and 3,4-dihydro-1H-pyrano[3,4-b]benzofuran scaffolds were designed and synthesized. Optimization of the alkyl sub-
stituent in the pyran ring showed preference for an n-propyl group, while 5,8-disubstitution pattern is preferred for the aromatic
region. Analog 19 displayed potent activity with an ICsy of 50 nM against HCV NS5B enzyme and was selective over a panel of

polymerases.
© 2005 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) infection is one of the causes
for liver cirrhosis and hepatocellular carcinoma leading
to liver failure. Current estimates of approximately 170
million people worldwide as HCV carriers represent a
significant medical problem with economic burden
implications.! Currently approved therapy involves
pegylated interferon-o as a single agent? or in combina-
tion with the broad spectrum anti-viral ribavirin.?
Although somewhat effective, patient compliance is
compromised due to severe side effects attributed to each
of the agents. Furthermore, the current therapeutic ap-
proach is not aimed at any particular viral target. Lack
of specificity of current therapies against the known
HCYV subtypes underscores the need for direct inhibition
of viral targets in an effort to significantly improve pa-
tient outcomes.

HCYV is a positive strand RNA virus and the genome
consists of 9600 base pairs that encode several struc-

Keywords: HCV  polymerase inhibitors; 3,4-Dihydro-1H-[1]-benzo
thieno[2,3-c]pyran; 3,4-Dihydro-1H-pyrano[3.4-b]benzofuran.

* Corresponding author. Fax: +1 845 602 3045; e-mail: gopalsa@
wyeth.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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tural and non-structural proteins.> Inhibitors of
NS5B RNA dependent RNA polymerase have re-
ceived much attention recently, as potential therapeu-
tic agents for treatment of HCV infection. Both
allosteric and active site inhibitors of NS5B polymer-
ase have been reported (Fig. 1). We recently reported?
pyrano[3,4-blindole 5 as a potent (ICsq = 0.33 uM) and
selective inhibitor of NS5B polymerase. While the pre-
liminary structure—activity relationship was explored
retaining the pyrano[3,4-b]indole intact, we were inter-
ested in expanding our optimization efforts to some
other scaffolds like 3,4-dihydro-1H-[1]-benzothie-
no[2,3-¢]pyran 6 and 3,4-dihydro-1H-pyrano[3,4-b]ben-
zofuran 7 to see if these two different heterocyclic
middle rings, which are devoid of the hydrogen bond
donor capability, are tolerated (Fig. 2).

In this communication, we report the synthesis of these
scaffolds and explore the structure—activity relationship
requirements for these new scaffolds.

As shown in Scheme 1, the synthesis of the representative
compound 19 for the 3,4-dihydro-1H-[1]-benzothie-
no[2,3-c]pyran scaffold, started from 1-bromo-2-fluoro-
4-methyl-benzene 8, which upon nitration followed by
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Figure 1. Small molecule inhibitors of HCV NS5B polymerase.
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Figure 2. Scaffold substitution for pyrano[3,4-blindole.

/s

reduction afforded aniline 10. The amino group was con-
verted to the thiol 11 by diazotization followed by reac-
tion with potassium ethyl xanthate. Alkylation of the
thiol followed by deprotection gave the acetic acid deriv-
ative 12, which was converted to the acid chloride 13 and
subjected to Friedel-Crafts cyclization to give the 3-ben-
zothiophenone 14. Wittig reaction of the ketone and sub-
sequent reduction of the ester afforded the alcohol 16.
Treatment of the alcohol 16 with B-ketoester in the pres-
ence of Lewis acid gave the required tricyclic scaffold 17.
The aromatic bromo substituent was converted to cyano
under microwave condition and the ester was hydrolyzed
to give the racemic acid 18 of interest. Further separation
of the required enantiomer was accomplished by chiral
HPLC methods.°

The synthesis of 3,4-dihydro-1H-pyrano[3,4-b]benzofu-
ran analogs 7 was carried out in an analogous manner
following Scheme 1 where the thiol 11 was replaced with
the appropriately substituted phenol 20 (Scheme 2).
Although, the formation of benzofuran 21 by the cycli-
zation of intermediate phenoxy acetyl chloride proceed-
ed in sub-optimal yield (15-20%), subsequent steps
followed the same trend observed for the 3,4-dihydro-
1 H-[1]-benzothieno[2,3-c]pyran scaffold to give the final
tricyclic target 22.

Our initial efforts were focused on extrapolating the
SAR that we had observed in the case of pyrano[3,4-
blindole to 3,4-dihydro-1H-[1]-benzothieno[2,3-c]pyran
scaffold. To this end, we started our optimization with
the pyran ring of the molecule. As seen from Table 1,
with changing the alkyl group on the C-1 carbon from

Br Br Br
F a F. b F
NO, NH,
CH3 CH3 CHs
9

8 10
Br
Br - - Br
- . s
s
SH
CHj o)
s Kf CHs KKO
1 12 OH 13 Cl
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g F h F i
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14 15
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N\ . \ o T K
S s
CHs CHs
16 17
n hll
C
o)
F o] |
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Scheme 1. Reagents and conditions: (a) HNO3, H,SOy, 0 °C, 92%; (b)
SnCl,, EtOAc, 63%; (c) 1—NaNO,, H,O, HCI; 2—potassium ethyl
xanthate; 3-KOH, EtOH, 92%; (d) BrCH,CO,t-Bu, pyridine, 0 °C; (e)
TFA, CH,Cl,, 45% over two steps; (f) SOCl,, 90 °C; (g) AlCls,
chlorobenzene, 52% over two steps; (h) Ph;P=CHCO,Et, toluene,
120 °C, 39%; (i) LiALH4, THF, 0°C, 83%; (j) CH3(CH,),COCH,.
CO,Et, BF;-Et,0, CH,Cl,, 75%; (k) 1—CuCN, NMP, microwave,
220 °C, 15 min; 2—1 N NaOH, EtOH, THF, 61% over two steps; (1)
chiral prep HPLC.®

Cl cl o
m —_—
on &9 o
Cl Cl
20 21

Scheme 2. Reagents and conditions: (m) BrCH,CO,t-Bu, K,COs,
DMF, rt, 12 h.

methyl to ethyl to n-propyl 23-25, the polymerase inhi-
bition was dramatically improved. However, going to
longer n-butyl group 26 was not favorable indicating
that the n-propyl group is the ideal group for this region
of the molecule.

Moving to the aromatic substitutions, a simple unsubsti-
tuted aromatic system 27, even with the optimal substi-
tution of n-propyl in the C-1 position, was completely
devoid of any activity indicating the need for aromatic
substitutions for the polymerase activity. Addition of
groups like 6-fluoro and 8-methyl (e.g., 28) did not
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Table 1. HCV NS5B inhibitory activity of 3,4-dihydro-1H-[1]-benzo-
thieno[2,3-c]pyran derivatives

R4
R3 o §
A\ OH
s R
R2
" Compound R! R> R?® R* Stereo®  1Cso (uM)*®
23 Me Cl H d — 17.6
24 Et Cl H Cl — 1.9
25 n-Pr  Cl H d — 0.14
26 n-Bu  Cl H Cl — 0.75
27 n-Pr H H H — >20
28 n-Pr Me F H — >20
29 n-Pr Me H Br — 0.19
30 n-Pr Me H CN — 0.32
31 n-Pr Me H CN R 0.17
32 n-Pr Me H CN S 2.85
18 n-Pr Me F CN — 0.13
19 n-Pr Me F CN R 0.05
33 n-Pr Me F CN S 5.36

satisfy the requirements. However, a 5,8-disubstitution
pattern was found to be regaining substantial amount
of potency as in the case of bromo and cyano derivatives
29 and 30, respectively. A trisubstituted pattern was well
tolerated and showed a slight enhancement in potency.
As observed in the case of pyrano[3,4-b]indole analogs,
one of the enantiomers was more potent than the other
enantiomer as exemplified by the 2 pairs separated 31,
32 and 19, 33.7 It is probably the R enantiomer that
shows activity analogous to the pyrano[3,4-blindole
series.®

Now focusing on the second scaffold of interest, 3,4-
dihydro-1H-pyrano[3,4-b]benzofuran, we synthesized
the proof-of-concept analogs with 5,8-dichloro substitu-
ents in the aromatic region since that pattern showed
good enzyme potency with the 3,4-dihydro-1H-[1]-ben-
zothieno[2,3-c]pyran scaffold. It was interesting to see
that compound 22 (Table 2) was much less potent, when
compared to compound 25. However, the structure-ac-
tivity relationship observed for the C-1 alkyl substitu-
ents showed the same trend with n-propyl being better

Table 2. HCV NS5B inhibitory activity of 3,4-dihydro-1H-pyrano|[3,4-
blbenzofuran derivatives

4
R (o}
[o)
N\ OH
o R!
R2
" Compound R! R? R* ICso (uM)*?
34 n-Pr H H >20
35 Me Cl Cl >20
36 Et Cl Cl 16.3
22 n-Pr Cl Cl 1.49
37 n-Bu Cl Cl 4.46

than smaller ethyl 36 or methyl 35 analogs and the activ-
ity decreased with longer n-butyl 37 analog. The aromat-
ic substituents were deemed necessary irrespective of the
scaffold employed since compound 34 was inactive.

The most potent inhibitor 19 from this SAR study was
selected for further characterization. Compound 19
showed no inhibitory activity against a panel of human
polymerases®® including mitochondrial DNA polymer-
ase gamma, and other unrelated viral polymerases up
to 50 uM, demonstrating its specificity for the HCV
polymerase. It was found to be selective against helicase
(ICso = >75 uM) as well as HIV reverse transcriptase
(ICs59 = >100 pM). Compound 19 was not cytotoxic in
rapidly dividing and stationary Vero and Huh7 cells as
measured by a standard MTS metabolic assay
(ICso = >75 uM). Moreover, a single administration to
Huh?7 cells containing the HCV sub-genomic replicon
for 3 days resulted in a dose-dependent reduction of
the steady-state levels of viral RNA and protein
(ECsp = 3.2 uM for HCV RNA).

In conclusion, we have explored 3,4-dihydro-1H-[1]-
benzothieno[2,3-c]Jpyran  and  3,4-dihydro-1H-pyr-
ano[3,4-b]benzofuran derivatives as a novel class of
HCV NS5B RNA dependent RNA polymerase inhibi-
tors. The structure—activity requirement for this class
of inhibitors seems to track very well with the pyr-
ano[3,4-blindole series. While 3,4-dihydro-1H-[1]-benzo-
thieno[2,3-c]pyran scaffold displayed the same level of
potency as that of pyrano[3,4-blindoles, 3,4-dihydro-
1 H-pyrano[3,4-b]benzofurans were found to be much
less potent. This can probably be attributed to the elec-
tronics of the central rings rather than steric, since the
pyrrole and thiophene rings have a comparable degree
of aromaticity.!® Hence, 3,4-dihydro-1H-[1]-benzothie-
no[2,3-c]pyran scaffold presents itself as a novel chemo-
type specific for HCV polymerase with replicon activity
for further exploration.
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Abstract—Biphalin is a linear octapeptide with strong opioid activity. Its structure is based on two identical sequences derived from
enkephalins joined C-terminal to C-terminal by an hydrazide bridge (Tyr-D-Ala-Gly-Phe-NH-NH « Phe < Gly <+ D-Ala < Tyr).
In this study we present the design, synthesis, and biological evaluation of the first cyclic biphalin analogues. p-Alanine residues in
positions 2, 2" of the parent peptide were replaced by p- and L-cysteine and an intramolecular disulfide bond between the cysteine
thiol groups was introduced. We obtained two cyclic analogues with quite different biological profiles.

© 2005 Elsevier Ltd. All rights reserved.

Determining structure—activity relationships (SAR) for
peptides is a stepwise process. The first step may involve
many points: (a) replacement of one or more amino acid
residues in the primary sequence of native peptide; (b)
alanine and p-amino acid scans; (¢) truncation, deletion
and then evaluation of the biological effects of those
modifications, etc.! For small linear peptides with flexi-
ble conformations such as enkephalins and their potent
analogues such as biphalin, the design of conformation-
ally restricted analogues is not obvious. Such a family of
compounds forms more compact conformations inter-
acting with the receptor. In this case, the goal is to deter-
mine which residues, sequentially separated, may
approach each other as a result of the peptide-receptor
interaction. Once a hypothesis regarding this has been

Keywords: Biphalin; Cyclic peptides.
Abbreviations: *H-DAMGO, [p-Ala(2),N-Me-Phe(4),Gly-ol(5)]en-
kephalin; *H-DPDPE, [*H]-c[2-D-penicillamine,5-p-penicillamine]en-
kephalin; DCM, dichloromethane; DMF, N,N-dimethylformamide;
DMSO, dimethylsulfoxide; EDC, 1-ethyl-(3-dimethyl-aminopro-
pylcarbodiimide; GPI/LMMP, Guinea pig ileum/longitudinal muscle
myenteric plexus (p opioid receptors); GTP, guanosine triphosphate;
hMOR, human p-opioid receptor; HOBt, 1-hydroxybenzotriazole;
MVD, mouse vas deferens (J-opioid receptors); rDOR, rat §-opioid
receptor; TEA, triethylamine; TFA, trifluoroacetic acid.
* Corresponding author. Tel: +1 520 621 6332; fax: +1 520 621
8407; e-mail: hruby@u.arizona.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.080

made, the two involved residues can be replaced by
cysteine or penicillamine and then the oxidation of their
side chains will form a cyclic peptide with a disulfide
bond (Fig. 1).

Disulfide bonds are present in natural proteins and
peptides and represent a key structural element in mod-
ulating protein tertiary structure. Although many differ-
ent approaches to cyclization could be adopted, the
disulfide based approach was the preferred choice for
the present study.

In an effort to develop highly potent and selective li-
gands based on the endogenous opioid peptide enkeph-
alins (H-Tyr-Gly-Gly-Phe-Leu-OH and H-Tyr-Gly-Gly-
Phe-Met-OH),?* conformationally and topographically
constrained cyclic analogues of enkephalin such as ¢[D-
Pen?, p-Pen’] enkephalin (DPDPE) were previously de-
signed.? In this case, the Gly?> and Met> (or Leu®) resi-
dues were replaced by bp-penicillamine and a 14-
membered ring containing a disulfide bond was formed.
DPDPE was found to be highly potent and selective for

HC s s H

2

—N—C—CO---- peptide----CO—C—N—
H H H H

Figure 1. Disulfide cyclization.
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Figure 2. Enkephalin and DPDPE.

the 8-opioid receptor?® and to be completely stable to
proteolytic breakdown in vitro and in vivo? (Fig. 2).
However, although a variety of cyclic enkephalin ana-
logues® have been described, the cyclization approach
has not been applied so far to bivalent analogues such
as biphalin. Due to the entropic factors bound to the
presence of two pharmacophoric moieties in the mole-
cule, bivalent ligands are expected to exhibit biological
potency higher than that of the monomers. Thus, the
synthesis of ligands which combine the favourable prop-
erties of both cyclic and bivalent ligands appears to be a
promising approach.

Biphalin is a flexible, linear octapeptide (Tyr-D-Ala-
Gly-Phe-NH-NH « Phe « Gly «+ D-Ala < Tyr) which
binds to both p- and d-opioid receptors with an ICs
of about 1-5 nM and exhibits a potent nociceptive effect
and low side-effects, in particular to produce no depen-
dency on chronic use.* In the light of the above report-
ed data and considerations and taking into account the
interest of obtaining opioid peptides with very high
potency, we report here the design and synthesis of
two 22-membered cyclic analogues of biphalin. They
were obtained by closing a disulfide bridge between
two cysteine residues located in positions 2 and 2’ of
the backbone of biphalin as shown in Figure 3. Two dif-
ferent structures were obtained by replacing the p-Ala
residues of biphalin with two p-Cys or two Cys residues.
As a consequence of this design strategy, the p-Cys con-
taining cyclic models 8 and 10 maintain the original

N
/gk HO

Figure 3. Biphalin. Positions 2, 2’ are marked. p-Alanine residues were
substituted with D-cysteine or L-cysteine residues.

(0]

S\sxi DPDPE
o

HO

biphalin heterochiral structure (mixed L and D amino
acids), whereas the Cys containing isomers 7 and 9 pres-
ent the unusual homochiral L-sequence. However, these
new models, at variance with standard cyclopeptides,
present an inversion of the direction of the amide bonds
caused by the hydrazine bridge joining the two Phe res-
idues which behave as gem-diamines in the retro-inverso
peptide isomers. As a consequence of this structural fea-
ture, the two flanking backbone fragments, departing
from the NH-NH moiety of hydrazine, present the same
direction of the peptide bonds (Fig. 4).

Figure 4. Representation of the molecular structure of the final
products 9 and 10.
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The synthesis of the compounds was performed in solu-
tion following the N®-Boc strategy. Coupling reactions
were performed using the standard method of HOBt-
H,O/EDC/TEA in DMF.> The symmetric and linear
N”-Boc-protected peptides 5 and 6 were synthesized by
elongation of the amino acid sequence simultaneously
in both directions starting from the hydrazine group
(Scheme 1).

The acetamidomethyl (Acm) group was adopted since it
offers an orthogonal protection with the Boc group and
allows, at the same time, a one-pot deprotection-oxida-
tion reaction. Cyclization was obtained by dissolving the
pure N*-Boc, S-Acm-protected linear peptides 5 and 6
(100 mg) in 350 mL of DMSO/water/acetic acid (1:2:3).
I (51 mg) was added to the stirred solution at rt. After
3 h, ascorbic acid (60 mg) was added to quench the ex-

Boc-Phe

w

o

i

z
l

(o]

ZT

z
zT

cess iodine, and then the solvent was evaporated in high
vacuum. The orange oily residue was charged into a
semi-preparative HPLC column and the pure N*-Boc-
protected products were collected and lyophilized (yield
40% ca.).b

Deprotection of the fert-butyloxycarbonyl groups (Boc)
was performed by dissolving the products in a mixture
of TFA 50% in DCM for 30 min at rt, under nitrogen
atmosphere. The DCM and the TFA were removed under
vacuum. The resultant intermediate products were used in
the next step without further purification as TFA salts.

All the N*-Boc-protected intermediate products 1-8 were
purified by reverse-phase semi-preparative high-perfor-
mance liquid chromatography (HPLC), isolated and
characterized by mass spectra and NMR. The final prod-

Scheme 1. Reagents and conditions: (a) Boc-Phe-OH (2.2 equiv), EDC (2.2 equiv), HOBt'-H,O (2.2 equiv), TEA (3.2 equiv), NH, NH, (1 equiv),
DMF (20 mL), 30 min 0 °C, then 12 h rt; (b) TFA 50 % in DCM 30 min rt under N, atm, then Boc-Gly-OH (2.2 equiv), EDC (2.2 equiv), HOBt-H,O
(2.2 equiv), TEA (3.2 equiv), DMF (20 mL), 30 min 0 °C, then 12 h rt; (c) TFA 50% in DCM, 30 min rt under N, atm, then Boc-D-Cys(Acm)-OH
(2.2 equiv), EDC (2.2 equiv), HOBt-H,O (2.2 equiv), TEA (3.2 equiv), DMF (20 mL), 30 min 0 °C, then 12 h rt; (d) TFA 50% in DCM, 30 min rt
under N, atm, then Boc-Cys(Acm)-OH (2.2 equiv), EDC (2.2 equiv), HOBt-H,O (2.2 equiv), TEA (3.2 equiv), DMF (20 mL), 30 min 0 °C, then 12 h
rt; (e) TFA 50% in DCM, 30 min rt under N, atm, then Boc-Tyr-OH (2.2 equiv), EDC (2.2 equiv), HOBt-H,O (2.2 equiv), TEA (3.2 equiv), DMF

(20 mL), 30 min 0 °C, then 12 h rt (overall yield 50-60%).
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ucts 9 and 10 were purified as TFA salts by reverse-phase
HPLC using a semi-preparative Vydac (Cjs-bonded,
300 A) column and a gradient elution at a flow rate of
10 mL/min. The gradient used was 10-90% acetonitrile
in 0.1% aq TFA over 50 min. Approximately 20 mg of
crude peptide was injected each time, and the fractions
containing the purified peptide were collected and lyoph-
ilized to dryness. The purity, determined by NMR analy-
sis and by analytic reverse-phase HPLC, monitored at
220, 254, 280 and 350 nm, was found to be >98%.

In order to confirm the molecular structures, all NMR
spectra were acquired on a Bruker DRX-500 spectrom-
eter at 25 °C using a Nalorac triple-resonance single-axis
gradient 3-mm probe, processed with the Bruker soft-
ware XWINNMR. NMR analyses of the products were
performed in DMSO-ds at a peptide concentration of
2 mM ca. (for analytical data, sece Ref. 10).

Receptor binding affinities to the 8- and p-opioid recep-
tors were performed using cell membrane preparations
from transfected cells that stably express the respective
receptor type and were evaluated as previously de-
scribed.” The ligands used were [PH]DPDPE and
[PHIDAMGO for ¢ and p receptors, respectively.

We used [*°S]GTP-y-S binding to examine opioid agonist
efficacy, for functional characterization of the ligands at
the 0- and p-opioid receptors, which are members of the
seven transmembrane G-protein-coupled receptor super
family. Agonist efficacy can be determined at the level of
receptor G-protein interaction by measuring agonist-
stimulated binding with a non-hydrolysable GTP ana-
logue. The ability of p and 6 opioid agonists to activate
G-proteins has been demonstrated by studying the bind-
ing of the GTP analogue guanosine-5’-O-(3-[*>S]thio)tri-
phosphate ([*>S]GTP-y-S). The opioid receptor mediated
assay was performed as previously described.® Cells
expressing hDOR for & receptor (or rMOR for preceptor)
were incubated with increasing concentrations of the test
compounds in the presence of 0.1 nM [*>S]GTP-y-S
(1000-1500 Ci/mmol, MEN, Boston, MA) in assay buffer
(total volume of 1 mL, duplicate samples) as a measure of
agonist-mediated G-protein activation. After incubation
(90 min, 30 °C), the reaction was terminated by rapid fil-
tration under vacuum through Whatman GF/B glass fibre
filters, followed by four washes with ice-cold 15 mM Tris/
120 mM NaCl, pH 7.4. Filters were pretreated with assay
buffer prior to filtration to reduce non-specific binding.
Bound reactivity was measured by liquid scintillation
spectrophotometry after an overnight extraction with
EcoLite (ICN, Biomedicals, Costa Mesa, CA) scintilla-

tion cocktail. The data were analyzed using GraphPad
Prism Software (San Diego, CA).

The in vitro tissue bioassays (MVD and GPI/LMMP)
were performed as described previously.® ICs, values rep-
resent means of no less than four experiments. ICs, val-
ues, relative potency estimates and their associated
standard errors were determined by fitting the data to
the Hill equation by a computerized non-linear least-
squares method. All biological data are summarized in
Table 1.

In conclusion, we have synthesized the first examples of
cyclic analogues of biphalin. Cyclization of peptides is,
in fact, a useful approach to develop diagnostic and
therapeutic peptidic and peptidomimetic agents. The
new cyclic ligands show high in vitro bioactivity (Table
1). As expected, compound 10, containing p-Cys at the
positions 2 and 2’ in place of p-Ala residues of biphalin,
reveals binding affinity and bioactivity higher than those
of the product 9 built with Cys. Although the binding
value of isomer 10 is close to that of biphalin, the
GTP binding and E,,,, are surprisingly high. In particu-
lar, compound 10 shows a capacity to activate the trans-
duction to the & receptor (Epnax = 100%) higher than that
to the p receptor (Epax = 47%).

This is in contrast with its binding values which are very
similar for both the receptors. The analysis of the data
indicates that biphalin and compound 9 are partial ago-
nists at both p and & receptors. Compound 10 is a full
agonist at the d receptor and a partial agonist at the p
receptor. Its ability to partially stimulate the p-opioid
receptor is also appreciable by taking into account the
fact that the high biphalin analgesic activity seems to
be related to its ability to bind both 6- and p-opioid
receptors.* Furthermore, although a certain degree of
selectivity is observed for both the isomers 9 and 10, this
is certainly low as already found in the case of biphalin.

In summary, the in vitro studies reported here are cer-
tainly promising. However, the evaluation of the thera-
peutic interest bound to compound 10 high ability to
activate the transduction mechanism requires further
in vivo studies.
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Table 1. Binding affinity, GTP binding assay, E.x % (net total bound/basal binding x 100), and in vitro activity

Drugs Binding I1Csy* (nM) GTP binding ICs5y™° (nM) Bioassay 1Csy" (nM)
s 0 P Enax (%) 1 Epax (%)  MVD GPI/LMMP
Biphalin 2.6+0.4° 1.4+0.2° 25105 27+£3.5 6+0.2 25+4.7 27 £1.5° 8.8 £0.3°
9 53+10.5 130 =230 260 % 100 5818 120 £ 34 57+22 570 £ 130 420 + 48
10 0.87 0.1 0.60 + 0.2 0.87+0.3 100 £ 2.3 0.2£0.1 47+ 5.7 99+13 25+179
#+SEM.

® Reference compound: cold [*>S]GTP-v-S.
¢ Data according to Ref. 9.
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NMR and MS data: Boc-Phe-NH-NH — Phe-Boc (1): 'H
NMR o6: 1.27 (18H, s, Boc), 2.76-3.05 (4H, m, Phe BCH,),
4.26 (2H, m, Phe aCH), 6.95 (2H, d, Phe NH), 7.19-7.38
(10H, m, Ar), 10.15 (2H, s, NH-NH). FAB-MS m/e 527.1
(M"). Boc-Gly-Phe-NH-NH « Phe — Gly-Boc (2): 'H

NMR o: 1.40 (18H, s, Boc), 2.80-3.05 (4H, m, Phe
BCH,), 3.44-3.59 (4H, m, Gly aCH,), 4.61 (2H, m, Phe
aCH), 6.86 (2H, m, Gly NH), 7.18-7.27 (10H, m, Ar), 8.03
(2H, d, Phe NH), 10.18 (2H, s, NH-NH). FAB-MS m/e
641.0 (M™). Boc-Cys(Acm)-Gly-Phe-NH-NH « Phe « -
Gly «— Cys(Acm)-Boc (4): '"H NMR &: 1.40 (18H, s, Boc),
1.85 (6H, s, CH3-CO), 2.65 and 2.88 (4H, m, Cys BCH»),
2.75 and 3.08 (4H, m, Phe BCH;), 3.65-3.78 (4H, m, Gly
aCH,), 4.18-4.28 (6H, m, Acm CH, and Cys aCH), 4.60
(2H, m, Phe aCH), 6.96 (2H, d, Cys NH) 7.18-7.31 (10H,
m, Ar), 7.95 (2H, m, Gly NH), 8.16 (2H, d, Phe NH), 8.45
(2H, m, Acm NH), 10.18 (2H, s, NH-NH). FAB-MS mi/e
989.0 (M%). Boc-Tyr-Cys(Acm)-Gly-Phe-NH-NH «—
Phe < Gly — Cys(Acm) — Tyr- Boc (6): 'H NMR &
1.30 (18H, s, Boc), 1.82 (6H, s, CH3;CO), 2.63 and 2.89
(4H, m, Tyr BCH,), 2.74 and 2.90 (4H, m, Cys BCH,),
2.81-3.05 (4H, m, Phe BCH,), 3.65-3.80 (4H, m, Gly
oCH,), 4.12 (4H, m, Acm CH,), 4.15 (2H, m, Tyr aCH),
4.51 (2H, m, Cys aCH), 4.62 (2H, m, Phe aCH), 6.62 and
7.05 (8H, dd, Tyr aromatic), 6.82 (2H, m, Tyr NH), 7.15—
7.32 (10H, m, Ar), 8.07-8.12 (4H, m, Gly NH and Cys
NH), 8.20 (2H, d, Phe NH), 8.46 (2H, m, Acm NH), 9.12
(2H, br, Tyr OH), 10.22 (2H, s, NH-NH). FAB-MS m/e
13150 (M"). Boc-Tyr-Cys(Acm)-Gly-Phe-NH-NH —
Phe « Gly «— Cys(Acm) «— Tyr- Boc (6): '"H NMR &
1.30 (18H, s, Boc), 1.82 (6H, s, CH5CO), 2.63 and 2.89
(4H, m, Tyr BCH,), 2.74 and 2.90 (4H, m, Cys BCH,),
2.81-3.05 (4H, m, Phe BCH,), 3.65-3.80 (4H, m, Gly
aCH,), 4.12 (4H, m, Acm CH;), 4.15 (2H, m, Tyr aCH),
4.51 (2H, m, Cys aCH), 4.62 (2H, m, Phe «CH), 6.62 and
7.05 (8H, dd, Tyr aromatic), 6.82 (2H, m, Tyr NH), 7.15—
7.32 (10H, m, Ar), 8.07-8.12 (4H, m, Gly NH and Cys
NH), 8.20 (2H, d, Phe NH), 8.46 (2H, m, Acm NH), 9.12
(2H, br, Tyr OH), 10.22 (2H, s, NH-NH). FAB-MS m/e
1315.0 (M™). Boc-Tyr-c[Cys-Gly-Phe-NH-NH «— Phe « -
Gly « Cys] «— Tyr-Boc (7): '"H NMRG4: 1.32 (18H, s, Boc),
2.60 and 2.85 (4H, m, Tyr BCH,), 2.78 and 3.10 (4H, m,
Cys BCH,), 2.86-3.08 (4H, m, Phe BCH,), 3.55-3.70 (4H,
m, Gly aCH,), 4.15 (2H, m, Tyr aCH), 4.55 (4H, m, Phe
oCH and Cys aCH), 6.62 and 7.05 (8H, dd, Tyr aromatic),
6.76 2H, m, Tyr NH), 7.18-7.32 (10H, m, Ar), 8.07 (2H,
d, Phe NH), 8.15 (2H, d, Cys NH), 8.25 (2H, br, Gly NH),
9.15 (2H, br, Tyr OH), 10.18 (2H, s, NH-NH). FAB-MS
mle 1193.3 (M* Na). TFA~Tyr-c|;Cys—G1y-Phe-NH-
NH « Phe-Gly] «+ Cys-Tyr-'TFA (9): 'H NMR o: 1.78
and 3.15 (4H, m, Cys BCH,), 2.80 and 3.05 (4H, m, Tyr
BCH,), 2.83 and 3.05 (4H, m, Phe BCH,), 3.50 and 3.81
(4H, m, Gly aCH,), 3.98 (2H, br, Tyr aCH), 4.55 (4H, m,
Phe aCH and Cys aCH), 6.62 and 7.05 (8H, dd, Tyr
aromatic), 7.18-7.32 (10H, m, Ar), 8.03 (2H, br, Tyr NH),
8.05 (2H, d, Phe NH), 8.40 (2H, m, Gly NH), 8.83 (2H, d,
Cys NH), 9.35 (2H, s, Tyr OH), 10.10 (2H, s, NH-NH).
FAB-HRMS m/e 971.3472 (M™). Boc-D-Cys(Acm)-Gly-
Phe-NH-NH «— Phe — Gly « D-Cys(Acm)-Boc (3): 'H
NMR ¢: 1.35 (18H, s, Boc), 1.85 (6H, s, CH;CO), 2.64
and 2.88 (4H, m, Cys BCH,), 2.80 and 3.08 (4H, m, Phe
BCH,), 3.60-3.88 (4H, m, Gly aCH,), 4.12-4.28 (6H, m,
Acm CH; and Cys aCH), 4.62 (2H, m, Phe aCH), 6.98
(2H, d, Cys NH) 7.19-7.30 (10H, m, Ar), 7.93 (2H, m, Gly
NH), 8.20 (2H, d, Phe NH), 8.48 (2H, m, Acm NH), 10.22
(2H, s, NH-NH). FAB-MS m/e 988.9 (M™"). Boc-Tyr-D-
Cys(Acm)-Gly-Phe-NH-NH « Phe «— Gly « D-Cys-
(Acm) — Tyr-Boc (5): 'H NMR 4: 0.30 (18H, s, Boc), 1.82
(6H, s, CH5CO), 2.63 and 2.89 (4H, m, Tyr BCH,), 2.69
and 2.89 (4H, m, Cys B CH,), 2.81-3.06 (4H, m, Phe
BCH,), 3.62-3.82 (4H, m, Gly aCH,), 4.16-4.28 (6H, m,
Acm CH,; and Tyr aCH), 4.55 (2H, m, Cys aCH), 4.62
(2H, m, Phe aCH), 6.63 and 7.05 (8H, dd, Tyr aromatic),
6.80 2H, m, Tyr NH), 7.15-7.32 (10H, m, Ar), 8.07 (2H,
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m, Gly NH), 8.22 (4H, m, Phe NH and Cys NH), 8.48
(2H, m, Acm NH), 9.12 (2H, br, Tyr Tyr OH), 10.22 (2H,
s, NH-NH). FAB-MS mi/e 1314.9 (M™). Boc-Tyr-c[D-Cys-
Gly-Phe-NH-NH « Phe-Gly « D-Cys] «+ Tyr-Boc  (8)
'"H NMR &: 0.28 (18H, s, Boc), 2.65 and 2.89 (4H, m,
Tyr BCH,), 2.81-3.04 (4H, m, Cys BCH,), 2.87 and 3.14
(4H, m, Phe SCH,), 3.35 and 3.88 (4H, m, Gly aCH,),
4.12 2H, m, Tyr aCH), 4.58 (4H, m, Cys oCH and Phe
aCH), 6.62 and7.05 (8H, dd, Tyr aromatic), 6.80 (2H, m,
Tyr NH), 7.15-7.30 (10H, m, Ar), 7.81 (2H, d, Phe NH),
8.32 (2H, d, Cys NH), 8.46 (2H, br, Gly NH), 9.15 (2H, br,

Tyr OH), 10.05 (2H, s, NH-NH). FAB-MS m/e 1170.8
(M™). TFA Tyr-c[D-Cys-Gly-Phe-NH-NH « Phe «
Gly « D-Cys] — TyrcdotTFA (10): 'H NMR §: 1.79
and 3.15 (4H, m, Cys BCH,), 2.80 and 3.05 (4H, m, Tyr
BCH,), 2.85 and 3.05 (4H, m, Phe BCH,), 3.55 and 4.05
(4H, m, Gly o CH>»), 3.95 2H, m, Tyr aCH), 4.60 (2H, m,
Phe aCH), 4.68 (2H, m, Cys aCH), 6.65 and 7.08 (8H, dd,
Tyr aromatic), 7.18-7.30 (10H, m, Ar), 7.90 (2H, d, Phe
NH), 7.97 (2H, br, Tyr NH), 8.68 (2H, br, Gly NH), 8.94
(2H, d, Cys NH), 9.34 (2H, s, Tyr OH), 10.15 (2H, s, NH-
NH). FAB-HRMS m/e 971.3471 (M™).
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Abstract—The synthesis and biological evaluation of a novel family of M; muscarinic antagonists are described. A systematic mod-
ification of the substituents to a novel alkyne-quinuclidine scaffold yielded original compounds displaying potent in vitro anticho-

linergic properties.
© 2005 Elsevier Ltd. All rights reserved.

Antimuscarinic agents are the most widely used therapy
for overactive bladder (OAB)'3 despite exerting some
adverse effects like dry mouth, blurred vision, and
constipation.*?

Although M,-muscarinic receptors (M,-R) are predom-
inant in the urinary bladder, it appears that the popula-
tion of Mj-receptors (M3-R) is of great importance for
mediating direct contraction of the detrusor muscle.
Thus, M3-R antagonism represents the most clinically
effective treatment of overactive bladder related disor-
ders. Various anticholinergic agents (Fig. 1) have al-
ready proven to be effective in patients suffering from
OAB. Nevertheless, due to the side-effect profile dis-
played by these molecules, there is still a need to develop
new safer anti-muscarinic agents for the treatment of
OAB.

As part of our continuous efforts to identify potent
antimuscarinic molecules displaying a good safety pro-
file,® we wish to report preliminary results on a novel
quinuclidine containing series.” Quinuclidine containing
derivatives such as Solifenacin (Fig. 1) have already

Keywords: Muscarinic receptor(s); Bladder; Urinary incontinence;

Quinuclidine; Muscarinic antagonist(s); Overactive bladder.

* Corresponding author. Tel.: +32 2 386 2608; fax: +32 2 386 3133;
e-mail: michel.guyaux@ucb-group.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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been reported to show interesting pharmacological
anti-muscarinic properties.®

The compounds were synthesized by means of standard
procedures as outlined in Scheme 1.

HO

Darifenacin

Figure 1. Selected anti-muscarinic agents.
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Scheme 1. Reagents and conditions: (a) Li Acetylide.ed cpx, THF; (b)
BH,.THF, THF, —10°C; (c) NaH, NBu,I, Mel, THF, rt; (d) 5M

HCI, acetone/Et,0, rt; (e) BuLi, ketone, THF, —78 °C to rt; (f) 2 equiv
BulLi, ketone, THF, —78 °C to rt.

Briefly, a mixture of 3-quinuclidinone (free base) and
lithium acetylide (ethylenediamine complex) in THF
yielded the acetylenic quinuclidinol I. The diol deriva-
tives II were obtained by the coupling of I with the cor-
responding ketones at low temperature. The synthesis
of III was accomplished via the protection of I as an
amino-borane complex, determinant for the following
methylation step.” Thus, methylation of the hydroxyl
group of I using classical conditions (NaH, TBAI cata-
lytic, and Mel) only occurred after protection of the
nitrogen via the formation of this borane complex.
Addition of methyl iodide to the unprotected molecule
resulted in the exclusive formation of the corresponding
ammonium salt. The deprotection of the borane com-
plex in a mixture of 5 N HCl/acetone was followed by
the deprotonation of the alkyne using BuLi at low tem-
perature. The resulting alkynelide III was then reacted
with the appropriate ketone!? yielding compounds IV
which were isolated as mixtures of diastereomers or
as optically pure products.

Methoxylation of the quinuclidine moiety, as shown in
IV, turned out to be of crucial importance. As a repre-
sentative example, IV (R'/R? = Ph/cyclohexyl (2) in
Table 1) showed almost a 60-fold increase in affinity
for the M3-R (K;: 0.2 nM) and the M,-R (Kj: 2.0 nM)
when compared to the corresponding diol analogue II
(K; M5-R = 13 nM, K; M»-R = 100 nM).

Taking advantage of the presence of methoxy group in
IV, various chemical modulations were performed to
better characterize the hydrophobic part (R', R?) of
the molecule (Table 1). The introduction of non-aromat-
ic groups in various anti-muscarinic series has been
reported to be well tolerated.!"!? Similarly, compounds
(2) and (3), respectively, bearing a cyclohexyl and a
cyclopentyl moiety had similar affinity to (1). Substitu-
tion of a single aryl moiety by a cyclobutyl (4) or short
linear alkyl groups such as n-pentyl (5) or n-butyl (6)
resulted in a slight decrease in affinity for the M2 mus-
carinic receptor subtype.

The introduction of a benzyl group at the R? position (7)
or the replacement of both phenyl groups by benzyl
moieties (8) induced a 100- to 1000-fold decrease in
affinity. Along the same lines, while substitution of the
para position of both aromatic rings by fluorine (9)

Table 1. Affinity for human M3-R and M,-R for IV analogues

Compound R! R? Binding
affinity (Kj)
M; M,
1" Ph Ph 0.13 0.79
2" Ph ¢-Hexyl 0.20 2.0
3 Ph c-Pentyl 0.25 3.2
4 Ph c-Butyl 1.0 13
5 Ph n-Pentyl 2.5 40
6 Ph n-Butyl 0.63 25
7 Ph Bn 40 251
8 Bn Bn 631 3161
9" 4-F-Ph 4-F-Ph 1.0 20
10° 4-Cl-Ph 4-Cl-Ph 79 126
1 4-Me-Ph 4-Me-Ph 100 501
12° 3-F-Ph 3-F-Ph 0.79 5.0
13" 3-Me-Ph 3-Me-Ph 7.9 50
147 3-CF5-Ph 3-CF5-Ph 1000 #
15" 100 631
16" 2-Thienyl 2-Thienyl 0.05 0.20
17" 3-Thienyl 3-Thienyl 0.08 0.40
18 Ph 4-Piperidyl # #
19 2-Pyridyl c-Pentyl 4.0 50
20 2-Pyridyl c-Butyl 20 316
21 Ph 2-Pyridyl 10 79
22 Ph 3-Pyridyl 0.40 1.3
23 Ph 4-Pyridyl 1.3 5.0
24" 3-Pyridyl 3-Pyridyl 50 100
25" 2-Pyridyl 2-Pyridyl # #
26 Ph 6-F-3-pyridyl 0.32 4.0
27 Ph 2-F-3-pyridyl 0.79 32
28 Ph 3-Pyridazinyl 7.9 40
29 Ph 5-Pyrimidinyl 1.0 2.0
Tolterodine'? 3.2 4.0
Oxybutynin'* 1.3 16
Darifenacin'? 1.3 50

Results are expressed as K; (nM) or # (when <50% inhibition of
radioligand specific binding by 10 pM of compounds). The compounds
have been tested as optically pure R isomers™ or as a mixture of dia-
stereomers bearing the S/R, R/R configurations.

was tolerated, introduction of bulkier groups, such as
chlorine (10) and methyl (11), induced a decrease in
affinity. The same observation was made when the meta
position of the aromatic rings was considered. Thus,
fluorine (12) substitution was far better tolerated than
methyl (13) or trifluoromethyl (14) replacements. Fur-
thermore, rigidification of the hydrophobic part (R,
R?) of the molecule, as exemplified by the suberenyl ana-
logue (15), caused almost a 1000-fold decrease in
affinity. These results suggest that strong binding to
the muscarinic receptors requires the molecules to have
their hydrophobic groups in orthogonal orientations.

As seen with compounds (16) and (17), the 2-thienyl or
3-thienyl moiety could successfully be used as a phenyl
bioisostere. On the contrary, replacement of one aro-
matic group by basic moieties such as 4-piperidyl (18)
led to a total loss of affinity.

The 2-pyridyl derivatives (19, 20, and 21) displayed a
30- to 100-fold decreased muscarinic affinity when
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compared to their corresponding cycloalkyl (5, 6) and
phenyl analogues (1). Interestingly, compounds bearing
a 3-pyridyl (22) or a 4-pyridyl (23) moiety as potential
phenyl isosteres were highly active on both subtypes of
muscarinic receptors. However, the bis-pyridyl deriva-
tives (24, 25) were less potent. Similar to what was ob-
served with the phenyl analogues, fluorination at the
para position (26) or the ortho (27) position of the 3-pyr-
idyl moeity is well tolerated. Among the various nitro-
gen containing heterocycles that have been investigated
(pyridyl, 21-23 and 26-27; pyridazinyl, 28; pyrimidinyl,
29), those bearing the Ph/3-pyridyl moieties in R'/R?
showed the highest affinity for the M3-R and M»-R. It
should be noted that compound 22 (R'/R? = Ph/3-pyr-
idyl) has almost the same affinity as the one displayed
by 1, highlighting the fact that the nitrogen located at
the meta position of the pyridyl ring does not affect
the affinity for either muscarinic receptor subtype.

In order to characterize the biologically active isomers,
enantiomerically pure compounds were prepared!® and
their absolute configuration was established via X-ray
crystallography.

As shown in Table 2, the (R)-enantiomer 1a displayed a
greater affinity than that of the corresponding (S)-iso-
mer 1b. The same trend was observed when testing the
diastereomers 2a/2b (R'/R* = Ph/cyclohexyl). Thus, the
molecules bearing the (R,R) configuration exhibited
affinity for muscarinic receptors higher than those in
the (S,R) configuration. These data are in line with those
reported for other structurally close muscarinic antago-
nists described in the literature (e.g., trihexylphenidyl,
oxybutynin, and p-fluoro-HHSID).'®

The anti-muscarinic potency of several representative
molecules was next evaluated in isolated guinea-pig
bladder (M3-R) and atria (M,-R) (Table 3).

All these compounds behaved as competitive antago-
nists of the carbachol-induced response. Their pA,
values were consistently similar in both organs confirm-
ing the compounds were non-selective M3-R and M,-R
antagonists. The pA, values as well as the pK; values
of the most potent compounds were superior to those
documented for darifenacin, tolterodine, and oxybuty-
nin, indicating that these compounds are very potent

Table 2. In vitro M3/M, binding affinity of optically pure compounds

HO 30Me
Rl<\1{ww
R2 N
Compound R!/R? Configuration Binding
(Ki, nM)

M; M,
1a Ph/Ph (3R) 0.13 0.79
1b Ph/Ph (395) 63 251
2a Ph/c-hexyl (1R3R) 0.20 2.0
2b Ph/c-hexyl (1S,3R) 3.2 20

Table 3. Functional antagonism in isolated organs

Compound R!/R?

Guinea pig (pA,)
Bladder (M,) Atria (M3)

1 Ph/Ph 9.3 9.1

2 Ph/c-hexyl 9.1 8.8

4 Ph/c-butyl 8.5 8.0
16 2-Thienyl/2-thienyl 9.3 8.6
21 Ph/2-pyridyl 7.5 7.5
22 Ph/3-pyridyl 9.1 8.9
23 Ph/4-pyridyl 8.2 8.4
27 Ph/2-F-3-pyridyl 8.7 8.6
Tolterodine'” 7.8 7.7
Oxybutynin'® 7.4 7.1
Darifenacin'* 7.8 7.3

Values are means of at least three experiments. Antagonism was
measured by the ability of compounds to shift to the right (pA,)" the
concentration-response curve to carbachol on isolated guinea-pig uri-
nary bladder and left atria.!>

M;-R antagonists and bladder anticontractile agent
in vitro.

During evaluation of the aqueous chemical stability of
this novel series, we demonstrated that compounds bear-
ing two aromatic rings (e.g., 1) or two thienyl groups
(e.g., 16) were unstable at acidic pH while remaining sta-
ble at neutral pH. We succeeded in isolating and charac-
terizing the rearrangement product of 1 under acidic
conditions as being the corresponding o,p-unsaturated
ketone, formed via a classical Meyer—Schuster reaction
(Fig. 3).2!

On the contrary, the 2-pyridyl compound 21 was shown
to be stable at pH 1, whereas it was surprisingly unstable
at pH 7.4. Interestingly, the 3-pyridyl (22) and the 4-
pyridyl (23) derivatives were stable under acidic as well
as neutral conditions.

Furthermore, as illustrated in Figure 4, within that series
of molecules, a positive correlation between in vitro met-
abolic clearance (human liver microsomes) and lipophil-
icity (Kj,y) has been established.

On scaffold IV (Scheme 1) R'=indicated groups,
R?*=Ph. Exception: when R?=2-thiophen then
R! = 2-thiophen. Parent drug consumption was mea-
sured following incubation (up to 90 min) of test com-
pounds (0.25 uM) with NADPH-fortified human liver
microsomes (0.1 mg/ml). Metabolic clearance (Clint)
was calculated with the following equation:
Clint = dose/AUC.?> LogK},,, Was measured using ace-
tonitrile/phosphate buffer mobile phase.?

Overall, there was a trend toward improving the meta-
bolic clearance profile when a less hydrophobic group

HO OMe o) OMe
Ph<\—:wu H,0* Ph 73\‘”
Ph N Ph N

Figure 3. Rearrangement of 1 under acidic conditions.
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Figure 4. Correlation between metabolic clearance and lipophilicity.

(e.g., pyridyl moieties) was introduced into the core
structure of IV. Thus, the 2-pyridyl (LogKj,,; = 1.87),
3-pyridyl (LogKi.y = 1.40), and 4-pyridyl (Log
Kiam = 1.41) derivatives were less rapidly metabolized
than the corresponding Ph/Ph  analogue 1

(LogK),p = 2.17).

We also investigated in vitro (human microsomes) the
capacity of the compounds to inhibit marker activities
for CYP3A4 and CYP2D6 (Table 4).

It is known that oxybutynin® is metabolized by
CYP3A4, and tolterodine and darifenacin also by
CYP2D6%%?7 and are inhibitors of CYP 3A4 or/and
CY2D6 isoenzymes in vitro.?>?° The 2- and 3-pyridyl
derivatives (21, 22, and 24) exhibited poor to moderate
inhibition of CYP3A4 and CYP2D6 activities contrarily
to the Ph/cyclohexyl (2) and the Ph/4-pyridyl analogues
(23) which inhibit CYP2D6 activity.

Moreover, representative compounds 1, 2, 6, 16, 21, 22,
and 23 did not compete (results not shown) with ligands,
selective for adenosine A, A,, adrenergic o, o, and B,
serotoninergic 5-HT;_7, dopaminergic Dy, D», and hista-
minergic H;, H,, and Hj receptors at 10 uM. This preli-
minary counterscreen suggests that these compounds
might possess high selectivity for muscarinic receptors.

Taken together, these results emphasize that the 3-pyr-
idyl compound 22 was the most interesting. This
molecule is chemically stable, has high affinity for the
M3-R and M2-R and is less metabolized, and has a bet-

Table 4. CYP interaction studies

Compound RYR? CYP enzyme
3A4 2D6
2 Ph/c-hexyl 74% 28%
21 Ph/2-pyridyl 6% 8%
22 Ph/3-pyridyl 41% 6%
23 Ph/4-pyridyl 58% 71%
24 Bis(3-pyridyl) 18% 4%

Specific substrates were incubated with NADPH-fortified human liver
microsomes in the presence of 50 uM of the test compound. Results are
expressed as percentage inhibition of midazolam 1’-hydroxylation
(CYP3A4) and of dextromethorphan O-demethylation (CYP2D6).%*

Table 5. In vitro properties of diastereomers 23a and 23b

Compounds K; (nM)? pA,° CYP enzyme®
M;, M, Bladder  3A4  2D6

22a (1R,3R) 0.25 0.79 9.1 51% 2%

22b (1S,3R) 13 50 7.4 18% 4%

#Results are expressed as K; (nM).

®pA, (Antagonism of carbachol induced guinea-pig bladder
contraction'?).

¢Percentage of inhibition of midazolam 1’-hydroxylation (CYP3A4)
and of dextromethorphan O-demethylation (CYP2D6) as measured
using NADPH-fortified human liver microsomes® in the presence of
50 uM of the test compound.

ter in vitro CYP interaction profile than other com-
pounds within this series.

Chiral chromatography separation of this compound led
to the two optically pure diastereomers 22a (R/R) and
22b (S/R). As shown in Table 5, 22a did not affect
CYP2D6 activity (<5%), displaying slightly less favor-
able profile toward CYP3A4 inhibition than 22b but
was almost ~50-fold more potent than 22b in terms of
M;-R affinity and bladder anticontractile potency
in vitro.

In conclusion, these studies describe the structure—
activity relationships regarding the affinity for the Mjs-
R and M,-R of a new alkyne-quinuclidine scaffold.
The core structure of the most active compounds bears
functional groups (hydrogen-acceptor site, basic nitro-
gen, and two lipophilic moieties) similar to those found
in other muscarinic M3-R antagonists. The methoxy
group attached to the quinuclidine moeity constitutes
an additional and original interaction point with the
muscarinic receptor. Chemical modulations around this
scaffold gave compounds displaying higher affinities for
M;3;-R and M,-R as well as more potent in vitro antago-
nism in isolated tissues than the known reference drugs.
Lead optimization involving the introduction of nitro-
gen heteroatoms in the lipophilic part of the scaffold
led to compounds with lower lipophilicity, less metabo-
lism, advantageous drug interaction profiles whilst at the
same time solving the problem of aqueous chemical
instability.
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Abstract—A novel class of N-(4-{[4-(1 H-benzoimidazol-2-yl)-arylamino]-methyl}-phenyl)-benzamides are described as inhibitors of
the endo-B-glucuronidase heparanase. Among them are N-(4-{[4-(1 H-benzoimidazol-2-yl)-phenylamino]-methyl}-phenyl)-3-bromo-
4-methoxy-benzamide (15h), and N-(4-{[5-(1 H-benzoimidazol-2-yl)-pyridin-2-ylamino]-methyl}- phenyl)-3-bromo-4-methoxy-benz-
amide (23) which displayed good heparanase inhibitory activity (ICso 0.23-0.29 uM), with the latter showing oral exposure in mice.

© 2005 Elsevier Ltd. All rights reserved.

Heparanase, an endo-B-p-glucuronidase that degrades
heparan sulfate glycosaminoglycans in the extracellular
matrix (ECM) and the basement membrane, is involved
in tumor cell invasion, angiogenesis, and other physiolog-
ical and pathological processes.! Experimental tumor cell
metastasis in an animal model is reduced by treatment
with heparanase inhibitors.> Different from the large
number of proteases known to disassemble the ECM,3
there is only one heparanase cDNA sequence coding func-
tional enzyme identified to date.'®° These findings indi-
cated heparanase as a major enzyme that degrades
heparan sulfate glycosaminoglycans in mammalian tis-
sues,'™* and made heparanase a promising target for
the development of antitumor agents, especially antimet-
astatic agents. Most of the heparanase inhibitors known
are sulfated oligosaccharide derivatives that resemble
the substrate heparan sulfate glycosaminoglycans.?>
The most advanced of them is PI-88, a highly sulfated
pentasaccharide (1, Scheme 1), which is currently in Phase
II clinical trials.? As a heparan sulfate analogue, PI-88 has
heterogeneous structure and multiple mechanisms of

Keywords: Heparanase inhibitor; Benzimidazole.
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action. Laminarin sulfate and synthetic phosphorothio-
ate oligodeoxynucleotides,® suramin and its analogs,’
benzoic acid analogs,® sulfated iminosugars,’ azapseud-
odisaccharides,'® and natural products such as trachyspic
acid and its derivatives'! also inhibit heparanase with
good to modest potency.

Recently, small molecules such as 2,3-dihydro-1,3-
dioxo-1H-isoindole-5-carboxylic acids (2)!?> and ben-
zoxazol-5-yl acetic acids (3)'® have been reported to be
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potent heparanase inhibitors. The best compounds from
these series have ICsos (compound concentrations that
cause 50% inhibition of the enzyme activity) of around
200 nM. These reports prompted us to reveal in this
and the following letter our effort aimed at the identifi-
cation of ‘proof-of-concept’ small molecule heparanase
inhibitors with efficacy in animal models.

From the hits identified by high throughput screening, 4
(Scheme 2) was selected as the structure—activity relation-
ship (SAR) template mainly based on synthetic feasibility.
Early SAR investigation demonstrated that a 1,3-disposi-
tion of the benzamide moiety and the pendant benzimid-
azole ring system in 4 resulted in reduced inhibiting
activity. Furthermore, the central phenyl ring in 4 toler-
ates little change in terms of substitution. Hence, more de-
tailed SAR strategies were devised (5, Scheme 2) focusing
on: (a) modifications of the aromatic ring A and ring B
mainly through substitution changes; and (b) modifica-
tion of the amide linkage. In most cases, the 1,4-substitut-
ed central phenyl ring was kept intact.

In order to examine the effect of modification of ring A
on heparanase inhibitory activity, a typical procedure
was developed for the preparation of the N-[4-(1 H-ben-
zoimidazol-2-yl)-phenyl]-amides 10 (Scheme 3). Heat-
ing the phenyl diamine 6 with 4-amino-benzoic acid 7
in polyphosphoric acid at 220°C for 4h afforded
4-(1 H-benzoimidazol-2-yl)-phenylamine 8 in 55% yield.
In the second step, 8 was allowed to react with a
substituted benzoyl chloride in pyridine at 80 °C over-
night to produce 10,'* which was tested for heparanase
inhibitory activity in a radio-labeled enzymatic assay'®
(Table 1).

Early SAR investigation on ring A indicated that a 3,4-di-
substitution pattern on ring A of 10 seemed to be pre-
ferred for heparanase inhibiting activity. Furthermore,

Ring B Ring A
modification modification

CrpeoR©" | 1 T

4

s Amide Displacemet

Scheme 2.

polyphosporic acid
220°C
6 (55%) 0

C| pyridine, 80 °C
9
3
(@)

N 4

Y NH
L0

H 10

Scheme 3.

Table 1. In vitro inhibition of heparanase activity of 10a-h

Compound Ring A Heparanase
inhibition I1Csy (uM)*

10a 3-Fluoro-4-methoxy >15

10b 3-Chloro-4-methoxy >15

10c 3-Bromo-4-methoxy 4.0

10d 3-Bromo-4-ethoxy 1.2

10e 3-Bromo-4-n-propoxy 2.2

10f 11

10g 3-(3'-Pyridyl)-4-methoxy 5.7

10h 3-(1H-Indazol-5-yl)-4-methoxy 6.1

# Average of three experiments with SD < 15%.

the more preferred substituents for ring A are 3-bro-
mine-4-alkoxy. When the 3-bromine in 10c was replaced
with either fluorine (10a) or chlorine (10b), the activity
against heparanase decreased dramatically. On the other
hand, the 4-alkoxy moiety of ring A tolerates more
changes, with the 4-methoxy (10c), 4-propoxy (10e)
giving comparable results, and the 4-ethoxy (10d) a slight-
ly better ICso of 1.2 uM. This result indicated potential
room for extension to the right-hand side of the molecule.
We also found that the 3-bromine of compound 10¢ could
be replaced with certain heteroaryl moieties via Suzuki
coupling with boronic acids (10f-h), and the activity
against heparanase was partially retained.

The results in Table 1 led to the selection of 10d as a tem-
plate for further optimization of ring B (Table 2). A con-
vergent synthesis of compounds 14 was developed to
allow modification of ring B in the last step of the synthe-
sis (Scheme 4). First, 4-aminobenzyl alcohol 11 was
reacted with 3-bromo-4-ethoxy-benzoyl chloride to form
alcohol 12. A Dess Martin oxidation of 12 yielded alde-
hyde 13, which was allowed to condense with a substitut-

Table 2. In vitro inhibition of heparanase activity of 14a—i

Compound R Heparanase percent Heparanase inhibition
inhibition at 25 pM* ICso (UM)?
10d H 1.2
14a 5-OMe 73 NT®
14b 5-OMe 35 NT®
6-OMe
14c 5-Cl 30 NT®
6-Cl
14d 5-Cl 30 NT®
6-Me
14e 4-Me 2.3
14f 5-Me 1.6
14g 4-Me 1.3
5-Me
14h 5-Me 1.1
6-Me
14i 4-Me 2.7
7-Me

# Average of three experiments with SD < 15%.
® Not tested.
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ed phenyl diamine, followed by spontaneous oxidation in
nitrobenzene to yield 14 in good yields. Results in Table
2 revealed that methoxy (14a, 14b), or chlorine substitu-
ents on ring B (14c¢) resulted in a dramatically decreased
activity against heparanase when compared to 10d.
However, substitution of ring B with a methyl (14e,
14f), or a dimethyl (14g—i), largely retained the activity.

When dosed ip to mice (rz = 3) at 50 mg/kg, 10d showed
a plasma concentration of 0.53 uM at 1 h and dropped
down to 0.38 uM by 4 h. Better exposure was observed
for the methoxy derivative 10c (plasma concentration
224 uM at 1h and 0.67 uM by 4 h after ip dosing).
The observed sub-optimal plasma exposures, combined
with their modest activity against heparanase (ICsy of
1.2 and 4.0 pM, respectively), excluded 10d,¢ as ‘proof-
of-concept’ candidates for evaluation in animal models.
Nevertheless, these results prompted us to study the
effect of replacing the amide linkage of 10c with the
aim of improving anti-heparanase activity and phar-
macokinetic properties (Scheme 5 and Table 3).

Br
e} Br
N >\—< E}—OMe N/~ =
(:[NV_O_N H =4 (:[’\F—@—X—O'OME
H H
10¢c 15

Scheme 5.

Table 3. In vitro inhibition of heparanase activity of 15a-h

Compound X Heparanase inhibition

ICso (uM)*

10c ~-NHCO- 4.0

15a —N(Me)CO- >15

15b —~CONH- >15

15¢ —-NHSO,— >15

15d ~NHCH,— >15

15e -NHCOCH,— >15

15f ~-NHCONH- 0.93

15g y_ — NH 0.91

-NH o
s
15h s N 0.23
4-NH

# Average of three experiments with SD < 15%.

Compound 15a was obtained by treating 10c with
sodium hydride, followed by methylation with methyl
iodide at room temperature. Compounds 15¢, 15d,
and 15f were synthesized from 8 via standard sulfon-
amide formation with the corresponding sulfonyl chlo-
ride, reductive amination with the corresponding
aldehyde using NaBH(OAc); in dichloroethane, and
urea formation with an isocyanate. Compounds 15e,g
were prepared from 8 via standard amide formation
with the corresponding acid chlorides. Compounds
15b and 15h were prepared as shown in Scheme 6.
The phenyl diamine was first reacted with 4-formyl-
benzoic acid in nitrobenzene to provide acid 16.
Reacting 16 with CDI in DMF, followed by treatment
with aniline 17, provided 15b. Reacting 8 with alde-
hyde 18, which was prepared similarly as 13 (Scheme
4), under standard reductive amination condition pro-
vided 15h.

Results from Table 3 revealed that compound 15a, the
N methylated product of 10c¢, has a dramatically de-
creased activity against heparanase compared to 10c.
Replacement of the amide in 10c with a ‘reversed
amide’ (15b), or a sulfonamide (15¢), or an amino
methyl linkage (15d) all diminished the heparanase
inhibitory activity. Extending the amide linkage in
10c with an extra methylene unit was also met with dis-
appointment (15e). However, a urea replacement of the
amide (15f) improved the heparanase inhibitory activi-
ty by about 3-fold, and a similar improvement of activ-
ity was observed for 15g. Remarkably, the more
flexible compound 15h has an ICsy of 0.23 uM against
heparanase.

Compound 15h was then selected as a template for fur-
ther modification, and the representative results from
this study are shown in Scheme 7. Compounds 19-23
were prepared similarly as 15h (Scheme 6) by using the
corresponding amines or aldehydes. Results in Scheme
7 indicated that a overall linear, yet slightly ‘bent,” dispo-
sition of the molecule is important for activity against
heparanase, as the more ‘bent’ molecules, such as 19
and 20, have diminished activities. Similar reasons
may have also caused the loss of activity for compound
21, which has an additional methylene unit inserted be-
tween the benzimidazole and the central phenyl ring.
Replacement of the phenyl group to the left hand side
of the molecule led to 22 that had an ICsy of 0.93 uM
against heparanase. Remarkably, the central phenyl
group could be replaced with a pyridine moiety and
the resultant 23 had an ICso of 0.29 uM. When dosed
p.o. to mice (n = 3) as a suspension in ethanol/Tween
80/PEG 400 (E/T/P) at 30 mg/kg, compound 23 showed
a plasma concentration of 3.8 uM at 1 h, going up to
5.5uM by 4 h. Interestingly, changing formulation or
dosing 23 intraperitoneally did not lead to improved
plasma exposure.

In summary, a novel class of N-(4-{[4-(1 H-benzoimidazol-
2-yl)-arylamino]-methyl}-phenyl)-benzamides are de-
scribed as heparanase inhibitors. Among them are 15h
and 23 which displayed good heparanase inhibitory activ-
ity (ICs9 0.23-0.29 uM), with the latter showing oral
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All synthetic intermediates were characterized by 'H
NMR and MS; all final products were characterized by
"H NMR and LCMS.

Heparanase activity assays: human heparanase protein
was purified from human platelets using a modified
protocol (Freeman et al., Biochem. J. 1998, 330,
1341). Heparan sulfate (HS, Seikagaku) was labeled
with sodium boro[*H]hydride (Amersham-Pharmacia

Biotech). The specific activity was determined as
98.4cpm/ng HS. The purified *H-HS was then
immobilized on CNBr-activated Sepharose beads
(Pharmacia) according to manufacturer’s instructions.
Heparanase activity was determined using 96-well
plates. Human platelet heparanase (2.67 nM) was
pre-mixed with a compound of the present study
(various concentrations for ICsy studies) in a total
volume of 125ul. *H-HS-Sepharose slurry (25 pl,
4nM) was then added into the mixture and
incubated overnight at 37°C. The reaction buffer
was transferred to 96-well Luma plates (Perkin
Elmer). The plates were air dried and the radioac-
tivity was directly detected in a TopCounter (Perkin
Elmer).
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Abstract—Screening of the Roche compound library led to the identification of cis-N-(2-phenyl-cyclohexyl)-spiropiperidine 1 as
structurally novel GlyT1 inhibitor. The SAR, which was developed in this series, resulted in the discovery of highly potent
compounds displaying excellent selectivity against the GlyT2 isoform.

© 2005 Elsevier Ltd. All rights reserved.

NMDA receptor hypofunction is suggested to be in-
volved in the pathophysiology of schizophrenia.! The
strongest evidence supporting this hypothesis is based
on the observation that schizophrenic like symptoms
can be induced in healthy subjects upon administration
of NMDA blockers such as PCP.? Thus, therapeutic
intervention aimed at increasing NMDA synaptic tone
is expected to show beneficial effect in schizophrenic
patients. As glycine is an obligatory co-agonist at the
NMDA receptor complex,® one strategy to enhance
NMDA receptor activity is to elevate extracellular levels
of glycine in the local microenvironment of synaptic
NMDA receptor. Glycine elevation can be achieved by
inhibition of the glycine transporter 1 (GlyT1) which is
co-expressed in the brain with the NMDA receptor
and is responsible for glycine removal from the synaptic
cleft.*> Strong support for this approach in the treat-
ment of schizophrenia comes from clinical studies where
glycine® and D-serine’ (co-agonists at the glycine site of
NMDA receptor) and sarcosine® (a prototypical weak
GlyT1 inhibitor) improved positive, negative and cogni-
tive symptoms in schizophrenic patients, when added to
conventional therapy. As a result, considerable efforts
have been focused on the development of selective
GIlyT1 inhibitors.® The first examples reported were
glycine or sarcosine derivatives.! More recently, a wide
variety of nonamino-acid GlyT1 inhibitors have been
disclosed.’®

Keywords: GlyT1; GlyT2; NMDA; Schizophrenia; Transporter;

Glycine; Spiropiperidine.

* Corresponding author. Tel.: +41 61 688 43 88; fax: +41 61 688 87
14; e-mail: emmanuel.pinard@roche.com
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We report here on our effort to discover and develop
structurally novel, potent and selective GlyT1 inhibi-
tors.!!'® To achieve this, screening of the Roche com-
pound depository was performed employing a glycine
uptake inhibition assay in cells transfected with human
GlyT1.!'2 This screening campaign led to the identifica-
tion of the cis-N-(2-phenyl-cyclohexyl)-spiropiperidine 1
as potent inhibitor of GlyT1 (26 nM), displaying more
than 400-fold selectivity against the type 2 isoform.

5

cis, rac
1
In this paper, we report on the SAR we have obtained
at the cyclohexyl moiety as well as around the aro-
matic rings. Selectivity against hGlyT2 transporter and
affinity at opioid receptors are also discussed.

cis-N-(2-Aryl-cycloalkyl)-spiropiperidines 1, 5-6, 11-39
were prepared by following two complementary routes
(Scheme 1). The first route, which was followed for
exploring SAR around R?, used the cis-piperidone 40
as a key intermediate. Compound 40 was obtained by
reductive amination of the o-aryl-substituted cyclic
ketone 41 with 1,4-dioxa-8-aza-spiro[4,5]decane fol-
lowed by acidic cleavage of the ketal protective group.
Importantly, this reductive amination provided exclu-
sively the cis-isomer. Conversion of piperidone 40 into
the final spiropiperidine compounds was achieved by
following a well-known 4-step sequence:'>*" Strecker
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Q, NH,
1
fﬁ” ('TN it
2
R
rn (CHZ)" (chyn
cis, rac 40 43
Tc,d l g.h
1 O N
R [¢] H 1 >
o y i i (ﬂ\:’\‘\
+ N —_— N R?
(©HAn yN R?
(CH,)n
41 44
cis, rac
Ta, b T e f.g,hj 1,5-6, 11-39

(o)

@ Cﬁo n 02
P,N P: Benzyl or

(CHy)n 45 3,5-Bis-trifluoromethyl-benzoyl

Scheme 1. Synthesis of cis-N-(2-aryl-cycloalkyl)-spiropiperidine 1, 5-
6, 11-39. Reagents and conditions: (a) R'MgBr, CuBr-Me,S, THF,
0 °C, 40-80%; (b) Dess Martin periodinate, 0.1% H,O, CH,Cl,, rt, 60—
80%; (c) 1,4-dioxa-8-aza-spiro[4,5]decane, cat TsOH, toluene, reflux,
Dean-Stark then NaBH(OACc);, AcOH, 1,2-dichloroethane, rt, 70%;
(d) 6 N HCI, MeOH, reflux, 70%; (¢) R°NH,, KCN, H,0, AcOH, rt;
(f) 90% H,SO,, rt; (g) triethyl orthoformate, AcOH, toluene, reflux,
48 h or 20 min (microwave); (h) NaBH,4, MeOH, rt or H, (1 atm), Pd/
C, AcOH, MeOH, 45 °C, 10-50% overall yield from 40; (i) Ti(OiPr)g,
105 °C then NaBH,, EtOH, rt, 10-60%; (j) performed only when P is
3,5-bis-trifluoromethyl-benzoyl: LiOH, H,O, MeOH, THF, rt, 80—
90%.

condensation with an aryl or alkyl amine, acidic hydro-
lysis of the resulting nitrile 42 into the amide 43, ring
closure of 43 in the presence of triethyl orthoformate
followed by reduction of the double bond with sodium
borohydride or hydrogen and Pd/C. Interestingly, the
usually tedious thermal cyclisation step could be
achieved efficiently with shorter reaction time in a
microwave oven. The second route, especially suited
for explorating variation around the left-hand aromatic
group, involved a reductive amination of the already
constructed spiropiperidine building block 44 with
ketone 41. This reaction worked best in our hands in
the presence of titanium(IV) isopropoxide.'* Again, this
reductive amination was stereoselective leading
exclusively to the cis-isomer. Spiropiperidine intermedi-
ate 44 was prepared from the N-protected-piperidone
45 using the same 4-step sequence described above
followed by cleavage of the protective group.

The trans-isomer 2 was prepared from piperidone 46,
which was obtained from the known trans-2-phenyl-
cyclohexylamine'* using an efficient Hofmann-elimina-
tion—-Michael-addition sequence'® (Scheme 2).

Derivatives 7-8 and 10 bearing an acyclic R? group were
prepared by reductive amination of commercially avail-
able spiropiperidine 48 with the required aldehydes
(Scheme 3). The gem-dimethyl derivative 9 was obtained
in 2 steps: Strecker condensation of 48 with acetone fol-
lowed by nucleophilic displacement of the nitrile group
by benzyl magnesium chloride.

trans, rac trans rac

47 46

Scheme 2. Synthesis of frans-N-(2-phenyl-cyclohexyl)-spiropiperidine
2. Reagents and conditions: (a) 1-methyl-1-ethyl-4-oxo-piperidinium
iodide, K,COj3, H,O, EtOH, reflux, 50%; (b) see conditions of (e-h) in
Scheme 1.

H

N

@) N
_— R3/N

48 >: 7810

b
\L,N\\ (ﬂ:N> ®/>(

o T

Scheme 3. Synthesis of spiropiperidines 7-10. Reagents and condi-
tions: (a) R3*CHO, Ti(OiPr)y, 105 °C then NaBH,4, EtOH, rt, 60-70%;
(b) acetone, TMSCN, AcOH, 35°C, 18%; (c) benzylmagnesium
chloride, THF, 70 °C, 24%.

First, the influence of the relative and absolute stereo-
chemistry of the two vicinal chiral centres on GlyT1
activity and selectivity was investigated (Table 1). Inter-
estingly, the cis- and trans-configurated compounds 1
and 2 showed comparably low nanomolar GlyT1 activ-
ity. Moreover, 1 and 2 exhibited an equally low activity
at GlyT2 (=10 uM). Interestingly, in the cis stereomeric
series, the (1R,2R)-enantiomer 3 demonstrated an
extremely high activity at GlyT1 (4 nM) and two orders
of magnitude potency higher than that of the (15,25)-
enantiomer 4 (380 nM).'® As a consequence, 3 showed
a remarkably high selectivity against the GlyT2 trans-
porter (>1500-fold).

Structural modifications were then directed towards the
cyclohexyl system (Table 2). Replacement of the cis-
cyclohexyl group by smaller (cyclopentyl, 5) or larger
(cycloheptyl, 6) cis-aliphatic ring systems caused more
than a 40-fold loss in GlyT1 activity. This sharp drop

Table 1. In vitro inhibitory activity of 1-4 at GlyT1 and GlyT2?*

Compound ECso® (LM) Selectivity®
GlyT1 GlyT2

1 (cis, rac) 0.026 12 461

2 (trans, rac) 0.073 10 137

3 (cis, IR2R) 0.004 7 1750

4 (cis, 15,25) 0.380 17 45

#ECs values are the geometric mean of at least two experiments with
<20% variance.

°PH]Glycine uptake inhibition assay in cells transfected with hGly-
T1'" or hGlyT2''® cDNAs.

¢Ratio of the ECsy (uM) values GlyT2/GlyT1.
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Table 2. In vitro inhibitory activity of 5-10 at GlyT1?

Table 3. In vitro inhibitory activity of 11-19 at GlyT1 and GlyT2*

H H
N N> o N>
1
Ch oy
g Sags
Compound R? GIlyT1 ECso® (uM) Compound  R! ECs0° (uM) Selectivity®
GlyT1 GlyT2
11 4-F-Ph 0.023 16 695
5 11 12 4-Cl-Ph 0.040 5 125
; ' 13 4-Me-Ph 0.085 15 176
' 14 4-MeO-Ph 0.610 24 39
) 15 3-Cl-Ph 0.130 2.6 20
oS rac 16 3,4-Cl,-Ph 0.067 6.8 101
17 3-CF;,4-Cl-Ph 1.8 nd
18 2-Me-Ph 0.510 13 25
19 2-Py 6.6 nd

)
N

cis, rac

7 @\/ >10

8 ®/\/ >10

9 ®/>T 9.3
10 ®A</ 73

#ECs values are the geometric mean of at least two experiments with
<20% variance.

b[3H]Glycine uptake inhibition assay in cells transfected with hGly-
T1'"* or hGlyT2'"'"® cDNAs.

of activity suggests that the 6-membered ring system has
the adequate size for establishing optimal lipophilic
interaction with the GlyT1 transporter. Replacement
of the cyclohexyl ring by noncyclic linkers was then con-
sidered with the aim of reducing the structural complex-
ity of our compounds. However, these attempts were
met with no success since the benzyl and phenethyl
derivatives as well as the more rigid gem-dimethyl-
substituted phenethyl analogues (7-10) were found
to be much less active. In summary, all modifications
considered around this part of the molecule were not
tolerated and therefore the original cis-cyclohexyl
system remained as the preferred template.

Next, exploration around the left-hand aromatic system
was performed by keeping the N-cyclohexyl-spiropiperi-
dine fixed (Table 3).

In the para position of this aromatic ring, the introduc-
tion of electron-withdrawing groups (11-12) was well
tolerated giving compounds of similar activity to the
original hit compound 1. Substitution with strong

2 ECs values are the geometric mean of at least two experiments with
<20% variance.

® P*H]Glycine uptake inhibition assay in cells transfected with hGly-
T1'"® or hGlyT2''"® ¢cDNAs.

“Ratio of the ECso (uM) values GlyT2/GlyT1.

electron-donating groups (14) led to significant drop of
GlyT1 inhibition. In the meta and ortho positions, a de-
crease of activity was also seen upon substitution (15,
17-18). Replacement of the aryl group by the more po-
lar 2-pyridyl group (19) led to a dramatic decrease of
activity. Best selectivity against the GlyT2 transporter
was achieved with the para-fluoro-phenyl-substituted
compound 11 (nearly 700-fold).

By keeping the phenyl group fixed at the 2-position on
the cyclohexyl ring, variation around the right-hand
aromatic system was then explored (Table 4).

Introduction of electron-withdrawing or -donating
groups at the para position of the aromatic ring was
found to be well tolerated (20-24). Replacement of the
aromatic group by aliphatic residues was then explored.
The methyl derivative 25 was found to be completely
inactive. However, gratifyingly, elongating the linear al-
kyl chain from 1 to 4 carbons resulted in a steep increase
of potency. Excellent activity was indeed reached with
the N-pentyl derivative 28 (34 nM). Addition of an extra
methylene group then led to a slight decrease of activity
(29). Introduction of cycloalkyl residues of various sizes
provided weak compounds (30-33). However, insertion
of 1- or 2-methylene units between the nitrogen atom
and the cycloalkyl residue led to very potent derivatives
as exemplified with the two cyclohexyl analogues 34 and
35 showing and ECsy of 65 and 25 nM, respectively.
Interestingly, this high level of activity was retained by
replacing the cyclohexyl group in 35 by a phenyl group
(37). Introduction of polar functionalities in the alkyl
chain however was found to be detrimental (38-39).
Excellent selectivity against the GlyT2 transporter was
obtained for the most potent derivatives (Table 4).

Recently, structurally related N-(substituted-cyclohexyl)
spiropiperidines have been described as Nociceptin/
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Table 4. In vitro inhibitory activity of 20-39 at GlyT1 and GlyT2*

O N
-
N
N R?
cis, rac
Compound R? ECs0® (uM) Selectivity®
GlyT1 GlyT2

20 4-F-Ph 0.024 23 958
21 4-Cl-Ph 0.027 2.9 107
22 4-CF5-Ph 0.065 34 52
23 4-MeO-Ph 0.066 27 410
24 4-Me-Ph 0.055 9 164
25 Me >30 nd

26 Et 6.6 nd

27 nPr 0.450 >100 >222
28 nPent 0.034 35 1029
29 nHex 0.049 24 490
30 cPr 33 nd

31 cBu 1.5 >100 >67
32 cPent 0.63 >100 >159
33 cHex 0.75 11 15
34 CH,-cHex 0.065 25 385
35 CH,CH,-cHex 0.025 15 600
36 CH,-Ph 0.258 >100 >388
37 CH,CH,-Ph 0.025 18 720
38 CH,CH,-OMe 5.3 nd

39 CHyCH,-N ) 7.4 nd

#ECs values are the geometric mean of at least two experiments with
<20% variance.

®[*H]Glycine uptake inhibition assay in cells transfected with hGly-
T1"* or hGlyT2''® cDNAs.

“Ratio of the ECso (uM) values GlyT2/GlyT1.

Orphanin FQ peptide (NOP) receptor ligands.!>!7
Therefore, in vitro affinity of some of the most GlyT1
active compounds identified was determined at the
NOP receptor as well as at the related p opioid receptor
to assess their potential side-effect liabilities (Table 5).

Interestingly, the cis-N-(2-aryl-cyclohexyl)-spiropiperi-
dines (1, 3, 21, 28 and 37) displayed low affinity for

Table 5. In vitro binding activities of 1, 2, 4, 21, 28 and 37 at the NOP
and p receptors®

Compound GIyT1 ECs® (uM) NOP ICs° (uM) p ICso® (uM)

1 0.026 6 0.15

2 0.073 0.3 0.54

3 0.004 3.7 0.041
21 0.027 4.0 0.23
28 0.034 >10 2.2
37 0.025 >10 3.2

#ECs values are the geometric mean of at least two experiments with
<20% variance.

® PH]Glycine uptake inhibition assay in cells transfected with hGly-
T1'"* or hGlyT2''"® ¢cDNAs.

¢ Displacement of [3 H]NOP in membranes prepared from permanently
transfected HEK 293 cells expressing hNOP receptors.'25¢

4 Displacement of [*H]naloxone in membranes prepared from BHK
cells transiently expressing hy receptors.'?®

the NOP receptor. Disappointingly, however, these
compounds showed a consistently higher level of bind-
ing to the p opioid receptor. In particular, worst profile
was achieved with the N-aryl analogues (1, 3 and 21)
which displayed nanomolar activity at this receptor.
Moreover, the trans-diastereoisomer 2 exhibited an
equally high activity at both the NOP and p receptors.

In summary, starting from hit compound 1, an SAR was
established which led to the identification of cis-N-(2-aryl-
cyclohexyl)-substituted spiropiperidines as a novel class
of highly potent GlyT1 inhibitors displaying excellent
selectivity against the GlyT2 isoform. In this class, affinity
at the p opioid receptor has been identified as a key liabil-
ity which requires optimization. In the next paper, results
of our effort to address this issue will be reported.'®
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Abstract—The crystal structure of copper (II) complex of 3-arylazo-4-hydroxy-1,2-naphthoquinone is reported. The in vitro anti-
malarial activity of analogous compounds against Plasmodium falciparum 3D7 strain reveals correlation with metal redox couple,
suggesting component of parasitic electron transport chain as a possible target.

© 2005 Elsevier Ltd. All rights reserved.

The emergence of drug resistance to most clinically used
antimalarial drugs by Plasmodium parasite is a matter of
great concern and hence new effective antimalarial
agents targeting novel biochemical pathways need to
be evolved for treatment and control of this disease.
Metalloantimalarials are a recent addition to the arsenal
of therapeutic compounds for treating malarial infec-
tions especially those involving drug resistant organ-
isms.!?> The redox active C-3 alkyl substituted 2-
hydroxy-1,4-naphthoquinones represent an extensively
investigated class of antimalarials with site-specific ac-
tion on the mitochondrial electron transport chain of
the parasite.> Metal complexation of these alkyl
hydroxynahthoquinone ligands, especially with copper,
has been found to be most advantageous with promising
antimalarial activities against both chloroquine suscepti-
ble and resistant strains of Plasmodium falciparum
recently.* The utility of copper (II) complexes in exper-
imental therapeutics is well documented with superior
efficacies encountered against experimental cancer mod-

Keywords: Antimalarial activity; Copper complexes; Hydroxynaph-
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Scheme 1. (a) C-3 substituted 2-hydroxy-1,4-naphthoquinone (b) 3-
(arylazo)-4-hydroxy-1,2-naphthoquinone (L1H), 3-(2’-methylarylazo)-
4-hydroxy-1,2-naphthoquinone (L2H), 3-(3’-methylarylazo)-4-hy-
droxy-1,2-naphthoquinone (L3H), 3-(4’-methylarylazo)-4-hydroxy-
1,2-naphthoquinone (L4H).

els>; however, their potential as antimalarial agents has
remained relatively unexplored.

We were, therefore, motivated to examine the effect of
copper (II) complexation on the antimalarial activity
of yet another class of naphthoquinone ligands, viz. 3-
arylazo-4-hydroxy-1,2-naphthoquinones. In the present
communication, we describe synthesis and characteriza-
tion of Cu(Il) complexes of these ligands including sin-
gle crystal X-ray structure of one of the metal
conjugates along with the in vitro evaluation of their
antimalarial activities (Scheme 1).

The ligands, viz. (L1H-L4H) and their respective copper
(IT) complexes (C1-C4), were synthesized according to
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procedures described previously.® The orange-colored
arylazo-naphthoquinone ligands interact with copper
(IT) ions yielding brown copper complexes with 1:2 met-
al to ligand stoichiometry as judged from the composi-
tional data (supplementary information). IR spectra of
the ligands show broad hydroxyl absorption centered
around 3400 cm~' due to intramolecularly hydrogen
bonded C-4 hydroxyl group which is lost upon copper
complexation suggesting deprotonation and replace-
ment of the hydroxyl proton by metal. The two absorp-
tions observed for the ligands at 1680-1690 cm ' and
16501660 cm ™" are typical of 1,2-quinone carbonyls,
which do not undergo significant shift upon copper
complexation suggesting their non-involvement in metal
coordination.”

The reaction of L1 with copper chloride dihydrate in
methanol yielded deep brown single crystals suitable
for X-ray diffraction studies upon re-crystallization from
DMSO solution over several days. The ORTEP repre-
sentation of this complex C1 with numbering scheme
is shown in Figure 1 along with select bond angles and
interatomic distances. In C1 complex, the ligand is coor-
dinated to metal as a bidentate ON donor (bite angle
88.9°) via the deprotonated hydroxyl group at O (3)
and azo nitrogen N (2) forming a six-membered chelate
ring. The environment around the central copper atom
is essentially four-coordinate with axial contacts provid-
ed by the adjacent molecules (Cu (1)-O1# 2.554 A)
yielding an overall pseudo-octahedral geometry. The
axial interactions result in chains along the ‘a’ direction
in the crystal lattice.

Figure 1. ORTEP representation of [Cu (L1),] C1. Selected bond
lengths (A) and angles (°): C (1)-O (1) 1.229(5), C (1)-C (10) 1.444(6),
C (1)-C (2) 1.544(6), C (2)-O (2) 1.215(5), C (2)-C (3) 1.468(7), C (3)-
C (8) 1.400(6), C (3)-C (4) 1.403(6), C (4)-C (5) 1.380(7), C (5)-C (6)
1.388(7), O (3)-Cu (1)-N (2) 88.89(13), O (1)-C (1)-C (10) 123.4(4), O
(D)-C (1)-C (2) 117.7(4), C (10)-C (1)-C (2) 118.8(4), O (2)-C (2-C (3)
124.1(5), O (2)-C (2)-C (1) 118.9(4), C (3)-C (2)-C (1) 117.0(4), C (8)—
C (3)-C (4) 119.6(4), C (8)-C (3)-C (2) 1.0(4), C (4)-C (3)-C (2
119.3(4), C (5)-C (4)-C (3) 120.0(5), O (3)#2—Cu (1)-O (3) 180.00(16),
O (3)-Cu (1)-N (2)#2 91.11(13), O (3)#2-Cu (1)-N (2) 91.11(13), N
(2)#2-Cu (1)-N (2) 180.00(18), O (3)-Cu (1)-O (1)#1 98.34(12), N (2)
Cu (1)-O (1)#1 94.88(13).

The two naphthoquinone ligands were found to bind the
central copper atom in a trans manner resulting in
equivalent average bond distances of 1.93 A for (Cu
(1)-O (3)) and 1.97 A for (Cu (1)-N (2)), respectively.
The azo bond distance exhibits a typical double bond
character (N (1)-N (2) 1.27 A), while the N (1)-C (10)
bond distance of 1.37 A confirms no electron delocaliza-
tion onto the azo linkage. Thus, in the present copper
complexes the ligand essentially behaves as a 1,2-naph-
thoquinone moiety coordinating to the metal center
through nitrogen and oxygen donor atoms rather than
through the 1,2-carbonyl oxygens.® The polycrystalline
X-band EPR spectra of the copper complexes C1-C4
measured at room temperature in DMSO solvent are
axial and resolve both parallel and perpendicular fea-
tures of ®*Cu. The g|/A| quotient greater than 200
found for the complex C3 is suggestive of the tetragonal
distorted geometry around the copper center.’

All synthesized compounds including the ligands and
their copper complexes were evaluated for their antima-
larial activities against P. falciparum 3D7 (chloroquine
susceptible) strain (Table 1). Among the ligand com-
pound containing ortho-methyl substituent in the ary-
lazo ring (L2H) is found to be the most potent one.
All synthesized copper complexes show enhanced activ-
ities against P. falciparum 3D7 strain when compared
with their parent ligands. The copper complex, C3,
was found to be the most active, showing approximately
10-fold enhancement in the antimalarial activity over the
parent ligand L3H. Interestingly this complex possesses
the ‘meta’ substitution of the methyl group in the ary-
lazo ring, an aspect which needs to be investigated
further.

Comparison of antimalarial efficacy versus cytotoxicity
against normal KB cells* reveals that an unsubstituted
3-arylazo-4-hydroxy-1,2-naphthoquinone almost shows
no toxicity toward normal cells as compared to its meth-
yl substituted analogs (I2H-L4H) nor does it show any
promising antimalarial activity. The methyl substituent
on the aryl ring dramatically introduces cytotoxicity.
Nevertheless, it is quite evident from the cytotoxicity
data (Table 1) that copper complexation provides some
degree of selectivity in preferentially being toxic toward
parasites besides being less toxic for the normal cells as

Table 1. Antimalarial activity and cytotoxicity of compounds L1H—
L4H and C1-C4

Compound Antimalarial activity Cytotoxicity S.L¢
EDs, (ng/ml)* EDso (1g/m)°
L1H >30 149.3 ND
C1 22.9 229.3 10.01
L2H 13.7 7.0 0.51
C2 12.5 9.9 0.80
L3H >30 0.90 ND
C3 3.5 8.6 2.45
L4H >30 1.1 ND
C4 6.3 6.6 1.04

 Against P. falciparum 3D7 strain.*
b Against KB cells* (ND = not determined).
®In vitro selectivity index (EDsq cytotoxicity/EDsy).
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Figure 2. Plot of antimalarial EDsy (pug/ml) values for copper
conjugates (C1-C4) of 3-arylazo-4-hydroxy-1,2-naphthoquinone
against Plasmodium falciparum 3D7 strain versus the redox potential
(E))» volts against SCE) for quinone to semiquinone. The values in
parentheses represent the metal redox couples.

compared to the free ligands. For example, the lead
complex C3 renders selectivity index of about 2.5 but
is 10-fold less toxic than that of its corresponding free
ligand (L3H).

A plot of (EDs, pg/ml) values of the antimalarial activ-
ities of present complexes versus their redox potentials
for the quinone — semiquinone redox couple conver-
sion is shown in Figure 2, along with the metal redox
couples in parentheses. It is apparent that there is per-
haps a small window of quinone redox potentials over
which these compounds are highly active and any depar-
tures from these values result in loss of their antimalarial
activity. This seems to suggest that these compounds
could be targeting a specific component of the parasitic
electron transport chain.

It is interesting to note that the most active C3 copper
complex (EDsg = 3.5 pg/ml) has the most positive metal

redox potential (+0.38 V) indicating that facile reduc-
tion to the cuprous species with subsequent activation
of intracellular oxygen may be one of the likely mecha-
nisms of their antiparasitic activities.'°

The present work thus illustrates the advantages of
using copper conjugates as antimalarial agents through
multiple modes of action, which may be useful additions
to the second line of antimalarial agents.

Supplementary data

Supplementary data associated with this article can be
found in the online version at doi:10.1016/
J.bmcl.2005.09.061.
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Abstract—Four stereoisomeric hybrids of the polyketide natural products callystatin A and leptomycin B have been prepared by
parallel synthetic routes involving chiral allenylstannane methodology. Like their natural counterparts, these hybrids exhibit nano-
molar levels of cytotoxicity toward HCT-116 human colon cancer cells.

© 2005 Elsevier Ltd. All rights reserved.

Natural products of the polyketide family have attracted
a great deal of attention in recent years because of their
high levels of activity against various human tumor cell
lines.! A number of the more potent members with cyto-
toxicities in the nanomolar to picomolar range feature a
branched chain of 17-19 carbons attached to the o po-
sition of an a-pyranone terminus. The relatively simple
structures of these compounds, their scarce availability,
and high levels of biological activity render them attrac-
tive targets for total synthesis. Within the past several
years syntheses of leptomycin B,? callystatin A,? lepto-
furanin D,* kazusamycin A, and ratjadone® have been
reported (see Fig. 1). Typically the stereochemical issues
surrounding such efforts have been well resolved by
existing aldol and allylmetal methodology.” As a possi-
ble candidate for development as an antitumor drug,
callystatin A presents a particularly attractive profile
in consideration of its more modest structural complex-
ity and its reported ICsy value of 5 pM against KB tu-
mor cells. Not surprisingly then, no fewer than eight
total syntheses have been reported to date along with
numerous segment assemblages.?

A significant reoccurring feature among these natural
products, and one that is essential to high levels of

Keywords: Chiral allenylstannane; Cytotoxic compounds; Diastereo-

selective additions; Polyketide; Colon cancer; Lactone.
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bioactivity, is the a-pyranone terminus. Several studies
support the notion that the o,B-unsaturated lactone is
the pharmacophore for callystatin A, leptomycin B,
and ratjadone. Kobayashi and co-workers performed
structure—activity relationship studies on callystatin A
and found that analogs lacking the pyranone double
bond showed a dramatic decrease in activity against
KB cells.® In addition, both a nitro Michael adduct’
and a saturated lactone'® derivative of leptomycin
showed greatly diminished activity against HeLa cells.
Furthermore, ratjadone analogs lacking the lactone car-
bonyl exhibited no biological activity against three dif-
ferent cell lines.!! The idea of the lactone as the
pharmacophore also applies to compounds that have
an o,fB-unsaturated lactone but are not members of the
leptomycin family. For example, a recent study by Bo-
ger and co-workers on fostriecin, a novel polyketide a-
pyranone with significant antitumor activity, showed a
200-fold decrease in activity upon reduction of the con-
jugated double bond.'?> Additional studies conducted on
both leptomycin and ratjadone showed that the mecha-
nism of action is a Michael addition to the o,p-unsatu-
rated lactone by a cysteine residue in the protein
CRMI, which is involved in the export of proteins from
the nucleus to the cytoplasm.'-!3

We recently completed total syntheses of callystatin A
and leptofuranin D by parallel nonaldol routes in which
an o-pyranone progenitor was attached to the intact
branched polyketide chain.*'* The successful application
of the methodology employed in these syntheses
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Me R

Figure 1. Cytotoxic polyketide natural products with an o-pyranone terminus.

prompted our speculation on the possibility of inter-
changing the pyranone segment of leptomycin and its
congeners with the acyclic polyketide chain of callystatin
A to produce a synthetic nonnatural hybrid ‘leptostatin.’
The concept was particularly appealing since by simple
variations on our allenylstannane methodology'> we
could produce all possible stercoisomers (‘leptostatin
1-4’ in Fig. 2) of the pyranone segment and thereby probe
a previously unexplored correlation of lactone stereo-
chemistry and biological activity.

We prepared the C6—C22 segment of the aforemen-
tioned leptostatin analogs as previously described.!4
For the pyranone segment we employed variations on
the methodology used in our synthesis of leptofuranin
D.* Accordingly, MgBr,-promoted addition of the alle-
nylstannane (M)-1 to the p-methoxybenzyloxy aldehyde
2 afforded a roughly 3:1 mixture of the syn and anti-ad-
ducts (S,R)-3 and (S,S)-3. The use of SnCly in this reac-
tion led to the same two adducts as a 1:3 mixture.!> By
using the allenylstannane (P)-1 in the addition reaction
we obtained the enantiomeric syn and anti-adducts
(R,S)-3 and (R,R)-3. At this stage, the syn and anti-ad-
ducts were not separable (see Scheme 1).

Removal of the pivalic ester group of 3 with DIBAL-H
led to the isomeric diols 4, which were readily separat-
ed by flash chromatography. Lindlar hydrogenation'®
of the derived TBS ethers 5 followed by PMB removal

Leptostatin-4

Leptostatin-2

Leptostatin-3

OH OTBS

Figure 2. Nonnatural hybrids of callystatin A and leptomycin.
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Scheme 1. Synthesis of four stereoisomeric pyranone precursors.

from ethers 6 afforded the unsaturated alcohols 7 in
high overall yield for all diastereomers. Swern oxida-
tion of these alcohols produced the aldehydes 8 repre-
senting the C1-C6 pyranone segment of the targeted
leptostatins. Wittig condensation with the phosphoni-
um reagent 9 was smoothly effected with KO-#-Bu as
the base to yield the (E,Z)-dienes 10 contaminated by
trace amounts (4-10%) of inseparable (FE,E)-isomers.
These impurities were gradually removed through chro-
matographic purification of succeeding intermediates.
Cleavage of the terminal TES grouping of 10 and
iodinolysis of the resulting alcohol 11 gave iodides
12, which were directly converted to the borates 13
in situ (see Scheme 2).

Attachment of the acyclic polyketide segment 14 of
callystatin A to the pyranone precursor segments 13
was efficiently effected through Suzuki coupling with
Pd(dppf)Cl, as the precatalyst. The closing steps of the
syntheses entailed oxidation of the alcohols 15 with
the Dess—Martin periodinane reagent and deprotection
of the silyl ethers 16 with a HF-NEt; complex to form
the diols 17. The final conversion of diols 17 to
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Scheme 2. Synthesis of the four stereoisomeric C1-C11 fragments of leptostatins 1-4.

leptostatins 1-4 was effected by means of Fetizon’s re-
agent.!” This method proved to be faster and produced
yields of lactones higher than those of the previously
employed MnO, methodology (see Scheme 3).'4

Me Me Me Me Pd(dppfCl,
e ———

17X X Y

: K3PO,4, DMF
OH OTBS

14

OTBS
OTBS 1. Dess-Martin periodinane
Me
2. (HF)3 NEt3

Me Me Me Me Me
~ Me

OH OTBS

15 (86-98%)

Ag,CO3/Celite

CgHg, reflux (75%
e Cete (75%)

o)
16 R = TBS (71-86%)
17 R = H (72-80%)

Scheme 3. Completion of the leptostatin 1-4 syntheses.

The 1Csq values of the four leptostatin isomers and cal-
lystatin A against human HCT-116 colon cancer cells
are summarized in Table 1. Leptostatins-1 and 3 are
syn isomers and leptostatins-2 and 4 are anti. It will be
noted that the introduction of a methyl substituent at
C4 significantly diminishes cytotoxicity relative to cal-
lystatin A. Interestingly, the C4/C5 configuration of
the isomer with the highest activity (leptostatin-3) is
enantiomeric to that of leptomycin and its congeners.
Kobayashi and Kalesse found that altering the CS5
stereocenter in callystatin and ratjadone, respectively,
decreased the activity against KB® and HEPG2 tumor
cells.!! It is important to note that the lactone in these
studies lacks the methyl group found in both leptomycin
and leptostatin; the added methyl group may cause

Table 1. Cytotoxicity toward HCT-116 cells

30 ~_O
}
MesoMeJ;‘\g

“wan e

Leptostatin-1 Leptostatin-2

Me O me O

Leptostatin-3  Leptostatin-4

Compound 1Cso (nM)?*
Leptostatin-1 3.0
Leptostatin-2 2.0
Leptostatin-3 0.2
Leptostatin-4 30
Callystatin A 0.03

#Average of two determinations.
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different interactions and thus lead to different activity
profiles.

Supplementary data

Supplementary data associated with this article can be

found, in the

online version, at doi:10.1016/

j.bmcl.2005.09.084.
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Abstract—A series of oxazole-substituted indanylacetic acids were prepared which show a spectrum of activity as ligands for PPAR

nuclear receptor subtypes.
© 2005 Elsevier Ltd. All rights reserved.

Peroxisome-proliferator activated receptors (PPARs)
are pharmaceutical targets of great importance. Their
wide-ranging effects on key transcriptional pathways
for lipid handling, insulin sensitivity, inflammation and
other functions have led to marketed drugs and vast
clinical and preclinical research efforts.!* While the first
successful compounds in this field have been PPAR-y
agonists, there is strong evidence that dual-acting
PPARo—y ligands may be of even greater benefit. Both
insulin sensitivity and dyslipidemia could potentially
be treated through such balanced activity. Indeed, sever-
al compounds of this type have been reported, some of
which have advanced to human clinical trials.

Many of the known PPAR agonists contain substituted
arylacetic/propionic acids or acid isosteres. Molecular
modeling and docking studies led us to the hypothesis
that appropriately substituted indanylacetic acids, struc-
tures previously uninvestigated in this field, would be
efficacious. This head group was combined with the
substituted oxazoles found in many PPAR ligands,®

in our prototype compound 1.

* Corresponding author. Tel.: +1 203 812 5489; fax: +1 203 812
2452; e-mail: derek.lowe.b@bayer.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.10.008

1
Synthesis of these compounds required the correspond-
ing phenol, which was initially prepared according to
Scheme 1. Starting from the commercially available

EtOzC
COZEt
Qﬁﬁ = D
d e

i/cozEt % _CO,R
PgO O

Scheme 1. Reagents: (a) diethyl malonate, TiCly; (b) H,, Pd/C; (c) R'I,
KO(#-Bu); (d) Zn, BrCH,CO,Et; (e) LiCl, ag DMSO; (f) KOH, aq
MeOH; (g) H,, CIRh(Ph;P);/Et;N, EtOH/THF; (h) Mel/NaHCOs,
DMEF. Pg = protecting group (Bn or Me).
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5-methoxy or 5-benzyloxyindanones, the branched acid-
ic chain could be introduced through several methods.
Knoevenagel condensation with diethylmalonate fol-
lowed by reduction and alkylation provided an interme-
diate that could be decarboxylated to the desired
compounds. This route suffered from variable yields;
however, and produced mixtures of all four possible
stereoisomers. More direct approaches were also
attempted. However, Horner-Emmons—Wadsworth
reactions of the starting indanone failed with branched
phosphonates, and alkylation of the unsubstituted inda-
nylacetic acid (R' = H) was very low-yielding. In-plane
steric hindrance from the adjacent aryl ring is presum-
ably the cause of both difficulties.

We then developed a route based on a Reformatsky
reaction with ethyl a-bromobutanoate, which yielded
only the endocyclic alkene on workup. This ester could
be hydrogenated to yield a mixture of diastereomers.
Unless otherwise indicated, the compounds presented
here were prepared by this route and contain between
50% and 75% of the SR/RS diastereomers. We later
found that the corresponding carboxylate could be
hydrogenated stereoselectively to the desired RR/SS
racemate with Wilkinson’s catalyst and re-esterified,
with optional resolution of the intermediate acid as its
quinine salt. These methods have been detailed in a sep-
arate publication.”

These intermediates could be further substituted as
shown in Scheme 2. Bromination of the phenols gave
mainly 6-bromo products, with small amounts of the
4,6-dibromo adducts. Friedel-Crafts acylation showed
similar selectivity.

Elaboration of these indanylacetates to the final com-
pounds was straightforward (Scheme 3). Deprotection

O

rRE P Rl/(
; /\ f OR
OR , X
HO HO™ ™
X

Scheme 2. Reagents: (a) Br,, dioxane or AICI;/RCOCI.

R 9

R® X OR

0]
R4/<\ &
N OH HO

a-c
l Rl ?

o R® R2 OH
R4/<\ &
N (o]

Scheme 3. Reagents: (a) ADDP/Phs;P, THF; (b, if X = Br) NaHCO3/
R2B(OH),/(Ph;P),Pd or Pd(dppf)Cl,, ag DME; (c) LiOH, aq MeOH.

of the phenol (via hydrogenolysis or demethylation)
and Mitsunobu coupling with an appropriate hetero-
cyclic alcohol completed the general scaffold. The hetero-
cyclic intermediates were prepared by known procedures,
specifically through Dakin—West reactions of aspartate
esters and subsequent closure to provide substituted
oxazoles.® Attempts to alkylate the phenol through more
conventional ether syntheses led to unacceptable amounts
of elimination for all the oxazolylethyl-leaving groups
investigated. After coupling, the bromoindanyl com-
pounds could be elaborated by Suzuki coupling at the
R? position. In either case, hydrolysis of the ester then
furnished the desired PPAR ligands.

The final compounds® were first evaluated by FRET
assays, using human ligand-binding domains for
PPAR-o and PPAR-y, and the known co-activator
CBP.!° Active compounds were then profiled in a cellu-
lar transactivation assay.!' (Data from this assay are not
presented here, as they showed almost all compounds of
reasonable potency could be classified as full agonists
comparable to rosiglitazone.)

Since the acid moiety is crucial for PPAR binding, our
initial efforts surveyed a range of groups at the a-posi-
tion (Table 1). Even when assayed as mixtures of diaste-
reomers, the SAR trends were clear. The PPAR-a
activity was sensitive to changes in this region, as shown
by the shift in potency between 3 and 4. Bulky groups
near the carboxyl (e.g., 2, 7, and 8) abrogated activity
at both subtypes. On the basis of these studies, we select-
ed the a-ethyl group for the majority of our compounds.

The utility of the substituted oxazolylethyl chain became
clear when other heterocycles, amines, and chain
lengths'? were investigated (Table 2). Save for pyrazoles
(e.g., 15) and the chain-shortened analog 22, none of the

Table 1. ECs, values (in nM) for a-substituted PPAR ligands

RE P
OH
O
O
N O
Compound R! PPAR-o PPAR-y
FRET ECs FRET ECs

(nM) (nM)
1 CH; 1000 104
2 gem-Dimethyl 6000 5640
3 CH;CH, 141 42
4 CF;CH, 5790 177
5 Cyclopropyl 795 160
6 CH;CH,CH3; 3890 52
7 PhCH,CH,CH, >10,000 3180
8 Phenyl 7260 9560
9 COH >10,000 1860
10 CO,Et 308 68
11 CH;0 670 45
12 CH;CH,0 500 12

Values are means of at least three experiments. DR = diastereomeric
ratio.
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Table 2. ECs, values (in nM) for various heterocyclic substituents

0
OH
RO
Compound R* PPAR-o  PPAR-y
FRET FRET

EC50 (HM) EC50 (nM)

S

13 ©—<\ I/ 979 85
N -
0-

N

14 ©—<\ | 1040
NJ\/\\

15 w 232 196
NN~

>10,000

0
16 N | i >10,000  >10,000
0
N, |
17 \ . >10,000  >10,000
Ph
oN
18 N~ >10,000  >10,000
o
Ph
SN
19 \ >10,000  >10,000
N~
o
H
20 N~ >10,000  >10,000
o
H H
N >10,000  >10,000

21 TN\/\
o}
o}
22 ©—<\ | 1220 632
N .

o. CFs
23 ©_<\ 1 1000 >10,000
-

O-
24 M 670 >10,000
o CFs
25 ©_<\ I/\ 232 >10,000
Y B
o
Ph \
26 %\N >10,000  >10,000

variations were successful, although some retained mod-
est activity against PPAR-a. Even relatively small varia-
tions such as the oxadiazole 14 were not well tolerated.
Compounds 18 and 19 represent left-hand heterocycles
reported!? for another series of PPAR ligands, which
did not maintain potency when attached to our indanyl-
acetic head group.

We then returned to the oxazole series and the Dakin—
West reaction sequence'* to investigate substituents at
this R site. The results in Table 3 suggest that the meth-
yl group was already optimal. The PPAR-a activity ap-
peared to be very sensitive to steric effects here, while
PPAR-y activity was relatively unaffected.

We investigated a similar short run of substituents at the
6-position of the indane, keeping the other regions of the
molecule at their standard settings (Table 4). These
modifications generally lowered activity at PPAR-y,
some drastically. None of the changes were sufficiently
compelling enough for us to abandon the original
unsubstituted indane core.

Other regions of the molecule seemed more promising
for generating balanced PPAR activity without increas-
ing the molecular weight and lipophilicity of the com-
pounds. To this end, the 2-oxazolyl position became

Table 3. ECs, values (in nM) for 5-oxazoyl substituents

O
o R3 OH
O~
N (0]
Compound R? PPAR-a FRET  PPAR-y FRET
EC50 (HM) EC50 (l’lM)
27 H 383 306
3 CH; 141 42
28 CH;CH, 354 46
29 (CH3),CH  >10,000 347
30 Phenyl >10,000 617

Values are means of at least three experiments.

Table 4. ECs, values (in nM) for 6-indanyl substituents
0]

R2 OH

Compound R? PPAR-o FRET PPAR-y FRET

ECso (nM) ECs (nM)

3 H 141 42
31 Cl 127 294
32 Br 181 >10,000
33 CH;CO 327 >10,000
34 Phenyl 58 290
35 4-Chlorophenyl 45 168
36 4-Methoxyphenyl 23 124

Values are means of at least three experiments.

Values are means of at least three experiments.
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the target of a large SAR effort, some results of which
are shown in Table 5.

Several broad SAR trends can be discerned. Activity at
both PPAR subtypes is well maintained in these com-
pounds compared to modifications in other regions. Al-
kyl, aryl, and heteroaryl groups all show reasonable
potency. The main SAR restrictions appear to be the de-
creased activities, especially at PPAR-a, of ortho-substi-
tuted rings (43, 52, 64, and 65), also seen in the relative
potencies of the naphthyl compounds 68 and 69. Steric
considerations at the distal end of the aryl ring may ex-
plain the low activities of compounds 59, 62, and 67, an
effect again most noticeable at PPAR-o.

Table 5. ECs, values (in nM) for 2-oxazoyl substituents

O
O
A
N (¢]

Compound R*

OH

PPAR-u PPAR-y
FRET FRET
EC50 (HM) EC50 (HM)

37 Benzyl 718 330
38 (4-Fluoro)benzyl 204 523
39 Phenoxymethyl 61 45
40 (4-Chlorophenoxy)methyl 53 104
41 Cyclopentyl 202 212
42 Cyclohexyl 111 136

3 Phenyl 141 42
43 2-Methylphenyl 637 153
44 3-Methylphenyl 271 34
45 4-Methylphenyl 65 45
46 4-Ethylphenyl 109 40
47 4-Isopropylphenyl 119 22
48 4-(n-Butyl)phenyl 82 16
49 4-(tert-Butyl)phenyl 240 19
50 3-Methoxyphenyl 254 1
51 4-Methoxyphenyl 199 42
52 2-Fluorophenyl 559 49
53 3-Fluorophenyl 336 61
54 4-Fluorophenyl 137 59
55 4-Chlorophenyl 92 206
56 3-Trifluoromethyl 171 21
57 4-Trifluoromethyl 58 205
58 3,4-Dimethylphenyl 38 32
59 3,5-Bis(trifluoromethyl)phenyl 1170 247
60 3-Fluoro-4-methylphenyl 46 43
61 4-Fluoro-3-methylphenyl 75 77
62 3,4-Dimethoxy 1130 84
63 3,4-(Methylenedioxy)phenyl 354 14
64 2,6-Difluorophenyl 523 368
65 2.4-Dichlorophenyl 5480 738
66 3.4-Dichlorophenyl 91 94
67 (4-Phenyl)phenyl 3280 43
68 1-Naphthyl 451 113
69 2-Naphthyl 104 16
70 2-Furyl 745 396
71 6-(Dihydrobenzofuranyl) 65 6
72 2-Benzothienyl 287 37
73 3-(5-Methyl)isoxazoyl 827 762

Values are means of at least three experiments. DR = diastereomeric
ratio.

A final consideration in these structures is the stereo-
chemistry of the indanylacetic acid region. As men-
tioned above, late in our SAR program we developed
a stereoselective route to these compounds, but we pre-
viously had separated the individual enantiomers by chi-
ral HPLC with a Chiracel® AD column. This method
along with X-ray crystallographic analysis of a chiral
a-methylbenzylamine salt (see footnote 11 in Ref. 7)
provided the assignments in Table 6.

A striking chiral effect was made clear by these studies.
There is a strong preference at both PPAR subtypes for
the S chirality at the carboxylic acid center, and the R,R
combination was seen to be particularly unfavorable.

We evaluated several of the most active compounds
with balanced PPAR activity in animal models of type
IT diabetes and dyslipidemia. Preliminary PK studies
showed generally good oral exposure. A 3 mpk oral
dose of 45d in db/db'> and hApoAl transgenic'® mice
showed Cy,.x values of 2980 and 2550 pg/l, and AUC
values of 11600 and 8060 pug*h/l, respectively, values
which are very compatible with qd dosing.

On oral administration (10 mpk) in db/db mice com-
pound 45d caused a 45% decrease in blood glucose
levels (p <0.01 relative to vehicle). By comparison,
the PPAR-y agonist rosiglitazone showed a 55% de-
crease at a dose of 30 mpk in a positive control group.
In hApoAl mice, a 10 mpk dose of 45d showed a
roughly 15% increase in serum HDL, which did not
achieve statistical significance. The 30 mpk dose, how-
ever, elevated HDL by 30%, which was statistically
significant relative to vehicle (p <0.001) and indistin-

Table 6. ECs, values (in nM) for 6-indanyl substituents

O
2
o 3 OH
I
N (6]

Compound R* 2,3- PPAR-o  PPAR-y
Chirality FRET FRET
ECso (nM) ECsy (nM)

3a Phenyl SR 26 19

3b RS 350 95

3c RR >10,000 605

3d SS 62 6
45a 4-Methylphenyl SR 48 83
45b RS 1520  >10,000
45¢ RR >10,000  >10,000
45d SS 78 30
54a/b 4-Fluorophenyl SR/RS 37 154
54¢ RR 868  >10,000
54d SS 94 46
66alb 3.4-Dichlorophenyl SR/RS 29 131
66¢ RR 63 225
66d SS 57 46

Values are means of at least three experiments.





D. B. Lowe et al. | Bioorg. Med. Chem. Lett. 16 (2006) 297-301 301

guishable from a 100 mpk dose of the PPAR-a ago-
nist fenofibrate. At the same time, 45d lowered serum
triglycerides in this model by 45% (p < 0.01 relative to
vehicle) at 10 mpk and by 60% at 30 mpk (p < 0.001).
These significant and complementary effects on glu-
cose and triglyceride levels established this series of
compounds as worthy of further development.
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Abstract—Darmstoff describes a family of gut smooth muscle-stimulating acetal phosphatidic acids initially isolated and character-
ized from the bath fluid of stimulated gut over 50 years ago. Despite similar structural and biological profiles, Darmstoff analogs
have not previously been examined as potential LPA mimetics. Here, we report a facile method for the synthesis of potassium salts
of Darmstoff analogs. To understand the effect of stereochemistry on lysophosphatidic acid mimetic activity, synthesis of optically
pure stereoisomers of selected Darmstoff analogs was achieved starting with chiral methyl glycerates. Each Darmstoff analog was
evaluated for subtype-specific LPA receptor agonist/antagonist activity, PPARY activation, and autotaxin inhibition. From this
study we identified compound 12 as a pan-antagonist and several pan-agonists for the LPA_3 receptors. Introduction of an aro-
matic ring in the lipid chain such as analog 22 produced a subtype-specific LPA; agonist with an ECsy of 692 nM. Interestingly,
regardless of their LPA /3 ligand properties all of the Darmstoff analogs tested activated PPARYy. However, these compounds
are weak inhibitors of autotaxin. The results indicate that Darmstoff analogs constitute a novel class of lysophosphatidic acid

mimetics.
© 2005 Elsevier Ltd. All rights reserved.

Lysophosphatidic acid (LPA) is a growth factor-like
lysophospholipid' involved in many physiological and
pathological processes including neurogenesis,> myelina-
tion, angiogenesis,®> wound healing,* and cancer progres-
sion.> LPA is produced by a number of cell types
including platelets, adipocytes, fibroblasts, and ovarian
cancer cells.®” LPA is a product of lysophospholipase
D, also known as autotaxin, an esterase that cleaves
lysophosphatidylcholine to LPA and choline.®® LPA
acts through three G protein coupled receptors, LPA;
(EDG-2), LPA, (EDG-4), and LPA; (EDG-7).'%!!
Recently, two non-EDG LPA receptors, LPA4/GPR23
and the nuclear transcription factor/receptor PPARY,
have been reported.'>!> Most cells express a combina-
tion of these receptors, making it difficult to dissect
the biological effects mediated by an individual receptor
subtype. The need to understand the biological function

Keywords: Darmstoff; LPA mimetics; PPARg; ATX.
* Corresponding author. Tel.: +1 (901) 4486026; fax: +1 (901)
4483446; e-mail: dmiller@utmem.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.08.096

of LPA receptors and the desire to pharmacologically
exploit the differences in their ligand recognition require
the development of receptor subtype-selective agonists
and antagonists.!*!3

Based on Weiland’s observations'® in 1949, Vogt was
first to report the isolation of an acidic phospholipid
from the bath fluid of horse intestine that stimulated
smooth muscle contraction, which he named Darmst-
off.!7 Darmstoff, present not only in the bath but also
in the gut extract, was subsequently shown to be a mix-
ture of acetal phosphatidic acids primarily composed of
1a, 1b, and 1c (Fig. 1). Interestingly, all the intestinal
smooth muscle contracting activity possessed by
Darmstoff resides in the oleyl acetal 1b.!%!° These com-
pounds were also shown to display hypotensive and
cardiodepressant properties?® and stimulate platelet
aggregation. Vogt was also the first to describe an
LPA-induced physiological response. Surprisingly, nei-
ther Vogt nor anyone else has published work in which
Darmstoff or its analogs were examined as LPA mimics.
In our continuing efforts to develop subtype-selective
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Figure 1. Chemical structures of Darmstoff and LPA.

LPA agonists and antagonists, we revisited the possibil-
ity that acetal phosphatidates would mimic the effects of
LPA and for the first time we show here that Darmstoff
analogs constitute a new class of LPA-like ligands that
act on multiple LPA targets.?! The details of synthesis
and pharmacological characterization of a series of
Darmstoff analogs are discussed herein.

Previously reported methods!®?2 for the synthesis of this
compound class have limitations and are particularly
unsuitable for the preparation of Darmstoff analogs
containing thiophosphate head groups. To facilitate
the synthesis of various Darmstoff analogs in an effort
to develop a structure-activity relationship, we devel-
oped a general method for the preparation of these
compounds utilizing phosphoramidite chemistry.
Accordingly, PCC mediated oxidation of fatty alcohols
produced the corresponding aldehydes, which were con-
densed with glycerol in the presence of PTSA under
reported conditions®® to give dioxolanes 6a—¢ (Scheme
1). Phosphorylation of 6a—c¢ using bis(cyanoethyl)-
N,N-diisopropylphosphoramidite (7) in the presence of
1 H-tetrazole formed phosphorous acid esters that were
converted in situ to phosphate or thiophosphate esters
using hydrogen peroxide or sulfur, respectively. Finally,
treatment of the phosphate or thiophosphate esters with
methanolic KOH at ambient temperature provided
potassium salts of Darmstoff analogs.

The synthesis of compounds 21 and 22 containing a
phenyl ring in the lipid chain is shown in Scheme 2. Fri-
edel-Crafts acylation of n-octyl benzene with pimelic
anhydride gave arylketo acid 18 that was converted to
the required aldehyde 19 in three steps. Condensation
of 19 with 3-benzyloxy-propane-1,2-diol under standard

HO
R—CH,OH R—-CHO + Ho
3a-3c 4a-4c OH
H
o- P O(CH2)2CN
CH2)2CN

conditions formed the dioxolane 20. Debenzylation of
20 followed by phosphorylation and removal of the pro-
tecting groups gave target compounds 21 and 22.

To investigate the effect of stereochemistry on biological
activity, we decided to synthesize all stereoisomers of
Darmstoff analogs 13 and 14. From the chemical struc-
tures it is clear that 2,4-disubstituted-1,3-dioxolanes of
this type exist as a mixture of four stereoisomers. Previ-
ously it was difficult to separate optically pure dioxol-
anes, although there have been reports that utilize
chiral stationary phases®®or enzymatic methods.?’
Recently, Lin et al. showed the separation of 2,4-disub-
stituted-1,3-dioxolane stereoisomers utilizing a semi-
preparative HPLC method.?®

Our synthetic approach for the preparation of the four
possible stercoisomers of 13 and 14 is outlined in
Scheme 3. Accordingly, acid mediated removal of the
isopropylidene group from commercially available 23
(R-isomer) gave methyl glycerate (24) in a quantitative
yield. The acid-catalyzed condensation of cis-9-octadec-
enal with 24 afforded a mixture of dioxolanes 25 and 26,
which were readily separated by column chromato-
graphy.?”?8 LiBH,; mediated reduction of the ester
functionality of 25 gave alcohol 27 that was phosphory-
lated using 7 to form phosphate 28 and thiophosphate
29. Finally, treatment of these esters with methanolic
KOH gave the corresponding Darmstoff stereoisomers
30 and 31 as shown in Scheme 3. Similarly, dioxolane
intermediate 26 was converted to target compounds 34
and 35 using the same chemistry. Synthesis of the other
four Darmstoff stercoisomers (37-40) utilized the same
procedure but used 36 (S-isomer of 23) as the starting
material. To examine the purity of these stereoisomers,

—— ®r< j\/OH

6a-6¢
d
" ]\/o p-OK*
12-15
R X
12 CyoHys (13:0) o
13 Cl7H33 (1811, A 9) (@]
14 C17H33 (181, A 9) S
15 C17H29 (183, A 9,12,15) [e)

Scheme 1. Reagents and conditions: (a) PCC, CH,Cl,, 90-95%; (b) PTSA, C¢Hs, Dean-Stark, reflux, 70-78%; (c) (1) bis(cyanoethyl)-N,N-
diisopropylphosphoramidite (7), 1 H-tetrazole, CH,Cl,, (2) 30% H,0,, rt or sulfur, reflux, 70-75%; (d) KOH, MeOH, 80-85%.
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Scheme 2. Reagents and conditions: (a) AlCl;, CH,Cl,, 60%; (b) N,H4-H,0, KOH, ethylene glycol, MW, 87%; (c) BH3 THF, 78%; (d) PCC, CH,Cl,,
95%; (e) 3-benzyloxy-propane-1,2-diol, PTSA, C¢Hg, Dean-Stark, reflux, 83%; (f) Hy/Pd(OH),, EtOAc, 100%; (g) (1) bis(cyanoethyl)-N,N-
diisopropylphosphoramidite, 1H-tetrazole, CH,Cl,, (2) 30% H,O,, rt or sulfur, reflux, 70%; (h) KOH, MeOH, 80%.
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Scheme 3. Reagents and conditions: (a) HCI, MeOH, 88%; (b) C;H33CHO, PTSA, C¢Hg, Dean-Stark, reflux, 75%; (c¢) LiBH4, Et,O, 83%;
(d) (1) bis(cyanoethyl)-N,N-diisopropylphosphoramidite, 1H-tetrazole, CH,Cl,, (2) 30% H,0,, rt or sulfur, reflux, 73%; (¢) KOH, MeOH, 81%;

(f) BnBr, NaH, THF, reflux, 75%.

HPLC profiles of compounds 32 and 41 were analyzed.
Benzyl ethers (32 and 41, Scheme 3) were prepared to in-
crease their detection by UV. The HPLC analysis (Chir-
alpak AS-RH 150 x 4.6 mm, 1:1 water—acetonitrile) of
benzyl ethers confirmed the purity of 32 and 41. All
compounds were fully characterized by spectroscopic
methods.?’

The biological effects of all synthesized compounds were
tested using three high-throughput assays. First, intra-
cellular calcium transients in rat hepatoma (RH7777,
an LPA receptor null cell line) cell lines individually
expressing either LPA,, LPA,, and LPAj; receptors were
analyzed to examine agonism and antagonism.3* Wild
type RH7777 cells did not respond to any of the

Darmstoff analogs. Second, PPARY activation was
examined in CV1 cells, transfected with an acyl-coen-
zyme A oxidase-luciferase (PPRE-Acox-Rluc) reporter
gene construct as previously reported.3® Third, inhibi-
tion of the lysophospholipase D autotaxin was deter-
mined using a previously described procedure.?!

Compound 12 contammg a C13 alkyl chain and no dou-
ble bond inhibited Ca** mobilization in cells expressing
all three LPA GPCRs there by providing a pan-antago-
nist of LPA_; (Table 1). An increase in chain length to
C18 and introduction of the Co=C,;, double bond result-
ed in analog 13, which produced LPA;; antagonist
activity. It is interesting to note that oleoyl-LPA is an
agonist of LPA; ; while Darmstoff analog 13 containing
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Table 1. Ligand properties of Darmstoff analogs at LPA /3, PPARY, and ATX

Compound LPA, LPA, LPA; PPARy  ATX ICsy (inhibitionp,y %)
ECs, 1Cs0 ECso ICso ECso ICso (nM)
(Emax)a(nM) (Kl)(nM) (Emax) (nM) (Kl) (HM) (Emux) (IIM) (Kl) (HM)

12 NE® 1110 (652) NE 7430 (745) NE 2870 (681) Agonist 232 (26)
13 NE 915 (497) >10,000 NE NE 527 (548)  Agonist 141 (30)
14 981 (45) NE 1170 (87) NE 639 (73) NE Agonist 415 (51)
15 3600 (55) NE 1710 (51) NE 7590 (29) NE Agonist 803 (54)
21 NE 4660 (1930) NE NE NE 504 (171)  Agonist 106 (10)
22 NE WA NE NE 692 (87) NE Agonist 449 (55)
30 NE WA 1170 (39) NE NE WA Agonist 120 (30)
31 1580 (89) NE 1300 (77) NE 127 (127) NE Agonist 252 (74)
34 NE NE 1710 (42) NE NE 136 (83)  Agonist 97 (28)
35 1410 (71) NE 1090 (85) NE 194 (113) NE Agonist 344 (66)
37 >10,000 NE >10,000 NE NE 484 (241) Agonist 238 (46)
38 2260 (68) NE 1540 (72) NE 204 (102) NE Agonist 363 (64)
39 NE WA NE NE NE 209 (77)  Agonist 178 (25)
40 1560 (65) NE 1320 (87) NE 265 (78) NE Agonist 403 (60)

# Emax» maximal efficacy of drug/maximal efficacy of LPA 18:1, expressed as the percentage.

®NE, no effect was shown at the highest concentration (30 uM) tested.

°WA, weak antagonist.

an oleoyl chain at C-2 position of the 1,3-dioxolane phosphate head groups were LPA; antagonists,

inhibited LPA_; receptors indicating the significant role
played by the acetal moiety in ligand recognition. The
replacement of the phosphate head group with a thio-
phosphate in our previously reported fatty alcohol phos-
phate analogs had a significant effect on their ligand
properties with regard to the LPA, 3 receptors.’® To
examine the effect of this modification with Darmstoff
series compound 14 was synthesized. This analog was
an agonist at all three LPA receptor subtypes and was
most potent at LPA; (ECsg of 639 nM). The phosphate
analog 15 with conjugated double bonds at Co=C,y,
C,=C;3, and C;5=C¢ positions was an agonist for all
three LPA receptors. Though analog 15 was less potent
than 14, these compounds were identified as two new
LPA GPCR pan-agonists. We are currently using these
leads to optimize the receptor potency and introduce
specificity.

A multitude of aldehydes are produced via oxidative
cleavage of unsaturated fatty acids and their phospho-
lipid derivatives.?? The cis-olefinic bond of analogs
13-15 is susceptible to oxidative cleavage. In order
to avoid this problem and to examine the effect of
structural rigidity on biological activity, we replaced
the double bond with an aromatic ring and screened
against LPA GPCR, PPARY, and autotaxin. Incorpo-
ration of an aromatic ring in the alkyl chain led to
compounds 21 and 22. Analog 21 was an antagonist
of LPA;; receptors but had no effect against LPA,.
The thiophosphate analog, compound 22, was a weak
LPA, antagonist, without any effect on LPA, but
stimulated LPA; with an ECsy of 692nM
(Emax = 87%).

Next, we examined the importance of stereochemistry
on biological activity. Analysis of pure stereoisomers
(Table 1) with respect to LPA GPCR activation sug-
gests that regardless of their stereochemistry at C-2
and C-4, Darmstoff analogs (30, 34, 37, and 39) with

whereas analogs with thiophosphate groups (31, 35,
38, and 40) were pan-agonists. Among the phosphate
stereoisomers, analog 34 was identified as the most po-
tent LPA; antagonist with an ICsy of 136 nM
(K; = 83 nM). Interestingly, compound 30 weakly acti-
vated LPA;;; and was a partial LPA, agonist with an
ECsq of 1.17 uM (Eax = 39%). It is noteworthy that
stereoisomers with a thiophosphate head group were
found to be more potent at LPA3 receptor than parent
compound 14. In this series all other stereoisomers (31,
35, and 38), with the exception of 40, were full agonists
of LPA; receptor, with the most potent being 31 (ECs,
of 127nM, E, .= 127%) there by indicating the
importance of stereochemistry on biological activity
of Darmstoff analogs.

PPARY is a lipid-activated transcription factor that be-
longs to the nuclear hormone receptor superfamily.
Recently, MclIntyre et al. showed that LPA is a direct ago-
nist of PPARY.'? They demonstrated that LPA competed
against the synthetic PPARY agonist Rosiglitazone and
the natural agonist azaleylphosphatidylcholine. LPA
binding to PPARY has a nanomolar Kd and LPA does
not bind to PPARa or PPAR.!3 LPA-induced activation
of PPARY appears to be an important step in the regula-
tion of adipogenesis, macrophage function, neointima
formation, and atherogenesis.?* Zhang et al. showed that
unsaturated and alkyl ether analogs of LPA induce neoin-
tima formation, an early step that leads to the develop-
ment of atherogenic plaques, through PPARYy
activation.?® We examined the activity of all synthesized
Darmstoff analogs as PPARY activators in vitro in CV1
cells using a PPRE-Acox-Rluc reporter gene assay. For
comparison purposes we also included Rosiglitazone, a
known PPARY agonist, as a positive control in all analy-
ses. The results (Fig. 2) indicate that all tested Darmstoff
analogs, regardless of whether they were agonist or antag-
onist of LPA GPCR, activated the PPARY reporter con-
struct. These results are consistent with previous
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Figure 2. Results of in vitro PPARY activation by Darmstoff analogs
in CVI cells transfected with PPARy and PPRE-Acox-Rluc reporter
gene. CVI1 cells were treated with 1% of DMSO or 10 uM of test
compound dissolved in DMSO for 20 h.

reports,3 establishing that many LPA-like compounds
activate PPARy. These data also emphasize that the
SAR of PPARY activation is distinct from that of GPCR
activation/inhibition.

LPA is liberated as the product of lysophosphatidylcho-
line hydrolysis by the lysophospholipase D autotaxin.
Recently, van Meeteren et al. showed that ATX is sub-
jected to mixed type product inhibition.>! To further
characterize the pharmacological behavior of Darmstoff
analogs, we screened these compounds for ATX inhibi-
tion. The ICso values and percentage of inhibition for
Darmstoff analogs are listed in Table 1. These data
clearly indicate that all tested analogs are capable of
ATX inhibition that is independent of their ligand prop-
erties at LPA GPCR and PPARYy. Compound 31, which
is an LPA|; pan-agonist with preference for LPA;
emerged as the most effective ATX inhibitor with an
ICso of 252 nM.

In conclusion, we have developed a facile method for the
preparation of Darmstoff analogs and their stereoiso-
mers. For the first time we showed that Darmstoff rep-
resents a novel scaffold for the development of
subtype-specific LPA GPCR ligands. The initial SAR
study with these analogs led to the discovery of a novel
pan-antagonist and several pan-agonists of the LPA; 3
receptors. Analysis of the ligand properties of pure ster-
eoisomers indicates that stereochemistry plays an impor-
tant role in LPA GPCR activity. Further, we found that
in addition to their LPA GPCR activity, Darmstoff ana-
logs also activate the nuclear transcription factor
PPARYy and inhibit lysophospholipase D/ATX. The
LPA receptor subtype-specific agonists and antagonists
identified in this study will serve as novel leads for the
development of more potent compounds by further syn-
thetic optimization.
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Abstract—The development of biocompatible coatings is an ongoing issue. Mimicking the physiological adhesion process of
osteoblasts to the extracellular matrix improves cell adhesion of osteoblasts in vitro and results in improved and earlier osseous
integration of implants in vivo. Titanium, an often used material in implant surgery, can be easily coated by peptides bearing
phosphonic acid groups. We report here, the synthesis of benzyl protected phosphonic acids suitable for solid-phase peptide

synthesis (SPPS), which can be easily deprotected with TFA.
© 2005 Elsevier Ltd. All rights reserved.

Osteo-integration of implants is known to be a biologi-
cal process that occurs by formation of new peri-implant
bone in direct contact with the implant surface.! Numer-
ous experimental studies have shown that surface mod-
ifications can enhance bone/implant contact in terms of
both velocity and intensity of bone formation. Acceler-
ated and increased bone contact to the implant surface
could be achieved by surface modifications, such as
coating with hydroxylapatite,”> but more advanced
improvements of surfaces can be achieved by coating
with cyclic RGD peptides® of the structure cyclo
(-RGDfK-) in which lysine allows coupling of the
peptide to anchors.* These cyclic peptides specifically
bind to avp3 and avf5 integrins.’ The avp3 integrin is
found in focal contacts and leads to spreading and
migration of cells onto vitronectin.® Adhesion studies
elucidated binding specificity of the cyclic RGD-pep-
tides towards osteo-progenitor cells and osteoblasts of
different species and in vivo studies confirmed the
concept.’

For anchoring peptides in a simple way on titanium,
which is often used in implant surgery, phosphonic acids
can be used. These coatings are extremely stable. Such

Keywords: Cell adhesion; Titanium surface coating; Phosphonic acids

for coating titanium surfaces; Multimeric phosphonic acids for coating

titanium surfaces; Integrin avp3 binding to surfaces; Cyclic RGD pe-

ptide; Benzyl protected phosphonic acids.
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modified surfaces can be sterilized with y-irradiation
or treated with nitric acid for repassivation.® For an
introduction of the phosphonic moiety into peptides
during solid-phase peptide synthesis (SPPS), the phos-
phonic acid has to be protected. In the past, we used
diethyl-phosphonopropionic acid,® but the deprotection
of the ethylesters with trimethyl-silyl bromide (TMSBr)
worked only with HBr-free TMSBr and caused various
side reactions, which led to a very low yield of the de-
sired product. For this reasons, a new protecting group
was introduced and the phosphonate building block
should bear a branching unit although, as four phos-
phonic acid groups are needed for a tight anchoring of
the peptide to the surface. The second demand was
met by a building block used in an artificial RGD-recep-
tor,? but the phosphonic acids were still protected as the
inappropriate methylesters, which also required TMSBr
for deprotection. Our investigations led to the benzyl-
protected bisphosphonomethyl benzoic acid 4, which
can be cleaved during the deprotection of the peptide
with TFA.

Compound 4 is accessible in a three-step synthesis start-
ing from methyl 3,5-dimethylbenzoate 1 that was
brominated in a Wohl-Ziegler bromination. In the
following Michaelis—Arbuzov rearrangement with tribe-
nzylphosphite,'” it is crucial to remove the developing
benzylbromide carefully, because it can react with the
tribenzylphosphite in the same way. A good removal
was achieved by applying a high vacuum of about
0.1 mbar and placing the flask in an oil bath at about
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Scheme 1. Synthesis of the benzylprotected anchor building block. Reagents and conditions: (a) 2 equiv NBS, cat. (PhCOO),, CCl, (34%);

(b) (BnO):P (55%); () 1.5 equiv LiOH, MeOH/H,O (2:1) (96%).

200 °C. The methyl ester of the resulting compound 3
was saponificated with lithium hydroxide to get the ben-
zylprotected bisphosphonic acid 4 (Scheme 1).!!

A set of linkers, which differ in length and amount of
phosphono groups, was synthesized by SPPS using
TCP-resin applying standard Fmoc-strategy.!> These
linkers were coupled with the partially protected cyclic
peptide cyclo(-R(Pbf)GD(OtBu)fK-)* in solution.'3
After the workup, the protecting groups, both on the
peptide (Pbf, OtBu) and on the anchor, were cleaved
with 95 % TFA, triisopropylsilane and water during
3 h. After RP-HPLC purification,'# the peptide-linker
conjugates were obtained in good yields (Table 1,
Scheme 2).

The properties of the conjugates to stimulate cell adhe-
sion on titanium were elucidated with MC3T3-E1 mouse

Table 1. List of synthesized conjugates

Structure

Cyclo(-RGDfK-)-Ahx-Ahx-K-BPMB,
Cyclo(-RGDfK-)-Ahx-Ahx-Ahx-K-BPMB,
Cyclo(-RGDfK-)-Ahx-Ahx-Ahx-Ahx-K-BPMB,
Cyclo(-RGDfK-)-Ahx-Ahx-Ahx-K-(K-BPMB;),
Cyclo(-R BADfK-)-Ahx-Ahx-K-BPMB,
Cyclo(-RGDfK-)-Ahx-Ahx-Ahx-K-(K-phos-
phonopropionyl,),

Compound

o 0N W

—
=]
%0

BPMB, 3,5-bisphosphonomethyl-benzoyl.

COOH

{o° %

HoN™ SNH

HN (0] H H H HN™ ~O o}
O 30
X

osteoblasts.'® Therefore, the conjugates were attached to
titanium discs (Ti6A14V, & 1 cm) out of PBS and cells
were seeded onto the discs. After 1h, the number of
adherent cells was detected.!® As shown in Figure 1 con-
jugates with the new anchor can stimulate the cell adhe-
sion as well as conjugate 10, known from the literature,®
if the spacer between the anchor group and the integrin
ligand is at least three e-aminohexanoic acids long.

60 - [——1no peptide

=15 [ 6 7
. 8 /o [ 10
50
=
= 404
2
o
2 304
]
©
° 20
o
10 4
0-
0 0.1 10 100

peptide concentration in coating solution [uM]

Figure 1. Adhesion of MC3T3 El mouse osteoblasts on RGD and
RBAD (9, as negative control) coated titanium discs. Serum-free media
were used for the assay. Conjugate 10° was taken as reference. The
numbering is referred to Table 1.

OH
0=P-OH

i
P~oH
HO

Scheme 2. Structure of cyclic RGD peptide with new phosphonic acid anchors (cyclo(-RGDfK-)-Ahx-Ahx-Ahx-K-BPMB, 6).
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Furthermore, the cell adhesion is specific to the RGD-
peptide and not to the anchor, because the control
conjugate 9, containing the RBAD-sequence, showed
no enhanced cell adhesion. Another benefit of the new
anchor building block is that only one lysine is required
for branching. A second lysine generation, leading to an
octameric anchor, showed no effect on cell adhesion.

In conclusion, the synthesis of a benzylprotected bis-
phosphonic acid was developed. This allows the syn-
thesis of peptides for anchoring on titanium, with
standard Fmoc-strategy. The cleavage of benzylesters
occurs under the usual deprotection conditions with
TFA.
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Abstract—A series of acryloylamino-salicylanilides were synthesized as inhibitors of EGFR PTK. A strategy of pseudo six-mem-
bered ring formed through intramolecular hydrogen bonding in salicylanilides is employed to mimic the planar pyrimidine ring
of quinazoline EGFR inhibitors. Acrylamido moiety is incorporated to target the Cys-773 of EGFR specifically. Some of the

obtained compounds exhibited good activity as EGFR inhibitors.

© 2005 Elsevier Ltd. All rights reserved.

The protein tyrosine kinase (PTK) plays critical roles in
many of the signal transduction processes that control
cell growth, differentiation, mitosis and apoptosis. The
epidermal growth factor receptor (EGFR) belongs to
the family of transmembrane growth factor receptor
PTKs. The EGFR and its ligands (EGF, TGF-a) have
been implicated in various tumors of epithelial origin
(e.g., aquamous cell carcinoma, breast, ovarian and
NSC lung cancer).!?> Thus, inhibitors of the EGFR have
emerged as promising anticancer agents and two main
approaches, humanized monoclonal antibodies and
tyrosine kinase inhibitors, have been developed.

In the last few years, a large structural variety of com-
pounds, such as 4-anilinoquinazolines,> 4-anilinopy-
razolo[3,4-dJpyrimidines,® 4-anilinoquinoline-3-carbonitr-
iles,” 4-anilinopyrazolo- and 4-anilinopyrroloquinazo-
lines,® were reported as EGFR tyrosine kinase
inhibitors. Representative inhibitors of the quinazoline
series are illustrated in Figure 1.°

According to the crystal structure of the AQ4774
(Tarceva™)-EGFR complex (Fig. 2)'° and previous
structure—activity relationship (SAR) of 4-anilinoqui-
nazolines,>®!'"1° pivotal interactions between the
receptor and the inhibitors have been revealed as
follows: (1) The quinazoline ring binds to a narrow
hydrophobic pocket in the N-terminal domain of EGFR
TK. (2) The N-1 of the quinazoline ring interacts with

Keywords: EGFR; Inhibitors; Salicylanilides.
* Corresponding author. Tel.: +86 10 631 65249; fax: +86 10 831
55752; e-mail: zrguo@imm.ac.cn

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.06.088

the backbone NH of Met-769 via a hydrogen bond,
and similarly, a water molecule-mediated hydrogen
bonding interaction is observed between the N-3 of the
quinazoline ring and the Thr-766 side chain. These inter-
actions underscore the importance of both nitrogen
atoms for binding and the subsequent inhibitory capac-
ity. In fact, replacement of a carbon atom for either
nitrogen atom results in drastic loss in inhibitory activi-
ty. (3) The aniline moiety lies in a deep and hydrophobic
pocket. (4) The acrylamido moiety at C-6 or C-7 of the
quinazoline ring conveys an irreversible inhibition and a
more potent antitumour activity as compared to the
congeners in the absence of this unique moiety. Michael
addition occurred between the acrylamido moiety of the
inhibitor and sulfhydryl group of the Cys-773 residue is
believed to be responsible for the distinct activity profile.

Herein, we report the synthesis and biological activity of
a series of EGFR PTK inhibitors with an acrylamido
group at the 4- or 5-position of salicylanilides. A dock
model and preliminary SAR based on in vitro enzyme
assay will also be discussed.

The salicylanilide molecules may assume alternative
conformations via either NH---O hydrogen bonding
(I) or OH: - -O=C hydrogen bonding (II). Intramolecu-
lar hydrogen bonding stabilizes both conformations
and makes the molecule considerably rigid. By NMR
spectroscopy, Suezawa et al. have shown that almost
all salicylanilide derivatives without 3- or 2/(6)-substitu-
ent form a pseudo six-membered ring via a strong
hydrogen bond between OH and O=C, and take a fairly
rigid and planar conformation (II) (Fig. 3).2° The con-
formational similarity of II to quinazoline led to the
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Figure 1. Representative EGFR PTK inhibitors.

Figure 2. Crystal structure of AQ4774 (Tarceva™)-EGFR complex.
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Figure 3. Salicylanilide and quinazoline.

hypothesis that the pseudo six-membered ring may
function as a mimic of the pyrimidine ring of the quin-
azolines. The acrylamide side chain at the 5- or 4- posi-
tion of salicylanilide corresponds to that of the 6- or
7-position of the quinazoline core. The presence of the
acrylamido moiety favors the trapping of the Cys-773
of EGFR.

Docking studies were performed to fit salicylanilides to
the enzyme. The structure of salicylanilides and Tarc-
eva™ are in good spatial match (Fig. 4). The pseudo
six-membered ring and pyrimidine ring orient in a simi-
lar manner and superpose at the same site. The oxygen
atom of the phenolic group forms a hydrogen bond with
the backbone NH of Met-769 as the N1 atom of the qui-
nazoline does. The oxygen of the carbonyl group binds
to a structural water molecule via hydrogen bonding
similar to the way N3 atom of the quinazoline functions.
This water molecule, in turn, associates with the OH of
Thr-766 by another hydrogen bond. The aniline moiety
situates into the same hydrophobic pocket. The acry-
lamido side chain extrudes from the enzyme surface to-
wards the solvent. The y-carbon is positioned 4.11 A
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from the sulthydryl group of Cys-773, which is favorable
for the occurrence of the Michael addition.

Most of the S-substituted salicylanilides (5-14) listed in
Table 1 were obtained from 2-methoxyl-5-nitro-benzoic
acid. The acid was transformed into the corresponding
acid chloride using SOCl,, which reacted with substituted
aniline to give the corresponding anilide. Ether cleavage
with BCl; gave S-nitro-salicylanilide, and subsequent
reduction of the nitro group and acylation of the resulting
amino group with acryloyl chloride or propionyl chloride
yielded 5-acryloylamino-salicylanilides (5, 7, 9-14). To
identify the role of the o-hydroxyl group, 5-acryloylami-
no-2-methoxyl-benzanilides (6 and 8) were prepared.
The intermediate 5-nitro-salicylanilide could also be syn-
thesized through the reaction of the corresponding sali-
cylic acid with substituted aniline with phosphorus
trichloride in boiling toluene (1 and 3) (Scheme 1).

To explore the regioisomeric effect of the 4-acryloylami-
no moiety on the activity, 4-substituted salicylanilides (2
and 4) were prepared in a different approach as shown in
Scheme 2. p-Aminosalicylic acid (PAS) reacting with
acryloyl chloride gave 4-acryloylamino-salicylic acid,
which was converted to 4-acryloylamino-salicylanilide
by acylation with substituted aniline.

The synthesized target compounds were tested for their
inhibitory activity toward the EGFR tyrosine kinase.
The results are listed in Table 1. Inhibitory activities
are given as percentage inhibition at four geometric con-
centrations of 10, 1.0, 0.1, and 0.01 uM.
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Figure 4. Compound 3 docked (gray) and X-ray crystallographic conformations of AQ4774 (red).
Table 1. Inhibitory activity of salicylanilides toward EGFR
e
HN
oL,
R2
Compound R! R? R? EGFR PTK (uM)
10 1 0.1 0.01
1 3-Cl OH 5-CH,=—CHC(O)NH 62.6 46.3 21.6 —
2 3-Cl OH 4-CH,=CHC(O)NH 73.1 38.3 233 —
3 3-Br OH 5-CH,=—CHC(O)NH 91.3 89.9 88.2 76.0
4 3-Br OH 4-CH,=CHC(O)NH 93.0 90.6 89.5 52.9
5 3-PhO OH 5-CH,=—CHC(O)NH 91.2 89.3 86.6 18.8
6 3-PhO OMe 5-CH,=CHC(O)NH 1.59 — — —
7 3-Ph(OH)CH OH 5-CH,=—CHC(O)NH 93.5 91.7 84.8 49.3
8 3-Ph(OH)CH OMe 5-CH,=CHC(O)NH 5.84 — — —
9 3-Et,NC(0) OH 5-CH,=—CHC(O)NH 63.9 54.4 40.4 14.1
10 3-Et,NC(O) OH 5- CH;CH,C(O)NH 46.6 — — —
11 4-PhO OH 5-CH,=—CHC(O)NH 62.2 28.1 0.8 0
12 4-PhO OH 5-CH;CH,C(O)NH 48.5 — — —
13 3-(CH,)4NC(O) OH 5-CH,=—CHC(O)NH 91.0 88.6 84.2 26.0
14 3-(CH,)sNC(O) OH 5-CH,=CHC(O)NH 91.9 91.2 88.0 75.1
Enzyme tests were performed using ELISA. “— not determined.
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Scheme 1. Reagents and conditions: (a) SOCl,, reflux, then ArNH,, Et;N, THF, rt; (b) BCls, dichloromethane, rt; (¢) H,, Raney-Ni, methanol,

1 atm, rt; (d) Acryloyl chloride or propionyl chloride, Et;N, THF, rt; (e) PCl;, toluene, reflux.
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Scheme 2. Reagents and conditions: (a) Acryloyl chloride, NaOH (aqueous), rt; (b) PCls, toluene, reflux.

The data presented in Table 1 clearly show that most
compounds exhibit high activities toward EGFR. The
percentage inhibitions of the three compounds (3, 4
and 14) at a concentration of 0.01 uM are more than

50%. When the phenolic hydroxyl groups of the active
compounds 5 and 7 are methylated, the resulting mole-
cules 6 and 8 are abolished from the ability to form the
intramolecular hydrogen bond and are devoid of the
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activity (inactive at 10 uM), indicating that the pseudo
six-membered ring formed through the intramolecular
hydrogen bond between OH and O=C in the salicylic
acid part is important for the inhibition.

The presence of acrylamido group at position 4 or 5 of
the salicylic acid moiety is another prerequisite for the
inhibition, as shown in compounds 1-5, 7, 9, 11, 13,
and 14. However, the replacement of a saturated propi-
onamido group (compounds 10 and 12) for the acrylam-
ido group (compounds 9 and 11) leads to significant
decrease in activity, which agrees with the hypothesis
that acrylamido group is critical for the inhibitory activ-
ity by alkylation reaction with Cys-773 as Michael
acceptor.

Compounds with bulky substituents such as phenoxy
and benzyl in the 3-position of the aniline moiety (com-
pounds 5, 7,9, 11, 13, and 14) were shown to be active,
suggesting that the hydrophobic pocket of the kinase
can accommodate large groups.

The structural features of acryloylamino-salicylanilides
as EGFR PTK inhibitors include: (1) Salicylanilide is
implicitly necessary as the structure framework, and
the phenolic hydroxyl group is very important for the
pseudo six-membered ring. (2) The acrylamido side
chain as Michael acceptor increases the inhibitory activ-
ity. (3) The substituent at the aniline moiety is favorable
for activity.

It could be verified that the pseudo six-membered ring
formed by the intramolecular hydrogen bond in salicy-
lanilides can isosterically replace pyrimidine ring of the
quinazolines. Acrylamido side chain enhances inhibition
activity of EGFR PTK. Not only halogen but bulky
substituents at the aniline moiety are beneficial for the
increase in the inhibitory activity.
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Abstract—3,4-Dihydroxy-pyrrolidin-2-one, 3,4-dihydroxy-piperidin-2-one and 1,2-dihydroxy-pyrrolizidin-3-one have been synthe-
sized, using a simple strategy based on the asymmetric dihydroxylation of vinylogous aminoesters and subsequent mild intramolec-
ular cyclization. All these compounds show a partial inhibition of a-glucosidase, but were inactive towards other glycosidases.

© 2005 Elsevier Ltd. All rights reserved.

3,4-Dihydroxy-pyrrolidin-2-one, 3,4-dihydroxy-piperi-
din-2-one and 1,2-dihydroxy-pyrrolizidin-3-one consti-
tute attractive synthetic targets as they are designed
and developed as useful tools for promising biological
applications including antifungal, AIDS agents and
antitumour antibiotics.! These compounds also repre-
sent potent glycosidase inhibitors.> The potential tauto-
merisation of the carboxamide moiety was interesting to
mimic the 2-hydroxyl of the natural substrates that lacks
in the structure of most iminosugar inhibitors. Likewise,
such optically active a,B-dihydroxy-y-lactams have been
shown to be versatile starting materials for the asymmet-
ric synthesis of biologically active compounds.?

Consequently, the research of new methods for the prep-
aration of these heterocycles or synthetic analogues and
the study of their capacity to inhibit glycosidase are of
increasing interest. Many syntheses have been reported,
often in connection with a particular structure and with
sophisticated methods including numerous steps.'* We
have previously investigated stereoselective methods for

Keywords: Glycosidases; Glycosidase inhibitors; Azasugars; Imino-

sugars; o,B-dihydroxy-lactams; Asymmetric dihydroxylation; Vinylo-

gous aminoesters.
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the synthesis of vinylogous aminoesters® and we have
shown that the insertion of a Z ethenyl-CH=CR'-
group between the a-carbon and the ester moiety into
an aminoester induced the formation of a very stable
closed conformation.®

As a result, the ester group of such Z vinylogous amino-
esters was found to be positioned near the amino moiety
and an easy intramolecular cyclization into enantiopure
unsaturated y- or d-lactams was clearly a favoured
transformation.” In this letter, we describe a novel pos-
sibility that offers this strategy to obtain the newly
substituted azasugar analogues 3,4-dihydroxy-pyrroli-
din-2-one, 3,4-dihydroxy-piperidin-2-one and 1, 2-dihy-
droxy-pyrrolizidin-3-one 4, via the asymmetric
dihydroxylation of vinylogous aminoesters 1 and subse-
quent intramolecular cyclization (Scheme 1). The glyco-
sidase inhibitory activity of the new iminosugar
analogues 4 is also described.

Z or E vinylogous aminoesters 1 were prepared using a
Horner reaction between suitable phosphonate anions
and o- or B-N-t-butoxycarbonyl aminoaldehydes, as
previously described by us.’ The asymmetric dihydroxy-
lation of vinylogous aminoesters 1 was investigated
using either the achiral reagent osmium tetroxide-
N-methyl-morpholine N-oxide (NMO/OsQy,) or osmium
tetroxide in the presence of quinine and quinidine
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Scheme 1. Synthesis of dihydroxylactams 4/4’.

ligands (AD-mix-o and AD-mix-f) under conditions of
the Sharpless catalytic asymmetric dihydroxylation
(AD)® (Table 1). When the C=C double bond was
feebly hindered (1a, 1b and 1f), the Sharpless catalytic
asymmetric dihydroxylation (AD) could be used to set
the stereochemistry of the final two stereocentres into
4/4’'. With a bulky R?, the AD led to lower reaction rates
(1c, 1d and 1e) and the dihydroxylation with NMO/
0sO4 was then the most efficient system. Removal of
the N-t-butoxycarbonyl-protecting group of a,B-dihy-
droxy-y-aminoesters 2/2" with HCl/ether yielded the cor-
responding hydrochlorides 3/3’ without affecting the
diol group. Subsequent addition of triethylamine (2.5
equiv) for 2 h at 20 °C in dichloromethane provided a
stereospecifically cyclic material 4/4’ in good yields.
The strategy allowed the construction of dihydroxylac-
tams 4/4’ with different substituents at the 3 or 5
positions and allowed the preparation of 3,4-dihydroxy-
2-pyrrolidinone, 3,4-dihydroxy-2-piperidinone and 1,
2-dihydroxy-3-pyrrolizidinone. No products of intermo-
lecular reaction were detected, even in the case of n = 2.
The mild cyclization conditions, and then the enhanced
reactivity of a, B-dihydroxy-y-aminoesters 3/3’ compared
to those of vinylogous aminoesters’ and corresponding
hydrogenated aminoesters® could be explained by the o-
hydroxy neighbouring-group participation.

It is known that the rate of asymmetric dihydroxylation
of electron-deficient olefins can be very low.” However,

in the present case, the AD of vinylogous aminoesters
1a, 1f and 1g gave satisfactory results at room tempera-
ture under the standard conditions.'® In these cases, an
estimation of the enantiomeric excess of 2/2’ was ob-
tained from the diastereomeric ratio of the Mosher ester
derivatives of 2/2’ determined by 'H NMR and "F
NMR analyses. Interesting levels of enantioselectivity
were thus obtained with AD-mix-f that could be
compared favourably with recent reports in the litera-
ture relating the asymmetric dihydroxylation of 1,
2-disubstituted y-amino-o, B-unsaturated ester deriva-
tives.!2¢:3d.11 Particularly, Z and E vinylogous B-alanine
derivatives 1f(Z) and 1g(E) gave the corresponding
pairs of enantiomeric diols 2f/2'f and 2g/2’g, respectively
(these two pairs being diastereomeric to each other), in
good yields and with an excellent enantioselectivity
(ee = 96). On the basis of the Sharpless ‘mnemonic de-
vice,” 1g(E) would lead to the major diol (25,3R) 2g.
However, in the absence of such a model in the case
of (Z) olefin, it would be hazardous to propose the con-
figuration of the major diol 2f. In the context of match-
ing and mismatching in the AD reaction, the vinylogous
alanine 1a(Z) and AD-mix-p (85% yield, ee = 60) and
1b(Z) and AD-mix-f (70% yield, de =56) represent
the matched pairs, whereas the set 1a(Z) and AD-mix-
o (90% yield, ee = 38) and 1b(Z) and AD-mix-a (30%
yield, de = 22) that lead to lower stereoselectivity consti-
tute the mismatching pairs.

Compounds 1c, 1d and 1e only efficiently reacted with
the classical achiral system NMO/OsO,4 (68-78%). In
these cases, it appeared that the stereoselectivity depend-
ed on the degree of substitution of the double bond, the
best diastereoselection being obtained with the tri-
substituted olefins 1¢ and 1d. Similar results have been
reported by Koskinen et al. in dihydroxylation of a
cyclically protected vinylogous serine.'? Moreover, in
the case of 1d, the dihydroxylation led to the diastereo-
mers 2d/2’d, which could be easily separated on a chro-
matographic silica gel column. Consequently, after
removal of Boc of pure 2d and further cyclization, pure
4d was casily obtained.

The mechanism of osmylation is not well defined in the
case of Z-trisubstituted y-amino-o, B-unsaturated ester
derivatives. Consequently, the factors determining the
stereoselectivity are particularly difficult to evaluate. In

Table 1. Enantiomeric or diastereomeric excess and isolated yields of o, B-dihydroxy-y-aminoesters 2/2’ and dihydroxylactams 4/4’

1 R! R? R® n  Dihydroxylation conditions  2/2' ee de Yield%  4/4 Yield %
la(Z) H H Me 1 AD-mix B, 3days 2a/2'a80/20* 60 85 4a/4’a 82
laZ) H H Me 1  AD-mixa, 3days 2a/2'a69/31* 38 90 — —
I(Z) H Me Me 1 AD-mixB, 15days 2b/2'b78/22° 56 70 4b/4'b70/30° 66
1b(Z) H Me Me 1  AD-mixo, 15days 2b/2'b61/39° 2 30 — —
1ec(Zy H iPr Me 1  OsO4NMO,lday 2¢/2'c 75/25° 50 68 dc/4'c 79/21° 68
1d(Z) —(CHys~ Me 1 OsO4/NMO,15 days 2d/2'd 81/19° 62 78 4d100/0° 73
le(Z) —(CHys» H 1 0sO4/NMO,15 days 2e/2'e 59/41° 18 73 de/d’e 59/41° 79
1fZy H H Me 2  AD-mix B, lday 2612'198/2* 96 78 af/4't 75
1g(E) H H Me 2  AD-mix B, 2days 2g/2'g98/2% 96 84 4g/d'g 72

2The enantiomeric ratio was determined by '"H NMR and "’F NMR of the Mosher ester derivatives.
®The diastereomeric ratio was determined by '"H NMR of the crude product.

“Pure 4d was obtained from pure 2d.
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Figure 1. Ortep'® view of one of the molecules of the asymmetric unit
of the lactam 4d. Ellipsoids are drawn at the 50% probability level.

accordance with the Vedejs’ model'3 and by analogy
with the reported catalytic osmylation of 4-alkoxy-2-
methyl Z-enoates'3® and E-vinylogous leucine,!>® the
(28, 38,45)-configuration can be predicted for the major
diols 2¢, 2d and 2e. The results accord also with the pre-
ferred approach of OsOy4 to the Z-4-alkenylazetidinon-
es.!!° In order to confirm the predictions of the Vedejs’
model, the relative stereochemistry of the 1-hydroxyl
and the methyl group 1nto the cyclic product 4d was ten-
tatlvely established by "H NMR spectroscopy on the ba-
sis of a NOE study. A NOE between 1-H and Me
confirmed the syn relation between these atoms and
led to the (1S, 28, 7aS)-configuration. In addition, the
coupling constant values between 1-H and 7a-H
CJ 172 = 6.6 Hz) were compatible with the antlpenplanar
relatlonshlp between these hydrogens.'* Definitive evi-
dence for such assignment was provided by the determi-
nations of the crystal structures of 2d and 4d and
confirmed the (S, S, S)-configuration in the major diaste-
reomer (Figure 1).!°> These NMR data and the crystal

data confirmed the prediction of the Vedejs’ model.!*!3

The inhibitory activity of four a,B-dihydroxy y-lactams
4b/4b’, 4c/4c’, 4d and 4f/4f’ was tested towards 22 glyco-
sidases.!” They did not inhibit the following enzymes at
1 mM concentration: o-L-fucosidase from bovine kid-
ney, a-galactosidase from coffee beans, a-galactosidase
from Escherichia coli, B-galactosidase from E. coli,
B-galactosidase from bovine liver, -galactosidase from
Aspergillus oryzae, a-glucosidase from rice, amyloglu-
cosidase from Aspergillus niger, amyloglucosidase
from rhizopus mold, B-glucosidase from almonds,
o-mannosidase from jack beans, B-mannosidase from

Helix pomotia, B-xylosidase from A. niger, B-N-acetyl-
glucosaminidase from jack beans, B-N-acetylglucosa-
minidase from bovine kidney. In return, all the tested
compounds revealed inhibition of a-glucosidase from
yeast with a percentage near 50% (4b/4b’: 48%, 4c/dc’:
51%, 4d: 45%, 4f/4f': 46%).

In summary, a simple stereoselective access to dihydroxy
lactams 4 via a facile sequence asymmetric dihydroxyla-
tion-cyclization of Z vinylogous aminoesters was de-
scribed which provided a versatile route to the
construction of five- and six-membered ring heterocycles
and substituted pyrrolizidinones. The diastereoselectivity
of the catalytic osmylation of vinylogous aminoesters 1
could be predicted with the Vedejs'model. Although these
compounds only showed modest inhibition of a-glucosi-
dase among many glycosidases tested, these dihydroxy
lactams may offer an interesting framework for selective
glucosidase inhibitors with further modification.
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Abstract—Poly(methacrylate) matrices for affinity resins were designed and synthesized based on our previous results that nonspe-
cific protein absorption on affinity resins strongly depended on their hydrophobic property. The novel affinity resins bearing FK506
(6a, 6b) captured specific binding protein, FKBP12, with a small amount of nonspecific binding proteins. The amount of nonspecific
binding proteins on 6a—6b was much reduced compared to that on commercially available poly(methacrylate) resins, Toyopearl™
(8), and was almost the same as that on one of the most popular resins, Affigel™ (9). Interestingly, 6a and 6b could isolate FKBP52

as a specific binding protein as well, although 8 and 9 could not.

© 2005 Elsevier Ltd. All rights reserved.

Affinity resins bearing bioactive compounds such as nat-
ural products, drugs, and toxins play an important role
in the discovery of novel drug targets and the elucida-
tion of drug mechanisms.'> The successful isolation of
target proteins by affinity chromatography depends
on the synthesis of polymeric resins that can bind to
the cellular target with maximum selectivity and efficien-
cy. Nonspecific binding of cellular proteins to affinity
matrices is therefore a significant limitation to this
approach.>*

There are now some commercially available solid mate-
rials for preparation of affinity resins. Affigel™, agarose
derivatives,’ is one of the most popular matrices for this
purpose. In our previous study, it was shown that the
amount of nonspecific protein absorptions to Affigel™
was very small, which could be due to its high hydro-
philic property.? However, Affigel™ is not suitable solid
phases for organic synthesis, because it is easily dena-
tured under organic synthesis conditions.> Thus, chemi-
cal approaches using this resin are often limited. In
contrast, Toyopearl™, a poly(methacrylate) derivative,®
is stable under most synthetic conditions, which allow
the synthesis of more effective affinity resins. However,

Keywords: Nonspecific binding proteins; Affinity chromatography;
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these methacrylate polymers bearing bioactive com-
pounds often show high levels of nonspecific binding
protein with the target protein. Therefore, development
of novel solid phases that are chemically stable as
poly(methacrylate) derivatives and are hydrophilic en-
ough for elimination of the nonspecific absorption as
agarose ones is an important goal.

The phrase ‘nonspecific protein binding’ is usually used
to represent proteins that bind to affinity resins based
on physical adsorption.”® In a previous paper,’ we
reported a linear relationship between hydrophobicity
of ligands and the amount of nonspecific binding pro-
teins, and effectiveness of introduction of hydrophilic
spacers for reduction of those nonspecific binding pro-
teins. However, it was difficult to eliminate such nonspe-
cific binding proteins completely by introduction of
them. We thought that it was difficult entirely to cover
the hydrophobic surface by the introduction of hydro-
philic spacers because those spacers were not always
spatially close to the hydrophobic surfaces. Thus, we
next attempted to introduce those hydrophilic spacers
into monomers before polymerization reactions for
improvement in reducing the nonspecific binding pro-
teins because it could be effective to construct more
hydrophilic surfaces on the solid phases comparing with
introduction of hydrophilic spacers after polymerization
reactions. We herein report the design and synthesis of
novel methacrylate derivative bearing hydrophilic spac-
ers and its polymers for the target isolation studies, and
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their effectiveness in reduction of nonspecific binding
proteins maintaining the specific interactions.

We designed methacrylate monomers bearing poly(eth-
yleneglycol) (3a) and p-glucamine (3b) moieties because
introductions of those moieties to Toyopearl™ as hydro-
philic spacers resulted in much reduction of the nonspe-
cific binding proteins maintaining binding with the
specific binding protein in our previous studies.>* These
novel monomers were synthesized as shown in Scheme
1.° Replacement of a hydroxyl group of hexaethylene
glycol (1a) with an amino group was carried out via a
phthalimide derivative, followed by introduction of a
tert-butoxycarbonyl (Boc) group on primary amine to
give 2a. A Boc group was introduced on amino group
of p-glucamine (1b) which afforded 2b. 2a and 2b were
coupled with methacryloyl chloride in the presence of
N,N,N', N’-tetramethyl-1,3-diaminopropane to afford
the methacrylate monomers 3a and 3b, respectively.
These monomers were polymerized by a solution poly-
merization method with 2% glycerol dimethacrylate, a
well-known crosslinker reagent, in dioxane using azobis-
isopropyronitrile (AIBN) as an initiator, which gave N-
Boc protected solid phases (4a-4b). AIBN was pur-
chased from Wako Pure Chemical and purified through
re-crystallization technique. After grinding by a mortar
grinder, Boc groups were removed by treatment with tri-
fluoroacetic acid (TFA) to give desired solid phases 5a
and 5b. A FK506 derivative with a linker moiety (7)
was immobilized on 5a and 5b to give 6a and 6b, respec-
tively. FK506, an immunosuppressive drug, was specifi-
cally bound to FKBP12, a FK506 binding protein
12 kDa, with a K4 of 0.4nM,’ and was often used as
standard compound for assessment of affinity chroma-
tography.>*!% The design of 7 was performed based

HO-R'CH,0OH

1 a,b,c
R'=A (1a) \ e 1
HO—RlCHZNHBoc —_— )\'rO—R CH,NHBoc

on an X-ray structure of FK506 and FKBPI2 that
exhibited a hydroxyl group at the 32 position was not in-
volved in the interaction.®> FK506-affinity resins using
the commercially available matrices, Toyopearl™ (8)
and Affigel™ (9), were also prepared.

To assess capacity of the FK506-affinity resins (6a, 6b, 8,
and 9) to capture the specific binding protein, FKBP12,
specifically, these resins were mixed with lysate obtained
from rat brain, and proteins bound on them were com-
paratively analyzed.!! This lysate was known to include
FKBPI12 with other miscellaneous proteins.>* After
extensive washes with lysate buffer, binding proteins
were completely eluted by SDS sample buffer solution
and analyzed by SDS-polyacrylamide gel electrophore-
sis (Fig. 1). As shown in Figure 1, all FK506 affinity res-
ins successfully captured FKBP12. However, a large
amount of nonspecific binding proteins such as tubulin
(Fig. 1A), actin (panel B), and glyceraldehyde-3-phos-
phate dehydrogenase (panel C) were found on FK506-
Toyopearl resins (8). On the other hand, these nonspe-
cific binding proteins were little observed on 6a and
6b, while these resins consisted of the same poly(methac-
rylate) polymers as well as 8. The amount of nonspecific
binding proteins was almost the same as that on the
hydrophilic polymer, Affigel™ (9). These results support-
ed the speculations that the amounts of nonspecific
binding proteins strongly depends on hydrophobicity
of affinity resins. Specificity of binding proteins to
FK506-affinity resins was confirmed by the competition
method.!! Interestingly, another specific binding protein
(D, Fig. 1A) was observed on 6a and 6b. Analysis by
LC-MS/MS ions search method using an ESI ion trap
mass spectrometry (Thermoelectron, LTQ) after in-gel
digestion exhibited that this band was another FK506

A= -(CH2CH20)5-CH2'

e _ OHOH
HO—R1CH,NH /dr RI=A (22) RI=A (32) 7 &b
LT =B (2b) =B (3b)
R=B (1b)
h
" @, 0RiCHNHBoc — . () O-R'CH,NH, (-, O-R"CH,NH-CO-FK506
0 o) o N
R=A (4a) R=A (5a) R*=A (6a)
=B (4b) =B (5b) =B (6b)
2
Q\H " (Q\HCO-FK506 R
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solid phasezToyopearlT'VI (8)
=Affigel™ (9)

7: HOOC-(CH,)sCO-

Scheme 1. Synthesis of affinity resins bearing FK506.'* Reagents and conditions: (a) phthalimide, triphenylphosphine, and diisopropyl
azodicarboxylate/THF; (b) NH,NH,/MeOH; (c) Boc,O, K>,CO3/MeOH; (d) Boc,O/MeOH; (e) methacryloyl chloride, N,N,N',N'-tetramethyl-1,3-
diaminopropane/acetonitrile; (f) AIBN, 2% glycerol dimethacrylate/dioxane, 100 °C; (g) TFA/CH,Cly/dioxane/H,0O = 50:39:10:1; (h) 7, EDC HCI,

HOBt/NMP.
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Figure 1. Binding proteins on affinity matrices bearing FK506 (6a, 6b, 8, and 9). (A) Each resin (10 pL, 1 pmol FK506 on resins) was mixed with
1 mL of lysate obtained from rat brain at 4 °C for 1 h.'? After separation of the resins by centrifugation and extensive washes with lysate buffer
(25 mM Tris-HCI, pH 7.4, 0.25 M sucrose, 0.3 mM N,N-diethylthiocarbamate, 2 mM CaCl,, and 2 mM MgCl,), binding proteins were completely
eluted by SDS sample buffer solution and analyzed by SDS-polyacrylamide gel electrophoresis (stained by Coomassie brilliant blue (CBB)). FKBP12
and FKBP52 (D) are known as specific binding proteins to FK506. Other proteins such as tubulin (A), actin (B), and glyceraldehyde-3-phosphate
dehydrogenase (C) are known to be nonspecific binding proteins. Identification of proteins was performed by MS/MS ions search method using an
ESI ion trap mass spectrometry (Thermoelectron, LTQ) after in-gel digestion, respectively. A commercially available apparatus (Dainippon Seiki
Co., Ltd., cat. code: 1D-SDS) was used for cutting off each strip including the desired protein from CBB or silver-stained SDS-gels. One micromole of
FK506 was added for the competition experiment. (B) FKBP52 was successfully isolated by 6a and 6b, not by 8 and 9. The same SDS gel to the above
was stained by silver after decolorization of CBB stain. (C) Western blot studies using anti-FKBP52 antibodies on 8 and 6a.'*

specific binding protein, FK506-binding protein 52
(FKBP52, MW =51.7 kDa).!> FKBP52 could not be
detected on Affigel™ bearing the same ligand (9). The
reason for this difference between our resins (6a—6b)
and agarose ones (9) is not clear now. FKBP52 was
not detected on Toyopearl™ resins bearing FK506 (8)
(Fig. 1B) because of the existence of large amounts of
nonspecific binding proteins such as tubulin while
FKBP52 was detected on it by Western blot analysis
on FKBP52 (Fig. 1C). These results demonstrated the
importance of reduction of the nonspecific binding pro-
teins for identifications target finding.

Since 6a and 6b are poly(methacrylate) polymers, they
are thought to be stable in several synthetic conditions
in contrast to Affigel™ and other sugar polymers. For
example, the poly(methacrylate) polymers (4-6) were
stable under the synthetic conditions studied in this
work. Among them, the stability of 4b, 5b, and 6b was
notable because these polymers had a sugar-like struc-
ture that was similar to that of Affigel™.

These results demonstrated the effectiveness of our novel
solid phases for affinity resins. To assess generality of the

resins, isolation studies using other ligands are in process
and those results are going to be reported. Polymeriza-
tion of other matrices using the monomers (3a-3b) by
other methods is in progress because 6a and 6b were
powdered by a mortar grinder after a solution polymer-
ization and had heterogeneous distributions of particles
(Fig. S1). Results on these novel solid phases for target
identification will be reported in the future.
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A 40% toluene solution of diisopropyldiazocarboxylate
(93.5mL, 0.19 mmol) was added to a mixture of hexaeth-
ylene glycol (1a, 50 g, 0.18 mmol), phthalimide (29.1 g,
0.2 mmol), triphenylphosphine (52.4 g, 0.2 mmol), and
tetrahydrofuran (THF, 500 mL) over 15min at 0°C,
and was stirred at room temperature (rt) for 15 h. After
evaporation in vacuo, the resulting residue was dissolved
with a mixture of chloroform (CHCl3) and water. The
separated organic layer was dried over Na,SO,. After
filtration, the filtrate was evaporated in vacuo to give
crude mono-phthalimide derivative, which was used for
the next reaction without further purification. This crude
mono-phthalimide derivative was mixed with hydrazine
(17 mL, 0.36 mmol) and methanol (MeOH, 300 mL), and
was heated at reflux for 3 h. After evaporation in vacuo,
the resulting residue was dissolved by chloroform. After
removal of insoluble matters by filtration, the filtrate was
dried over Na,SO,. After filtration, the filtrate was
evaporated in vacuo. The residue was applied to the
column chromatography (silica gel, 200 g), and was eluted
with CHCl; and 50% MeOH/CHCI;. Fractions including
the objective were collected and evaporated in vacuo, to
give a mono-amino derivative (21.4 g) A mixture of the
mono-amino derivative (20.7 g, 73.5 mmol), di-zert-butyl
dicarbonate (16.1 g, 73.5 mmol), potassium carbonate
(20.3 g, 147 mmol), and MeOH (50 mL) was stirred at rt.
After 15 h, the reaction was poured into a mixture of a
saturated aqueous sodium bicarbonate and CHCIl;. The
organic layer was washed with saturated sodium chloride
(300 mL) and dried over Na,SO,. After filtration, the
filtrate was evaporated in vacuo to afford 2a (28 g, 42%).
'"H NMR (CDCl3) 6 : 1.44 (9H, s, Bu), 3.32 (2H, m, —
NHCH,CH,), 3.53-3.74 (22H, m, OCH,CH,0-), 5.22
(1H, br s, NH). ESI-MS (m/z): 382.2 (382.24 Calcd for
C7H3¢NOg, M*+H). Methacryloyl chroride (0.91 mL,
9.4 mmol) was added to a mixture of 2a (1.5 g, 3.9 mmol),

N,N,N',N’-tetramethyl-1,3-diaminopropane (0.99 mL,
5.9 mmol), and acetonitrile (50 mL), and was stirred at rt
for 2h. The reaction was poured into a mixture of a
saturated aqueous solution of sodium bicarbonate and
CHCl;. The organic layer was washed with brine, dried
over Na,SOy, and filtered. The filtrate was evaporated in
vacuo and was purified by column chromatography (silica
gel 50 g, eluted with 50% ethyl acetate (EA)/n-hexane, 67%
EA/n-hexane, and EA) to give 3a (0.9 g, 51%). '"H NMR
(CDCly) 6: 1.44 (9H, s, tBu), 1.95 (3H, dd, /= 1.3, 6.6 Hz,
CH,=C(CH3)CO-), 3.31 (2H, m,~NHCH,CH,), 3.53-
3.78 (20H, m, OCH,CH,0-), 4.30 (2H, m, —-COOCH,.
CH,O-), 5.05 (IH, br s, NH), 557 (IH, m,
CH,=C(CH3)CO-), 6.13 (1H, m, CH,=C(CH;3)CO-).
Anal. Calcd for C,;H39NOo/0. 4H,O: C, 55.2; N, 3.07;
0O, 32.9. Found: C, 55.2; N, 3.03; O, 33.1. 3b were prepared
by a similar manner to that of 3a, "H NMR (DMSO-d;) 6:
1.38 (9H, s, Bu), 1.89 (3H, s, CH,=C(CH3)CO-), 2.94
(IH, m, -NHCH,-), 3.13 (IH, m, -NHCH,-), 3.45 (1H,
m, 4-CH), 3.59 (2H, m, 2-CH and 3-CH), 3.75 (1H, m, 5-
CH), 4.04 (5H, dd, J = 6.6, 11.3Hz, -COOCH,CH), 4.26—
4.30 (2H, m, -COOCH,CH and 2- or 3-OH), 4.53 (1H, d,
J=6.3Hz, 4-OH), 473 (1H, d, J=4.7 Hz, 2-or 3-OH),
490 (IH, d, J=6.1Hz, 5-OH), 5.66 (IH, m,
CH,=C(CH3)CO-), 6.08 (1H, s, CH,=C(CH;)CO-),
6.52 (IH, t, J=54Hz, NAH). Anal. Caled for
CysH,7NOg: C, 51.6; H, 7.79; N, 4.01. Found: C, 51.4;
H, 7.85; N, 3.90. A mixture of 3a (399 mg, 0.89 mmol),
glycerol dimethacrylate (4.3 L, 0.018 mmol), azobisi-
sobutyronitrile (1.46 mg, 0.0089 mmol), and dioxane
(0.259 mL) was heated at 80 °C for 15h. The resulting
polymer was ground by a mortar grinder and washed
successively with MeOH, 2-methyl-N-pyrrolidone (NMP)
to give 4a (210 mg, 53%). 4a (170 mg) was treated with a
mixture of TFA, CH,Cl,, dioxane, and water (10 mL,
50:39:10:1) at rt for 15h, and then washed successively
with dioxane, NMP, water, MeOH, and ether, to give 5a
(125 mg). The amount of amino group of 5a was deter-
mined by the Ninhydrin test and was 2.27 pmol/mg. A
mixture of 5a (11 mg, 25 umol), 7 (2.4 mg, 2.5 pmol), 1-
hydroxybenzotriazole (HOBt, 0.7 mg, 5 umol), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC HCI, 1.0mg, 5umol), and NMP (1.5mL) was
stirred at rt for 15 h. After collection by filtration, the solid
phase was washed by NMP and was treated with a mixture
of water, NMP, and acetyl anhydride (10 mL, 1:7:2) at rt
for 1h. The resulting resin was washed with NMP and
acetonitrile to give 6a (80 uL). 6b were prepared by a
similar manner.

14. Western blot analysis on FKBP52 was carried out the

following way. The proteins were subjected to SDS-—
PAGE followed by electroblotting onto PVDF membrane
using the Invitrogen XCell II™ blot module. After
blocking with Blocking one™ (Nacalai Tesque Inc., cat.
03953-95) for 30 min at rt, the membrane was incubated
with anti-FKBP52 IgG (Santa Cruz Biotechnology, Inc.,
cat. sc-1803) for 1h at rt. Following washing, the
membrane was incubated with HRP-conjugated anti-goat
antibodies (Santa Cruz Biotechnology, Inc., cat. sc-2033)
for 1 h at rt and washed again. The membrane was soaked
for 5 min in the detection reagent ECL plus (Amersham
Biosciences Corp. cat. RPN2132). The resulting light was
detected on Hyperfilm ECL (Amersham Biosciences Corp.
cat. RPN1674K).
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Abstract—Structure—activity relationship (SAR) studies of the novel 2-[3-di and trifluoromethyl-5-alkylamino pyrazo-1-yl]-5-meth-
anesulfonyl (SO,Me)/sulfamoyl (SO,NH,)-pyridine derivatives for canine COX enzymes are described. The studies led to the iden-
tification of 2e as lead with potent in vitro activity, selectivity, and in vivo activity in dogs and cats.

© 2005 Elsevier Ltd. All rights reserved.

The cyclooxygenase (COX) enzymes, which catalyze
the first step in arachidonic acid metabolism,! were iden-
tified as the molecular targets of all nonsteroidal anti-in-
flammatory drugs (NSAIDs).>* COX-1, a constitutively
expressed isoform, is found in platelets, kidneys, and
the gastrointestinal tract and is believed to be responsi-
ble for the homeostatic maintainance of the kidneys
and GI tract. The COX-2 enzyme is the inducible iso-
form that is produced by various cell types upon expo-
sure to cytokines, mitogens, and endotoxins released
during injury.> A recent discovery of the third COX
isoform (COX-3) enzyme primarily expressed in the
brain and the heart is thought to be the target for acet-
aminophen.® The COX-2 enzyme, after being overex-
pressed at the site of injury, is a catalyst for the
production of the prostaglandins that result in inflam-
mation and pain at the site. Because COX-1 is involved
in the maintainance of the GI tract, NSAIDs which are
inhibitors of both COX-2 and COX-1 have been found

Keywords: Cyclooxygenase; COX-2 inhibitors; Canine; Feline;

Pyrazoles.

* Corresponding author. Tel.: +1 860 715 0425; fax: +1 860 715
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to cause side effects associated with gastrointestinal ul-
cers.”” 10 Thus, it was thought that a more selective
COX-2 inhibitor would have reduced gastrointestinal
side effects.’

Research efforts in the discovery of COX-2 selective
agents have produced many classes of compounds hav-
ing desired selectivity. Several marketed human COX-2
selective drugs, including celecoxib (Celebrex®),!!
(Fig. 1) for treating pain and inflammation associated
with arthritis have been shown to be well tolerated with
no gastrointestinal (GI) side effects.!?

Progressive degenerative joint disease, or osteoarthritis,
is the most common cause of chronic pain in dogs.! It is
estimated that one out of every five adult dogs, or
approximately eight million animals, have osteoarthri-
tis, yet nearly half (48%) of these patients are untreat-
ed.!* As in humans, chronic use of NSAIDs in dogs is
often associated with GI side effects.!> Carprofen (Rim-
adyl®),'® and deracoxib (Deramaxx™),!"'7 two market-
ed agents for the treatment of inflammation and pain for
dogs, have moderate COX-2 selectivity. Neither carpro-
fen nor deracoxib is approved in the U.S. for use in cats
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Figure 1. Structures of marketed COX-2 inhibitors and lead 10.

for pain and inflammation. Meloxicam, a marginally
selective (COX-1/COX-2, ICso = 3) NSAID for canine
COX-2, was recently approved in the U.S. for use in
cats.!8

Our initial efforts in this area led to the identification of
S-aryl pyrazole 10 (Fig. 1) which had enhanced canine
COX-2 selectivity and in vivo efficacy than carprofen.'®
In this paper, we disclose the synthesis and structure—
activity relationship (SAR) of a novel class of canine
COX-2 selective inhibitors that culminated in the identi-
fication of 3-difluoromethyl-5-(cis-2,6-dimethylmorpho-
lin-4-yl)-1-(5-methanesulfonyl-pyridin-2-yl)-1 H-pyrazole-
4-carbonitrile 2e (Fig. 1) as a potent and selective agent
for use in canine and feline inflammatory diseases.

The general synthesis of the analogs for SAR is shown in
Scheme 1. The pyridyl hydrazines'®?° were reacted with
ethyl trifluoromethyl acetoacetate in ethanol at reflux to
give the intermediate hydrazone, which was cyclized
with sodium hydroxide to provide the pyrazolone 6 in
very good yields. Reaction of ethyl difluoro acetoacetate
under identical conditions gave very low yields of the de-
sired pyrazolone. Thus, a modified procedure (i-PrOH
and NH4CI) was used to obtain the desired pyrazolone
in moderate yields (Scheme 1). Conversion to the chlo-
roaldehyde (POCIl; and DMF) was accomplished in
good vyields using a literature procedure.?! During this
step, the sulfonamide was converted to the dimethyl-
formamide derivative 7b. The aldehyde was then con-
verted to the desired nitrile intermediate 8a and b via
the oxime intermediate in greater than 90% yield. For
8b, the sulfonamide was recovered at this stage by acidic
cleavage (2 N HCI) of the formamidine derivative. Final
substitution of the chloronitrile 8a and b with various
primary and secondary amines in dichloroethane pro-
vided the desired analogs 1-4. The details and scope of
this reaction have been highlighted in a separate re-
port.?? Alternatively, the introduction of the amino sub-
stituent could also be effected with potassium fluoride in
dimethylsulfoxide at room temperature.?3

SO,R?
SOle | AN
™ O (@] N~
' P .
N~  RF,C OEt N__on
N
NHNH, )\_/7/
RF,C
5aR'=Me R=ForH 6a R = Me
5b R! = NH, 6b R! = NH,

1
SO,R! 2R

SO
P B
b N~ e N~

N
N . NR®R*
N Cl N
’j\_/z/ )\_/Z/

Rcm R2 RF2C CN

) 1 1R=FR'=Me
7aR? = CHO; R = Me

7b R® = GHO: R = N:CHMe, 2R=HiR'=Me
c.d TR RENE2 3R = R = NH,

L. 8aR*=CN;R'=Me 4R=H;R'=NH,
8b R% = CN; R = NH,

Scheme 1. Reagents and conditions: (a) for R = F: 5a or b: EtOH,
reflux, ~16 h, 2 equiv NaOH, EtOH, 30 min, 80-90%. For R = H: Sa
or b; i-PrOH, NH,4CI, reflux, ~16 h, 50-60%; (b) POCl3, 4 equiv DMF,
80 °C, 4h, 70-80%; (c¢) NH,OH-HCI, TFE, reflux, 2h, >80%; (d)
CI;CCOCI, EtsN, DCM, 0°C, 4-6h, >90%. For 8b: 2N aq HCl/
CH;CN (2:1), reflux, >95%; (¢) method A: R3R*NH, Et;N, DCE,
80 °C or method B: R*R*NH, KF, DMSO.

More than 200 5-alkylamino pyrazoles were prepared
and tested in the in vitro canine whole blood (CWB)
COX inhibition assays.?* Data for a select group of com-
pounds that met the requirements for further progression
are listed in Tables 1-4. The compounds with desired
activity and selectivity could be grouped into alkylamino
(1a—d), cycloalkylmethyl or heterocycloalkylmethyl ami-
no (le-g), aryl or heteroarylmethylamino (1h,i), cyclo-
alkylamino (1m,n), and heterocycloamino compounds
(1j-1) (Table 1). Potent COX-2 activity and selectivity
were found with all five classes of compounds. Some of
the most potent and selective compounds were from
the heterocycloalkylmethyl (1e) and heterocyclic amino
(1j) group of compounds. In the alkyl amino series, the
branched alkyl compounds showed better potency
and selectivity than linear alkyl amino compounds (la—
d), with 1b and d showing greater than 100-fold
selectivity.

In the arylmethylamino and heteroarylmethylamino
compounds, the arylmethyl compounds showed better
selectivity (1h vs i). In the heterocyclic amino series,
piperidine derivatives showed good potency and selec-
tivity. The disubstituted morpholine compound 1k and
piperidine analogs 1j and 1 turned out to be quite potent
and highly selective in the in vitro assay. Other ring sizes
(5- and 7-membered) were not tolerated (data not
shown). Among the most active cycloalkylamino com-
pounds, the norbornyl amino analog 1m was slightly
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Table 1. In vitro COX-1 and COX-2 inhibition data of 1a-n (SO,Me
and CF; analogs)

Table 2. In vitro COX-1 and COX-2 inhibition data of 2a—f (SO,Me
and CHF, analogs)

Compound R*R*N Ratio COX 1/2 CWB ICs, Compound R*R*N Ratio COX 1/2 CWB ICs,
(M) (LM)*
COX-1 COX-2 COX-1 COX-2
1a >—( 25.8 34 0.132
NH 2a 75 2 0.03
N
NH
1 }NH 33.8 6.7 0.197 ©
C . . .
2 ﬁ DER TS >50 019
o]
1d \(NH 113.6 408 036 2d ><\NH 179.8 63 090
o
NH : : :
AN
o
NH
# Canine whole blood (CWB) assay: run in duplicate or triplicate.
1g V7 ONH 200 220 0.1 Y P P
lh 186.9 215 0115 Table 3. In vitro COX-1 and COX-2 inhibition data of 3a—f (SO,NH,
NH
and CFj3 analogs)
S Compound RR*N Ratio COX 1/2  CWB ICsq (M)?
1i 445 56 0.125 -
\ /  NH COX-1 COX-2
NH
y 26 250 0.095 3a ®/ 107.4 155 0.14
N
3b %NH 98.7 132 013
1k o/'\ >357 >50 0.14
)\/N 3¢ \)a 23.1 45 0.19
NH
1 324.7 >50 0.15
N 3d 22.8 26 187
N
NH
Im ®/ 107.4 155 0.144 o
3 11.7 146 125
In C( 36 108 0.297
NH 3f O >6.3 >50 79
AN
10 16 48.0 0.31 # Canine whole blood (CWB) assay: run in duplicate or triplicate.

# Canine whole blood (CWB) assay: run in duplicate or triplicate.

more potent and selective than the cycloalkylamino
compound 1n.

Following the determination of the in vitro SAR with
the 3-trifluoromethyl pyrazoles, some of the active side
chains were incorporated into the sulfonamide and diflu-
oromethyl compounds (2-4). The activities of the key
methylsulfonyl difluoromethyl compounds are shown
in Table 2.

With some exceptions, the methylsulfonyl 3-difluorom-
ethyl analogs showed similar potency against COX-2
as the parent methanesulfonyl 3-trifluoromethyl ana-
logs. The selectivity was somewhat decreased in all the
series. Some of the most potent compounds were the
heterocycloamines (2a,b). The most selective compound
2c¢ was the heterocyclicmethylamine. Among the cyclo-
alkylamines, the norbornyl amine 2f was the only active
analog with good selectivity.
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Table 4. In vitro COX-1 and COX-2 inhibition data of 4a—d (SO,NH,
and CHF, analogs)

Compound RR*N Ratio COX 1/2  CWB ICsq (LM)?

COX-1 COX-2

4a \)a 21.9 4 020
NH
s 347 7 02l
N
4 XNH 482 18 036
4d O/'\ >10 >50 5.0

L

# Canine whole blood (CWB) assay: run in duplicate or triplicate.

The active sulfonamide 3-trifluoromethyl and difluo-
romethyl analogs are shown in Tables 3 and 4. In gener-
al, both trifluoromethyl and difluoromethyl pyrazoles in
the sulfonamide series tended to show reduced potency
and selectivity for the heterocyclic amino analogs. For
the cycloalkylamino and the alkylamino analogs, the
sulfonamide analogs showed similar potencies but re-
duced selectivity for COX-2 enzyme.

With many potent and selective compounds in hand, we
next focused on identifying the optimum pharmaco-
kinetic (PK) profile from this series. In vivo PK evalua-
tions of the analogs were carried out in beagle dogs by
oral gavage at 2 mg/kg. PK data for select analogs are
summarized in Table 5. For the methylsulfonyl series
with similar amino side chains, the -CHF, analogs were
better absorbed compared to the —CF3 analogs (i.e., 2e
vs 1k). Similarly, for the trifluoromethyl series, the sul-
fonamide was better absorbed than the methylsulfonyl
analogs (le vs 3e). The metabolism of the side chain
was rapid for a majority of the analogs, thus producing
short half-life compounds. The stable cis-dim-
ethylmorpholine side chain was identified when 1k
showed a prolonged half-life (30 h) even though absorp-
tion was poor. The hindered side chain in 2e proved to
be stable enough to provide a 11 h half-life with very

Table 5. Canine pharmacokinetic data of select analogs at 2 mg/kg
(PO)

Compound Crnax Tnax AUC T ClogP
(ng/ml) (h) (g h/ml) (h)
10°? 1089 1.5 16,541 26 2.5
2e 815 1.4 4830 11 14
3e 528 1.5 1362 1 1.4
4b 506 0.5 2102 1.5 3.1
3¢ 310 1.3 910 2.4 3.0
2a 151 0.5 450 4.6 33
1k 134 1 1954 30 2.0
2b 92 0.8 281 2.1 2.6
le 86 0.5 118 2 1.3

#Dosed at 5 mg/kg.

good exposure. Thus, 2e was progressed into the feline
PK studies and COX-2 inhibition assay.

In the feline in vitro whole blood COX-2 assay,?> 2e was
shown to have a COX-2 ICsy of 0.028 uM and a 115-
fold ratio (n = 10). The subcutaneous injectable PK of
2e in cat was determined at 0.5 mg/kg. The half-life in
cat was around 60 h due to a prolonged depot effect at
the injection site. The C.x Was 194 ng/ml (28 h Tyay)
and AUC was 26,809 ng h/ml.

The analgesic effect of 2e was evaluated in a beagle acute
inflammatory model in which lameness occurs following
induced synovitis of the knee joint.?® After three consec-
utive days of oral dosing with drug, synovitis was in-
duced 12h after the last dose. Compared to
nontreated dogs, lameness was improved in both groups
of drug-treated animals. A once a day 4.0 mg/kg dose of
2e demonstrated efficacy similar to that of carprofen
dosed once daily at 4.4 mg/kg. A similar efficacy study
in a cat synovitis model at 2 mg/kg injection gave excel-
lent pain relief compared to placebo.

In summary, a novel class of potent and selective canine
COX-2 inhibitors were synthesized and evaluated. This
resulted in the discovery of 2e with high canine and fe-
line COX-2 selectivity and an excellent efficacy profile
for the treatment of pain and inflammation in dogs
and cats.

References and notes

1. Otta, J. C.; Smith, W. L. J. Lipid Mediat. Cell Signal
1995, 12, 139.

2. Carter, J. S. Expert Opin. Ther. Pat. 1998, 8, 21.

3. Laneuville, O.; Breuer, D. K.; Dewitt, D. L.; Hla, T.;
Funk, C. D.; Smith, W. L. J. Pharmacol. Exp. Ther. 1994,
271, 927.

4. O’Neill, G. P.; Mancini, J. A.; Kargman, S.; Yergey, J.;
Kwan, M. Y.; Falgueyret, J. P.; Abramovitz, M.;
Kennedy, B. P.; Ouellet, M.; Cromlish, W. Mol. Pharma-
col. 1994, 45, 245.

5. Prasit, P.; Riendeau, D. Ann. Rep. Med. Chem. 1997, 32,
211.

6. Warner, T. D.; Mitchell, J. A. Proc. Natl. Acad. Sci.
U.S.A. 2002, 99, 13371, and references cited herein.

7. Clive, D. M.; Stoff, J. S. New Engl. J. Med. 1984, 310,
563.

8. Allison, M. C.; Howatson, A. G.; Torrance, C. J.; Lee, F.
D.; Russell, R. 1. New Engl. J. Med. 1992, 327, 749.

9. Griswold, D. E.; Adams, J. L. Med. Res. Rev. 1996, 16,
181.

10. Cryer, B.; Dubois, A. Prostag. Other Lipid Mediat. 1998,
56, 341.

11. Penning, T. D.; Talley, J. J.; Bertenshaw, S. R.; Carter, J.
S.; Collins, P. W.; Doctor, S.; Graneto, M. J.; Lee, L. F.;
Malecha, J. W.; Miyashiro, J. M.; Rogers, R. S.; Rogier,
D.J.; Yu,S. S.; Anderson, G. D.; Burton, E. G.; Cogburn,
J. N.; Gregory, S. A.; Koboldt, C. M.; Perkins, W. E.;
Seibert, K.; Veenhuizen, A. W.; Zhang, Y. Y.; Isakson, P.
C. J. Med. Chem. 1997, 40, 1347.

12. Lehman, F. S.; Beglinger, C. Curr. Top. Med. Chem. 2005,
5, 449.

13. Fox, S. M.; Johnston, S. A. J. Am. Vet. Med. Assoc. 1997,
210, 1493.





292

14. Proprietary market research, September 1998. Owners of

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

S. M. Sakya et al. | Bioorg. Med. Chem. Lett. 16 (2006) 288-292

osteoarthritic dogs, sample size: 150. Study no. R1199807.
Data on file with Pfizer Animal Health.

Kore, A. M. Vet. Clin. North Am. Small Anim. Pract.
1990, 20, 419.

Ricketts, A. P.; Lundy, K. M.; Seibel, S. B. A4m. J. Vet.
Res. 1998, 59, 1441.

Sessions, J. K.; Reynolds, L. R.; Budsberg, S. C. 4m. J.
Vet. Res. 2005, 66, 812.

(a). Fed. Regist. 2004, 69, 69523; (b) Streppa, H. K.; Jones,
C. J.; Budsberg, S. C. Am. J. Vet. Res. 2002, 63, 91.

(a) Li, J.; DeMello, K. M. L.; Cheng, H.; Sakya, S. M.;
Bronk, B. S.; Rafka, R. J.; Jaynes, B. H.; Ziegler, C. B.;
Kilroy, C.; Mann, D. W.; Nimz, E. L.; Lynch, M. P
Haven, M. L.; Kolosko, N. L.; Minich, M. L.; Li, C;
Dutra, J. K.; Rast, B.; Crossan, R.; Morton, B. J.; Kirk,
G. W.; Callaghan, K. M.; Koss, D. A.; Shavnya, A.;
Lund, L. A.; Seibel, S. B.; Petras, C. F.; Silvia, A. M.
Bioorg. Med. Chem. Lett. 2004, 14, 95(b) Cheng, H. M.,
Li, J., Lundy, K. M., Minich, M. L., Sakya, S. M. WO
0140126, Al, 2001.

Ando, K., Kawamura, K. Eur. Pat. Appl. EP 1104760 Al,
2001.

Lee, L. F.; Schleppnik, F. M.; Schneider, R. W,
Campbell, D. H. J. Heterocycl. Chem. 1990, 27, 243.
Sakya, S. M.; Rast, B. Tetrahedron Lett. 2003, 44, 7629.
Shavnya, A.; Sakya, S. M.; Minich, M. L.; DeMello, K.
L.; Jaynes, B. H. Tetrahedron Lett., 2005, 46, 6887.
Whole blood was collected by venal puncture into two
tubes with and without heparin. All analogs were dissolved
in DMSO. Tubes containing 2 pl of various drugs at
concentrations ranging from 500 to 0.005uM were
prepared ahead of time. Whole blood without heparin
(500 pl) was immediately added to the tubes with drug.

25.

26.

Following incubation for an hour at 37 °C, COX-1 activity
was determined by measuring the thromboxane B, (TXB,)
synthesized from platelets, using an enzyme immunoassay
(EIA) kit. Samples without drug were included as controls
for maximum production of TXB,. Heparinized blood
(500 pl) was added to tubes containing drug and 10 pg/ml
LPS (to stimulate production of PGE,) for COX-2 activity.
LPS and vehicle only samples, without drug, were included
as controls for maximum PGE, production and back-
ground values respectively. Samples were incubated over-
night at 37 °C. EDTA, 0.3% final concentration, was added
to the samples to alleviate clotting of plasma after freeze—
thaw. Samples were centrifuged, serum/plasma was col-
lected in 96-well microtiter plates and stored at —20 °C for
evaluation in the EIA kit. Cayman EIA kits were used
according to manufacturer’s instructions, to measure
production of TBX, and PGE, for COX-1 and COX-2
activity, respectively. Samples were diluted to fall in the
approximate range of the kit standards (1/10,000 for TXB,
and 1/1000 for PEG).

Although not validated extensively in-house, the assay was
run analogous to the canine assay. See (a) Bridau, C.;
Satden, C. V.; Chan, C. C. Am. J. Vet. Res. 2001, 62, 1755;
(b) Giraudel, J. M.; Toutian, P.-L.; Lees, P. Am. J. Vet.
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Synovitis was induced by injection of media containing
pro-inflammatory cytokines generated from a lipopoly-
saccharide-stimulated culture of canine histiocytes. Knee
joints were injected 12 h following the last administration
of drug and lameness was scored 3 and 5 h post-injection
(15 and 17 h, respectively, post-final dose) using a 10 cm
visual analog scale (VAS) scoring system where 0cm
represents no lameness and 10cm the most severe
lameness.
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Abstract—We report the discovery of novel histamine H; receptor antagonists based on 4-[(1 H-imidazol-4-yl)methyl]piperidine. The
most potent compounds in the series (e.g., 7) result from the attachment of a substituted aniline amide to the main pharmacophore

piperidine via a two-methylene linker.
© 2005 Elsevier Ltd. All rights reserved.

Histamine H; receptors have been reported to modulate
a number of neurotransmitters including histamine,’
serotonin,” acetylcholine,® norepinephrine,* dopamine,?
and neuropeptides® in both the central and peripheral
nervous systems. As a result, various therapeutic appli-
cations for Hjz agonists and antagonists have been envi-
sioned.” In addition, recent evidence in animals and
humans suggests that H; antagonism may have a nasal
decongestant effect when combined with H; antago-
nism.® Downregulation of norepinephrine levels through
activation of presynaptic H; heteroreceptors by hista-
mine released from mast cells results in vasodilation.
H; antagonism would reestablish the release of norepi-
nephrine and lead to vasoconstriction (decongestion).
This hypothesis was demonstrated in a histamine-driven
cat model of nasal congestion.® Allergic rhinitis affects
10-30% of U.S. population alone, and current treat-
ments for the congestion associated with rhinitis include
oral decongestants such as pseudoephedrine, topical
decongestants such as oxymetazoline, and nasal ste-
roids, all of which are known to have side effects such

Keywords: Histamine; H; antagonists; Imidazole series; 4-[(1H-Imi-

dazol-4-yl)methyl]piperidine;  Norepinephrine;  Allergic  rhinitis;

Decongestion.
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as hypertension, agitation or insomnia. Our goal has
been to discover a novel, selective H; antagonist that
can be used in combination with an H; antagonist for
the treatment of the allergic and congestive nasal symp-
toms of seasonal or allergic rhinitis.

A number of Hj3 agonist and antagonist structural types
have been reported in recent years, divided between clas-
sical imidazole-based!’ and non-imidazole series.'' It
has been observed that imidazole-based H; antagonists
often share a common structural motif wherein a nitro-
gen containing heterocycle is linked usually by an alkyl
chain to a polar group which is then linked to a lipophil-
ic residue.'> A qualitative model describing receptor—
inhibitor binding interactions for imidazole-based li-
gands was proposed by Timmerman and co-workers.'
Previously, Timmerman reported [(1H-imidazol-4-
ylmethyl]piperidine 1 (Table 1) to be a potent H; ago-
nist (K; = 0.3 nM, pD, = 8.0).'* According to the model,
compound 1 possesses the structural requirements for
H; receptor affinity, but lacks the lipophilic element
necessary for Hj; antagonism. We initiated the efforts
to vary the R group of 1 with the aim of improving
H; antagonism.

All the compounds employed in this study were
prepared from key intermediate 4 (Scheme 1).
Trityl-protected 4-iodoimidazole 2 was converted to
the corresponding Grignard reagent as described by
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Table 1. Histamine Hj receptor affinity and antagonist potency

S
HN
\=N N,R
Compound R K; (nM)?* pA° Synthesis
1 H 0.4
SN
5 \n’ 160 ND° a, b
Cl
6 \95‘ \)1\ O 90 ND c.b
SN
7 >~ \©\ 0.4 10.1 def b
o Cl
(0]
8 17 8.3 h e f, b
JS\/\)J\N g, h,¢ 1,
H
N
9 < ~TY O\ 40 ND Lefb
(o]
S
10 V\WNO 60 ND defb
(o]
Cl
R
11 \/\H/NOC' 0.2 9.8 defb
(o]
R
12 \/\WNOF 0.2 9.9 d,e f,b
(o]
R
13 \/\H/NO 2 8.9 d,e f,b
(o]
SN
14 ~r O 3 8.8 d e f, b
o OMe
SN
15 ~Y O 3 8.8 def,b
° co,Me
SN
16 \/\n/N\O 3 8.2 d,e f,b
(o)
Cl
H
17 MNJO 21 ND defb
(o]
SR
18 \/\”)‘\Q 9 7.9 ik Lb
Cl
Cl
19 \s‘fv\,ﬁm/@ 13 ND m k.1 b
(o]
JJ N |
20 ~ OC 2 8.4 nk b
SN
21 s O 170 ND o, b
Cl
R
2 WNOC' 50 ND p.b
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Table 1 (continued)

Compound R K; (aM)* pA,° Synthesis
2
23 W” 970 ND p. b
o
24 «5‘5\/\/00 4 8.3 p.k b
25 J{/\/OOCI 2 7.9 p. k. b
26 J{/\/OO 20 ND d, k,q,r
CN
279 Sivo 44 ND 4k s bt
_NOH
28 ~5{n/\/°© 5 7.8 p. b
(o]
(o]
29 “s{n/\’ O 625 ND w v, f, b
°© CO,Me
o,
30 \/\/S\© 25 7.1 p.k b
31 \5\5‘ \/\/\© 5 8.2 p. kb
2 Kl 9 78 b
(o]
33 “5{/\/\@ 6 8.8 p. kb
Cl
34 W 2 8.6 kb
35 W 18 74 p.b
(e}

Synthesis: (a) 4, ArNCO, CH,Cl,; (b) HCI, MeOH; (c) 4, BrCH,CONHAr, 2,6-lutidine; (d) 4, CH,=CHCO,Me, MeOH; (¢) LiOH, THF-H,O0; (f)
R!R?NH, EDC, HOBT, CH,Cl,; (g) 4, BrCH,CH=CHCO,Et, Et;N, DMF; (h) H,, Pd/C; (i) 4, Br(CH,),CO,Et, NaH, DMF; (j) 4, BrCH,CN,
K,COs, KI, DMF; (k) LiAlH,, THF; (I) RCO,H, EDC, HOBT, DMF; (m) 4, CH,=CHCN, MeOH; (n) 4, CH,=CHCONHAr, MeOH; (o) 4,
CH,=CHSO,NHAr, MeOH; (p) 4, RCO,H, EDC, HOBT, DMF; (q) 4-hydroxybenzamide, 1,1’-(azodicarbonyl)dipiperidine, Bu;P, THF; (r) POCls,
CHCl3; (s) 4-hydroxybenzaldehyde, 1,1’-(azodicarbonyl)dipiperidine, Bu;P, THF; (t) NH,OH-HCI, pyridine; (u) methyl 4-hydroxybenzoate,
HOCH,CH,CH,OH, 1,1'-(azodicarbonyl)dipiperidine, Bu;P, THF; (v) CrOs, H,SO4, H,O.

2 Inhibition of [*HJ-N-a-methylhistamine binding to guinea pig brain receptor.'® H; binding K; values are the average of at least two independent

determinations. The assay-to-assay variation was generally * 2-fold.

® Antagonist potency in an electrically stimulated guinea pig ileum.”

The assay-to-assay maximum variability in the series was +0.2.
“Not determined.
dSingle oxime isomer, undetermined stereochemistry.

phe NS e PhyC- Nm — PhC- N/\(\O
=N

2

Scheme 1. Reagents and conditions: (a) EtMgBr, CH,Cl,; (b) 4-
pyridinecarboxaldehyde, 100% (two steps); (c) Ac,O, DMAP, CH,Cl,,
85%; (d) Ha,, PtO,, AcOH, 60 psi, 96%.

pA-> values are the average of at least four independent determinations.

Ley and co-workers.!> Subsequent treatment with
4-pyridinecarboxaldehyde provided the alcohol 3. We
found it necessary to convert the alcohol 3 to the cor-
responding acetate prior to hydrogenation to achieve
both reduction of the pyridine ring and hydrogenoly-
sis of the benzylic position to afford 4 in a single
operation. Prepared compounds along with the corre-
sponding synthetic routes are listed in Table 1.
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The most potent H; antagonists are obtained when the
lipophilic right-side region of the molecule consists of
an aniline amide separated from the piperidine ring
by a two-methylene linker. For example, compound 7
is the most potent antagonist of the series (pA;=
10.10 % 0.15), equipotent with clobenpropit.'® Moderate
variation in the halogen substitution of the phenyl ring
is well tolerated (11 and 12). In addition, these com-
pounds were shown to have excellent affinity for human
brain H; receptor with K;’s of 1.7, 0.4, and 1.9 nM for 7,
11, and 12, respectively.!®?° Linker length is critical to
Hj activity, as compounds with shorter (5 and 6) and
longer (8 and 9) linkers display dramatic drop in Hj
receptor affinity. Most variations of the amide system
of 7, such as phenyl ring substitutions 13-15 or nitrogen
substitution as in 10, lead to decreased activity. A drop
in activity is also observed with reversed amide 18, ani-
line 20 and, especially, sulfonamide 21. Simple phenyl
ethers, tethered to the piperidine ring by a three-methy-
lene fragment, although noticeably less active than 7,
maintained single-digit Hz receptor affinity (24 and
25). So did the piperidine amide analog 28, as well as,
in both cases, their all-carbon-linked analogs 31 and
32. However, attempted substitution of the benzene ring
drastically reduced activity in all cases (26, 27, and 29).
Combination of the aniline amide with the piperidine
amide provided, depending on the linker, either a strong
drop or almost complete loss of activity (22 and 23).
Although noticeably less potent than 7, straight-chain
analog 34 still demonstrates good Hj; affinity and
antagonism.

Despite the attractive in vitro Hj profile of the 4-[(1H-
imidazol-4-yl)methyl]piperidine series, efforts to advance
a compound toward further development were hindered,
not totally unexpectedly, by the unfavorable CYP450
inhibitory profile of the series, a known liability of aro-
matic nitrogen heterocycles in general and imidazoles in
particular.?! In fact, the most potent compounds, 7 and
12, strongly inhibited CYP2D6 human enzyme with
1Cs¢’s of 40 and 100 nM, respectively, when assayed in
human liver microsomes.>?> CYP2D6 inhibition was also
observed with other compounds in the series at compa-
rable levels. While CYP2D6 represents only 2% of total
liver cytochrome P450, it is estimated to be involved in
the metabolism of 30% of marketed drugs and its inhibi-
tion therefore increases the chance of adverse drug—drug
interactions.>> Inhibition of the more abundant
CYP3A4 appears not to be an issue with this series with
1Csy’s estimated to be above 20 uM for both 7 and 12.
The inhibition of the CYP450 enzymes by nitrogen het-
erocycles is believed to be primarily due to the coordina-
tion of the nitrogen lone pair with the heme iron.?!®24
While it has been demonstrated that substitution at
the imidazole 2-position or 4,5-disubstitution would ste-
rically disrupt this binding interaction and diminish en-
zyme inhibition,?'® that substitution pattern also leads
to the loss of Hj activity.?® The imidazole ring therefore
seems to be off limits for structural modification purpos-
es in this series. To prevent enzyme inhibition, one then
might attempt to accomplish a destabilizing drug—en-
zyme interaction through an appropriate substitution
of the lipophilic side chain of 4-[(1H-imidazol-4-

yl)methyl]piperidines. The success of this approach
would be essential for further interest in the imidazole-
based series.

In conclusion, substitution of the piperidine ring of the
known Hj; pharmacophore 4-[(1H-imidazol-4-yl)meth-
yl]piperidine with lipophilic functional groups resulted
in some of the most potent H; antagonists known today.
The compounds of this series possess high inhibitory
activity against CYP2D6 human enzyme, the efforts to
minimize which are described in the next paper.
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Abstract—The protease y-secretase plays a pivotal role in the synthesis of pathogenic amyloid-f in Alzheimer’s disease. Here, we
report a further extension to a series of cyclohexyl sulfone-based y-secretase inhibitors which has allowed the preparation of highly
potent compounds which also demonstrate robust AB(40) lowering in vivo (e.g., compound 32, MED 1 mg/kg p.o. in APP-YAC

mice).
© 2005 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a devastating disorder of the
aged population and with current palliative treatments
being of modest efficacy, the need remains for a therapy
able to alter the underlying pathophysiology of the dis-
ease. The predominantly 40-42 amino acid amyloid-f8
(AP) peptide is the major component of the extracellular
proteinaceous plaques seen in Alzheimer’s disease (AP)
and much evidence suggests a pivotal role for AB in the
disease process.! In particular, individuals possessing
autosomal dominant mutations in the genes encoding
for amyloid-B precursor protein (BAPP) or the mem-
brane-bound protein homologs presenilin 1 and 2 have
elevated AP levels and suffer from aggressive forms of
early onset AD.?3 These observations have led to the
hypothesis that A, either in its soluble form or when

Keywords:  Alzheimer’s disease; y-Secretase; Protease inhibitor;

Amyloid; In vivo.
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aggregated into oligomers, fibrils, and subsequently pla-
ques, is responsible for neuronal toxicity and cell death.*

AP is derived by processing of the 695-770 residue,
type I transmembrane protein BAPP.> The major met-
abolic pathway of BAPP involves sequential cleavage
by the proteases a-secretase and vy-secretase leading
to non-amyloidogenic fragments. Alternative process-
ing by stepwise cleavage mediated by B-secretase and
v-secretase leads to the production of AP and it is
inhibitors of the latter enzyme that were targeted in
the current work.%’

y-Secretase is a novel membrane-bound aspartyl prote-
ase complex formed from presenilin-1/2, nicastrin,
Aph-1, and pen-2 whose catalytic center is unusual in
likely being within transmembrane helices of the prese-
nilin unit. As the role of y-secretase has become better
characterized, a variety of substrates® including the
Notch receptor have been identified leading to the pos-
sibility of mechanism-based effects’ or alternatively to
additional therapeutic uses '° for y-secretase inhibitors.
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A whole-cell y-secretase inhibition assay using SH-
SYS5Y neuroblastoma cells in which human y-secretase
catalyzes the breakdown of the overexpressed exogenous
substrate A4CTF has been developed.!! We have previ-
ously disclosed'>!* a series of cyclohexyl sulfones which
have demonstrated in vitro inhibition of AB(40) secre-
tion in this assay. In this letter, we describe the further
optimization of these leads resulting in the identification
of highly potent analogs demonstrating in vivo reduc-
tion of brain AB(40) in a mouse model.

Based upon the 1,1-disubstituted cyclohexane 1, which
has previously been shown to be a potent y-secretase
inhibitor (ICsy 3 nM),'? we chose to probe the 4-position
on the cyclohexane ring in order to improve both poten-
cy at y-secretase and also ADME properties.

Investigation of substitution at the 4-position was facil-
itated by the ready availability, on scale, of the cyclohex-
anone derivative 2.'> This could be elaborated to
provide a range of useful intermediates as shown in
Scheme 1. Reduction of 2 gave predominantly the
anti-alcohol 4 which underwent smooth cyanide dis-
placement via a mesylate to give, after hydrolysis and
reduction, syn hydroxymethyl 5. Alternatively, Wads-
worth—Horner—-Emmons reaction followed by stereo-
selective reduction and hydrolysis gave the carboxylate
6, which was elaborated to amine 7 via Curtius rear-

F F F
o] OH OH
i, - ii-v
F SOz F 502 F SO
Cl Cl Cl
2 i 3; syn OH 5
vi-vil 4; anti OH

F F
NH, COH
iX, X Xi
—— F SO, —

F SO,

¥ 7 7

Scheme 1. Reagents and conditions: (i) NaBH4, EtOH, 10 °C (anti:syn
6:1); (i) MsCl, Ets;N, DCM, —50 °C; (iii) BuyNCN, PhMe, 75 °C; (iv)
AcOH/concd HCI, 110 °C; (v) IBuOCOCI, Et;N, THF then NaBH,,
H,0; (vi) (EtO),P(O)CH,CO,Et, NaH, THF; (vii) L-Selectride, THF,
—40 °C; (viii) LiOH, aq MeOH; (ix) (COCl),, DMF, THF then NaNj,
BuNBr, PhH then BnOH, reflux; (x) HBr/AcOH then NaOH; (xi)
PhI(OAc),, I,, PhH, reflux, ho.

rangement or iodide 8 by Hunsdiecker-type radical
iodination.!®

These intermediates could be further elaborated to a
wide range of derivatives, a representative number of
which are summarized in Table 1. Whilst the hydroxy-
methyl analog 5 showed activity similar to that of
unsubstituted 1 only, formation of a carbamate (e.g.,
compound 9) gave an increase in potency. Similarly,
the poor activity of primary amine 7 could be improved
markedly by acylation or sulfonylation with ureas, car-
bamates, and sulfamides all being well tolerated. Addi-
tionally, several heterocycles including succinimide
provided compounds with good activity.

The iodide 8 also allowed ready access to either sulfon-
amides (via KNO3/SO,Cl, oxidation!” of the intermedi-
ate thiol) or sulfones (via Sy2 displacement of the iodide
and subsequent oxidation) as shown in Scheme 2. The
in vitro potencies of a representative range of sulfonyl-
containing analogs are summarized in Table 2.

The series of simple alkyl and aryl sulfones gave mostly
modest inhibitory activity (data not shown) although
cyclopropyl analog 16 was shown to be potent. Howev-
er, the utilization of an aromatic substituent bearing a
hydrogen bond acceptor at the ortho position proved
to be advantageous; anisyl derivative 20, in particular,
showing high potency.

Sulfonamides were also well tolerated with azetidine
derivative 24 being optimal in this series.

Whilst many of the 4-substituted cyclohexyl analogs
prepared showed excellent in vitro potency, their in vivo
efficacy profiles were often compromised by poor meta-
bolic stability prompting us to investigate the cause of
this issue. It was postulated that the activated methylene
exo to the cyclohexyl core may be a site of metabolism
and this was confirmed in the case of methyl analog 25
with the isolation of acid 26 as a major metabolite fol-
lowing in vitro incubation with rat liver microsomes

(Fig. 1).

To address this potential route of metabolism, com-
pounds lacking this labile methylene unit were next pre-
pared. Initially, a wide range of functional groups were
introduced directly linked to the cyclohexyl ring at the 4-
position with the potency of a representative number
summarized in Table 3. These compounds were avail-
able from the syn alcohol 3 (Scheme 1) or syn amine
27 (Scheme 3).

In most cases, the presence of a polar group directly at-
tached to the cyclohexyl core was attended with inferior
in vitro potency (note, in particular, the parent alcohol
3 and amine 27). Acylation of 3 or 27 was also not produc-
tive, except in the case of carbamate 28 where potency was
at best improved only to the level of unsubstituted 1.

In marked contrast to acylated amino analogs, extend-
ing this work to a series of sulfonamides and sulfamates
gave compounds with increased potency.
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Table 1. In vitro y-secretase inhibition of compounds 5-14

F
R
F SO,

Compound Preparation R 1Cso (nM)
5 Scheme 1 OH 47+1.7
6 Scheme 1 CO-H 21.2%1.5
7 Scheme 1 NH, 148 £ 28
8 Scheme 1 1 143+72
9 5, 4-Nitrophenyl chloroformate, pyr, THF then MeNH,/EtOH OCONHMe 0.51 £0.15
10 7, Ac,0, DMAP, Et;N, DCM NHAc 1.3+0.2
11 6, DPPA, Et;N, PhMe, 110 °C then NHs/dioxan, rt NHCONH, 1.0£0.1
12 7, MeO,CCl, Et;N, DCM, 0 °C NHCO,Me 22%0.1
13 7, catechol sulfate, THF then ethylamine/dioxan NHSO,NHEt 1.71£0.3
/\ (0]
14 5, MsCl, Et;N, DCM then succinimide, NaH, DMF, 80 °C % 1.0+04
o
F F Table 2. In vitro y-secretase inhibition of compounds 16-24
- = F
© O/\l i-iii Q gsozC' © SR
F SO F SO, QA O,
~ = Fo50
N | X !
cl S s g
iv-v Vi Compound R 1Cs5p (nM)
16 ‘Pr 1.4%£0.3
F F
© OﬁsozR © QASOZNR1 R2
17 CF; 21.5%5
F SO, F SO
18 Ph 8.8+ 1.7
cl cl
16 - 21 22 -24
Scheme 2. Reagents and conditions: (i) KSAc, DMF; (ii) NaOH, aq 19 \/© 0.65£0.1
MeOH; (i) KNO;, SO,Cl,, MeCN; (iv) RSH, KOH, EtOH, reflux; (v) OH
cat. RuO,, NalO,, EtOAc/H,0; (vi) R;R,NH, THF.
20 \/@ 0.51 £0.02
OMe
In the series of sulfonamides, alkyl substituents were _
well tolerated with n-propyl (31) and trifluoromethyl 21 < 21102
(32) substituents preferred. A series of aryl sulfonamides A
was also prepared and whilst the observation noted ear-
lier of the favorable effect of introduction of ortho, elec- 22 NH, 42+ 14
tronegative substituents appeared not to translate to this
series, several potent heterocyclic analogs (e.g., 33)
could be prepared. With some parallel to the earlier ser- 23 NMe, 1.1£03
ies of sulfamides (Table 2), this functional group was
further utilized to give potent compounds with the azeti-
dine derivative 35 giving extremely high levels of 24 \/N/j 0.36 + 0.02

activity.

On consideration of in vitro potency and ADME pro-
files of the potent inhibitors, the trifluoromethane sul-
fonamide 32 was selected for further work. Compound
32 inhibited the generation of AB(40) and AB(42) with

very similar ICsys'® and inhibited the cleavage of Notch
receptor!? at concentrations similar to those required for
inhibition of APP processing,?’ consistent with the mod-
el that y-secretase is required for both of these processes.
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Figure 1. In vitro metabolism of methyl analog 25.

This compound was profiled in vivo in the APP-YAC
mouse model?! and demonstrated a robust decrease of
DEA-extractable brain AB(40) levels®>?3 4 h after oral
dosing with a minimum effective dose of 1 mg/kg
(Fig. 2). A time-course study at 10 mg/kg showed excel-
lent duration of action with a significant lowering of
brain AB(40) levels throughout a 24 h period.

In summary, we have developed a series of 4-substituted
cyclohexyl sulfones which inhibit y-secretase in vitro
in the low to sub-nanomolar range. This high level of
in vitro potency could be coupled with good pharmaco-
kinetics to produce potent, orally active y-secretase

Table 3. In vitro y-secretase inhibition of compounds 27-35

F F
.OH NH,
Q i il iii O
F SO, - F SO
cl cl
4 27

Scheme 3. Preparation of amine 27. Reagents and conditions: (i)
MsCl, Et;N, DCM, —50 °C; (ii) NaN;, DMF, 90 °C; (iii) PPh;, aq
THF.

inhibitors, such as 32, which was shown to have excel-
lent efficacy in reducing central AB(40) levels in APP-
YAC mice with a minimum effective dose of 1 mg/kg
p.o.
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© R
F ©
Compound Preparation R 1Cs5o (nM)
3 Scheme 1 OH 10.7 £ 1.7
28 3, CISO,NCO, THF, 0 °C OCONH, 1.9+0.5
27 Scheme 3 NH, 510+ 10
29 27, Ac,0, Et;N, DCM NHAc 35£3
30 27, MsCl, Et;N, DCM NHSO,Me 42+1.2
31 27, PrSO, Cl, Et;N, DCM NHSO,Pr 0.82 £0.22
32 27, Tf,0, Et;N, DCM NHSO,CF; 0.65%0.13
H N\
33 27, ArSO,Cl, Et;N, DCM \/N\s/@ 0.25%0.07
0,
H O]
34 27, ArSO,Cl, Et;N, DCM Mg SN 0.66 = 0.01
0,
NN
35 27, [reagent from azetidine/SO,Cl,], Hunig’s base, MeCN \/N\S/N 0.15£0.07
o7}
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Figure 2. Effects of 32 on DEA-soluble brain AB(40) in APP-YAC
mice. (a) Dose-response following p.o. dosing of 32 with analysis 4 h
post-dose. (b) Time-course following 10 mg/kg p.o. dose. n =5 per
group. Compound was dosed as a suspension in 0.5% methocel
solution.
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Abstract—The ultrasound velocimetry, densitometry, and differential scanning calorimetry have been used to study the formation of
the complexes between human serum albumin (HSA) and polyanions heparin (HEP) and/or dextran sulfate (DS). The values of the
ultrasound velocity and specific volume allowed us to determine the specific adiabatic compressibility, ¢k/fy, which reflects the
degree of volume compressibility of the complexes. We showed that in the presence of HEP and DS the adiabatic compressibility
of HSA decreases with increasing concentration of polyanions. HEP more strongly interacts with HSA than DS. pH of electrolyte
in the range 4.7-8.5 weakly affects the adiabatic compressibility. Changes of compressibility of HSA can be caused by increase of
the hydration due to the formation of the HSA—polyanion complexes and due to partial unfolding of HSA. The HSA—polyanion
interaction resulted in decrease of phase transition temperature of the protein. This evidences about protein destabilization in

the presence of polyanions.
© 2005 Elsevier Ltd. All rights reserved.

The study of the mechanisms of interaction of poly-
anions with proteins has great significance for molecular
biology and medicine. For example, the protein-DNA
complexes are responsible for transcription of DNA,
gene expression as well as for formation of specific struc-
tures of chromosomes and viruses.!:2 On the other hand,
several polyanions, such as, e.g., dextran sulfate (DS),
heparin (HEP), and pentosan polysulfate reveal certain
therapeutic action against development of transmissible
spongiform encephalopaties (TSE). It has been shown
that these polyanions bind to the prion proteins and pre-
vent their accumulation in animals and cells.> Recent
study revealed that DS blocked the synthesis of prote-
ase-resistant prion (PrPres).* Polyanions could also
inhibit the entry of HIV-1 into the cells.® They play a
substantial role in protein—protein interactions, protein
folding and stabilization® as well as in cell-cell commu-
nication’. Polyanions are important in the functioning
of human fluid-phase complement regulators® and may
be used also in drug delivery.® Protein—polyanion inter-

Keywords: Human serum albumin; Dextran sulfate; Heparin;
Polyanion—protein complexes; Compressibility; Specific volume;
Differential scanning calorimetry.

* Corresponding author. Tel: +421 2 60295683; fax: +421 2
65426774; e-mail: hianik@fmph.uniba.sk

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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actions are in most cases not specific.® On the other
hand, well over a hundred so-called heparin-binding
proteins have been identified.!® However, ability of these
proteins to bind other polyanions (DNA, actin, tubulin,
etc.) suggests that these interactions, although of a high
affinity, are not so specific. In certain cases, however, the
specific binding sites exist.® For example, antithrombin
IIT has specific binding site to heparin.!® High affinity
of polyanions to the proteins is attributed to the pres-
ence of positively charged binding regions'' at the pro-
tein surface and depends on electrolyte pH and ionic
strength.!? The interaction between strong polyanion—
heparin and bovine serum albumin (BSA) has been stud-
ied by dynamic light scattering, capillary electrophore-
sis, and turbidimetry.!>!3 The interaction of BSA with
heparin was observed even at pH well above the isoelec-
tric point of BSA (I, ~ 4.9).!* This evidences about exis-
tence of positively charged domains at the protein
surface, that is at physiological pH in general negatively
charged.'* Existence of positively charged domains has
been confirmed also by computer visualization of the
protein surface.'> According to Hattori et al.!> heparin
is bound to BSA at heparin binding site. Strong interac-
tion of heparin to the other protein—ferricytochrome ¢
has been observed by differential scanning calorimetry.
At low ionic strength heparin induced an important shift
of the transition temperature 7y, from 84.1 to 59.8 °C.
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This was accompanied by large cooperativity of thermal
denaturation of heparin—cytochrome ¢ complex, that
evidences also on strong interactions between protein
molecules.!® The physical mechanisms how polyanions
interacts with proteins are, however, not fully under-
stood. In our recent work, we showed high sensitivity
of the ultrasound velocimetry to study the compressibil-
ity of proteins and their changes caused by oxidation
processes.!® This method was also very sensitive to
study the hybridization of DNA at the liposome sur-
face.!” In this work, we applied the method of measure-
ment of ultrasound velocity and density to study the
compressibility of globular protein—human serum albu-
min (HSA), polyanions DS and HEP, as well as their
complexes. We also used high sensitive differential
scanning calorimetry to study the influence of DS and
HEP on thermal denaturation of HSA. HEP is muco-
polysaccharide, that has been found in extracellular
space of certain tissues. The polymeric chain of HEP
is composed of repeating disaccharide unit of p-glucosa-
mine and uronic acid linked by 1 — 4 interglycosidic
bond. This is a negatively charged polymer with an
average charge of ~2.3 per individual saccharide residue
(Fig. 1a). DS is also a negatively charged polysaccharide
composed of anhydroglucose. At low ionic strength it is
fully extended due to repulsion of negatively charged
groups (Fig. 1b).

Human serum albumin (molecular weight 68.5 kDa),
heparin (molecular weight 14 kDa), and dextran sulfate
(molecular weight 500 kDa) have been purchased from
Sigma and used as received. The properties of these mol-
ecules were studied in a 10 mM NaCl + 10 mM Tris—
HCI, pH 7.6, or in 10 mM NaCl of various pH (4.7;
7.0 and 8.5). pH was adjusted by NaOH or HCI. All
solutions were prepared with Milli-Q water (Millipore,
El Paso, USA).

The measurement of the velocity of ultrasound allowed
us to evaluate the elastic properties of aqueous media.
This is based on a simple relationship: = 1/(pu?), where
p is the coefficient of adiabatic compressibility and p is
the density. The so-called concentration increment of
ultrasound velocity [u] is a convenient parameter that

characterizes changes in compressibility of polymer
suspension and can be easily determined experimental-
ly.!” This value is defined by the equation

[u] = (u — up) /ugc, (1)

where u and u, are the sound velocities of protein
suspension and buffer, respectively, ¢ is the molar con-
centration of colloid particles, e.g., proteins. The deter-
mination of the [u] value is based on the measurement
of changes of resonance frequency of the acoustic wave
propagated in a small cavity (0.7 ml) of the cell con-
taining piezoelectric transducers. It has been shown
that changes of resonance frequency are proportional
to changes of sound velocity.!® In the experiments,
we used a two resonance cell configuration.!” One cell
was filled with sample—HSA, HEP or DS dissolved in
buffer, while the second only with buffer. In the study
of the mechanical properties of the complexes, the
measuring cell was filled with HSA (concentration
5 mg/ml), while HEP or DS was added both to the
measuring and to the reference cells. The ultrasound
velocity was measured at frequency ~7.2 MHz. Since
the intensity of the sonic signal in the sample was very
small (the pressure amplitude in the ultrasonic wave
being less than 10° Pa), any effect of the sound wave
on the properties of biocolloids was avoided. The res-
onance frequencies have been measured by a network
analyzer (USAT, USA).

A high precision densitometric system (DMA 60 with
two DMA 602 M cells, Anton Paar KG, Graz, Austria)
operating according to the vibrating tube principle?® has
been used to determine the density p of the vesicle solu-
tion. Specific volume ¢y was calculated from the density
data using the equation

oy =[1—(p—po)/cl/po=1/po — [p], (2)

whereby the subscript 0 again refers to the buffer and
[p] = (p — po)/(poc) denotes the concentration increment
of density.

The determination of the specific volume in addition to
the sound velocity concentration increment allows us to
estimate the specific adiabatic compressibility, @x/fo, of
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Figure 1. Structural formulas of (a) heparin and (b) dextran sulfate.
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the suspension, which is based on the following
equation:

ok /By = =2[u] = 1/py + 20y, (3)

where ¢ is specific adiabatic compressibility, S is the
coefficient of adiabatic compressibility of the bulffer,
and poy is the density of the buffer.!” The value of
¢@k/Po indicates the volume compressibility of the mac-
romolecules relative to the buffer. The cells used both
in ultrasound velocity and density measurements were
thermostated at 7'=25 % 0.05 °C with a Lauda RK 8§
CS or Lauda E 200 ultrathermostat, respectively. The
accuracy of determination of the sound velocity incre-
ment, [¢], and the specific partial volume, ¢, was better
than 107> ml/g. The accuracy of the determination of
the density was better than 10> g/ml.

Differential scanning calorimetry (DSC) measurements
were performed on high sensitive DASM-4 microcalo-
rimeter (Pustchino, Russia) with a cell volume 0.47 ml,
under a constant pressure of 2 atm. The heating rate
was 1 K/min. HSA was dissolved in a buffer: 10 mM
NaCl + 10 mM Tris-HCI, pH 7.6, the concentration of
protein being 1 mg/ml. We studied the thermodynamic
properties of the pure HSA as well as their complexes
with HEP and DS. The concentrations of polyanions
at these complexes were 0.1 and 1mg/ml. The
accuracy of determination of the excess heat capacity
was 0.1 mJ/K and the accuracy of determination of the
phase transition temperature was 0.1 K. All heating
curves were corrected using an instrument baseline
obtained by heating of buffer.

Each series of measurements was performed at least
three times.

In first series of experiments, we determined the values
of [u], pv, and @x/fy for HSA, HEP, and DS in a con-
centration range 1-10 mg/ml (for HSA) and 5-25 mg/ml
(for HEP and DS). We showed that these values do not
depend on the concentration of individual macromole-
cules, i.e., HSA, HEP or DS in the above mentioned
concentration range. This means that at the used con-
centration range individual compounds HSA, HEP or
DS do not form aggregates. (Please note that the situa-
tion is different for HSA and polyanion complexes, see
below). The measured values are shown in Table 1.

The values obtained for HSA are comparable with those
reported earlier for bovine serum albumin (BSA),>!
which evidence about similar mechanical properties of

Table 1. The concentration increment of ultrasound velocity [u],
specific volume, ¢y, and apparent specific adiabatic compressibility,
@x! o, for buffer solutions (10 mM NaCl + 10 mM Tris—HCI, pH 7.6)
of HSA, HEP, and DS

System  [u] (ml/g) py (ml/g) ox/Bo (ml/g)

HSA 0.156+0.001  0.754 % 0.001 0.198 + 0.001
HEP 0.147+0.002  0.535£0.004  —0.227 £0.010
DS 0.148+£0.005 04890002  —0.323+0.003

The results represent means (£SD) obtained in three independent
experiments.

these globular proteins. The substantial difference be-
tween HSA and polyanions (DS and HEP) consists in
different specific volume and in the ¢/f, value. More-
over, the apparent specific compressibility of DS and
HEP is negative, while that for HSA is positive.

Overall compressibility of the colloid is composed of the
compressibility of the molecule itself + compressibility
of the hydrated shell

o /Bo = (ox/Bo)p + (Px/Bo)ws 4)

where indexes P and H correspond to the polymer and
hydrated shell, respectively.!$?! The hydration term is
negative at relatively low temperatures, while the term
related to the polymer itself is positive. Therefore, the
overall value of the apparent adiabatic compressibility
could be positive or negative depending on the degree
of hydration and temperature. For example, at 20 °C
the compressibility of globular proteins is in the range
0.05-0.15 ml/g, while for more hydrated fibrilar proteins
the values of apparent compressibility are in the range
—0.1 to —0.75ml/g.2" The value of overall apparent
compressibility is therefore a sensitive indicator of the
structural and conformational states of the biopolymer.
From Table 1 it is also seen that the value of @k/fy is
more negative for DS in comparison with HEP, i.e.,
DS is less compressible than HEP. These values differ
significantly according to Student’s ¢ test with p < 0.01.
The differences between compressibility of DS and
HEP are consistent with higher length of DS and conse-
quently with higher degree of hydration.

We studied the changes of the compressibility of the
HSA in the presence of HEP or DS and as a function
of pH of the electrolyte. Like above, the studies were
performed at a relatively low ionic strength, at which
the shielding effect of cations is not remarkable.'? Figure
2 shows the changes of concentration increment, [u] of
the solution of HSA as a function of HEP concentration
at different pH. We can see that [u] values increase with
increasing heparin concentration for all pH. Higher val-
ue of [u] at pH 4.7 may be connected with starting of
unfolding of the HSA at low electrolyte pH.?? Interac-
tion of HEP with HSA resulted in a decrease of specific
volume similarly for all pH studied (Fig. 3). Having [u]
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Figure 2. Plot of the concentration increment of ultrasound velocity,
[u], of the HSA solution (5 mg/ml) as a function of heparin concen-
tration at different pH: 4.7 (O); 7.0 (@); 8.5 (A). The results represent
means (+SD) obtained in three independent experiments.
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Figure 3. Plot of the specific volume, ¢y, of the HSA solution
(5 mg/ml) as a function of heparin concentration at different pH: 4.7
(O); 7.0 (@); 8.5 (A). The results represent means (£SD) obtained in
three independent experiments.

and ¢v, and using Eq. 3, it was possible to determine the
adiabatic compressibility of HSA as a function of HEP
concentration. The plot of this dependence is shown in
Figure. 4. We can see that with increasing of the HEP
concentration the value ¢g/fy decreases and at higher
concentrations of HEP it becomes even negative. More
remarkable differences in compressibility of the HSA—
HEP complexes at pH 4.7 may be connected with addi-
tional positive charge at HSA, that causes a stronger
interaction of the polyanions with protein.

Interaction of HSA with DS revealed a similar behavior
like HEP-HSA interaction. This is demonstrated in Fig-
ure 5, where the plot of adiabatic compressibility of
HSA as a function of DS concentration is presented at
three different electrolyte pH. Similar effect of pH in
the case of HEP and DS at pH 7 and 8.5 could be con-
nected with the fact that both HEP and DS are strong
acids with pK below 3.23 Therefore, at used pH both
polyanions are negatively charged and pH has no signif-
icant effect on this charge. However, at pH 4.7 due to an
additional positive charge at HSA the interaction of this
protein with polyanions is stronger, which is reflected
also in compressibility. The comparison of adiabatic
compressibility for HEP and DS for pH 7 is shown in
Figure 6. It is seen that HEP revealed a stronger effect
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Figure 4. Plot of the specific adiabatic compressibility, ¢x/fo, of the
HSA solution (5 mg/ml) as a function of heparin concentration at
different pH: 4.7 (O); 7.0 (@); 8.5 (A). The results represent means
(£SD) obtained in three independent experiments.
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Figure 5. Plot of the specific adiabatic compressibility, ¢k/fo, of the
HSA solution (5 mg/ml) as a function of DS concentration at different
pH: 4.7 (O); 7.0 (@); 8.5 (A). The results represent means (+SD)
obtained in three independent experiments.
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Figure 6. Plot of the specific adiabatic compressibility, ¢k/fo, of the
HSA solution (5mg/ml) as a function of heparin (O) or DS (@)
concentration at pH 7.0. The results represent means (£SD) obtained
in three independent experiments. T-HEP (OJ) is the theoretical curve
for heparin calculated according to Eq. 5.

on the compressibility of HSA in comparison with DS,
which may indicate a stronger interaction of HEP with
HSA probably due to the existence of a HEP binding
site at the protein surface.

We determined also the values of [u], ¢v, and @k/f, for
HSA, HEP, and DS for three different pH of the electro-
lyte. While for HSA these parameters depend on pH, in
the case of HEP and DS there was no significant pH
dependence on the pH range of 4.7-8.5, that is probably
connected with rather low pK of polyanions (see above).
Table 2 shows therefore only the parameters for HSA.

Table 2. The concentration increment of ultrasound velocity [u],
specific volume, ¢y, and apparent specific adiabatic compressibility,
@K/ Po, of HSA at three pH of electrolyte (10 mM NaCl) and that for
buffer (pH 7.6)

pH [u] (ml/g) oy (ml/g) @x/Po (ml/g)
4.7 0.158  0.002 0.746 + 0.001 0.174 + 0.005
7.0 0.145 £ 0.001 0.754 + 0.002 0.218 + 0.006
8.5 0.153 £ 0.003 0.753 £0.012 0.196 +0.012

The results represent means (£SD) obtained in three independent
experiments.
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We can see that there were no significant differences for
specific volume as a function of pH. However, the adia-
batic compressibility for pH 4.7 and 8.5 was lower than
that for pH 7. This may be connected with partial
unfolding of HSA at these pH, which resulted in a high-
er hydration of the protein.

Obtained results evidence that both HEP and DS
induced decrease of adiabatic compressibility of HSA.
In turbidimetric and light-scattering study of the forma-
tion of the complexes between HEP and bovine serum
albumin (BSA), it has been shown that this formation
depends on electrolyte pH. At pH > 7.2, no aggregates
were formed, while at pH < 5.0 considerable increase
in turbidity and light scattering was observed, that evi-
dences on strong aggregation process. It is interesting
that aggregation has been observed also at pH well
above the isoelectric point of the protein (4.7), where
BSA is dominantly negatively charged. This has been
explained by the existence of positively charged patches
at the protein surface.>* The commercial HSA usually
consists of two components with isoelectric points at
4.8 and 5.6, respectively. The 5.6 component comprises
from 30 to 60% of the total protein.”> However, the
strong interaction of HSA we observed also at pH above
5.6, i.e., when HSA is mostly negatively charged. This
confirms the above-mentioned results of the study of
the properties of BSA—polyanion complexes by turbi-
dimetry, where the aggregation process at the pH higher
than the isolelectric point of the protein was explained
by the existence of positively charged patches at the pro-
tein surface. Thus, a strong interaction of polyanions
with HSA takes place in the wide range of electrolyte
pH. This evidences about the high sensitivity of ultra-
sound velocimetry and densitometry methods. The
decrease of the adiabatic compressibility of the HSA
with increasing of the concentration of polyanions evi-
dences on the formation of HSA—polyanion complexes,
that are characterized by high degree of hydration. Cer-
tainly, due to the additive nature of adiabatic compress-
ibility, this value can be expressed as a sum of the
compressibilities of individual compounds multiplied
by their relative concentrations in a solution

B = BuppX + (1 = X)Busa, (5)

where ff = @k/fBo is the overall compressibility of the
complex HSA-HEP, fygp, fusa are compressibilities
of HEP or HSA, respectively, and X is the molar ratio
HEP/HSA. According to Eq. 5 we calculated the f§ value
for various molar ratios X and plotted this value as a
function of HEP concentration. This plot is shown in
Figure 6 (curve T-HEP, see legend of the figure). We
can see that at high concentration of heparin (3 mg/ml,
1.e., complex of three molecules of heparin per one mol-
ecule of HSA) the experimental point is considerably
more negative than that calculated by means of Eq. 5.
We can assume that due to interaction of HEP with
HSA additional hydration of HSA takes place, which
can be presumably connected with unfolding of the
HSA.

Earlier the hydration phenomena of another poly-
anions—nucleic acids have been studied in detail by

means of ultrasound velocimetry.?® It has been shown
that the hydration contribution to the [u] value of -NH,
atomic group of adenine is about 2.5 ml/mol. If all chang-
es of the value of [u] in the concentration range 1-3 mg/ml
of HEP are related to the changes of hydration of HSA
due to unfolding, then o[u]=0.027 ml/g = (0.027 ml/
g) X (68.5 g/mol) = 1.8 ml/mol (at pH 7.0). Thus, the
deviation from additivity in the formation of the complex-
es between HSA and HEP can be explained by increase
of the hydration of the protein due to unfolding that
corresponds to the hydration of ~1 amino group per
one HSA molecule.

In order to analyze whether polyanions induce the
unfolding of HSA, we used the DSC method. We deter-
mined excess heat capacity as a function of temperature
for pure HSA (concentration 1 mg/ml) and for two con-
centrations of HEP and/or DS: 0.1 and 1 mg/ml. The
plot of excess heat capacity for the system of HSA-
HEP is shown in Figure 7. We can see that for pure
HSA there is a well-resolved peak with a maximum at
64.0 + 0.3 °C, as revealed from three independent exper-
iments. This temperature corresponds to the transition
temperature of the protein.

The transition temperature is in good agreement with
that reported in the literature (65 °C)?’. The presence
of HEP resulted in broadening of the transition peak
and in a shift of transition temperature toward lower
values. At the concentration of HEP 1 mg/ml, the tran-
sition peak is poorly determined and the temperature of
phase transition is ~60 °C. Similar results were observed
also in the presence of DS in a suspension of HSA how-
ever, the influence of DS was weaker (Table 3). At a con-
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Figure 7. Differential scanning calorimetry scans of HSA in a buffer
with increasing concentration of HEP. The HAS concentration was
1 mg/ml. The concentration of HEP in mg/ml is shown at the curves.

Table 3. Phase transition temperature of HSA in the presence of HEP
and/or DS

HEP (mg/ml) T (°C) DS (mg/ml) T (°C)

0 64103 0 6410.3
0.1 62+04 0.1 63.1+0.6
1.0 60+ 0.6 1.0 —
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centration of DS 1 mg/ml, the shift of phase transition
temperature was only ~1 °C. However, at the concen-
tration of 1.0 mg/ml the peak also disappeared like for
HEP. The shift of phase transition temperature to lower
values in the presence of HEP or DS evidences about
destabilization of the structure of HSA and correlates
well with the influence of the HEP to cytochrome ¢.'
The results of the DSC study are also in agreement with
ultrasound velocity and density measurements.

The influence of polyanions on the compressibility
of HSA and on its thermodynamic properties through
possible changes of the polypeptide chain folding sup-
ports the assumption that polyanions could mimics the
action of chaperons in living cells.?® Most recently, the
formation of multilayer assemblies of HEP with HSA
was shown also using FTIR multiple internal reflection
spectroscopy.?’

Thus, the ultrasound velocimetry, densitometry, and
DSC studies showed that polyanions could create
complexes with HSA. The formation of complexes is
accompanied by a decrease of specific volume and
apparent specific adiabatic compressibility of the protein
as well as by a decrease of its phase transition tempera-
ture. This can be connected with increasing of the hydra-
tion of the protein—polyanion complexes and
particularly also with increasing the hydration of the
protein due to its unfolding caused by destabilization
of the protein structure in the presence of polyanions.
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Abstract—A series of new phosphinate compounds were designed and synthesized as inhibitors of the D-glutamic acid-adding
enzyme (MurD) involved in peptidoglycan biosynthesis. They were tested against the MurD enzyme from Escherichia coli, allowing
initial structure-activity relationships to be deduced. Two compounds had ICs, values near 100 pM and constitute a promising

starting point for further development.
© 2005 Elsevier Ltd. All rights reserved.

The increasing emergence of pathogenic bacterial strains
with high resistance to antibiotic therapy constitutes a
serious public threat.! This has created an urgent need
for the development of new antibacterial agents directed
towards novel targets. One of the best known and most
validated targets for antibacterial therapy is the machin-
ery for peptidoglycan biosynthesis.>* However, the early
biosynthetic steps have received relatively little attention
as potential drug targets, even though this part of the
biosynthetic pathway utilizes essential enzymes that
have no mammalian counterparts.

Peptidoglycan is an essential macromolecular component
of the cell wall of both Gram-positive and Gram-negative
bacteria. Its main function is to preserve cell integrity by
withstanding the internal osmotic pressure. The glycan
chains are composed of alternating units of N-acetylglu-
cosamine (GlcNAc) and N-acetylmuramic acid (Mur-
NAc). The carboxyl group of MurNAc residues is
substituted in most bacteria by a peptide unit, L-alanyl-
v-D-glutamyl-meso-diaminopimeloyl(or  L-lysyl)-p-ala-
nine.* The enzyme MurD (UDP-MurNAc-L-alanine:
D-glutamate ligase), which catalyses the addition of
D-glutamate to the cytoplasmic peptidoglycan precursor
UDP-MurNAc-L-Ala, is present in all bacteria and is
highly specific for p-glutamate.* High specificity, ubiqui-
ty among bacteria and absence in mammals make MurD
a promising target for antibacterial therapy.’

Keywords: MurD; Inhibitors; Antibacterials.
* Corresponding author. Tel.: +386 1 47 69 585; fax: +386 1 42 58
031; e-mail: gobecs@ffa.uni-lj.si

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.086

There have been several attempts to target MurD with
novel inhibitors.®!3 The most potent compounds were
designed as phosphinate transition state analogues.®’-!?
In all of them the phosphinodipeptide part, Ala-\y(PO,-
CH,)-Glu, was conserved. They differ in the moiety
mimicking the UDP-MurNAc part, for which a QSAR
study has recently been made.!* On the other hand,
phosphinate transition state analogues for MurD with
modifications in the peptide part have not been
reported.

We were interested in the design, synthesis and biologi-
cal evaluation of simplified phosphinate inhibitors of
MurD. For this purpose, we selected compound 27 as
the starting point for an exploratory structure—activity
relationship (SAR) study (Fig. 1). This compound,
although lacking the UMP moiety, still possesses good
inhibitory potency (ICsp =20 nM). As a first step we
sought a simple substitute for the phospho-sugar residue
as well as an appropriate replacement of the p-lactoyl
residue (‘linker’). Following this we introduced modifi-
cations into the phosphinodipeptide part of the inhibi-
tors. In lieu of phosphinoalanine, certain other
phosphino amino acids were incorporated and, in addi-
tion, the glutamic acid mimetic, 2-methylenepentane-
1,5-dioic acid, was truncated (Fig. 1).

The synthesis of phosphinate inhibitors 8a, 12a-g and
13a-j is presented in Scheme 1. The key intermediate,
the trimethyl ester of (r,p)-Ala-y(PO,-CH,)(1L,0)-Glu
(9), was prepared according to a known procedure.®
Acetaldehyde, diphenylmethylamine hydrochloride and
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substitute for
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NHCOCH,
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Figure 1. Transition state of the reaction catalyzed by MurD (1) and the structure of the potent phosphinate inhibitor 2 (ICsy = 20 nM). Structural
features of the compounds synthesized are mentioned on the right-hand side.
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Scheme 1. Synthesis of phosphinate inhibitors 8a, 12a-g and 13a-j.

hypophosphorous acid were condensed into diph-
enylmethylaminophosphonous acid 3, which was
converted in two steps into Cbz N-protected o-amin-
oalkylphosphonous acid 5. In our hands, the
preparation of the methyl ester of N-protected o-amin-
oalkylphosphonous acids (e.g., 6) initially caused much
trouble. From the literature it is known that o-amin-
oalkylphosphonous acids are prone to oxidation,'® but
we found that compound 6 decomposed back to the
starting phosphinic acid 5. For this reason, the formation
of the methyl ester was carried out using EDC and dry
MeOH in an argon atmosphere, and the product was
used immediately in the next reaction step. From inter-
mediates 8 and 9 we obtained carbamate 8a, amides
12a-g and sulfonamides 13a—j. Alkaline hydrolysis of tri-
methyl ester 8 afforded compound 8a. From the crucial

intermediate amine 9 the synthesis proceeded in two
directions: the amino group was substituted by different
moieties mimicking the MurNAc residue of lead com-
pound 2 via either an amide (10a—g) or a sulfonamide
linkage (11a—j). The resulting trimethyl esters 10a-g
and 11a-j were converted, by alkaline hydrolysis, into
the target compounds 12a-g and 13a-j, respectively.

These compounds were tested for their inhibitory activity
on MurD from Escherichia coli."”'° Results are present-
ed as residual activity (RA) of the enzyme in the presence
of 1 mM inhibitor (Table 1). For the most active
compounds, ICs, values have also been determined.!”

The results for compounds 8a and 12a-g are shown in
Table 1. Compound 8a had previously been prepared
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Table 1. MurD inhibitory activity of carbamate- and amide-substitut-
ed phosphinates 8a and 12a-g
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O  COOH
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HN._P
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COOH
Compound R! RA (%)?*
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12a @\/\ 28 +2 (432 £ 28 uM)
= ;
OH
12b @\/\ 2342
K

/\O

12¢ O@\A 17 £1 (95 % 15 uM)
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/\O

O
12¢ o 44+1
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12f S 19%3

ON RS
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12¢ @vﬁ 8+ 1 (78 £ 19 uM)
RS - -
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#1Csq values are shown in parentheses.

and evaluated as an inhibitor of MurD from Streptococ-
cus pneumoniae with ICsg 100 pM.'2 From our RA value
we estimate that the ICsy of this compound for the en-
zyme from E. coli is almost one order of magnitude
greater. This relatively large difference could be ex-
plained by different assay conditions as well as by differ-
ences in the active sites of MurD from E. coli and S.
pneumoniae.

The introduction of the frans-cinnamoyl moiety in com-
pound 12a resulted in a higher inhibitory activity than in
compound 8a. This trend was also observed in com-
pound 12b, which possesses a 3-hydroxy group on the
trans-cinammoyl residue. Further improvement was
achieved with compound 12¢, in which the trans-cinna-
moyl moiety was further substituted by the 3,4-methy-
lenedioxy ring. Since this 1,3-benzodioxolyl fragment
proved to be a promising pharmacophore, we prepared
two new compounds in which the same pharmacophore
was connected to the phosphinodipeptide by two differ-
ent linkers. For compound 12d, the shorter, flexible

methylene group was used. For compound 12e, the p-al-
anyl residue was introduced in order to mimic the p-lac-
toyl residue of inhibitor 2. However, both compounds
were found to be less effective inhibitors (Table 1).

In spite of these results, compounds 12f and 12g, in
which the nitrobenzylsulfonyl moiety is linked to the
D-alanyl residue, were prepared. The latter, with a nitro
group at the para position, exhibited the strongest inhib-
itory activity (ICso = 78 uM). Its meta analogue, 12f,
inhibited the enzyme about 2 to 3 times less strongly
(Table 1).

The sulfonamides 13a—j consist of key phosphinodipep-
tide Ala-¥W(PO,-CH,)-Glu substituted by several func-
tionalized phenylsulfonyl and benzylsulfonyl moieties
(Table 2). The most active compounds in this series were
found to be 13i and 13h, with the m-nitrobenzylsulfonyl

Table 2. MurD inhibitory activity of sulfonamide-substituted
phosphinates 13a—j

COOH
Compound R? RA (%)
13a @\ s4+5
13b /@\ 5242
oN 7
13¢ 5541
13d ©/\ 40+ 1
CF, !
13e \©/\ 49+
13f /@A 5042
CF3
Cl
13g /@/\ 3742
F
NO,
13h @/\ 30£5
13i OZN\©/,\’ 2+2
13 /@A 4742

o
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Table 3. MurD inhibitory activity of phosphinates 14-16 with
branched side chains and comparison with phosphinoalanine deriva-

tive 8a
(@] COOH
H I
e bt
Y on
(0] R
COOH
Compound R? RA (%)
8a ”CI:IS 412
14 /é\ 66+ 1
H,C CH,
15 %/C”a 65+ 1
CH

16 gr\/wa 83%3
H,C

and o-nitrobenzylsulfonyl substituents, respectively.
Their positional isomer 13j inhibited the enzyme to a
lesser extent, as did the homologue of 13i (m-nitrophenyl
substituted derivative 13b). However, all of them were
less potent than compound 12g.

1. MeONa/MeOH

In order to study the importance of the phosphinoala-
nine residue, we prepared analogues of 8a in which it
was replaced by phosphinovaline (14), phosphinoleucine
(15) and phosphinoisoleucine (16). These compounds
were synthesized by a procedure similar to that de-
scribed in Scheme 1, using an appropriate starting alde-
hyde, but with some improvements which will be
published elsewhere. All compounds inhibited MurD
less than the parent compound 8a (Table 3). Thus,
replacement of the phosphinoalanine side chain by bulk-
ier ones decreases the inhibitory activity, presumably
due to the small volume of the L-alanine-binding subsite.

In order to determine the importance of the y-carboxyl-
ate group of the phosphinodipeptide glutamate residue,
we prepared compounds 21, 22 and 23 as analogues of
12¢, 12g and 8a, respectively, but lacking the glutamic
acid side chain. The synthesis of these truncated ana-
logues is similar to that presented in Scheme 1, using
methyl acrylate instead of dimethyl 2-methylenepen-
tanedioate 7 (Scheme 2). Compounds 21-23 did not
inhibit MurD (Table 4), confirming our previous
hypothesis® that the presence of the glutamate residue,
or its appropriate mimetic, in this type of inhibitor is
essential for strong inhibition.

In the complex of MurD with its product UDP-
MurNAc-L-Ala-D-Glu  (MurD - UMAG, pdb entry
4UAG),” the a-carboxylic acid of p-glutamic acid is
H-bonded to Lys348 and Thr321, the y-carboxylate is

o H,/Pd/C,
Cbz 5/OMe 2. methylacrylate Cbz 8 MZeOH O
Y 0 <- methylacryla®e \{ \/\COOMe HN \‘s/ OM ~~"~COOMe
CH,
. 17 18
o . COOH /‘O 1 M LiOH, O/_O
<o dloxane
—_—
I
(0]
EDC, HOBt 9
DMF, base e >N
\/\COOMe Y on COoH
3 CH,
O,N 19 ON 21
1 M LiOH,
dioxane
. oOss =
H NH o
ool e 4
SNy g WN
o~ ~
\ COOMe
Yo Y o CooH
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20 22
Q 1 M LiOH, Q
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Scheme 2. Synthesis of the truncated phosphinates 21-23.
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Table 4. MurD inhibitory activity of truncated compounds 21-23 and comparison with that of their non-truncated analogues

Compound R* RA (%)?*
OZN\©\/(‘)‘ : " ? COOH
S AN _P B
T T e
12g ML 8+1 (78 % 19 uM)
COOH
22 'X’H 100+ 5
/=0
o
O  COOH
P
= \ R*
OH
Ty
12¢ \‘1]\ 171 (9515 uM)
COOH
21 >y 91 %1
[:::l\\/ O  COOH
H Tl
o_N_P .
Y on
o)
8a 402
COOH
23 >y 9241

#1Cs values are shown in parentheses.

held in place by hydrogen bonds with Ser415 and Phe
422, and the amide bond between lactoyl moiety and
L-Ala interacts with the side chain of Asn138.2° The ab-
sence of inhibition by truncated analogues 21-23 is con-
sistent with the loss of binding energy of the two
hydrogen bonds provided by the y-carboxylate group.
We can thus expect that the best phosphinate inhibitors
found here (12¢, 12f and 12g) bind the enzyme in a sim-
ilar manner as UMAG. It is possible that they utilize
their substituted aromatic rings to interact also with
Leul5, Thr16 or GInl62, which are the residues that
bind the phospho-sugar part of UMAG.

In the present paper, we reported the synthesis and
activity of a series of new phosphinate inhibitors of
MurD from E. coli. A common feature of all the active
compounds is the N-substituted phosphinodipeptide
Ala-y(PO,-CH,)-Glu, both alanine and glutamate resi-
dues being essential in this series. Compounds 12¢ and
12g had ICsq values near 100 uM. Since they consist of
mixtures of four diastereoisomers, the actual 1Cs, for
the one most closely mimicking the L-Ala-p-Glu stereo-
chemistry is presumably lower than that observed. These
compounds constitute promising starting points for
further structural modifications.
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Abstract—To expand the repertoire of artificial enzymes that are constructed by replacing the natural prosthetic group of hemopro-
teins with non-natural cofactors, we examined incorporation of a non-porphyrinic ligand (1) into the heme-pocket of apomyoglobin
in a non-covalent fashion. Ligand 1 is a highly conjugated 1,10-phenanthroline derivative, which shares some structural features
with protoporphyrin IX; for example, molecular size and arrangement of hydrophobic and anionic parts. Addition of apomyoglobin
to a solution of 1 induces clear changes in the absorption spectrum of 1, suggesting one-to-one incorporation of 1 into the heme
cavity of apomyoglobin with an affinity of 6.3 x 10° M~'. We found that the hydrolytic activity of apomyoglobin toward p-nitro-
phenyl hexanoate was greatly suppressed because of the incorporation of 1 into the heme-pocket.

© 2005 Elsevier Ltd. All rights reserved.

Introduction of non-natural metal complexes into pro-
tein cavity has been recognized as a powerful method
to create new artificial metalloproteins with desirable
functions.! The molecules incorporated inside protein
cavity often exhibit significant stability and unique reac-
tivities such as enantio- or substrate-selective reactions.
For example, Distefano and co-workers have demon-
strated that a Cu(II)-1,10-phenanthroline complex that
is covalently attached to a cysteine in the protein cavity
of an adipocyte lipid-binding protein catalyzes highly
enantioselective hydrolysis with up to 86% ee.!d? In
addition to the covalent approach,® non-covalent incor-
poration of metal complexes into protein cavity also has
been carried out to create artificial metalloproteins with
unique functions.* ® For example, Hayashi’s and Casel-
la’s groups have reported that replacement of heme in
myoglobin with protoporphyrin IX modified at the pro-
pionate group(s) can convert an O,-storage protein to a
peroxidase or a peroxygenase.*> Since this approach
takes advantage of strong interactions between proto-
heme and heme-binding site, incorporation of any other
non-natural metal complex that bear much less structur-

Keywords: Apomyoglobin; Heme-pocket; Phenanthroline; Recons-

titution.
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al similarity to the native prosthetic group has been con-
sidered to be unpromising, although it has been reported
that aromatic molecules such as 8-anilino-1-naphthalene
sulfonate bind to the heme-pocket of apomyoglobin.”
Recently, however, Watanabe and co-workers success-
fully demonstrated that Schiff base complexes can be
stably incorporated into the heme cavity of myoglobin
with assistance of protein modification by amino acid
mutation.® Thus, expanding the range of metal complex-
es that can be incorporated into the heme cavity would
enable us to design artificial metalloproteins with func-
tions beyond those of heme proteins (Scheme 1).

Recently, we synthesized a highly conjugated phenan-
throline ligand (1), 2,9-bis(3,5-dicarboxylphenylethy-
nyl)phenanthroline, as a new water-soluble fluorescent
probe.” As depicted in Figure 1, ligand 1 shares structur-
al similarity with protoporphyrin IX; that is, both the
molecules have a similar molecular size of ca. 1 nm
square, an aromatic plane at the upper side, and car-
boxylate groups at the bottom side. It has well known
that protoheme is tightly incorporated into the heme
cavity through the ligation of the proximal histidine to
the heme iron as well as through multiple non-covalent
interactions between the protoheme and amino acid res-
idues, which include hydrophobic interactions between
the porphyrin plane and non-polar amino acid side
chains as well as polar interactions between the propio-
nate side chains and polar side chains, for example,
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native myoglobin

e

protoheme

artificial prosthetic group
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reconstituted myoglobin

apomyoglobin

Scheme 1.

Ser92 and Arg45 in sperm whale myoglobin.'® There-
fore, the above-mentioned structural similarity between
the phenanthroline 1 and protoheme suggests the possi-
bility that ligand 1 binds into the heme cavity of apo-
myoglobin in the same fashion to protoheme. Here,
we have investigated the above possibility using sperm
whale apomyoglobin'! as a host protein.

First, UV titration studies were carried out by addition
of sperm whale apomyoglobin to a HEPES-buffered
solution (pH 8.1) of 1. The absorption spectral changes
(Fig. 2A) exhibit two isosbestic points at 305 and
348 nm, and an increase at around 280 nm, which is

caused by tryptophan residues of added apomyoglobin.
The molar ratio graph at 317 and 370 nm is shown in the
inset of Figure 2A. The absorption at 317 nm decreases
and the absorption at 370 nm increases almost linearly
until a ligand-to-apomyoglobin ratio of 1:1 is reached,
and further addition of apomyoglobin did not affect
the absorption spectrum, except for the absorption re-
gion increased by added apomyoglobin (250-300 nm).
The spectral change between 250 and 400 nm was ana-
lyzed using a non-linear least-squares fit algorithm
based on singular value decomposition to determine
the binding constant to be log K = 6.8 + 0.3 (SPECFIT
software!?). The binding constant of 1 for apomyoglo-
bin is rather smaller than that of the native prosthetic
group hemin (Kg ~ 107'2-107"5 M).1% The lower affin-
ity of 1 may be caused by lacking the metal ion that can
coordinate to the proximal histidine.

On the other hand, addition of holomyoglobin to 1 did
not alter the spectrum of 1. To confirm the incorpora-
tion of 1 in the heme-pocket, we prepared tetrazole-
myoglobin, whose distal histidine residue is modified
to bear a tetrazole ring according to the reported proce-
dure,'? and added its apoprotein to a solution of 1. The
resulting spectral changes were very much similar to
those for the unmodified apomyoglobin (Fig. 3). How-
ever, the estimated binding constant shows a decrease
by ca. 10-fold (log K=5.7%0.2). Thus, these results
clearly suggest that 1 is tightly incorporated into the
heme cavity of apomyoglobin due to its structural
homology with the native prosthetic group.

On the basis of the spectral analysis, spectrum for 1 inside
heme-pocket can be calculated and is shown in Figure 2B.
The spectrum shows red-shifted absorption bands com-
pared with that for 1 in the absence of apomyoglobin.

7 Me

Figure 1. Structures and CPK models of 1 and protoporphyrin IX.
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Figure 2. (A) Absorption spectral changes of 1 upon addition of
apomyoglobin. Conditions: 10 mM HEPES buffer, pH 8.1, 25°C.
[1] = 10 uM. [apomyoglobin] = 0-20 uM. Inset: absorption as a func-
tion of added apomyoglobin monitored at 317 and 370 nm (molar
ratio plot). (B) Calculated spectrum of 1 inside apomyoglobin (solid
line), together with that of 1 (dotted line).
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Figure 3. Absorption spectral changes of 1 upon addition of apo-
tetrazole-myoglobin. Conditions: 10 mM HEPES buffer, pH 8.1, 25 °C.
[1] =10 pM. [apo-tetrazole-myoglobin] = 0-20 pM. Inset: absorption
as a function of added apomyoglobin monitored at 317 and 370 nm
(molar ratio plot).

Armaroli and co-workers reported the redshift of the
absorption bands of 1,10-phenanthroline derivatives
upon protonation of the phenanthroline nitrogens due
to stabilization of the lowest 'nn* level.'* Thus, it is sug-
gested that nitrogen atoms of the phenanthroline moiety
of 1 become protonated upon the incorporation into the
heme-pocket. The heme-pocket environments surround-
ing 1 might affect the equilibrium between 1 and its pro-
tonated form. There are two histidine residues in the
heme-pocket of myoglobin; that is, the proximal histidine

that coordinates to the heme iron and the distal histidine
in the vicinity of the heme iron. Taking into account the
structural homology of 1 with protoheme, these histidine
residues might be located close to nitrogen atoms of the
phenanthroline moiety of 1. Thus, the spectral change
of 1 suggests a possible interaction between nitrogen
atoms of the phenanthroline moiety of 1 and the proximal
and/or distal histidine residue(s).

Circular dichroism (CD) spectra measurements provid-
ed another evidence to support the localization of 1 in-
side the heme-pocket. Figure 1 shows the CD spectra
of apomyoglobin in the absence and presence of 1. A
very small amount of alpha-helix induction was ob-
served in the presence of 1 (Fig. 4A). This result shows
that 1 does not work as a denaturing reagent but does
stabilize apomyoglobin to a small extent, which might
correlate to the smaller binding affinity of 1 with apo-
myoglobin compared to that of the native prosthetic
group, hemin. More interestingly, the 1-apomyoglobin
complex exhibited a positive induced CD signal in the
absorption region of 1 (Fig. 4B), which clearly supports
the location of 1 in chiral environments. Thus, the CD
experiments clearly indicate the localization of 1 inside
the heme-pocket of apomyoglobin.

In 1987, Zemel reported the hydrolytic activity of
apomyoglobin.'®> The reaction proceeds more efficiently
as the substrate becomes more hydrophobic; that is,
p-nitrophenyl acetate < p-nitrophenyl hexanoate (PNH)
< p-nitrophenyl nonate. Thus, the hydrolytic reaction
is promoted by histidine residues in the hydrophobic
heme-pocket, which is also supported by no hydrolytic
activity of holomyoglobin. Therefore, it is expected that
the incorporation of 1 in the heme-pocket would effect
this hydrolytic reaction. In this study, we examined the
catalytic hydrolytic activity of sperm whale apomyoglo-
bin by using PNH as a hydrophobic substrate in the
presence and absence of 1 in 20 mM HEPES buffer
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Figure 4. CD spectra of apomyoglobin in the absence and presence of
1. Conditions: 20 mM phosphate buffer, pH 6.9, 10 °C. [apomyoglo-
bin] = 10 uM, [1] = 11 uM (solid line); [apomyoglobin] = 10 uM (dot-
ted line); [native myoglobin] = 10 uM (dashed line).
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Figure 5. Initial rate of the PNH hydrolysis as the PNH concentration.
Conditions: 10 mM HEPES buffer, pH 8.1, 10°C. [apomyoglo-
bin] = 10 uM without (filled circle) 1 and with 1 (11 pM) (open circle).

(pH 8.1, 1=0.014) containing 2% CH;CN at 10 °C.
Figure 5 shows a plot of the initial rate constant as a
function of the PNH concentration, which shows satu-
ration behavior in the absence of 1, where the intrinsic
hydrolysis rate of PNH (k = 1.0 x 107® s ') is subtracted
from the observed reaction rate constants following the
reported procedure.'® The Michaelis-Menten parame-
ters were estimated as follows: K, = 0.086 = 0.017 mM
and ke =(3.9+0.2)x 107 s7!. These parameters are
in agreement with those reported by Zemel,
Kn=0074mM and ke = 48x107°s™! (pH 8.0,
25 °C).!> In the presence of 1, on the other hand, the ini-
tial reaction rate does not show saturation behaviors but
increases almost linearly with substrate concentrations,
which leads to the second-order rate constant of
ky=15%0.1 M's~!. Thus, the incorporation of 1 in-
side the heme cavity inhibits the hydrolysis of PNH by
the histidines in the heme-pocket.

The result presented here shows that the water-soluble
highly conjugated phenanthroline ligand 1 is readily
incorporated into the hydrophobic heme-pocket of
sperm whale apomyoglobin probably due to the struc-
tural similarity to protoheme. The incorporation of 1
into the heme-pocket inhibits the hydrolytic activity of
apomyoglobin toward activated esters. Thus, the present
study demonstrates that even non-porphyrinic mole-
cules can be smoothly inserted into the heme cavity of
apomyoglobin through proper molecular design. The
resulting 1-apomyoglobin complex could provide a nov-
el metal-binding site in the heme cavity. The construc-
tion and characterization of artificial metalloproteins
based on the 1-apomyoglobin complex are currently
undergoing in our laboratory.
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Abstract—Aggrecanases are recently discovered enzymes that cleave aggrecan, a key component of cartilage. Aggrecanase inhibitors
may provide a unique means to halt the progression of cartilage destruction in osteoarthritis. The synthesis and evaluation of
biphenylsulfonamidocarboxylic acid inhibitors of aggrecanase-1 are reported. Compound 24 demonstrated 89% inhibition of pro-

teoglycan degradation at 10 pg/mL and has an oral bioavailability in rat of 35%.

© 2005 Elsevier Ltd. All rights reserved.

Osteoarthritis (OA) is a debilitating disease resulting
from the breakdown of articular cartilage and character-
ized by chronic joint pain and inflammation, which re-
sults in significant reduction in the quality of life.
Currently there is no therapy available to halt the pro-
gression of this disease.

Aggrecan, a multidomain proteoglycan, is a major com-
ponent of cartilage and provides compressive resistance
to articular cartilage. During the early stages of osteoar-
thritis, and then throughout the disease, there is in-
creased loss of GAG (glycosaminoglycan)-rich
aggrecan fragments via proteolysis attributable to ‘agg-
recanase’ activity. Eventually, the cartilage is eroded
and replacement joint surgery is usually required.

Aggrecanase-1 (agg-1)! is a member of ADAMTS (A
Disintegrin and Metalloprotease possessing Thrombo-
spondin domain) family of zinc containing metallopro-
teases, responsible for the cleavage of aggrecan 1GD
(Interglobular domain) at the Glu*”*-Ala*™ peptide
bond, a unique site untouched by any previously identi-

Keywords: Aggrecanase-1 inhibitor; Biphenylsulfonamide carboxylate;

Benzofuran; Osteoarthritis.
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fied enzyme. Inhibition of agg-1 may impart overall car-
tilage protection and offer a potential therapy that could
alter the progression of OA.?

Several reports in the literature described aggrecanase
inhibitors that contain hydroxamic acid zinc-chelating
groups.®* Modification around hydroxamic acid func-
tional group by introducing polar functionality was
reported to have a favorable effect on absorption and
clearance through steric hindrance and intramolecular
hydrogen bonding.’® The use of other zinc-chelating
groups, such as the carboxylic acid, has become a pop-
ular approach for hydroxamic acid replacement in other
matrix metalloproteinase programs.>

In our research efforts toward agg-1 inhibitors, we
conducted high throughput screening of our corporate
library and discovered that the hydroxamate com-
pound 1a, reported by Novartis as a non-selective
stromelysin inhibitor (CGS 27023A),° showed 92%
inhibition of agg-1 at a concentration of 25 uM.” To
our surprise, 1b (the S-isomer of 1a) was inactive to-
ward agg-1 (Table 1).

This enantiomeric preference for an R-configuration was
examined using an agg-1 homology model derived from
the venom metalloproteinase, Atrolysin C (PDB code:
IDTH).® The catalytic domains of the two proteins
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Table 1. High throughput screening hit
N
|
=
(0] OMe

HO\N ¢ N;s\\/©/
H o/ 0O

Compound Enantiomer Agg-1 inhibition at 25 pM
la R 92%
1b S Not active

share ~43% homology.’ The homology model was built
in Sybyl 6.7 (Tripos, Inc.) using the Composer module
for Homology Modeling. Docking of compound 1a to
the homology model placed the hydroxamic acid moiety
around the Zn, the sulfonyl group in H-bonding dis-
tance to backbone NHs of Leu330 and Gly331, the
methoxy phenyl within the S1’ pocket, and the pyridine
substituent facing the solvent near the S2’ area of the ac-
tive site. Only the R-enantiomer la can dock in this
manner, as the comparable conformation of the S-enan-
tiomer 1b would clash with Met332 and other residues
within the S2’ area of the active site (the BC—D loop)

(Fig. 1).

The binding model of compound 1a led us to explore
carboxylic acid derivatives with the same enantiomeric
preference. Structure-based explorations using the
homology model suggested that a biphenyl P1’ ligand
(2) might be best because of the potential for: (1) enthal-
pic m-stacking interactions with the active site His
(His361), (2) enthalpic van der Waals interactions due
to the shape of the S1’ pocket (flattened cylinder), and

Figure 1. A close-up and schematic view of the predicted binding
mode of compound la to agg-1 homology model derived from
Atrolysin C.

(3) entropic gains from the hydrophobic effect, as this
area is encapsulated by hydrophobic residues (e.g.,
Leu330, Met395, and Phe357).

Compound 2 was synthesized and showed an agg-1 ICs
of 3.0 uM (Table 2).!° Biophysical studies confirmed
that 2 binds to agg-1 in 1:1 stoichiometry. A compound
with a bent biphenyl configuration (3) was inactive pre-
sumably because it does not fit into the S1’ narrow
hydrophobic channel. Attempts to generate a hydrogen
bond between the enzyme and the inhibitor from the
biphenyl backbone (4-7) were not successful. It was
thought that the substituents may either disrupt the flat-
tened cylindrical shape of the molecule (4-6) or were too
congested to fit into the narrow S1’ pocket (4-7), leading
to reduced activity against agg-1. A para hydroxy group
(8), which retained its flattened cylindrical shape, re-
tained activity. Therefore, this para-position provided
a good attachment point for further modifications.

Another point of modification was the amino acid
headpiece. A variety of amino acids have been ex-
plored (Table 3). Compound 9 with an L-valine head-
piece had an ICsy> 100 uM toward agg-1, further
confirming the enantiomeric preference of this enzyme.
Agg-1 ICs of the homologated acid 10 was ~100 uM.
The extra carbon atom increases the spacing between
the carboxylic acid and the P1’ group such that they
cannot simultaneously achieve the required interac-
tions. Most other modifications (11-14) were tolerat-
ed, suggesting that these side chains might reside in
a spacious domain. As suggested by the homology
model, there is limited space for N-substitution, and
indeed, a small N-alkyl substituent (15) yielded good

Table 2. Modifications on biphenyl backbone

(o] H R
HO)K;/N\S/

Compound R Agg-1 1Csy (LM)

: EoSv I
O

3 >100
R
NH,
‘ -0

HO
6 ~20
OO
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Table 3. Modification of amino acid headpieces

o

R
rRNsc
[ole)
Compound R-N-R’ Agg-1 1Cso (M)
o
2 o S NH 3.0

PN
(o]
9 Ho)j/\NH >100
HO. NH
10 YI ~100
(o]

(0]
11 Ho)gi/\ 5.5
(0]
Ho A
12 : 1.1
on
o
13 HO)K&/\ 4.3
“Ph
o
Ho A
14 K 2.8
s
o -
15 N 1.6
AN
i
16 HoP S N AN 12
AN

activity, while a bigger group (16) led to diminished
activity. For simplicity, we kept the p-valine headpiece
for further modifications.

Since the homology between agg-1 and Atrolysin C is
much lower in the depths of the S1’ pocket, our model
was less useful in predicting substitutions beyond the
biphenyl P1’ group. Table 4 shows the SAR on further
modification of the para-position of the biphenyl back-
bone. A benzofuran ester P1’ ligand (17) improved
agg-1 activity by 10-fold. The smaller furan analog
(18) resulted in decreased activity. A C3-methyl group
(19) on the benzofuran further improved agg-1 activity
by 4-fold (IC5y = 86 nM). Other linkages intended to im-
prove metabolic stability while mimicking ester binding,
including amide (20), ether (21), and ketone (22), gave
reduced activity. A trans double bond configuration
(23) retained activity; however, this group is prone to
metabolism. The C3-methyl ether 24 is 2-fold more ac-
tive than ether 21.!!

Table 4. Linker modification

AL 00

R

Compound R

—0
17 | )/._(/D 035
(o] (@]
|-o
18 H] 11.6
19 Oym 0.086
—O O
—NH
20 | )/._(/D 75
(e} [e)
—0
21 | \_(/D 1.4
(o)
O,
2 m 38
| [e]
/
23 | J_(c)\/© 0.4

24 I_o\_g/D 0.7
(@]

The pharmacokinetics of compound 24 were examined
via two different routes of administration, intravenous
(iv) and oral (po), to male Sprague-Dawley rats. Ani-
mals received a single iv bolus of 2 mpk and a po dose
of 10 mpk. The compound exhibited low clearance
(16.1 mL/min/kg). The oral bioavailability was 35%
(T2 =277 min, Cpax = 1360 ng/mL).

Agg-1 ICsp (M)

Compound 24 was tested for its ability to inhibit MMP-
1, MMP-2, MMP-13, and MMP-14. This compound is
selective against MMP-1 and -14, but is a more potent
inhibitor of MMP-2 and MMP-13 (Table 5). Since
MMP-13 plays an important role in cartilage degrada-
tion, inhibition of MMP-13 is also beneficial to prevent-
ing osteoarthritis.>!4

Compound 24 demonstrated excellent cartilage penetra-
tion properties.!? In an interleukin-1 stimulated bovine
cartilage explant assay,'? it gave 89% inhibition of pro-
teoglycan inhibition at 10 pg/mL after a 3-day incuba-
tion (Fig. 2). According to early work published by
Pratta® and Little,'* the aggrecan is degraded early, dur-
ing the first week of culture (day 3-7), whereas the col-

Table 5. Inhibitory activities (ICso, nM) of compound 24
MMP-1 MMP-2 MMP-13 MMP-14
>100,000 28 4.4 3000
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Figure 2. Proteoglycan inhibition of compound 24.

lagen is not rapidly degraded until later in the culture
period (day 8-14). Therefore, the activity in this 3-day
assay is indicative of aggrecanase inhibition. There is
no significant involvement of MMPs during this early
stage of proteoglycan degradation.>'#

The synthesis of compounds 2-24 is shown in Schemes
1-3. Due to the presence of a chiral center sensitive to
racemization, the synthesis of these compounds was car-
ried out in the absence of strong basic media.'>

As shown in Scheme 1, sulfonylation of the amino ester
25 gave 26, which upon hydrolysis formed compounds 2
and 9 in excellent yield. Alkylation of the sulfonamide
nitrogen atom and hydrolysis led to compounds 15
and 16. Sulfonamide formation was performed on -
amino acid 28 using transient silylation condition'® to
give 10. Compounds 11-14 were synthesized from Wang
resin through Fmoc deprotection, sulfonamide forma-
tion, and TFA cleavage, in excellent yields (Scheme 2).

t NH, O HO b
Buo)KR(l ‘BuO)KrN SR 2,9
a RL (6]
25 26
Jd
2
? 2 15, 16
t N-S-R )
BuO)KRfl 3
27
HO NH, ¢
28

Scheme 1. Reagents and conditions: (a) RSO,Cl, DIEA, DCM, 3 h
(93-100%); (b) TFA, DCM, 3 h (95-100%); (c) (i)—Me;SiCl, DCM,
reflux, 5 h; (ii)— Et;N, Ph-PhSO,CI (33%); (d) R%X, K,COs3, CH;CN,
reflux, 5h (45-77%).

(Wang resin)

11-14

Scheme 2. Reagents and conditions: (a) piperidine, DMF, 1 h; (b)
biphenyl-4-sulfonyl chloride, iPr,NEt, CH,Cly; (c) TFA.

o HCl (@) (0]
+ 008y 008« )—)
guo”NHz " b
BN guo” ~NH guo” ~NH
PO AN
29 30 31
a de
0 0 4
00:$ Br ce 00:$ R
tBuO)K;NH — HOJ\;NH
- - OH
w KO 10 KO HO-on
OzN HO
5 6 7 8

Scheme 3. Reagents and conditions: (a) DIEA, DCM, 3 h (91-95%);
(b) PhB(OH),, Pd(PPh3),Cl,, CsF, NMP, 100 °C, 18 h (55%); (c) for 5,
boronic acid, Pd(OAc),, PPh;, Et;N, DMF, 100 °C, 2 h (43%). For 6—
7, boronic acid, Pd(PPhs)4, K,CO3;, DME/H,0, 80 °C, 12 h (71-83%);
(d) Pd/C, H,, THF, 12 h (100%); (e) TFA, DCM, 3 h (100%).

Suzuki coupling was used to construct the second ben-
zene ring of the biphenyl backbone, leading to com-
pounds 31, 5-8 (Scheme 3), 33 and 34 (Scheme 4).
Hydrogenation of 31, followed by hydrolysis, gave 4.

Esterification (17-19) or alkylation (21, 24) of the OH
group on compound 33 led to compounds with P1’ ester
or ether linkages. Heck coupling on 34 gave compound
23. 2-Acylbenzofuran 36 was synthesized according to
the literature procedure.!” Stille coupling of tributyltin
compound 35 (synthesized from 29) with 32 gave 22.

In summary, we described herein the design, synthesis,
and biological evaluation of biphenylsulfonamide car-

ch 17-19
Q "
Qs )L yon Tan
. KH
BuO™ ™ T~ am
P
33
a
Q Q y
003 Br 005 )< )~ en
tguo” ~NH & guo?~NH — 23
34
32 ‘
N di
b d

:‘ o
1Buo)y£N 36 -
PO g, h
35

Scheme 4. Reagents and conditions: (a) boronic acid, Pd(PPhs)g,
K,CO;, DME/H,0, 80 °C, 12 h (80-82%); (b) (Bus3Sn),, Pd(PPh;),,
toluene, reflux, 12 h (56%); (c) carboxylic acid, DCC, DMAP, DCM,
3.5h (31-71%); (d) benzofuran-2-CH,Br, K,CO3;, DMF, 90 °C, 18 h
(35-48%); (e) 2-bromobenzofuran, Pd(dba);, [tBusPH]'BF,,
Cy,NMe, dioxane, microwave, 180 °C, 1 h (25%); (f) 2-(4-bromophe-
nyl)acetyl chloride, TiCly, DCM, —78 °C, 20 min (17%); (g) Pd(PPhs),4,
toluene, reflux, 12 h (20%); (h) TFA, DCM, 3 h (95-100%).
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boxylic acids as aggrecanase-1 inhibitors. The design
was based on HTS results and a homology model de-
rived from Atrolysin C. This limited SAR study suggest-
ed that biphenylsulfonamide carboxylic acids provided a
good starting point and the benzofuran moiety can im-
prove agg-1 inhibition. Compounds such as 24 show
good oral bioavailability and inhibition of proteoglycan
degradation in a cell-based assay. Compound 24 also
shows inhibitory activity against MMP-13. Detailed
study of this dual Agg-1/MMP-13 inhibition will be dis-
closed in due course.
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Abstract—Chk1 inhibitors have emerged as a novel class of neoplastic agents for abrogating the G2 DNA damage checkpoint
arrest. Analogs of the Chkl1 inhibitor, 3-ethylidene-1,3-dihydro-indol-2-one, were synthesized and tested in vitro for their inhibitory
activities. The most promising compound identified from this series is analog 28, which possesses potent enzymatic and cellular

activities.
© 2005 Elsevier Ltd. All rights reserved.

In response to DNA damage, cells arrest at various cell
cycle checkpoints (G1, S, or G2) to initiate repair pro-
grams. Upon completion of these programs, cells pro-
ceed through the cell cycle. If the DNA damage is not
repairable, they undergo apoptosis.'> Most tumor cells,
through the loss of p53 or Rb function, are deficient in
the G1 checkpoint and must arrest at either S or G2
to repair DNA damage.*® If the S and G2 checkpoints
are abrogated, the cells will undergo premature mitotic
entry/premature chromosome condensation (PCC),
leading to apoptosis, mitotic catastrophe, and cell death.
In contrast, normal cells will arrest at G1 in response to
DNA damage and will be less affected by S and G2
checkpoint abrogation.® '3

Checkpoint kinase 1 (Chkl), a serine/threonine kinase,
was initially identified as a link between DNA damage
and cell cycle arrest at G2.!%!7 In response to DNA dam-
age, Chk1 phosphorylates and inactivates the Cdc25 fam-
ily of phosphatases (Cdc25A, B, and C). It was discovered
that upon phosphorylation by Chkl, Cdc25C is rapidly
deactivated through its sequestration to the cytosol.!®1?
The consequences of this are hyperphosphorylation of

Keywords: Kinase; Checkpoint 1; Inhibitor.
* Corresponding author. Tel.: +1 847 938 8797; fax: +1 847 935
5466; e-mail: nanhorng.lin@abbott.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.064

the Cdc25C substrate Cdc2, and inactivation of cyclin
B/Cdc2 complex, which results in cell cycle arrest at G2.

Recently, we and others have demonstrated that Chkl
also plays a key role in the S checkpoint induced by var-
ious DNA damaging agents.?®2>* Activation of Chkl
through phosphorylation by ATM or ATR kinase in re-
sponse to various types of DNA damage induces degra-
dation of Cdc25A. The resulting diminished cellular
level of Cdc25A has been shown to be directly responsi-
ble for the S-phase arrest. Correspondingly, elimination
of Chkl with siRNA leads to abrogation of both
Cdc25A proteolysis and the S- or G2 checkpoints.?0->
Collectively, these results demonstrate that Chkl plays
an important role in both the S- and G2 checkpoints,
largely mediated by Cdc25A.

Cancer cells often lack one or more genes for G1 check-
point control, either through loss of p53 or Rb function,
or by overexpression of proto-oncogenes (cyclins and
CDKs).? Inhibition of the remaining checkpoints, at S
and G2, by Chkl inhibitors should make tumor cells
selectively more sensitive to anticancer therapies, such
as y-radiation or DNA damaging drugs.'>?% 2% In addi-
tion, tumor cells deficient in p53 are usually more resis-
tant to cancer therapeutics. Thus, Chkl inhibitors can
potentially enhance the cytotoxicity of DNA damaging
agents and overcome this resistance. There is ample
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experimental evidence to demonstrate that the abroga-
tion of the S- and G2 checkpoints, through inactivation
of Chkl, can selectively sensitize cells deficient in the G1
checkpoint to DNA damage.!'?16-26.29-30

We and others have disclosed ureas as a new class of
small molecule Chkl inhibitors.?!* To continue our
search for a structurally different Chkl1 inhibitor that
possesses potent activity against Chkl enzyme, we initi-
ated an extensive medicinal chemistry effort based on
high throughput screen hits. In this paper, we report
the synthesis and preliminary structure—activity relation-
ship of a series of these compounds, 3-ethylidene-1,3-
dihydro-indol-2-one.

/@Me .
1
—_—
Br NO
2 Br
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Indolinone analogs were prepared using the reaction
sequences shown in Schemes 1 and 2. The non-commer-
cially available starting keto acid 2 was prepared from
the corresponding toluene by reaction with dimethyl-
malonate in the presence of sodium (Scheme 1) Oxida-
tion of the keto acid with hydrogen peroxide followed
by reduction of the nitro group to an amine gave the
6-bromo-indolinone 4. The indolinone was deprotonat-
ed with piperidine, and addition of the resultant anion
to the pyrrole aldehyde 5 provided the desired ethylidene
indolinone 6. Coupling of the substituted indolinone
bromides 6 with various substituted phenylboronic acids
such as 7 gave the indolinone analogs 8 that are
described in Tables 1-3.

o)
i OH
on —— (Y
0 Br NO,
NO,
2 3

Scheme 1. Reagents: (i) Na, dimethylmalonate; (i) H,O,, NaOH; (iii) Zn, H,SOy; (iv) piperidine, MeOH; (v) Pd(PPhs),, CsF.
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Scheme 2. Reagents: (i) Heat, neat or DMF; (ii) POCl;, DMF; (iii) CF;CO,H, CH(OEt);; (iv) LiAlHy4; (v) MnO,.
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Table 1. Inhibition data for indolinone analogs®

Ar?
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HO - N
MeO 6 |
Compound Cx Ar? ICs, (nM)
9 Cs /@ 2839
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MeO.
12 s \;@ >50,000
13 Cé6 ﬂ 7
Ny
H
o
14 c6 m 92
N
H
o
15 C6 / 1306
N
H
OMe
16 C6 >50,000

ot

#See Ref. 34 for assay method.

Scheme 2 illustrates three routes that were used to pre-
pare the substituted pyrrole aldehydes. Thus, commer-
cially available substituted pyrrole acids were thermally
decarboxylated to provide pyrrole intermediates, which
could be formylated with phosphorous oxychloride in
dimethylformamide to obtain the corresponding alde-
hydes. Alternatively, the pyrrole aldehydes were formed
directly from the corresponding acids by treatment with
trifluoroacetic acid and triethyl orthoformate. Finally,
aldehydes could also be obtained by reduction of the

Table 2. Inhibition data for pyrrole analogs®

Compound 1Cs¢ (nM)
13 7
17 >10,000
18 29
19 1033
20 10
21 >10,000
22 >10,000
23 >10,000

#See Ref. 34 for assay method.

corresponding ester followed by oxidation of the resul-
tant alcohol with manganese oxide.

In this study, several phenyl and pyrrole analogs of 3-
ethylidene-1,3-dihydro-indol-2-one were tested for their
inhibitory activities against Chkl enzyme. The effects
of varying the substituents at the C4-position of the
pyrrole moiety have been studied in detail. We have also
investigated the impact of positional isomers and
substituents on phenyl ring on the inhibitory potency.

The effects of moving the 3-methoxy-4-hydroxyphenyl
moiety from the C5 position to the C6 position are
shown in Table 1. With the exception of dimethoxy
analogs (12 and 16), it reveals that C5-substituted
3-methoxy-4-hydroxylphenyl analogs are consistently
less potent than the corresponding C6-substituted
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Table 3. Inhibition data for pyrrole analogs®
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Table 3 (continued)

Compound Ar I1Cso (nM)
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N N
H

#See Ref. 34 for assay method.

compounds against the Chk1 enzyme in the indolinone
series. For instance, C5-substituted compound 9 shows
a 405-fold decrease in potency compared with the corre-
sponding C6-substituted analog 13. A similar SAR
trend is also observed when the pyrrole moiety is re-
placed with an indole group (10 vs. 14 and 11 vs. 15).
The data also indicate that compound 13, with a pyrrole
group at C3 ethylidene, is more potent than the corre-
sponding indole analogs 14 and 15. Replacement of in-
dole with dimethoxyphenyl results in a huge reduction
in inhibitory potency. Since compound 13 provides the
most potent inhibitor, we then turned our attention to
the modification of 3-methoxy-4-hydroxyphenyl ring
with various substituents. It was hoped that this change
would increase enzymatic potency.

As indicated in Table 2, replacement of the hydroxyl
group at the C4’'- position of the phenyl ring (18) with
an electron-donating amino group (19) causes a 36-fold
decrease in potency. Further reduction is observed when
the hydroxyl group is replaced with a methyl group. The
introduction of electron-withdrawing groups such as flu-
oro or trifluoromethoxy groups at the C4 position
resulted in complete loss of inhibition (cf. 21 and 22).
Apparently, electronic effects do not play an important
role in determining the enzymatic potency. In contrast,
shifting the methoxy group from the C3’ position to
the C2’ position of phenyl ring has only minimal impact
on the enzymatic potency (13 vs. 20). However, intro-
duction of methoxy groups to the C3’, C4’, and C5’
positions (17) caused a huge reduction in potency. These
SAR studies clearly indicate that the 3-methoxy-4-
hydroxyphenyl moiety is still the best group for the C6
position of indolinone ring.

Since compound 13 provides the most potent enzymatic
activity, we then focused our attention on SAR studies
of the pyrrole ring in the indolinone series (Table 3).
We have introduced various functionalities to the C3’-,
C4'-, and C5’ positions of pyrrole ring. The inhibitory
activity at the C3’-position of the pyrrole appears to
be governed by steric effects. As Table 3 indicates,
the phenyl analog (26) that has a large group at the





N.-H. Lin et al. | Bioorg. Med. Chem. Lett. 16 (2006) 421-426 425

C3’-position is less potent than either the methyl (24) or
isopropyl (25) analogs. In addition, the dimethyl com-
pound 24 is 17-fold less potent than the parent pyrrole
analog 13.

Table 3 also reveals that replacement of the pyrrole ring
with an imidazole moiety is reasonably well tolerated
(13 vs. 29), but reduction of the pyrrole ring to a pyrrol-
idine moiety results in a drastic reduction of potency in
the enzymatic assay (13 vs. 27). It is interesting to note
that introduction of polar long chained aliphatic func-
tionalities to the C4’-position provides more potent
Chk1 inhibitors compared with the C4’-unsubstituted
analog (30 vs. 24 and 32 vs. 24). The same SAR trend
was observed with 2’-isopropyl-5’-methyl pyrrole analog
(31 vs. 25).

As described previously, replacement of the pyrrole
ring with an indole moiety results in a 13-fold de-
crease in potency in the inhibition of Chkl enzyme
(13 vs. 14). In contrast to this result, replacement of
the pyrrole ring with an azaindole moiety has only
minimal impact on the enzymatic potency (13 vs.
28). Interestingly, the inhibitory activities of indole
analogs appear to be governed by steric effects. Hence,
as previously observed, the C7’-methyl analog 15 is
less potent than compound 14. A similar SAR trend
was also observed with azaindole analogs. Thus, intro-
ducing a cyano group to azaindole moiety results in a
decrease in potency of greater than 100-fold (18 vs.
34). The most potent compound identified in our
SAR studies of this series is the azaindole analog 28
with an ICsy value of 4 nM.

To understand how these Chkl inhibitors interact with
the enzyme, the potent Chkl inhibitor 13 was submitted
for X-ray crystallographic study.?> The X-ray co-crystal

Figure 1. X-ray co-crystal structure of 13 with Chkl enzyme.

Table 4. Inhibition data of Chkl inhibitors against various kinases

structure of compound 13 indicates that the 3’-OMe
group forms a hydrogen bond with Lys38 of the back-
bone protein of the Chkl enzyme, and the 4’-OH func-
tionality forms another H-bond with Glu55. In addition,
the hinge region of compound 13 forms two additional
hydrogen bonds with both Glu85 and Cys 87 as shown
in Figure 1.

The most potent compounds identified were submitted
for enzymatic assays against other serine/threonine ki-
nases. As shown in Table 4, analog 13 is the most
selective Chkl1 inhibitor identified in this study. It does
not have any inhibitory activity against the other en-
zymes tested. Compound 28 has 91-fold selectivity
against CDC2 enzyme, whereas compound 29 shows
only 14-fold selectivity. This demonstrates that the
group connected to the olefinic moiety in the indoli-
none series plays an important role in determining
the enzymatic selectivity against other kinases.

The cellular activity of the most potent compound 28
was evaluated in the MTS assay. For routine screen-
ing, the antiproliferative ECsy’s of the compounds
are determined in HeLa cells (a p53-deficient human
cervical cancer cell line), either alone or in the pres-
ence of 150 nM of doxorubicin, a topoisomerase II
inhibitor in clinical use known to confer G2/M check-
point arrest at this concentration in HeLa cells. In the
latter assay, the ECsgs are calculated from the percent-
ages of inhibition by the test compounds at varying
concentrations above the background inhibition by
150 nM doxorubicin. Thus, the ratio of the ECsos of
the compound alone and the compound with
150 nM doxorubicin represents the ability of the com-
pound to sensitize HeLa cells. Compound 28 exhibits
significant antiproliferative activity as a single agent
(ECs0 = 0.01 uM), probably indicating that this com-
pound may inhibit other targets, consistent with its
inferior selectivity. Compound 28 also shows potent
antiproliferative activity (ECsq=0.18 uM) in the pres-
ence of doxorubicin (150 nM). To confirm the target,
additional characterization of the compound using
other cellular assays is required.

In summary, we have shown that variation of the sub-
stituent pattern at the phenyl or pyrrole rings of a 6-
substituted indolinone compound of structure 8 alters
the inhibitory properties of these compounds. The as-
say data indicate that substituents are not well tolerat-
ed at the C5-position of the phenyl ring (Table 1). In
general, compounds having a hydroxyl group at the
C4/'-position as shown in Table 2 possess potent inhib-
itory activities against the Chkl enzyme. Unsubstitut-
ed pyrrole or azaindole analogs possesses the most
potent activity against the Chkl enzyme. Introduction
of substituents to either the pyrrole or the azaindole

Compound Chkl Chk2 CDC2 CHK2 CK2 EGFR  MAPKAP2 PKCy PKC§ SGK SRC Tie2
13 7 21730 >50000  >50000  >50000 >50000 >50000 >50000  >50000 >50000  >50000  >50000
28 4 22679 454 368 41690 NT >50000 NT NT >50000 2377 NT

29 18 14649 251 NT NT >50000 NT >50000  >50000 1500 >50000 23273
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results in a decrease in potency as shown in Table 3.
This study has also shown that reduction of the pyr-
role moiety decreases the potency. However, only a
small effect is observed when the pyrrole is replaced
with an imidazole ring. The most potent analog iden-
tified from this study is compound 28, possessing an
ICso value of 4 nM.
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The Chkl enzymatic assay was carried out using a
recombinant Chkl kinase domain. A human Cdc25C
peptide was used as substrate in the assay. The reaction
mixture contained 25 mM of Hepes at pH 7.4, 10 mM
MgCl,, 0.08 mM Triton X-100, 0.5mM DTT, 5uM
ATP, 4nM *P ATP, 5uM Cdc25C peptide substrate,
and 5nM of the recombinant Chkl protein. For potent
compound with K; below 1 nM, 0.5nM of the recombi-
nant Chk1 protein and 8 nM **P were used in the assays.
Compound vehicle DMSO was maintained at 2% in the
final reaction. After 30 min at room temperature, the
reaction was stopped by addition of an equal volume of
4 M NaCl and 0.1 M EDTA, pH 8. A 40 uL aliquot of
the reaction was added to a well in a FlashPlate (NEN
Life Science Products, Boston, MA) containing 160 pL of
phosphate-buffered saline (PBS) without calcium chloride
or magnesium chloride and incubated at room tempera-
ture for 10 min. The plate was then washed three times in
PBS with 0.05% of Tween 20 and counted in a Packard
TopCount counter (Packard BioScience Company,
Meriden, CT).

The coordinates of the CHK1 complex have been depos-
ited with the RCSB Protein Data Bank. The entry ‘Crystal
Structure of CHK1 with an Indole Inhibitor’ has been
assigned the RCSB ID code ‘rcsb034461° and PDB ID
code 2AYP.
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Abstract—In the present report, the use of the atom-based linear indices for finding functions that discriminate between the tyros-
inase inhibitor compounds and inactive ones is presented. In this sense, discriminant models were applied and globally good clas-
sifications of 93.51% and 92.46% were observed for non-stochastic and stochastic linear indices best models, respectively, in the
training set. The external prediction sets had accuracies of 91.67% and 89.44%. In addition, these fitted models were used in the
screening of new cycloartane compounds isolated from herbal plants. A good behavior is shown between the theoretical and exper-
imental results. These results provide a tool that can be used in the identification of new tyrosinase inhibitor compounds.

© 2005 Elsevier Ltd. All rights reserved.

Tyrosinase is the key enzyme in melanin biosynthesis,
catalyzing the first two steps of this pathway: the
hydroxylation in the ortho position of tyrosine (mono-
phenolase or cresolase activity) and the oxidation of L-
DOPA (1-3,4-dihydroxyphenylalanine) to o-dopaqui-
none (diphenolase or catecholase activity), both in the
presence of molecular oxygen. It is a copper protein
widely distributed in nature, which shows similar struc-
tural and functional characteristics when purified from
different biological sources.'

Because of its central role in melanogenesis, tyrosinase is
a key target for screening and discovery of new inhibito-
ry compounds is underway in the hope of preventing the
occurrence of these hyperpigmentation disorders.*>

* Corresponding author. Tel.: +53 42 281192; fax: +53 42 281130;
e-mail addresses: yovanimp@qf.uclv.edu.cu; ymarrero77@yahoo.es
URL: http://[www.uv.es/yoma/.

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.085

Compounds such as hydroquinone,® ascorbic acid deri-
vates,’” kojic acid,® azelaic acid,’ corticosteroids,'” reti-
noids,'! arbutin,'?> and others have been reported to
show the inhibitory efficacy. Although a large number
of naturally occurring tyrosinase inhibitors have already
been described,!? their individual activities either are not
potent enough to be considered for practical use or safe-
ty regulation concerning food additives limits their in vi-
vo use. There is, therefore, a constant search for
tyrosinase inhibitors that can be obtained by either lab-
oratory synthesis'# or extraction from plants.!'>1©

On the other hand, for pharmaceutical research and
development, chemoinformatics provides, at present,
the tools for ‘rational’ selection/identification and/or de-
sign/optimization of new chemical entities (NCE),
reducing the number of tested compounds, compared
with conventional trial-and-error methods.!”

Recently, a novel scheme for the rational-in silico-
molecular design (or selection/identification of chemi-
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cals) and QSAR/QSPR studies has been introduced by
one of our research groups. It is the so-called topologi-
cal molecular computer design (TOMOCOMD).!8 This
method has been developed to generate molecular
descriptors based on the linear algebra theory. This ap-
proach has been successfully employed in QSPR'*-?° and
QSAR?!2% studies, including investigations related to
nucleic acid-drug interactions>® and the fast-track
experimental  discovery of novel antimalarial
compounds.?*

The main objective of this research was to find various
statistical linear discriminant analysis (LDA) models,
using the non-stochastic (and stochastic) total and
atom-type linear indices in order to separate the tyrosi-
nase inhibitor compounds (actives) from inactive ones,
with the aim to power the early identification of poten-
tial tyrosinase inhibitors, isolated and characterized
from herbal plants.

To assure an adequate extrapolation power for the LDA
models, a data set with a great molecular diversity was
chosen. We have selected 658 compounds for making
up the data set, 246 with tyrosinase inhibitor activity,
considering different modes of inhibition, and the rest,
412, having a series of other pharmacological uses®
(inactives).

The molecular descriptors, non-stochastic and stochas-
tic atom-based linear indices, were calculated using the
‘in house’ TOMOCOMD-CARDD (acronym of the
Computed-Aided Rational Drug Design) software.
The total and local linear indices for small-to-medium
sized organic compounds have been explained in some
detail in the literature.2°2°> However, the fundamental
remarks of this approach are summarized as Supple-
mentary Data.

The main steps for the application of this method in
QSAR can be briefly summarized as follows: (1) draw
the molecular pseudographs for each molecule of the
data set, using the software drawing mode. This proce-
dure is carried out by a selection of the active atomic
symbols belonging to different groups in the periodic ta-
ble; (2) use appropriate atom weights in order to differ-
entiate the molecular atoms. In the present report, we
characterized each atomic nucleus with the following
parameters: atomic mass (M), atomic polarizability
(P), atomic Mulliken electronegativity (K), van der
Waals atomic volume (V) and the atomic electronegativ-
ity in Pauling scale (G).?® The values of these atomic la-
bels are shown in Table 1 of Supplementary Data.3033
This weighting scheme was previously proposed for
the calculation of the DRAGON descriptors;3!=33 (3)
compute the total and local (atom-type or hybrid group)
linear indices. They can be carried out in the software
calculation mode, from which one can select the atomic
properties and the family descriptor before calculating
the molecular indices. This software generates a table
in which the rows correspond to the compounds and
columns correspond to the total and local linear indices
or any other family of molecular descriptors implement-
ed in this program; (4) find a QSAR equation by using

statistical or artificial intelligent techniques, and so on.
That is to say, one can find a quantitative multilinear
regression analysis (MRA), neural networks (NN), line-
ar discrimination analysis (LDA), and relation between
A (activity) values and the linear indices having, for in-
stance, the following appearance: A = agfy(x) + a1 fi (-
x) tarfo(x) + -+ anfi(x) + ¢, where fi(x) [or fir (x)]
is the kth total [or local] linear indices, and the a;’s are
the coefficients obtained by the linear regression analy-
sis; (5) test the robustness and predictive power of the
QSAR equation by using internal and external cross-
validation techniques.

The atom-based TOMOCOMD-CARDD molecular
descriptors computed in this study were the following:
(1) kth (k = 15) total (global) non-stochastic linear indi-
ces not considering and considering H-atoms in the mol-
ecule [V (x) and “f;7 (x), respectively], (ii) kth (k = 15)
local (atom-type = heteroatoms: S, N, O) linear indices
not considering and considering H atoms in the mole-
cule, “fir (xg) and “fi " (xg), correspondingly. These lo-
cal descriptors are putative molecular charge, dipole
moment, and H-bonding acceptors, (iii) kth (k = 15) lo-
cal (atom-type = H atoms bonding to heteroatoms: S,
N, O) linear indices considering H atoms in the mole-
cule. These local descriptors are putative H-bonding do-
nors (hydrogen bonding capacity), lipophilicitg, and so
on, and (iv) The kth total ["f;(x) and “f; (x)] and
atom-type [“*fx (xg), Vi (xp) and V37 (xp_)] stochas-
tic linear indices were also computed. Here, we used the
symbols Vf; (x) and ™fi(x) for non-stochastic and sto-
chastic linear indices, respectively, where the superscript
w expresses the atomic property (atomic label) used to
differential each atom in the molecule and computing
the molecular descriptors, namely M, P, K, V, G,
and f;. (x) means kth linear indices.

The names of tyrosinase inhibitor compounds in the
database together with their experimental data taken
from the literature are also shown in Table 2 of Supple-
mentary Data. The molecular structures are given as Ta-
ble 3 of Supplementary Data. This data set can be
considered as a helpful tool for all the researchers in this
field.

The chemicals in the database were divided into training
and test sets with 478 and 180 compounds, respectively.
The training set was used to develop the discriminant
functions, and these were obtained by using the forward
stepwise Linear Discriminant Analysis (LDA) as imple-
mented in the statistic package STATISTICA.>* The kth
(k < 15) total and atom-type non-stochastic and sto-
chastic linear indices were used as independent
variables.

In this sense, there were obtained 12 LDA-based QSAR
models. The first six models used the non-stochastic to-
tal and local linear indices (Eqgs. 1-6) and the last six,
stochastic molecular descriptors (Eqs. 7-12). The equa-
tions of the models are given in Table 1.

On one hand, the first five LDA models in both sets were
obtained using each of the five atomic properties used as





Table 1. Discriminant models obtained with total and local non-stochastic and stochastic linear indices used in this study

LDA-based QSAR models obtained using non-stochastic linear indices

Class = —0.135 —1.077 x 107> M£T (x) +9.710 x 107* M£, (x) —6.199 x 1078 Mfi5(x) +7.719 x 1071 Mfi5(x) —2.899 x 1072 Mgy H(xg) —2.250 x 1071 Mfi5p (xp) —4.857 Mo M (xpn) + )
0456 MflLH(XE-H) =1.715 MstH (XE-H)
Class = 0.357 —3.076 x 1072 VAR (x) +1.400 x 1072 Vf; (x) —5.257 x 107> V5 (x) —1.895x 1077 Vi1 (x) +4.891 x 10710 Vfis(x) —5.797 x 1072 Vo H(xp) +3.446 x 10710 Vfi51 (xp) 2)

0.658 Vo H(xpr) —0.189 Vi H(xp.) —3.317x 1072 Vo B (xp)
Class = —6.428 x 1072 —3.781 x 10~* PAH (x) +5.920 x 1072 Pf3(x) —1.062 x 1072 P£,(x) —0.498 Pfo M (xg) —0.143 P T (xp) +1.589 x 1077 P M (xg) +0.139 Py (xg) —2.188 x 1076 AL (xp) + (3)
3.230 *fo " (xen) —0.158 Pfa M (xe-n)

Class = —0.914 +3.594 x 107*f (x) —1.104 x 1077 Kfi4(x) +2.619 x 1078 Kfi5(x) —1.320 x 1072 ¥y H(xp) +1.506 x 1072 Kf3 (xg) +9.713 x 107 ¥£; (vp) —2.808 Kfor M (vpp) + @)
2.370 *fi. " (xg-n)

Class = —0.929 +2.203 x 10™* £ (x) —2.819 x 107° Sfy (x) +0.486 11 (xp) —0.140 Sf5 H(xp) —1.753 x 1073 S H(xp) +8.720 x 107 Sf H(xp) +2.226 X 1072 Sfyp (xg) +3.753 5)
x 1073 Sfyp (xp) —1.481 x 107 Sfyp (xp) —3.417 Sfo P (vpn) +2.557 Sfic (xen)

Class = 0.260 —1.991 x 1072 VA (x) +0.115%£ (x) —3.052x 107° Sfy(x) —6.243 x 1072 Vo M (xg) —0.156 P ™ (xg) +1.103 x 1077 Mfi5 P (xp) +0.158 A1 (xp) +2.251 x 1072 Sfs (xg) — (6)

7.716 x 107> Sfyr (xvp) +0.225 Mfi P (xpn) —0.152 VAL (venn)

LDA-based QSAR models obtained using stochastic linear indices

Class = 0.344 —0.198 M£; 5 (xp) +6.805 x 1072 Mfy H (xp) +0.587 Mfy M (xp) —0.358 Mfer H(xp) +0.132 Mfi1 (xp) —0.219 Mfyp (xg) +0.310 Mf P (xppy) +0.128 Mfs H(xpyy) — 7
0.554 Mf13LH (XE-R)

Class = 0.272 +0.209 Vfo; F(xg) —0.453 Vo (xg) +0.438 VL (xp) —8.030x 1072 Vs (xp) —1.173 Vfior (xp) +1.580 Vfia (xg) +1.059 Vo T (xgn) —0.298 VAL (xg.n) +0.956 Vo P (xp.n) + @®)
0.884 VflzLH(XE-H) —-1.035 Vf13LH (xg-n) —0.917 Vf14LH (Xg-n)

Class = —0.631 —0.785 £, (x) +0.308"£,F (x) +0.4047£:M (x) —0.214 P£5H (x) +0.260 Pf; (x) —0.889 Pfi H(xp) —0.843 Phor M (xp) +1.648 Pfiu ™ (xp) —6.8917fs1 ™ (xpop) +12.195 P M (xpm) — )
5.203 PfISLH (Xg-n)

Class = 0.202 +1.253 X£, W (xg) +53.854 Xf15. M (xp) —53.804 Kfist ") +1.454 Kfop (xp) —2.117 Kfop (xp) —10.146 Xfor (xp) +9.247 Xfis (xp) —7.244 ¥ ™ (vpon) +2.376 Xf." (xpn) + (10)
4.160 ®fa " (xpn)

Class = —3.556 x 11072 +2.022 S, ¥ (xg) +37.249 Sf15 M (xp) —37.959 Sfis. M (xp) —2.272 Sfir (xp) —3.588 Sfop (xp) +4.411 Sfiar (xp) —2.798 Sfor M (xgn) +2.073 SfiL M (xp.n) 1)

Class = 0.175 +0.311 Vg H(xp) +32.906 Sfi3 ™ (xp) —31.996 SfisiH (xp) —=0.294 Vi1 (xp) —1.103 Sfsp (xp) +0.474 Mfi H (xpn) —0.122 Vi H (xpn) +2.268 PP (xpn) —0.254 M5 H (xpn) — (12)
0.257 Vf13LH (Xe-H)
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atomic weights (atomic labels) proposed above. On the
other, the sixth model in both sets results from combin-
ing all the proposed weighting schemes.

The Wilks’ 4 parameter (U-statistic), square Mahalan-
obis distance (D?), and Fisher ratio (F) for the training
set are shown in Table 2. These statistical parameters
together with the linear discriminant canonical statistics
canonical regression coefficient (R.,,) and chi-squared
(¥*) measure the quality of the determined models.
The equations were shown to be statistically significant
at p-level (p <0.0001).

As it can be observed in Table 2, the fitted models with
the combination of the weighted schemes exhibit the
best results (Egs. 6 and 12, respectively). These best
two models correctly classified the 93.51% and 92.46%
(accuracy) of the training set. The equations showed
high Matthews correlation coefficients (C) of 0.86 and
0.84. Table 2 also depicts the values of specificity, sensi-
tivity, and false positive rate (also known as ‘false alarm
rate’), statistical parameters much used in QSAR
studies.

Although the statistical parameters had a good behav-
ior, it is not enough to assure the predictive power of
the models. For that reason, we carried out an external
validation process using a test set3>37 and the results are
given in Table 3. In this sense, the TOMOCOMD-CAR-
RD models (Egs. 6 and 12) show globally good classifi-
cations of 91.67% and 89.44%, respectively, in the
prediction set. Furthermore, a high value of C can be
observed in Eqgs. 6 and 12 (see Table 3).

The classification of cases was performed by means of
the posterior classification probabilities. By using the
models, one compound can then be classified as active,
if AP% >0, Dbeing AP% =[P(Active)— P(Inac-
tive)] X 100 or as inactive otherwise. P(Active) and
P(Inactive) are the probabilities with which the equa-
tions classify a compound as active and inactive, respec-
tively. The classification results (including the canonical
scores) for the database (active and inactive ones) with
the models 6 and 12 are given as Tables 4-11 of Supple-
mentary Data. In addition, we provide a plot with the
AP% for the actives and inactives using the non-stochas-
tic and stochastic linear indices (Figs. 1 and 2).

Table 2. Prediction performances and statistical parameters for LDA-based QSAR models in the training set

Models* Matthews corr.  Accuracy Specificity (%)  Sensitivity False Wilks' A D? F Chi-Sqr  Canonical

coefficient (C) ‘Ototal’ (%0) ‘hit rate’ (%)  positive (x2) R (Rean)®
rate (%)

LDA-based QSAR models obtained using non-stochastic linear indices

Eq.1(9) 0.80 90.59 86.3 89.6 8.8 0.49 446 55.0 3403 0.72

Eq. 2 (10) 0.76 88.49 83.3 87.4 10.9 0.48 459 50.8 3469 0.72

Eq. 3 (10) 0.79 89.75 84.5 89.6 10.2 0.49 447 49.5 3403 0.72

Eq. 4 (8) 0.79 89.96 85.0 89.6 9.8 0.47 470 653 3535 0.73

Eq. 5 (11) 0.81 91.00 86.5 90.7 8.8 0.45 512 515 3741 0.74

Eq. 6 (11) 0.86 93.51 90 93.4 6.4 0.43 568 57.1 401.7 0.76

LDA-based QSAR models obtained using stochastic linear indices

Eq. 7 (9) 0.76 88.70 83.4 88.0 10.9 0.47 477 58.8 356.8 0.73

Eq. 8 (12) 0.79 90.17 85.4 89.6 9.5 0.48 460 423 3471 0.72

Eq. 9 (11) 0.77 88.91 83.9 88.0 10.5 0.55 348 349 2829 0.67

Eq. 10 (10) 0.75 88.08 82.5 87.4 11.5 0.48 452 50.1 343.1 0.72

Eq. 11 (8) 0.72 86.61 80.5 87.8 12.9 0.52 3.86 53.7  306.8 0.69

Eq. 12 (10) 0.84 92.46 88.5 92.4 7.5 0.40 633 70.1 4318 0.77

#The quantity of variables of the models is shown in parentheses.

® Canonical correlation coefficient obtained from the linear discriminant canonical analysis.

Table 3. Prediction performances for LDA-based QSAR models in the test set

Models

Matthews corr. coefficient (C)

Accuracy ‘Qrotar’ (%)

Specificity (%)

Sensitivity ‘hit rate’ (%)

False positive rate (%)

LDA-based QSAR models obtained using non-stochastic linear indices

Eq. 1 0.64 83.33
Eq.2 0.65 83.33
Eq. 3 0.73 86.67
Eq. 4 0.71 86.11
Eq. 5 0.77 88.89
Eq. 6 0.82 91.67
LDA-based QSAR models obtained using stochastic linear indices
Eq. 7 0.70 85.56
Eq. 8 0.82 91.67
Eq. 9 0.71 86.11
Eq. 10 0.80 90.56
Eq. 11 0.76 88.89
Eq. 12 0.77 89.44

74.63 79.37 14.53
72.00 85.71 17.95
75.32 92.06 16.24
75.68 88.89 15.38
78.67 93.65 13.68
86.36 90.48 7.69
74.67 88.89 16.24
90.00 85.71 5.13
76.39 87.30 14.53
83.82 90.48 9.40
82.09 87.30 10.26
82.35 88.89 10.26
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Table 4. Results of ligand-based in silico screening and tyrosinase inhibitory activities of new cycloartane compounds

b

Compound* AP%® Scores® AP%° Scores® AP%S Scores’ AP%Y Scores! AP%° Scores® AP% Scores’ ICsy* SEME (uM)

C1 99.79 3.26 99.95 -3.92 9697 2.19 99.98 —4.32 9943 2.71 99.97 3.74 102.4+0.3
99.80 3.28 99.97 429 9828 2.74 99.66 3.02  99.55 3.19 99.98 3.67

C2 99.94 3.85 99.98 —4.37 9795 237 99.99 —4.68 9981 3.19 99.99 4.10 95.3+0.2
99.87 3.46 99.99 4.75  99.02 3.05 99.84 337  99.78 3.56 99.99 4.08

C3 99.95 3.96 99.99 —4.67 96.46 2.11 99.98 —447 9940 2.69 99.99 4.34 48.92 +0.08
99.74 3.16 99.99 5.01 99.21 3.16 99.80 326  99.68 3.36 99.99 3.87

C4 99.87 3.51 99.98 —4.23 92.83 1.77 99.94 -3.84 9694 1.96 99.97 3.79 13.95+0.6
98.61 2.38 99.96 4.08  97.98 2.66 98.64 236  97.74 2.36 99.86 2.97

C5 99.92 3.72 99.98 —4.28 98.70 2.59 99.98 —4.44 9955 2.82 99.98 3.93 54.6 0.3
99.61 2.96 99.97 422 97.77  2.60 99.67 3.03 99.01 2.79 99.95 341

C6 99.92 3.71 99.97 —4.06 99.85 3.61 100.00 —5.09 99.95 3.75 99.99 4.34 85.01 £ 0.08
99.74  3.15 99.91 3.73 9843 279 99.51 2.85 9981 363 99.98 3.79

*The molecular structures of these chemicals are shown in Figure 3. *®<%¢fA Py, = [P(Active) — P(Inactive)] x 100 as well as canonical scores of
each compound in this set: (i) Above in bold, classification of each compound using the obtained models with non-stochastic linear indices in the
following order: Egs. 1, 2, 3, 4, 5, and 6; and (ii) Below in italic; classification of each compound using the obtained models with stochastic linear
indices in the following order Egs. 7, 8, 9, 10, 11, and 12. €ICs; are the 50% inhibitory concentrations against the enzyme tyrosinase and SEM is the

standard error of the mean.
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Figure 1. Plot of the AP% from Eq. 6 (using non-stochastic linear
indices) for each compound in the training and test sets. Compounds
1-183 and 184-246 are active (tyrosinase inhibitors) in training and
test sets, respectively; chemicals 247-541 and 542-658 are inactive
(non-inhibitors of tyrosinase) in both training and test sets,
correspondingly.
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Figure 2. Plot of the AP% from Eq. 12 (using stochastic linear indices)
for each compound in the training and test sets. Compounds 1-183
and 184-246 are active (tyrosinase inhibitors) in training and test sets,
respectively; chemicals 247-541 and 542-658 are inactive (non-inhib-
itors of tyrosinase) in both training and test sets, correspondingly.

On the other hand, the techniques for assaying new com-
pounds on virtual screening can predict, ahead of time,
the likely result of a many-year biological-property study.
Taking this consideration into account, we evaluated 75
compounds using the models of TOMOCOMD-CARDD
approach. The names and structures from these chemicals
are given in Tables 12 and 13, respectively, of Supplemen-
tary Data. The selected compounds are reported in the
literature as active/inactive compounds (see the last col-
umn of Table 12, Ref. of Supplementary Data). Together
with these, we show the results of posterior classification
probabilities (and canonical scores) depicted in Table 14
of Supplementary Data. The obtained models, Egs. 6
and 12, showed an overall accuracy of 90.66% and
85.33%, correspondingly. The results validate the models
for use in the ligand-based virtual screening.®

The mayor impact on drug discovery is always the iden-
tification of novel lead compounds. In this sense, anoth-
er of our research teams has been focused on searching
for new tyrosinase inhibitors based on trial-and-error
methods.?*#° Besides, in this case we used the LDA
models developed with TOMOCOMD-CARDD molec-
ular descriptors in the virtual screening of a cycloartane
family isolated from herbal plants.

As can be seen in Table 4, all the discriminant functions
classified as actives (tyrosinase inhibitors) the new six
compounds. To corroborate the predictive ability of
our QSAR models, the chemicals were isolated and an
in vitro assay was carried out.*°

The experimental information of in vitro pharmacology
test concerning these compounds has been described in a
previous report,*® and fundamental remarks were sum-
marized as Supplementary Data (see page 58). As it
can be observed, the theoretical results obtained are in
correspondence with the evaluated activity (see Table
4). Also the AP% values from each obtained model
and the canonical scores are reported in this table.

All the chemical structures had activity and one of them
C4 (ICs59 = 13.95 uM) showed activity higher than that
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Figure 3. Molecular structure of the cycloartane compounds.

of kojic acid (ICso = 16.67 uM), the drug used as tyrosi-
nase inhibitor reference. The remaining compounds, C1
(IC50 =102.39 HM), C2 (IC50 =92.25 HM), C3 (IC50 =
48.92 M), C5 (ICs9=54.64 uM), and C6 (ICso=
85.01 uM), exhibited a mild effect on inhibitory activity
against the enzyme. The structures of the compounds
are depicted in Figure 3.

The research on tyrosinase inhibitors has become an
important area to study the role in hyperpigmentation
and melanogenesis disorders.® In this case, a new ap-
proach for the rational selection of new active compounds
against the enzyme has been described. These models
based on TOMOCOMD-CARDD descriptors and pat-
tern recognition techniques can identify new chemical
structures with tyrosinase activity. A new method is pro-
posed for increasing the speed of discovering new lead-
like compounds, as a suitable alternative to the screening
and in vitro assay. This was proved experimentally
through the isolation and characterization of six new
compounds with the corresponding tyrosinase inhibitory
assay. In this sense, it can be said that the accumulation of
this kind of knowledge will provide a useful clue for the
design of effective and selective tyrosinase inhibitors.*’
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Abstract—New carbon-11 labeled p-luciferin analogs p-luciferin ['' C]methyl ester (['' CJLMEster, [''C]1) and p-luciferin ['' C]methyl
ether ([''C]LMEther, ['!C]2) were synthesized in 25-55% radiochemical yield. PET studies with [''C[LMEster and ['!C]JLMEther
demonstrate a lower retention of the C-11 label at 45 min post-injection in luciferase expression tumor. Optical imaging with
unlabeled substrate b-luciferin and radiotracers [''C]LMEster and ['!CJLMEther gave tumor luciferase images within a few minutes

of photon counting.
© 2005 Elsevier Ltd. All rights reserved.

Cancer is commonly treated by various combinations of
surgery, radiation therapy, chemotherapy, hormone
therapy, shockwave therapy, and gene therapy. Gene
therapy has received wide attention as a potential method
in treating several common cancers such as breast cancer
and prostate cancer.!'> A key step in gene therapy and
transgenic animal study is the ability to monitor the ex-
tent of transgene expression. The classic methods of
assaying transgene expression require biopsies or death
of the subject. Therefore, it is very important to develop
techniques to non-invasively and repetitively determine
the location, duration, and magnitude of transgene
expression in living animals.> Non-invasive monitoring
of gene expression in living subjects after gene transfer
is an active area of current molecular imaging research.*
Radiotracer methods for reporter gene imaging using
biomedical imaging modalities such as positron emission
tomography (PET) and single photon emission comput-
ed tomography (SPECT) have been extensively investi-
gated and validated, since both PET and SPECT have
sufficient sensitivity and quantitation to measure the

Keywords: p-Luciferin  [''CJmethyl ester ([''C]JLMEster, [''C]1);
p-Luciferin [!'CJmethyl ether (['!CJLMEther, ['!C]2); Luciferase;
Gene expression; Positron emission tomography (PET) imaging;
Optical imaging; Tumor xenografts.

* Corresponding author. Tel.: +1 317 278 4671; fax: +1 317 278
9711; e-mail: qzheng@iupui.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.082

expression of genes in vivo.> Our purpose is to develop
gene reporter probes for in vivo PET imaging technique
to non-invasively, quantitatively, and repetitively image
reporter gene expression in cancer murine viral gene
transfer and transgenic models. In our previous work,
we have developed and synthesized a series of PET
reporter probes that target herpes simplex virus type 1
thymidine kinase (HSV-tk) gene.®!° In this ongoing
study, we targeted another popular reporter gene lucif-
erase and developed carbon-11 radiolabeled substrates
p-luciferin [''C]methyl ester (p-(—)-2-(6’-hydroxy-2'-
benzothioazolyl)thiazoline-4-carboxylic acid [''C]meth-
yl ester, [''C]LMEster, [“C]]l) and p-luciferin [''C]-
methyl ether (p-(—)-2-(6'-["'CJmethoxy-2'-benzothio-
azolyl)thiazoline-4-carboxylic ~ acid, [''C]LMEther,
[''C]2) as new potential gene reporter probes for lucifer-
ase. We also studied luciferase based gene imaging
modalities with optical imaging administered unlabeled
substrate  D-luciferin  (D-(—)-2-(6’-hydroxy-2'-benzo-
thioazolyl)thiazoline-4-carboxylic acid) and radio-
tracers [''C]JLMEster and ['C]JLMEther, and PET
imaging coupled with reporter probes [''C]LMEster
and [''CJLMEther in tumor xenografts of living mice.

Luciferase enzyme is highly selective to convert sub-
strate D-luciferin in the presence of oxygen and ATP
(adenosine triphosphatase) to produce bioluminescence,
which has been used for real-time, low-light imaging of
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gene expression in cell cultures, individual cells, whole
organisms, and transgenic organisms.!!”'* Biolumines-
cence in the firefly is a complex phenomenon based on
a simple set of chemical reactions of pD-luciferin, ATP,
oxygen, and magnesium ion catalyzed by the enzyme
luciferase.!> Two steps are involved: (1) the substrate
D-luciferin reacted with ATP and magnesium ion cata-
lyzed by the enzyme luciferase to form an enzyme-
substrate-AMP (adenosine monophosphate) complex
and inorganic pyrophosphate (PPi); (2) this complex
reacted with oxygen to form oxyluciferin and AMP,
and to emit light (hv).

The luciferin/luciferase bioluminescence imaging works,
but it is not certain to what degree the high contrast
images obtained are the result simply of selective sub-
strate conversion or might be dependent upon selective
substrate distribution. The latter issue, selective distribu-
tion, is one that can be approached by PET imaging.
Then, we prepare luciferin substrate analogs that can
be labeled with C-11 so that their distribution could be
followed by PET. Assuming, or better yet, establishing
that these luciferin analogs have similar capacity to
interact with luciferase, then their distribution, deter-
mined by PET, would provide evidence for the degree
to which the bioluminescence images resulted from
selective substrate consumption or selective substrate
distribution. The outcome of PET imaging, if there is
no selective substrate distribution to the luciferase-con-
taining tumors, would establish that the biolumines-
cence images are solely or largely the result of selective
substrate consumption.

To develop radiotracer methods for imaging reporter
gene expression, we designed and synthesized a series
of radiolabeled D-luciferin analogs. The structure modi-
fications of the p-luciferin for SPECT and PET tracers
development could be at the hydroxyl group, ben-
zothioazolyl group, and carboxylic acid group. Radioio-
dine labeled b-luciferin analogs 7'-['**'**IJiodo-b-
luciferin, in which the iodine-123/125 labeled structure
modifications are at the benzothioazolyl group, have
been reported as reporter probes for SPECT imaging
of luciferase gene expression; however, the cell uptake
and tissue biodistribution results of 7'-['**'*IJiodo-p-
luciferin were disappointing, which showed low level
of cellular uptake and rapid washout of the tracer.>'¢
Therefore, we consider if a positron labeled agent with
PET works for luciferase imaging, and we investigated
the development of carbon-11 Ilabeled b-luciferin
analogs for PET imaging modality. Consequently, we
designed carbon-11 labeled structure modification at
the carboxylic acid group to make [''CJLMEster,
[''C]1, and carbon-11 labeled structure modification at
hydroxyl group to make [''CJLMEther, [''C]2.

The unlabeled D-luciferin analogs D-luciferin methyl
ester (LMEster, 1)!> and p-luciferin methyl ether (LME-
ther, 2)!” have been reported to have similar in vitro
binding properties with those of p-luciferin in the biolu-
minescence and to undergo the same reaction mecha-
nism to produce the bioluminescence. This provides
the rationale for the synthesis of radiolabeled p-luciferin

analogs [''C][LMEster and [''C]JLMEther. Both p-lucif-
erin and LMEther are commercially available. p-lucifer-
in is an important starting material for the structure
modifications, and LMEther is one of the reference
standards for [''C]LMEther. Thus, we turn our chemis-
try effort toward the synthesis of LMEster, which serves
as another reference standard for [''C]JLMEster, also as
a precursor for the tracer [''C][LMEther.

The synthesis of LMEster, 1 and [!'C]LMEster, [''C]1 is
shown in Scheme 1. Commercially available starting
material D-luciferin  (3) was methylated with
[''C]JCH;OTf'® under basic conditions using TBAH
through the O-[''CJmethylation method. The pure tar-
get tracer [''C]JLMEster was isolated by solid-phase
extraction (SPE) purification!® using a C-18 Sep-Pak
cartridge in 40-55% radiochemical yield based on
"CO,, decay corrected to end of bombardment
(EOB), and 15-20 min synthesis time. The methylation
of p-luciferin was employed in the synthesis of unlabeled
reference standard LMEster. Commercially available p-
luciferin potassium salt (3) was reacted with CH3;OTf
catalyzed by HMPA to give LMEster in 63% chemical
yield. Chemical purity, radiochemical purity, and specif-
ic radioactivity were determined by analytical HPLC
methods.?’ Retention times were: g3 =2.03 min and
r[''C]1 = 4.38 min. The chemical purity of reference
standard 1 was >97%. The radiochemical purity of
target tracer L“C]l was >95%, and the specific activity
of the tracer [''C]1 was >1.0 Ci/pumol at end-of-synthesis
(EOS).

The synthesis of [''C]LMEther, [''C]2 is shown in
Scheme 2. The precursor LMEster, 1, was methylated
by [''C]JCH;OTf to provide a single [''CJmethylated
LMEster intermediate ([''C]4), which was isolated by
the C-18 SPE procedure from the radiolabeling mixture
and quickly followed a deprotection reaction?! with 1 M

o
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/©:> { TBAH >—<
> S S
o s HO

s
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D-luciferin potassium salt, 3 D-luciferin methyl ester (LMEster, 1)

Scheme 1. Synthesis of ['!C]LMEster.

(0]
N N%OCHa
Jg Bt

UCH4,0

o
ocH
NN 3 1CH,0TH CHyCN
- TBAH
HO s S

- >

D-luciferin methyl ester (LMEster, 1) [Mcla
1M HCl
o l 0
N Nj)\OH /O:N N%oH
O/©: s 11 s S
CHf S CH40

D-luciferin methyl ether (LMEther,2) D-luciferin [*'C]methyl ether ([*'C]LMEther, ['C]2)

Scheme 2. Synthesis of ['!C][LMEther.
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HCI to give the target tracer [”C]LMEther in 25-35%
radiochemical yield based on Co,, decay corrected
to EOB. The large polarity difference between the
phenol precursor and the labeled ether product permit-
ted the use of an efficient SPE technique for purification
of radiolabeled intermediate [''C]4. The reaction
mixture was diluted with NaHCO5 (0.1 M) and loaded
onto C-18 cartridge by gas pressure. The cartridge col-
umn was washed with water to remove unreacted phenol
precursor, unreacted [!'CJCH;OTT, and reaction solvent
acetonitrile, and then intermediate [''C}4 was eluted
with ethanol. The evaporation under vacuum gave
[''C4 crude product, which was hydrolyzed by 1M
HCI and concentrated under vacuum to give pure target
compound [''C]2. Chemical purity, radiochemical
purity, and specific radioactivity were determined by
analytical HPLC methods as aforementioned. Retention

Bam HI Ncol

3LTR
LuesH | IRes| EGFP |35y

5LTR |SD SA
PCMV

MESV-

leader

Figure 1. Schematic representation of the SF91-LucSH-EGFP retro-
virus vector.

times were: fgl =4.38 min, tx[''C}4 =6.71 min, and
r["'C]2 = 2.68 min. The chemical purity of reference
standard 2 was >97%. The radiochemical purity of
target tracer [''CJ2 was >93%, and the specific activity
of [''C]2 was >1.0 Ci/umol at EOS.

The tumor xenografts of living mice were NOD/SCID
mice implanted with SKOV-3x tumor cells, and
SKOV-3x tumor cells transduced with a retroviral
vector, SF91-LucSH-EGFP, that co-expresses the fire-
fly luciferase and the enhanced green fluorescent protein
(EGFP) as shown in Figure 1.2 The SKOV-3x tumor
without luciferase expression was located at the right-
hand side of the mouse body and served as control
tumor. The SKOV-3x tumor transduced with SF91-
LucSH-EGFP was located at the left-hand side of the
mouse body and served as luciferase-expressing tumor.

In vivo dynamic PET imaging studies”® of tracers
["'CILMEster and [''C]LMEther in tumor mice and
control mouse without tumor were performed in Indy-
PET-II scanner?* for 60 min post-intravenous injection
of 0.2mCi of the tracer in a mouse, and the images
are shown in Figure 2. All PET images are coronal view,
and overlaid with p-CT. The location of the luciferase

[*'C]LMEster PET/p-CT imagesin tumor mice 1 and 2, and control mouse (from left to right)

[**C]LMEther PET/u-CT imagesin tumor mice 1 and 2, and control mouse (from lft to right)

Figure 2. PET/u-CT overlay images of tracers [''C][LMEster and ['' CJLMEther in NOD-SCID tumor-bearing mice and control mouse anesthetized
with acepromazine (0.2 mg/kg, im) and torbugesic (0.2 mg/kg, im), administered with 0.2 mCi radioactivity, and scanned with IndyPET-II
for 60 min. The images are coronal views in which the location of the luciferase expression SKOV-3x tumor is indicated in the green circle region,
and the location of the control SKOV-3x tumor is indicated in the blue circle region.
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expression SKOV-3x tumor is indicated in the green
circle region, and the location of the control SKOV-3x
tumor is indicated in the blue circle region. We have
developed a method® for registration and fusion of
small animal scans acquired with the IndyPET-II scan-
ner and the EVS RS-9 CT scanner, which can provide
vital information about the anatomic information of
tissues and organs in small animals. The p-CT uses X-
rays that pass through the animal to obtain structural
information of the animal. It is an ideal instrument for
biomedical research laboratories to non-destructively
acquire 3-D images of both in vivo and in vitro speci-
mens. The X-ray radiation that is imposed on the animal
is minimum and does not result in any physiology
change. The registration and fusion of EVS p-CT with
IndyPET-II will help to draw the regions of interest
(ROIs) of the images. All images were acquired in list-
mode and sorted into 15 x 20 s frames, 10 x 60 s frames,
and 9 x 300 s frames. Images were reconstructed using
filtered back projection with a 70% Hanning filter
(4.242 cm™" cutoff frequency). The PET/u-CT images
of the tracers [''C]JLMEster and [''CJLMEther from
tumor mice 1 and 2 in Figure 2 showed both control tu-
mor and luciferase tumor were invisible with the tracer.
PET imaging with the tracers [''CJLMEster and
["'CJLMEther was unable to locate the tumor luciferase
uptake and showed poor cell uptake, which are consis-
tent with the results from 7'-['**'**IJiodo-p-luciferin
previously reported by Lee et al.>!®

The dynamic PET data of tracers [''C]JLMEster and
[''C]LMEther are shown in Figures 3 and 4. The plot
Figure 3 is the average left tumor (luciferase), right
tumor (control), and muscle intensity (y-axis) versus
time (x-axis) from injection, which indicates the kinetics
of the tracer [''C]LMEster in 2 tumor mice at each time
point in 60 min of entire scan time. Similarly, the plot
Figure 4 is the average left tumor (luciferase), right tu-
mor (control), and muscle intensity (y-axis) versus time
(x-axis) from injection, which indicate the kinetics of
the tracer [''"CJLMEther in 2 tumor mice at each time
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Figure 3. Average left tumor (luciferase), right tumor (control) and
muscle intensity versus time from injection of the tracer [''C]JLMEster
at each time point in 60 min of entire scan time.
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Figure 4. Average left tumor (luciferase), right tumor (control), and
muscle intensity versus time from injection of the tracer ['\C][LMEther
at each time point in 60 min of entire scan time.

point in 60 min of entire scan time. The SKOV-3x
(right): SKOV-3x [SF91-LucSH-EGFP] (left) tracer
retention ratio at 45 min post-injection was 1.14 £ 0.11
and 2.08 £ 0.55 for [''C]LMEster and [''C]LMEther,
respectively. The PET data show there are less uptakes
of C-11 tracers in the gene-expressing tumor than in
the non-expressing tumor and demonstrate there is
no selective radiolabeled substrate distribution to the
luciferase-containing tumors.

The left tumor/muscle (T/M) and right tumor/muscle
ratios of the tracers [''CJLMEster and [''C]LMEther
in 2 tumor mice are shown in Figure 5. The left tu-
mor/muscle and right tumor/muscle ratios were
1.3+ 1.8 and 2.1 + 0.9 for [''C]LMEster. A  test com-
paring left tumor/muscle ratio and right tumor/muscle
ratio of [''C]LMEster gave a p value of 0.646 which
did not denote the presence of a statistically significant
difference. The left tumor/muscle and right tumor/mus-
cle ratios were 1.3 + 0.3 and 2.7 % 0.0 for [''C]LMEther.
A t test comparing left tumor/muscle ratio and right

3.4
| |eft tumor
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a
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. B right tumor
=] ether
£
2
O right tumor
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0.0

EXPERIMENTAL GROUPS

Figure 5. The left tumor/muscle and right tumor/muscle ratios of
tracers [!'CJLMEster and [''C]LMEther in 2 tumor mice.
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tumor/muscle ratio of [''C]JLMEther gave a p value of
0.027 which did denote the presence of a statistically
significant difference. Likewise, a ¢ test comparing left
tumor/muscle ratio difference between [''C]LMEster
and [''C]JLMEther gave a p value of 0.456, and a ¢ test
comparing right tumor/muscle ratio difference between
["'C]LMEster and [''C][LMEther gave a p value of
0.447, which also did not denote the presence of a
statistically significant difference. Based on Figure 5,
there is no significant difference in the T/M ratios
between the ether and ester. However, it is important
to note that the standard deviations (SD) for the ether
are better than those for the ester. Moreover, the con-
trast of the left and right tumors seems to be better for
the ether. Therefore, we can conclude the difference is
due to the binding affinity of two radiotracers, rather
than simply distribution characteristics of two radiotra-
cers. The available data show [''CJLMEther appeared to
have better tumor uptake than [['C]JLMEster, which is
consistent with their bioluminescence mechanism, since
the carboxylic acid group of D-luciferin is the active
position to react with ATP and magnesium ion, and this
is not a case for the hydroxyl group of p-luciferin. A
more likely explanation for this in vivo imaging result
is difference in metabolism between [''C]JLMEther and
['"C]JLMEster. The potential metabolism mechanism?2®
with O-demethylation at ester position for [''C]JLMEster
is easier than the potential metabolism mechanism with
O-demethylation at ether position for [''C]LMEther, as
indicated in Figure 6, therefore, [''CJLMEster appears
to have a fast washout without longer retention in the
tumor than [''C]JLMEther. It is also possible that meth-
ylation increases the lipophilicity of the resulting radio-
tracers. Octanol-water partition coefficient glog P) of the
products [''C]JLMEster (logP 2.23) and [''C]JLMEther
(logP 1.16) as compared to that of bD-luciferin
(logP —0.28) was measured by the HPLC method,?’
which showed [''C]LMEster is more lipophilic to be
washed out than [''C]LMEther. This piece of lipophilic-
ity information in addition to the cell uptake data may
also partially account for the poor tumor activity accu-
mulation in vivo because of rapid washout of the tracer.

Since the rodent PET imaging afforded disappointing
results, to compare different imaging modalities, the
optical imaging®® was performed using a Berthold
LB981 NightOwl system consisting of a highly sensitive
Peltier CCD camera. NOD/SCID SKOV-3x tumor-
bearing mouse was administered with an intraperitoneal
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Figure 6. Potential metabolic pathways of tracers [''CJ[LMEster and
[''CILMEther.

injection of 15 pg/kg of unlabeled substrate p-luciferin,
and then immediately placed in the NightOWL light-
tight chamber and a bioluminescent image was acquired
every 2 min for up to 40 min (luminescence dynamics
represent luciferin kinematics). For the optical imaging
of radiotracers, NOD/SCID SKOV-3x tumor-bearing
mouse was administered with an intravenous injection
of the tracer [''C]JLMEster or [''C]JLMEther and
scanned with IndyPET-II. After 60 min of dynamic
PET imaging, no additional unlabeled p-luciferin added,
the bioluminescence image was acquired with CCD
camera from the mouse every 5 min up to 25 min. The
optical images of unlabeled substrate p-luciferin, and
radiotracers [''C][LMEster and [''CJLMEther in 2
tumor mice are shown in Figure 7. Optical imaging with
p-luciferin, [''CJLMEster, and [''C]JLMEther provided
tumor luciferase images within a few minutes of photon
counting. The optical imaging shows a more positive
result than with PET imaging, which is against our ori-
ginal purpose. Therefore, PET imaging luciferase with
[''C]JLMEster or [''C]LMEther is likely an unsuccessful
attempt, but it will alert other investigators to the need
to consider alternative approach in designing molecules
for PET imaging luciferase and help direct future re-
search. In comparison of bioluminescence images with
PET images, the outcome of PET imaging shows that
there is no selective radiolabeled substrate distribution
to the luciferase-containing tumors; therefore, we can

[*'C]LMEster optical imagesin tumor mice 1 and 2 (from left to right)

["'C]LMEster optical imagesin tumor mice 1 and 2 (from left to right)

Figure 7. Bioluminescence images of unlabeled substrate p-luciferin
and radiotracers [''C]LMEster and [''CJLMEther in 2 tumor mice.
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conclude that the bioluminescence images are solely or
largely the result of selective radiolabeled substrate
consumption.

The experimental details for compound 1 and new tracers
[''C]1 and [''C]2, tumor xenografts of living mice and
optical imaging, are given.”’ The PET imaging, and
image registration and fusion were performed using a
modification of the literature procedure.*’

In summary, new C-11 labeled luciferase substrates
[''C]JLMEster and [''C]JLMEther have been well synthe-
sized. An animal model in mice bearing control and
luciferase-expressing tumor xenografts has been well
developed. Initial PET studies demonstrate a lower
retention of the C-11 label at 45 min post-injection in
luciferase expression SKOV-3x tumor and no selective
radiolabeled substrate distribution to the luciferase-
containing tumors. Optical imaging with unlabeled sub-
strate D-luciferin, and radiotracers [''C]JLMEster and
[''C]JLMEther gave tumor luciferase images and serves
as a good reference for PET approach. The comparison
of bioluminescence images between unlabeled substrate
and radiotracers, and the comparison of biolumines-
cence images with PET images of radiotracers confirm
the newly developed C-11 tracers do not work for
PET imaging, and the bioluminescence images of C-11
tracers are the result of selective radiolabeled substrate
consumption.
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(a) Compound 1: To a 100 mL two-necked flask equipped
with a magnetic stir bar were added p-luciferin potassium
salt 3 (0.50 g, 1.58 mmol) and hexamethylphosphoramide
(HMPA, 20 mL). CH;OTf (0.25mL, 2.28 mmol) was
added dropwise. The reaction mixture was stirred at room
temperature for 24 h. The product was extracted with
EtOAc, washed with brine, dried over MgSO,, and
concentrated to give a yellowish residue. The residue was
subjected to column chromatography eluted with 2:1
hexane/EtOAc to give compound 1 (0.29 g, 63%) as a
white solid, mp 198-200°C, Ry=0.20 (2:1 hexane/
EtOAc). 'H NMR (300 MHz, DMSO-d): & 10.23 (s,
1H, OH, D,0O exchangeable), 7.95 (d, 1H, J=8.83 Hz,
phenyl), 7.44 (t, 1H, J = 2.21 Hz, phenyl), 7.06 (d of t, 1H,
J1=220Hz, J,=8.83 Hz, phenyl), 5.51 (d of d, 1H,
J1 =8.09 Hz, J, =9.93 Hz, CHCOOCH;, D,0O exchange-
able), 3.74 (s, 3H, CHj), 3.64-3.89 (m, 2H, CH,). LRMS
(m/z): 149 (100%), 294 (M*, 4.7%). HRMS (m/z): caled for
Co,H0N,03S, 294.0133. Found: 294.0130; (b) Tracer
[''C)1: p-Luciferin (3, 0.6-1.0mg) was dissolved in
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CH;CN (500 pL). To this solution was added tetrabutyl-
ammonium hydroxide (TBAH) (5pL, 1 M solution in
methanol). The mixture was transferred to a small volume,
three-necked reaction tube. ['!CJCH;OTf was passed into
the air-cooled reaction tube at —15 to —20 °C, which was
generated by a Venturi cooling device powered with
100 psi compressed air, until radioactivity reached a
maximum (~3 min), then the reaction tube was heated
at 70-80 °C for 2 min. The contents of the reaction tube
were diluted with NaHCO; (1 mL, 0.1 M). This solution
was passed onto a C-18 cartridge by gas pressure. The
cartridge was washed with H,O (2x3mL), and the
aqueous washing was discarded. The product was eluted
from the column with EtOH (2 x 3 mL) and then passed
onto a rotatory evaporator. The solvent was removed by
evaporation under high vacuum. The labeled product
[''C]1 was formulated with saline (1-3 mL), sterile-filtered
through a sterile vented Millex-GS 0.22 pum cellulose
acetate membrane, and collected into a sterile vial. Total
radioactivity was assayed and total volume was noted. The
overall synthesis time was 15-20 min. The decay corrected
yield, from ''CO,, was 40-55%, and the radiochemical
purity was >95% measured by analytical HPLC; (c) Tracer
[''C]2: the LMEster (1, 0.6-1.0 mg) was dissolved in
CH;CN (500 pL). To this solution was added TBAH
(5uL, 1M solution in methanol). The mixture was
transferred to a small volume, three-necked reaction tube.
['!C]CH;OTf was passed into the air-cooled reaction tube
at —15 to —20°C, which was generated by a Venturi
cooling device powered with 100 psi compressed air, until
radioactivity reached a maximum (~3 min), then the
reaction tube was heated at 70-80 °C for 2 min. The
contents of the reaction tube were diluted with NaHCO;
(1 mL, 0.1 M). This solution was passed onto a C-18
cartridge by gas pressure. The cartridge was washed with
H,O (2 x 3 mL), and the aqueous washing was discarded.
The product was eluted from the column with EtOH
(2x3mL) and then passed onto a rotatory evaporator.
The solvent was removed by evaporation under high
vacuum to give a residue [''C}4. This residue was added
with 1 M HCI (0.6 mL) and MeOH (1 mL), and heated for
5 min. The labeled product [''C]2 mixture was evaporated
under high vacuum to give the pure product [''C]2, which
was formulated with saline (1-3mL), sterile-filtered
through a sterile vented Millex-GS 0.22 um cellulose
acetate membrane, and collected into a sterile vial. Total
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radioactivity was assayed and total volume was noted. The
overall synthesis time was ~20 min. The decay corrected
yield, from CO,, was 25-35%, and the radiochemical
purity was >93% measured by analytical HPLC; (d)
Tumor xenografts of living mice: all animal experiments
were performed under a protocol approved by the Indiana
University Institutional Animal Care and Use Committee.
The LucSH ¢cDNA was purchased from InvivoGen (San
Diego, CA) and is a fusion between the luciferase and
zeocin resistance genes. Both genes have been modified
and contain no CpG. The SF91-LUC-EGFP vector co-
expressed LucSH and EGFP was pseudotyped with the
GALV envelope using the PG13 stable producer line.
Tumor cells were transduced and either selected in zeocin
or sorted for EGFP+ cells by flow cytometry. The control
SKOV-3x tumor and luciferase expression SKOV-3x
tumor were implanted to the NOD/SCID mice at the
right-hand side and left-hand side of the mouse body,
respectively. Tumors were allowed to develop to 171-
299 mm? for SKOV-3x luciferase tumor and 236-536 mm?
for SKOV-3x control tumor in 18 days; (e) Optical
imaging: the optical imaging was performed using a
Berthold LB981 NightOwl system consisting of a highly
sensitive Peltier cooled charge-coupled device (CCD)
camera. NOD/SCID SKOV-3x tumor-bearing mouse
was sedated with 0.2 mg/kg acepromazine (im) and
torbugesic (im) prior to imaging. After an intraperitoneal
injection of 15 pg/kg of cold substrate p-luciferin, the
mouse was immediately placed in the NightOWL light-
tight chamber and a bioluminescent image was acquired
every 2min for up to 40 min (luminescence dynamics
represent luciferin kinematics). A colorized luminescence
intensity image was overlaid onto a black and white
photograph image (25 ps white-light exposure). A 10%
threshold relative to maximum photon flux was set.
Integrated photon flux and tumor surface area are plotted.
Images with maximum flat response were used to deter-
mine elliptical properties of the tumor. Assuming a
symmetric ellipsoidal volume, volume estimates were
determined. The bioluminescence images of radiotracers
[''CJLMEster and [''C]LMEther were acquired with CCD
camera from the tumor mouse after IndyPET-II scans
without additional intraperitoneal injection of unlabeled
substrate D-luciferin.

Gao, M.; Mock, B. H.; Hutchins, G. D.; Zheng, Q.-H.
Nucl. Med. Biol. 2005, 32, 543.
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Carbonic anhydrase inhibitors: Valdecoxib binds to a
different active site region of the human isoform II as compared
to the structurally related cyclooxygenase 11
‘selective’ inhibitor celecoxib
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Abstract—The high resolution X-ray crystal structure of the adduct of human carbonic anhydrase (CA, EC 4.2.1.1) isoform II (hCA
IT) with the clinically used painkiller valdecoxib, acting as a potent CA II and cyclooxygenase-2 (COX-2) inhibitor, is reported. The
ionized sulfonamide moiety of valdecoxib is coordinated to the catalytic Zn(II) ion with a tetrahedral geometry. The phenyl-isox-
azole moiety of the inhibitor fills the active site channel and interacts with the side chains of GIn92, Vall121, Leul98, Thr200, and
Pro202. Its 3-phenyl group is located into a hydrophobic pocket, simultaneously establishing van der Waals interactions with the
aliphatic side chain of various hydrophobic residues (Vall35, 11e91, Vall21, Leul98, and Leul41) and a strong offset face-to-face
stacking interaction with the aromatic ring of Phel31 (the y1 angle of which is rotated of about 90° with respect to what was
observed in the structure of the native enzyme and those of other sulfonamide complexes). Celecoxib, a structurally related
COX-2 inhibitor for which the X-ray crystal structure was reported earlier, binds in a completely different manner to hCA II as
compared to valdecoxib. Celecoxib completely fills the entire CA II active site, with its trifluoromethyl group in the hydrophobic
part of the active site and the p-tolyl moiety in the hydrophilic one, not establishing any interaction with Phel31. In contrast to
celecoxib, valdecoxib was rotated about 90° around the chemical bond connecting the benzensulfonamide and the substituted isox-
azole ring allowing for these multiple favorable interactions. These different binding modes allow for the further drug design of var-
ious CA inhibitors belonging to the benzenesulfonamide class.

© 2005 Elsevier Ltd. All rights reserved.

A recently developed class of pharmacological agents
incorporating primary sulfamoyl moieties in their mol-
ecule is constituted by the cyclooxygenase-2 (COX-2)
selective inhibitors acting as painkillers, with at least
two clinically used drugs, valdecoxib 1 and celecoxib
2.'3 Tt has recently been shown by our group? that
such sulfonamide COX-2 ‘selective’ inhibitors (unlike
the methylsulfone ones, such as rofecoxib—Vioxx™)

Keywords: Carbonic anhydrase; Isoform II; X-ray crystallography;

Sulfonamide; Valdecoxib; Celecoxib; Acetazolamide; COX-2 selective

inhibitors.
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also act as potent inhibitors of several isoforms of
the metallo-enzyme carbonic anhydrase (CA, EC
42.1.1),%% some of which are strongly involved in
tumorigenesis.”® Although the selectivity issue of this
class of pharmacological agents has very much been
challenged ultimately, leading to the withdrawal of
Vioxx from the market by Merck,* the potent antitu-
mor activities of celecoxib and valdecoxib may still
be exploited clinically, being probably due also to the
inhibition of the tumor-associated CA isoforms CA
IX and CA XII.23

In a previous work from this laboratory,!® we have
investigated the interaction of coxibs 1 and 2, as well
as that of the clinically used, classical sulfonamide CA
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inhibitors acetazolamide 3, methazolamide 4, dichlor-
ophenamide 5, and dorzolamide 6 with several physi-
ologically relevant CA isozymes, such as CA I and 11
(cytosolic forms), CA IV and CA IX (membrane-asso-
ciated isozymes). Furthermore, the X-ray crystal struc-
ture of the hCA Il—celecoxib adduct has been
resolved at high resolution,'® explaining thus at the
molecular level why these COX-2 ‘selective’ inhibitors
also interact in a very favorable manner with the
CA active site, leading to nanomolar COX-2/CA
inhibitors (it may thus be clearly stated that these
compounds are not at all selective inhibitors). In the
same paper, we showed that similar to the classical
sulfonamide CA inhibitors of types 3-6, coxibs 1
and 2 are also useful as systemically/topically acting
antiglaucoma agents in an animal model of the
disease.!”

To better understand the interactions of these agents
with the CAs and also with the purpose of using such
data for the rational drug design of benzenesulfon-
amide-based inhibitors, we report here a high resolution
X-ray crystallographic study for the adduct of valdecox-
ib 1 with the physiologically most relevant and wide-
spread CA isozyme, i.e., hCA I1.*° We also report
here, for the first time, the inhibition data of coxibs 1
and 2 against the tumor-associated isoform hCA XII.!!

Data of Table 1'%!3 clearly show that coxibs 1 and 2 act
as weak inhibitors (Kis in the range of 50-54 uM) of the
cytosolic slow isozyme hCA I (similar to the clinically
used topically acting sulfonamide dorzolamide 6),'*
whereas the other investigated sulfonamides of types
3-5 are much more effective inhibitors of this isozyme
(Kis in the range of 50-1200 nM). Against the

Table 1. CA inhibition data with standard, clinically used sulfonamide inhibitors (3-6) and the COX-2 selective inhibitors valdecoxib 1 and

celecoxib 2

Compound Inhibitor K; (aM)?
hCA 1° hCA TI° bCA TV® hCA 1X¢ hCA X11¢

1 Valdecoxib 54,000 43 340 27 13

2 Celecoxib 50,000 21 290 16 18

3 Acetazolamide 250 12 70 25 5.7

4 Methazolamide 50 14 36 27 3.4

5 Dichlorophenamide 1200 38 380 50 50

6 Dorzolamide 50,000 9 43 52 3.5

#Errors in the range of 5-10% of the reported values, from three determinations.

®Human cloned isozymes, esterase assay method.'?
“Isolated from bovine lung microsomes, esterase assay method.
4 Human cloned isozymes (catalytic domain), CO, hydrase assay method."
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physiologically most relevant isoform, hCA 1I, the two
coxibs 1 and 2 show good inhibitory activity, with inhi-
bition constants in the range of 21-43 nM, of the same
order of magnitude as the clinically used sulfonamides
3-6 (Kis in the range of 9-38 nM). The membrane-
bound isoform of bovine origin bCA IV also showed
lower affinity for coxibs 1 and 2 (Kis in the range of
290-340 nM, in the same range as that of dichlorophe-
namide 5), whereas the other sulfonamides behaved as
better inhibitors of this isozyme (Kjs in the range of
36-70 nM for compounds 3, 4, and 6). Similar to hCA
II, the two tumor-associated isozymes hCA IX and
hCA XII were prone to inhibition by coxibs 1 and 2,
which showed inhibition constants in the range of 16—
27nM against hCA IX, and 13-18 nM against hCA
XI1, respectively. These values are in the same range
as those of the other sulfonamides investigated here, of
types 3-6 (Table 1), and may explain the significant anti-
tumor activity” of such compounds.

To understand the molecular basis responsible for the
high binding affinity of valdecoxib 1 toward hCA 1I,
and also the differences of inhibition between 1 and 2,
we solved the crystal structure of valdecoxib 1 com-
plexed to hCA I1.!> The three-dimensional structure
was analyzed by different Fourier techniques, the crys-
tals being isomorphous to those of the native enzyme.'’
The model was refined using the CNS program!’ to
crystallographic R-factor and R-free values of 0.185
and 0.200, respectively. The statistics for data collection
and refinement are shown in Table 2. The overall quality
of the model was high, with 100% of the non-glycine res-

Table 2. Crystal parameters, data-collection, and refinement statistics
for the hCA II-valdecoxib 1 adduct

Crystal parameters

Space group P2,

Unit-cell parameters (A, °) a=42.05
b=41.32
c=171.76
B =104.26

Data-collection statistics (20.00-1.46 A )

Temperature (K) 100

Total reflections 134,163

Unique reflections 39914

Completeness (%) 96.0 (91.7)

Ry 0.073 (0.244)

Mean I/sigma (1) 15.0 (4.9)

Refinement statistics (20.00-1.46 A )

R-factor®(%) 18.5

R-free® (%) 20.0

rmsd from ideal geometry:

Bond lengths (A) 0.005

Bond angles (°) 1.4

Number of protein atoms 2084

Number of inhibitor atoms 22

Number of water molecules 342

Average B factor (Az) 13.71

Values in parentheses refer to the highest resolution shell.

* Roym = 2|I; — (D/ZI;; over all reflections.

® R-factor = X|F, — FJ/ZF,; R-free calculated with 5% of data with-
held from refinement.

Figure 1. Ribbon diagram of the hCA II-valdecoxib 1 complex. The
inhibitor, metal coordinating residues His94, His96, His119 and the
zinc ion are represented in ball and stick.

idues located in the allowed regions of the Ramachan-
dran plot.

In particular, the analysis of the electron density maps
around the catalytic site allowed us to locate one inhib-
itor molecule into the active cavity of the enzyme. The
topology of the inhibitor binding to the hCA II active
site is shown in Figure 1. The structure of the enzyme
in the valdecoxib—hCA II complex exhibited only minor
conformational changes when compared to that of the
native protein, with a rmsd of 0.35 A. Clear electron
density was visible for the entire inhibitor (Fig. 2) and
the protein, except for the first two N-terminal residues.

Several polar and hydrophobic interactions stabilized
the inhibitor within the hCA II active site. Indeed,
the ionized N atom of the sulfonamide moiety of val-
decoxib is coordinated to the catalytic Zn(II) ion with
a tetrahedral geometry (N1-Zn(IT) =1.91 A), displac-
ing the hydroxide ion usually present in the active site
of the uninhibited enzyme.!® In addition, this nitrogen
atom was also hydrogen bonded to the hydroxyl group
of Thr199 (N1-ThrOG = 2.73 A), which in turn inter-
acted with the Glul060E1 atom (2.55 A). On the other
hand, one sulfonamide oxygen was hydrogen bonded
to the backbone amide of Thr199 (ThrN-
O1 =2.80 A), whereas the other one was at a distance
of 2.96 A from the Zn(II) ion. All these interactions
have already been described for other sulfonamide/sul-
famate-containing CA inhibitors for which the struc-
ture has been solved in complexes with various CA
isozymes. !0-20-30

The phenyl-isoxazole moiety of valdecoxib filled the
active site channel of the enzyme and interacted with
the side chains of GIn92, Vall21, Leul98, Thr200, and
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Figure 2. Stereo view of the active site region in the hCA II-valdecoxib complex. The simulated annealing omit |2F, — Fy| electron density map,'’
relative to the inhibitor molecule, is shown. Residues coordinating the metal ion and participating in recognition of the inhibitor molecule are also

reported.

Pro202 (distance < 4.5 10\) (Fig. 2). Besides these interac-
tions, the 3-phenyl group present in the inhibitor mole-
cule was located into a hydrophobic cavity,
simultaneously establishing van der Waals interactions
with the aliphatic side chain of various hydrophobic res-
idues (Vall35, 11e91, Vall21, Leul98, and Leul4l) and a
strong offset face-to-face stacking interaction with the
aromatic ring of Phel31. To optimize the binding to val-
decoxib, the y1 angle of this latter residue (Phel31) was
rotated about 90° with respect to what was observed in
the structure of the native enzyme and the other com-
plexes solved so far, and in which this type of interaction
has been reported.!?:19-30

Figure 3 shows a structural overlay of valdecoxib 1 and
celecoxib 2'° bound to hCA 1II, as determined by the
superposition of hCA II active site residues. It should
be stressed again that both compounds are clinically
used painkillers, mainly acting as COX-2 inhibitors
(in addition to their strong CA inhibitory properties).
In both cases, the organic scaffold of the inhibitor
(i.e., the isoxazole ring of 1 or the pyrazole ring of 2)
did not establish polar interactions with the enzyme
active site, but participated in a large number of hydro-

Leu204

Pro202

phobic contacts. This similarity was reflected by a rath-
er comparable value of the Kj for the two inhibitors
against hCA II (Table 1). However, even though val-
decoxib and celecoxib are structurally similar, they
show a very different location when bound to the en-
zyme active site. In fact, celecoxib completely filled
the entire CA 1I active site, with its trifluoromethyl
group in the hydrophobic part of the active site and
the p-tolyl moiety in the hydrophilic one (and this
may also explain why it is approximately a two times
stronger hCA II inhibitor as compared to valdecoxib).
Consequently, the p-tolyl moiety of celecoxib did not
establish any interaction with the side chain of
Phel31. In contrast to this, valdecoxib was rotated
by about 90° around the chemical bond connecting
the benzenesulfonamide and the substituted isoxazole
ring. This rotation placed the 3-phenyl substituent of
the inhibitor in a different position and allowed,
together with the aforementioned movement of
Phel31, the strong stacking interaction with this aro-
matic residue. It was, in fact, recently demonstrated
by our group that just this interaction with Phel3l
(or its absence) orients the active site binding region
of inhibitors within the hCA II cavity,® allowing thus

His9

Figure 3. Stereo view of the hCA 1II active site complexed with valdecoxib 1 (red) and celecoxib 2'° (blue) brought to optimal structural overlay.
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for further insights into the rational drug design of CA
inhibitors.

In conclusion, the high resolution X-ray crystal struc-
ture of the adduct of hCA II with the clinically used
painkiller valdecoxib, acting as a potent CA II and
COX-2 inhibitor, is reported, showing that the sulfon-
amide moiety participates in the classical interactions
with the Zn(II) ion, whereas the phenyl-isoxazole moi-
ety interacts with residues GIn92, Vall2l, Leul98,
Thr200, and Pro202. The 3-phenyl group of the inhib-
itor is located into a hydrophobic pocket and establish-
es van der Waals contacts with the aliphatic side chain
of various hydrophobic residues and a strong offset
face-to-face stacking interaction with the aromatic ring
of Phel31. Celecoxib, a structurally related COX-2
inhibitor for which the X-ray crystal structure was
reported earlier, binds in a completely different manner
to hCA 1II as compared to valdecoxib. Celecoxib com-
pletely fills the entire CA II active site, with its trifluo-
romethyl group in the hydrophobic part of the active
site and the p-tolyl moiety in the hydrophilic one, not
establishing any interaction with Phel31. These differ-
ent binding modes allow for the further drug design
of various CA inhibitors belonging to the benzenesulf-
onamide class.
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Abstract—This manuscript describes one-pot, in situ synthesis of organoapatite-gold nanoparticle composite and its characteriza-
tion by XRD, energy dispersive X-ray analysis, atomic force, and scanning electron microscopy. This methodology offers a different
approach into the synthesis of zerovalent metal-mineral-phase nanocomposites having potential application as osteointegrative

ceramics.
© 2005 Elsevier Ltd. All rights reserved.

Hydroxyapatite (HA) Ca;o(PO4)s(OH), is a biologically
important mineral phosphate that occurs naturally in
mammalian hard tissues including bones, dentine, shells,
and skeletal units as their mineral component.! Polyan-
ionic proteins ensure controlled nucleation and modified
growth of HA crystals in vivo,? resulting in two-dimen-
sional growth of the nanocrystalline phase via ionic
interactions between negatively charged carboxylate
functionality and positively charged inorganic precursor
mineral, octacalcium phosphate (OCP). The role of
acidic organic templates and organogels for the synthe-
sis of bone-like materials has been thoroughly investi-
gated and interestingly, polyanionic nature of DNA
has also been explored for the inhibition of the apatitic
crystal growth.3#

An emerging area within biomineralization concerns
deposition of mineral phase leading to the generation
of novel materials with desired composition and defined
aggregational patterns.” Impregnation of biomimetic
composites with zerovalent metals and metal oxides
may impart interesting properties such as toughness
and electrical conduction to these composites.

We have been interested in creating nucleobase poly-
mers to study their ability to catalyze important chemi-
cal and biochemical transformations.® In order to

Keywords: Purine; Adenine; Polymer; Apatite.
* Corresponding authors. Tel.: +91 512 259 7643; fax: +91 512 259
7436; e-mail: sverma@jiitk.ac.in

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.09.074

broaden the catalytic profile of nucleobase polymers,
we decided to equip them with amino acid side chains
such as carboxylic group, primary amines, and alcohols.
In this context, nucleobase polymer AP-1 was designed
to bear pendant carboxyl groups (Fig. 1) and its activity
was evaluated for controlled hydrolysis of octacalcium
phosphate to mimic biological calcification by acidic
proteins. The molecular skeleton of AP-1 combines car-
boxylic acid functionalities present in acidic proteins as
well as polyanionic nature and nucleobase composition
of DNA, which have been shown to catalyze biominer-
alization process. This is the justification for using AP-1
as a modulating polymer for OCP hydrolysis and com-
posite synthesis.>*

Herein, we report AP-1 controlled in situ synthesis of
polymer-hydroxyapatite-gold nanoparticle composite
and study of their ultrastructural details via various
microscopic techniques.

Figure 1. Structural representation of AP-1.
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The experimental protocol used in this study enabled a
facile access to an apatitic composite with possible bio-
medical applications. We have employed a negatively
charged nucleobase polymer AP-1 as a novel modulator
to access controlled growth of the apatitic phase. AP-1
was synthesized via conventional AIBN-mediated poly-
merization condition and its molecular weight was
determined by GPC measurements.”

AP-1 was used to modulate the hydrolysis of octacal-
cium phosphate to hydroxyapatite and also for the
growth of apatitic phase in the presence of gold nano-
particles.” The envisaged role of negatively charged
polymer, akin to acidic proteins, is to bind to OCP
phase and retard its hydrolysis. Subsequent to OCP
hydrolysis in the presence of AP-1, energy-dispersive
X-ray (EDX) spectrum of HA-gold composite was
recorded to confirm the presence and relative ratio of
various constituents in the composite (Fig. 2).8
Although it was difficult to identify metallic gold phase
as it overlapped with the more intense phosphorus peak,
a calcium-to-phosphate ratio (Ca/P) of 1.33 and 1.65
was calculated for OCP and HA crystals, respectively,
as expected for the compositions of OCP and HA.® Typ-
ical apatitic features were observed in XRD patterns
and FTIR spectra (data not shown). Significantly, there
was no change in the XRD pattern of HA when the
reaction was performed in the presence of gold nanopar-
ticles, indicating a lack of interference with HA crystal
faces.

AFM micrographs provided crucial insight into the
morphology of the mineral phase and adsorption of
gold nanoparticles to yield nanocomposites. Two differ-
ent ultrastructural HA morphologies, fiber and sphe-
rule-like, were evident from AFM studies (Figs. 3 and
4).19 Highly aggregated long HA nanofibers with an

Ca
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Figure 2. EDX spectrum of HA-gold composite.
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Figure 3. AFM micrographs of HA: (a) and (b), in the absence and
presence of gold nanoparticles, respectively (AP-1 = 0.001 mg/mL); (c)
magnified HA-gold composite (AP-1=0.1 mg/mL); (d) UV-Visible
spectra of gold nanoparticles in the absence (i) or presence of HA/OCP

(i).

Figure 4. AFM images (a) and (b) of HA spherules in the absence and
presence of gold, respectively.

average width of ~50 nm were observed for AP-1 con-
centration of 0.001 mg/mL (Fig. 3a). This morphology
varied with different AP-1 concentrations indicating
highly controlled OCP hydrolysis (data not shown).
When this experiment was performed with gold nano-
particles, they tend to get adsorbed on HA fibers and ap-
peared as bright spots (~140 nm width) (Fig. 3b). These
particles appeared to mostly aggregate along the length
of the apatite fiber (Fig. 3c). In both cases, a distinct loss
of surface plasmon band of gold nanoparticles, subse-
quent to their adsorption on HA surface, was taken as
an indication of gold adsorption and its interaction with
the mineral interface, thus causing a shift in its optical
behavior compared to that of its free colloidal solution
(Fig. 3d). These observations are similar to a recent
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Figure 5. SEM images of (a) HA alone; (b) and (c) polymer-HA-gold
composite synthesized using 0.001 and 1.0 mg/mL AP-1, respectively;
(d) fibrous morphology of polymer-HA-gold composite.

elegant demonstration of HA crystal synthesis using
amino acid-capped gold nanoparticles by Sastry and
co-workers. !

A spherule-like morphology for HA alone was also ob-
served (Fig. 4a), while its synthesis in the presence of
gold nanoparticles revealed decoration of spherules with
nanoparticles, displaying an average width and height
(Z-scale) of ~130 and 190 nm, respectively (Fig. 4b).
A facile, controlled synthesis of HA composites, con-
taining gold particles, offers a versatile entry into elec-
troconductive osteointegrative materials.

AFM micrographs once again revealed that the adsorp-
tion of gold colloids does not affect overall morphology
of HA crystal by simply getting deposited on HA sur-
face, as evidenced by the ‘lighted’ spherules. The ease
of in situ deposition of gold nanoparticles on hydroxy-
apatite spherules is notable and presents an attractive
method for the construction of bioactive metal-hydroxy-
apatite (mineral) composites.

SEM micrographs further confirmed spherule-like and
fibrous morphologies of HA, under AP-1 controlled
synthesis, in the presence or absence of gold nanoparti-
cles (Figs. 5a—d).'?

Finally, we probed thermal stability of the composite by
thermogravimetric measurements. Initial degradation at
95 °C indicated water loss, followed by significant degra-
dation at 340 °C (data not shown).!* This suggests that
controlled growth, deposition, and calcination of
hydroxyapatite-gold composites might lead to robust
and functional materials.

Control experiments were conducted with adenine
polymer lacking the acidic side chain and with the
monomer 9-(4-vinylbenzyl)-purin-6-yl-aminocaproic

acid. Uncharged polymer failed to modulate hydrolysis,
while the monomer did not retard the reaction to the
extent of AP-1 (data not shown). This confirms the role
of multiple negative charges in a polymeric scaffold for
the inhibition of OCP hydrolysis.

Gold interacts favorably with biomolecules reflecting on
its wide-ranging biological applications in diagnostics
and nanobiotechnology.'* However, innovations in nov-
el colloidal gold-based materials are also required for
other applications.!®> Furthering this theme, we have
presented a facile one-pot, in situ synthetic approach
and characterization for novel polymer-HA-gold nano-
particle composite. This benign method offers simplicity
and a viable alternative compared to other reported
methods. From another standpoint, this method points
toward plausible alternative processes for biomineraliza-
tion prior to the evolution of specialized proteins for this
purpose.

It is believed that apatitic composites with zerovalent
metals will be useful in the design and construction of
devices, biosensors, prosthetics, and implants with supe-
rior mechanical properties, and as catalysts. We are cur-
rently undertaking detailed physico-mechanical and
functional characterization of such composites.
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the range of 1-8 mg. TGA was carried out using a Perkin-
Elmer TGA-6 instrument. Heating was performed in a
platinum crucible under nitrogen flow (60 cm>*/min) at a
rate of 5 °C/min up to 900 °C.
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Abstract—The use of quantitative structure—activity relationships, since its advent, has become increasingly helpful in understanding
many aspects of biochemical interactions in drug research. This approach was utilized to explain the relationship of structure with
biological activity of selective COX-2 inhibitors. The enormity of the COX-2 discovery is reflected in the unprecedented speed at
which research laboratories have sought to validate its clinical implications. Presented herein is a series of 21 derivatives of meclo-
fenamic acid with selective COX-2 inhibitory activity. Several statistically significant regression expressions were obtained for both
COX-1 and COX-2 inhibition using sequential multiple linear regression analysis method. Two of these models were selected and
validated further, which revealed the importance of Kier molecular flexibility index for COX-2 inhibitory activity and the number of
hydrogen bond donor atoms for COX-1 inhibitory activity. Additionally, linear correlation of molecular flexibility with COX-1 and
COX-2 inhibitory activities revealed that flexibility of molecules at COX-2 active site can improve the selectivity of COX-2

inhibitors.
© 2005 Published by Elsevier Ltd.

Non-steroidal anti-inflammatory drugs (NSAIDs)
cause considerable morbidity in terms of dyspepsia,
gastrointestinal haemorrhage, renal dysfunction,
aggravation of hypertension, and precipitation of
heart failure. The gastrointestinal adverse effects are
mediated largely through inhibition of Cyclooxygen-
ase-1 (COX-1). This enzyme is also required for the
production of thromboxane in platelets and inhibition
of thromboxane is purported to reduce the risk of
cardiovascular events. Cyclooxygenase-2 (COX-2)
mediates not only the analgesic and anti-inflammato-
ry effects of NSAIDs but also the production of
prostacyclin in the vascular wall, which may protect
against cardiovascular events. COX-2 inhibitors are
less likely than COX-1 inhibitors to reduce adverse
gastrointestinal effects.! Traditional NSAIDs, such
as aspirin and indomethacin, inhibit both COX-1
and COX-2. COX-1 is constitutively expressed and
produces physiologically important prostaglandins

Keywords: COX-1/COX-2/MOE/QSAR/meclofenamic acid analogues.

Abbreviations: COX-1, Cyclooxygenase-1; COX-2, Cyclooxygenase-2;

MOE, molecular operating environment; QSAR, quantitative struc-

ture—activity relationship.

*Corresponding author. Tel/fax: +91 0731 2546031; e-mail:
kashishnarsinghani@rediffmail.com

0960-894X/$ - see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2005.07.067

that contribute to mucosal cytoprotection for exam-
ple. On the other hand, COX-2 is induced significant-
ly under inflammatory conditions. From these facts,
the side effects of traditional NSAIDs are believed
to be due to the inhibition of COX-1.> A large num-
ber of research studies aimed at finding selective
COX-2 inhibitors have been performed.’> Most of
the compounds fit into three main categories: (a)
acidic sulfonamides, such as NS-398 and 1.-745337,
and Flosulide, (b) diarylheterocycles, such as Rofec-
oxib and Celecoxib, and (c) modification of classical
NSAIDs, such as zomepirac and indomethacin deriv-
atives (Fig. 1). In the quest for search of selective
COX-2 inhibitors, the concept of QSAR was exploit-
ed in modifying conventionally available NSAIDs in
the hope of developing them as powerful, non-ulcero-
genic anti-inflammatory agents.%’

The COX-1 and COX-2 inhibitory activity data of
meclofenamic acid analogues were taken from the
reported work of Kalgutkar et al.® and are presented
in Table 1. The title compounds of the present series
were shown to exhibit a different mechanism of selec-
tively inhibiting the COX-2 enzyme when compared
with diarylheterocycles, and ester and amide deriva-
tives of Indomethacin. The biological activity data
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Figure 1. Categories of selective COX-2 inhibitors.

(ICs¢p in micromolar for COX-1 and COX-2 inhibi-
tion) were converted to the negative logarithmic dose
(pICsg) for a quantitative structure—activity relation-
ship (QSAR) analysis. All the computational work
was performed on P-IIT workstation using Molecular
Operating Environment (MOE 2002.03)° developed
by Chemical Computing Group Inc., Canada, and
regression analysis program VALSTAT.!® The molec-
ular structures of all 21 compounds were sketched
using the molecular builder module of software and
minimized for energy via steepest descent, conjugate
gradient, and truncated Newton method in sequence
using MMFF94 as force field with energy tolerance
value of root mean square gradient 0.001 kcal/mol

and the iteration set limit was set to 1000. A confor-
mational search of each energy-minimized structure
was performed using stochastic approach. Stochastic
conformational search method is similar to the RIPS
method, that generates a new molecular conformation
by randomly perturbing the position of each coordi-
nate of each atom in molecule, followed by energy
minimization. All conformers generated for each struc-
ture were analyzed in conformational geometry panel
with great care and the lowest energy conformation
of each structure was selected.

The lowest energy conformer of all compounds was
transferred to a database viewer to compute various





T. Narsinghani, S. C. Chaturvedi | Bioorg. Med. Chem. Lett. 16 (2006) 461-468

463

Table 1. Structures of derivatives of meclofenamic acid, and their COX-1 and COX-2 inhibitory and selectivity data

CHs,
Cl
NH
Cl COR
S. No. Substituent (R) ICso (UM)? pICso (uM)® Selectivity® BA selectivity)”
COX-1 COX-2 COX-1 COX-2

1. -OH 0.04 0.05 7.398 7.301 0.8 0.097

2. —OCH; 4.0 17.0 5.398 4.770 0.2 0.699

3. ~NH(CH,),CH; 0.06 0.05 7.222 7.301 1.3 —0.114

4. ~NH(CH,);Cl 24 0.06 5.619 7.222 40 —1.602

5. —~NH(CH,),Br 2.0 0.07 5.699 7.155 28 —1.447

6. —~NH(CH,),OH 1.0 0.6 6.000 6.222 1.7 —0.230

7. ~NH(CH,),OCHj 3.0 0.14 5.522 6.854 21 —~1.322

8. ~NH(CH,),OC¢Hs 66 0.15 4.181 6.824 440 —2.643

9. —~NH(CH,);0CHj; 11 0.25 4.959 6.602 44 —1.643
10. ~NHCOCH; 55 0.5 4259 6.301 110 —2.041
11. —NHOC(CH3); 66 8.0 4.181 5.097 8.0 —0.903
12. ~NHOCH,C¢Hs 66 1.0 4.181 6.000 66 ~1.820
13. ~NHOCH,C¢H,NO, 66 0.2 4.181 6.699 300 —2.477
14. ~NHCH,CH,C¢Hj 4.0 45 5.398 5.347 0.9 0.046
15. ~NHNHCH,C¢Hjs 6.3 5.0 5.201 5.301 13 —0.114
16. ~NHCH,CO,CH; 12 0.07 5.921 7.155 17 —~1.230
17 ~NHCH,CO,C-Hs 4.0 0.2 5.398 6.699 20 ~1.301
18. ~NHCH,CO,H 0.3 0.4 6.523 6.398 0.7 0.155
19. ~NHCH (CH3) CO,CHj; (S) 2.6 0.8 5.585 6.097 32 —0.505
20. ~NHCH (CH;) COOH (S) 33 6.0 4482 5222 5.5 —0.740
21. —NHCH (CH3) CO,CHj; (R) 6.0 2.7 5.222 5.569 3.2 —0.505

#ICsq (uM) values for inhibition of purified human COX-2 or ovine COX-1.

® Negative logarithmic ICs, (in moles).
°1Csy COX-1/I1C5y COX-2.
9 Negative logarithmic selectivity.

physicochemical properties utilizing the QuaSAR
descriptors module!! that calculates 193 descriptors
partitioned into three classes: 2D-descriptors based on
atoms and connection information on molecules, inter-
nal 13D-descriptors using three-dimensional coordinate
information about each molecule, which are invariant
of rotations and translations of the conformation,
and external x3D-descriptors that use three-dimension-
al coordinate information but require an absolute
frame of reference. The values of calculated descriptors
are given in Table 2.

To establish the correlation between physicochemical
parameters as independent variable and COX-1 and
COX-2 inhibitory activity as dependent variable, the
data were transferred to statistical program VAL-
STAT. Sequential multiple linear regression analysis
method (in sequential multiple regression, the pro-
gram searches for all permutations and combinations
sequentially for the data set) was applied for the
same. The best model was selected on the basis of
statistical parameters viz., observed squared correla-
tion coefficient (r?), standard error of estimate (s),
and sequential Fischer test (F). Z score (absolute dif-

ference between values of model and activity field,
divided by the square root of mean square error of
data set) was taken as a measure of outlier detection.
To assess the self-consistency of derived models, they
were validated using leave-one-out (LOO) and the
predictive ability was checked using cross-validated
squared correlation coefficient (+2 or q°), bootstrap-
ping squared correlation coefficient (r%,), chance sta-
tistics (evaluated as the ratio of the equivalent
regression equations to the total number of random-
ized sets; a chance value of 0.001 corresponds to
0.1% chance of fortuitous correlation), and outliers
(on the basis of Z-score value). The tdata within
parentheses are the standard deviation, associated
with the coefficient of descriptors in regression
equations.

Statistical processing by utilizing the sequential multi-
ple regression analysis method generated several QSAR
equations. The quality of a model is reported in statis-
tical terms (e.g., correlation coefficient). The statistical-
ly significant parameters are given in Table 3. The best
simple linear correlation obtained for COX-1 and
COX-2 inhibitions is discussed below.
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Table 2. Descriptors calculated for compounds used in derived models for COX-1 and COX-2 inhibition

Compound No. chil_C Kierflex glob  petitean PEOE_VSA_FPPOS a_don E_ang PEOE_VSA+2 pmiZ vsa_don
MEC-1 5.877 3.870 0.236  0.500 0.092 3 1.815 8.619 627.166 5.683
MEC-2 5.877 4.393 0.194 0.444 0.050 1 1.456 8.619 458.509 5.683
MEC-3 9.584 8.637 0.089  0.500 0.031 2 2.712 17.238 2562.336  11.365
MEC-4 6.877 6.942 0.157  0.500 0.037 2 2.258 17.238 1012.99 11.365
MEC-5 6.377 6.939 0.177 0455 0.038 2 1.972 17.238 513.604 11.365
MEC-6 6.377 5.508 0.196  0.455 0.072 3 2.535 17.238 555.598  11.365
MEC-7 6.377 6.098 0.142  0.500 0.037 2 2.129 17.238 554477 11.365
MEC-8 9.194 6.196 0.266  0.467 0.032 2 3.897 17.238 1311.67 11.365
MEC-9 6.877 6.706 0.144 0462 0.036 2 2.417 17.238 947.650  11.365
MEC-10 5.877 4.939 0.183  0.500 0.042 2 2.308 8.619 473.555  16.568
MEC-11 7.377 5.635 0.151 0455 0.035 2 2.586 8.619 613.439 16.568
MEC-12 9.102 5.666 0.222  0.500 0.034 2 2.711 8.619 592.335  16.568
MEC-13 8.918 6.169 0.219  0.500 0.048 2 3.156 8.619 731.637 16.568
MEC-14 9.602 5.666 0.145  0.500 0.034 2 1.979 17.238 482.005 11.365
MEC-15 9.102 5.666 0.076  0.500 0.034 3 3.794  25.857 720.714  15.104
MEC-16 6.285 5.815 0.187  0.500 0.079 2 2.540 17.238 507.791  11.365
MEC-17 6.992 6.393 0.182  0.462 0.075 2 2.937 17.238 902.837 11.365
MEC-18 6.285 5.256 0.177 0.455 0.116 4 2.243 17.238 503.204 11.365
MEC-19 6.788 5.517 0.090  0.500 0.075 2 3.573 3.146 1770.281 11.365
MEC-20 6.788 5.488 0.153  0.455 0.110 4 4.869 17.238 498.987 11.365
MEC-21 7.104 3.835 0.127  0.500 0.083 2 2.999 3.145 278.671  11.365
Table 3. Statistically significant parameters generated for COX-1 and COX-2 inhibition
Model No. ”? SE F ICAP? (upto) r%s Shbs Chance 7 SPRESS SpEP No. of outliers
COX-2 inhibition
1. 0.794 0.406 15.465 0.427 0.840 0.080 0.001 0.605 0.563 0.492 0
2. 0.662 0.521 7.827 0.489 0.725 0.123 0.001 0.411 0.688 0.600 0
COX-1 inhibition
1. 0.817 0.449 17.913 0.405 0.873 0.084 0.001 0.612 0.655 0.572 0
2. 0.810 0.459 17.032 0.256 0.875 0.075 0.001 0.599 0.666 0.582 0

#The maximum limit of intercorrelation among the descriptors used in the generation of equations.

Model No. 1

PICsycox-2) = 0.651(£0.098 )kierflex
—0.365(£0.082)chil .C
+9.020(+2.003)glob
+ 21.682(+4.514)petitjean
— 6.748(+2.280),
n=21, r=0.891, »* =0.794,
SE = 0.406, F = 15.465.

The tetravariant model No. 1 explained 79.4% of the
variance in activity. The standard error of estimate of
the derived coeflicients is less in making a higher ¢ value,
hence rendering the terms statistically significant.The
observed ¢ values of the descriptors chil_C (4.45), kier-
flex (6.64), glob (4.50), and petitjean (4.80) are greater
than the tabulated ¢ value (2.12) at 95% confidence inter-
val. The data showed an overall internal statistical sig-
nificance level better than 99.9%. The dependency
among the physicochemical parameters was checked
by observing an intercorrelation amongst the parame-
ters (i.e., ICAP). The correlation matrix is given in Table
4. Internal consistency of the models was tested by

exploiting leave-one-out and bootstrapping methods of
cross-validation. The models were found to be robust
having a fairly good predictive ability, as evident from
the higher ¢* (0.605), and low Spress and Spep values.
The model was tested further for outliers by utilizing
the Z score values and no compound was found to be
an outlier, which suggested that the model is able to ex-
plain the structurally diverse analogues (Table 5, Fig. 2).
The 77, is at par with the conventional squared correla-
tion coefficient (+?). Randomization test data
(Chance < 0.001) revealed that the results were not
based on chance correlation.

Kier molecular flexibility index is given by (KierAl)
(KierA2)/n. The Kier and Hall kappa molecular shape
indices'>!3 compare the molecular graph with minimal
and maximal molecular graphs. The positive contribu-
tion of molecular flexibility (kierflex), a topological 2D
parameter, indicates the influence of the molecule’s shape
on COX-2 activity. chil_C'>13 is negatively contributing
to COX-2 inhibitory activity. Carbon connectivity index
(order 1), i.e., chil_C is calculated as the sum of
1/sqrt(didj) over all bonds between carbon atoms i and
jwhere i <j. Petitjean, a negatively contributing distance
and adjacency matrix descriptor is defined as (diame-
ter — radius)/diameter. The largest value in the distance
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Table 4. Correlation matrix for the descriptors used in derived models for COX-1 and COX-2 inhibition

chil_C Kierflex glob petitt,an PEOE_VSA_FPPOS a_don E_ang PEOE_VSA+2 pmiZ vsa_don
chil_C 1.000
Kierflex 0.427 1.000
glob 0.127 0.255 1.000
petitjean 0.338 0.017 0.241 1.000
PEOE_VSA _FPPOS 0.509 0.489 0.088 0.218 1.000
a_don 0.119 0.164 0.043 0.179 0.665 1.000
E_ang 0.356 0.093 0.182 0.010 0.212 0.405  1.000
PEOE_VSA +2 0.217 0.516 0.153 0.174 0.154 0.348  0.131 1.000
pmiZ 0.409 0.660 0.346  0.206 0.256 0.172  0.233  0.059 1.000
vsa_don 0.424 0.228 0.115 0.246 0.368 0.001 0.331 0.013 0.043  1.000

Table 5. Calculated pICsy (LOO) with residual and Z-score values using model-1 and model-2 for COX-2 inhibition

Compound No. Model-1 Model-2

Calculated (LOO) plICsg Residual Z score Calculated (LOO) pICsg Residual Z score
MEC-1 6.211 1.09 1.938 6.060 1.241 1.713
MEC-2 5.556 —0.786 —1.582 5.044 —0.274 —0.367
MEC-3 6.773 0.528 0.764 7.402 —0.101 —0.113
MEC-4 7.608 —0.386 —0.822 6.964 0.258 0.474
MEC-5 6.834 0.321 0.685 6.214 0.941 1.633
MEC-6 6.134 0.088 —0.211 6.089 0.133 0.249
MEC-7 7.052 —0.198 —0.452 6.291 0.563 1.084
MEC-8 6.184 0.64 1.011 6.911 —0.087 —0.125
MEC-9 6.396 0.206 0.485 5.952 0.65 1.173
MEC-10 6.943 —0.642 —1.416 6.026 0.275 0.498
MEC-11 5.527 —0.43 —0.991 5.398 —0.301 —0.491
MEC-12 6.622 —0.622 -1.276 6.963 —0.963 —1.649
MEC-13 6.870 —0.171 —0.365 7.347 —0.648 —1.120
MEC-14 5.667 -0.32 —0.656 6.179 —0.832 —1.560
MEC-15 5.061 0.24 0.425 5.518 -0.217 —0.324
MEC-16 7.301 —0.146 —0.325 7.080 0.075 0.131
MEC-17 6.501 0.198 0.485 6.680 0.019 0.035
MEC-18 5.758 0.64 1.527 6.279 0.119 0.172
MEC-19 5.999 0.098 0.210 5.955 0.142 0.234
MEC-20 5.658 —0.436 —1.025 6.588 —1.366 —2.035
MEC-21 4.937 0.632 1.172 5.304 0.265 0.388
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Figure 2. Observed versus calculated (LOO) pICs, for selective COX-2

inhibition using model-1.

matrix is the diameter and the smallest value is the radi-
us. Globularity (a 3D molecular descriptor) is the inverse
condition number (smallest eigenvalue divided by the
largest eigenvalue) of the covariance matrix of atomic
coordinates. A value of 1 indicates a perfect sphere, while

a value of 0 indicates a two- or one-dimensional object.
This is positively contributing and the value of glob for
all the compounds is less than 1, suggesting that the mol-
ecules are not perfect spheres but one- or two-dimension-
al objects that orient themselves at the COX-2 active site,
resulting in enzyme inhibition.

Model No. 2

PICscox-2) = 0.613(+0.130)kierflex

+9.017(£2.578)glob
+12.220(£5.076)PEOE_VSA_FPPOS
+ 17.680(£5.568 ) petitjean

— 7.115(£2.691),

n=21, r=0814, r* =0.662,

SE =0.521, F =17.827.

Model No. 2 is again a tetravariant model with compar-

atively lesser r*

value and ¢* value (Tables 3 and 3,





466 T. Narsinghani, S. C. Chaturvedi | Bioorg. Med. Chem. Lett. 16 (2006) 461-468

y =0.549x + 2.842

8 —
S =74 I
=]S)]
=22
= 6 Fy
&
= 1l
2 1
2 5 1
Q
4 T T T 1
4 5 6 7 8
Observed pICs,

Figure 3. Observed versus calculated (LOO) pICsy for selective COX-2
inhibition using model-2.

Fig. 3). This model explained 66.2% of the variance in
activity.

Fractional positive polar van der Waals surface area
(PEOE_VSA_FPPOS)'+1¢ is the sum of the v; such
that ¢; is greater than 0.2 divided by the total surface
area. The v; are calculated using a connection table
approximation, which is a partial charge descriptor
that utilizes the PEOE method. The partial equaliza-
tion of orbital electronegativity (PEOE) method of
calculating atomic partial charges is a method in
which the charge is transferred between bonded atoms
until equilibrium. The positive contribution of this
parameter reflects the importance of hydrogen bond-
ing of the drug molecule with Tyr355 amino acid res-
idue present in the COX-2 enzyme. This H-bonding
may prevent the access of arachidonic acid to the
COX-2 enzyme, thereby preventing its conversion into
prostaglandins.

Model No. 3

PICsycox-1) = 0.749(£0.164)a_don
—0.737(£0.159)E_ang
+ 0.001(£0.0002)pmiZ
—0.132(£0.037)vsa_don
+ 6.480(£0.572),
n=21, r=0.904, *=0.817,
SE =0.449, F =17.913.

The model No. 3 obtained for COX-1 inhibition is
found to explain 81.7% of the variance in activity.
It is statistically significant with an F value exceeding
99.9% confidence level. The model is having good pre-
dictive ability, which is evident from the obtained ¢
and 7, values (Tables 3 and 6, Fig. 4). The low val-
ues of Spress, Spep, and Sy, also reflect the statistical
significance of the model. The independent variables
are not highly correlated, as evident from the ICAP
value.

a_don is the number of hydrogen bond donor atoms
(not counting the basic atoms but counting the atoms
that are both hydrogen bond donors and acceptors,
such as -OH). It is known that COX-1 selectivity arises
because of H-bonding of the carboxylate or amide
functionality with the polar Argl20 residue present at
the enzyme active site. The positive contribution of
a_don proves the same theory. vsa_don represents the
approximation to the sum of van der Waals surface
areas of pure hydrogen bond donors (not counting
the basic atoms and atoms that are both hydrogen

Table 6. Calculated pICsy (LOO) with residual and Z-score values using model-3 and model-4 for COX-1 inhibition

Compound No. Model-3 Model-4

Calculated (LOO) pICs, Residual Z-score Calculated (LOO) pICsg Residual Z-score
MEC-1 7.132 0.266 0.419 6.256 1.142 2.074
MEC-2 6.259 —0.861 —1.093 5.695 —0.297 —0.580
MEC-3 6.201 1.021 0.840 6.371 0.851 0.709
MEC-4 5.780 —0.161 —0.369 5.731 —-0.112 —0.244
MEC-5 5.490 0.209 0.470 5.383 0.316 0.667
MEC-6 5.868 0.132 0.289 5.797 0.203 0.446
MEC-7 5.425 0.097 0.222 5.283 0.239 0.512
MEC-8 5.071 —0.89 —1.636 4.567 —0.386 -0.714
MEC-9 5.631 —0.672 —1.566 5.532 —0.573 —1.265
MEC-10 4.622 —0.363 —0.699 4.766 —0.507 —1.063
MEC-11 4.533 —0.352 —-0.709 4.479 —0.298 —0.615
MEC-12 4.393 -0.212 —0.431 4.291 —0.11 —-0.224
MEC-13 4.151 0.03 0.061 4414 —0.233 —0.488
MEC-14 5.484 —0.086 —0.192 5.270 0.128 0.266
MEC-15 4.491 0.71 1.450 3.946 1.255 1.877
MEC-16 5.012 0.909 2.077 5.933 —0.012 —0.025
MEC-17 5.144 0.254 0.584 5.989 —0.591 —1.292
MEC-18 7.077 —0.554 —0.687 7.516 —0.993 —1.422
MEC-19 5.479 0.106 0.193 5.519 0.066 0.084
MEC-20 5.449 —0.967 —0.938 4.771 —0.289 -0.314
MEC-21 4.376 0.846 1.715 4.288 0.934 1.611
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Figure 4. Observed versus calculated (LOO) pICs for selective COX-1
inhibition using model-3.

bond donors and acceptors, such as -OH). Both a_don
and vsa_don are pharmacophore feature descriptors
that consider only the heavy atoms in a molecule.
E_ang is defined as an angle bend potential energy
descriptor and uses the MOE potential energy model
to calculate energetic quantities from stored 3D confor-
mations. It is negatively contributing, suggesting that
the lowest energy conformer is preferred for binding
over the enzyme’s active site. Fractional positive polar
van der Waals surface area (PEOE_VSA_FPPOS) is
positively contributing to COX-1 activity, suggesting
that the hydrogen bonding to Tyr355 is important for
COX activity. Principal moment of inertia in the z
direction (pmiZ) is positively contributing, depicting
the effect of symmetry on COX-1 inhibitory activity.
The molecule symmetry characteristics are essential
for structural configuration of the chemical compound
at the specific receptor site.

Model No. 4

PICsycox-1) = 0.057(£0.018)PEOE_VSA + 2
— 0.892(+0.140)E_ang
+24.741(+4.148)PEOE_VSA _FPPOS
+0.001(=£0.0002)pmiZ -+ 4.677(+£0.471),
n=21, r=0899, = 0.810,
SE = 0.459, F = 17.032.

The tetravariant model No. 4 was also found to be sta-
tistically significant with a comparatively lesser > value.
The model was found to have a fairly good predictive
ability, as reflected by the cross-validation data (Tables
4 and 6, Fig. 5).

OE_VSA + 2 is positively contributing and it is the sum
of v; where ¢; is in the range [0.10,0.15].

The COX-2 inhibitory activity was found to have a po-
sitive correlation with molecular flexibility showing
23.9% variance, as evident from the equation given
below.

y=0.723x + 1.450

Calculated (LOO)
pIC,,

3 T T T T 1
3 4 5 6 7 8

Observed pICsg

Figure 5. Observed versus calculated (LOO) pICsy for selective COX-1
inhibition using model-4.

PICsycox-2) = 4.188(+0.876) + 0.364(10.149)kierflex,
n=21, r=0.489, r* =0.239,
variance = 0.515, SE = 0.717, F = 5.963.
(1)

But when the same independent variable (molecular flex-
ibility) was correlated with COX-1 inhibitory activity, it
resulted in the equation shown below, which explained
only 0.8% variance of the activity.

PICsycox-1) =4.917(+1.174) +0.076(+0.200)kierflex,
n=21, r=0.089, > =0.008,
variance = 0.925, SE =0.962, F = 0.146.
()

This suggests that COX-2 selectivity might arise because
of the specific shape of the molecule at the enzyme active
site. This specific shape required for COX-2 selectivity
cannot be achieved by the same molecules at the
COX-1 active site, as is evident from the low value of
r? in above equation.

When the negative logarithm of selectivity [ICsocox-1)/
ICsoicox-2)] was correlated with the descriptors, similar
results were reproduced (Eq. 3).

BA (electivity) = 3.793(£1.214) — 0.269(=£0.132)kierflex
— 10.345(+2.829)glob
+ 0.243(£0.187)adon
—0.167(£0.045)vsa_don,
n=21, r=0.820, »=0.673,
SE = 0.590, F = 8.230. (3)

The above equation explains that the descriptors (i.e.,
kierflex and molecular globularity) are contributing
negatively toward the selectivity ratio of ICsy of
COX-1 against COX-2, suggesting that these descrip-
tors are important for COX-2 selectivity. a_don and
vsa_don are contributing positively to selectivity. This
reveals that the decrease in the number of hydrogen
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bond donor atoms may be responsible for a decrease of
ICsocox-1y values, which results in the decrease in
selectivity.

Thus, the discussed models could be explored further to
design potent, non-ulcerogenic anti-inflammatory
agents with improved COX-2 selectivity. These models
gave an insight into the ways with which COX-2 selec-
tivity could be achieved.
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Scheme 4 contains an incorrect structure for compound 26, where the structure contains a methoxy in the C-6’
position. This compound would not be expected to be active. The legend describing the synthesis of compound 26
is correct, and if one follows the logic of the synthesis, it is apparent that compound 26 should have a hydroxy
at C-6’ instead of the methoxy. The correct scheme appears here.

[25 R=H,R =CHs
e_
26 R = COCH,CO,H, R' = H

Scheme 4.
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Non-covalent modification of the heme-pocket of apomyoglobin by a 1,10-phenanthroline derivative pp 248-251
Yutaka Hitomi,” Hidefumi Mukai, Hideaki Yoshimura, Tsunehiro Tanaka and Takuzo Funabiki
To expand the repertoire of artificial enzymes constructed by -
replacement of prosthetic groups of hemoproteins, we examined non-porphyrinic molecule
incorporation of a non-porphyrinic ligand, a water-soluble 1,10-
phenanthroline derivative (1), into the heme-pocket of apomyo-
globin. Strong incorporation of 1 into the heme cavity of -
apomyoglobin greatly suppresses the hydrolytic activity of ‘
apomyoglobin toward p-nitrophenyl hexanoate. —
myoglobin protoheme
Synthesis and biological evaluation of novel pyrrolo|2,1-c][1,4]benzodiazepine prodrugs pp 252-256
for use in antibody-directed enzyme prodrug therapy
Luke A. Masterson, Victoria J. Spanswick, John A. Hartley, Richard H. Begent,
Philip W. Howard and David E. Thurston™
Four novel pyrrolo[2,1-c][1,4]benzodiazepine prodrugs L W L o
(1a,b and 2a,b) have been synthesized for potential use in HO L e Q o HO L hd \@ o
carboxypeptidase G2 (CPG2)-based ADEPT therapy. Ho" o © o o Ho Yo © O oH
The urea prodrugs (1b and 2b) are relatively unstable but Meo N e °© N~ m
the carbamate prodrugs (1a and 2a) are both stable in an MeO N Meojq/N
aqueous environment and are good substrates for CPG2. 0o 0
1aX=0 2ax=0 2
1b X =NH 2b X =NH
Design, synthesis, and vasorelaxant and platelet antiaggregatory activities of pp 257-261

coumarin—resveratrol hybrids

Santiago Vilar,” Elias Quezada, Lourdes Santana, Eugenio Uriarte, Matilde Yanez,
Nuria Fraiz, Carlos Alcaide, Ernesto Cano and Francisco Orallo
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Pyrazoloheteroaryls: Novel p38« MAP kinase inhibiting scaffolds with oral activity pp 262-266

Laszlo Revesz,” Ernst Blum, Franco E. Di Padova, Thomas Buhl, Roland Feifel,
Hermann Gram, Peter Hiestand, Ute Manning, Ulf Neumann and Gerard Rucklin
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A test library with three novel p38a inhibitory scaffolds and a narrow set of substituents was prepared. Appropriate combination of
substituents and scaffolds generated potent p38a inhibitors, for example, pyrazolo[3,4-b]pyridine 9, pyrazolo[3,4-dlpyrimidine 18a
and pyrazolo[3,4-b]pyrazine 23b with potent in vivo activity upon oral administration in animal models of rheumatoid arthritis.

Biphenyl-4-ylcarbamoyl thiophene carboxylic acids as potent DHODH inhibitors pp 267-270
Johann Leban,” Martin Kralik, Jan Mies, Roland Baumgartner, Michael Gassen and Stefan Tasler

R R
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A previously discovered DHODH inhibitor series was improved by replacing a cyclopentene ring by aromatic heterocycles. The
compounds were prepared by the directed ortho-metallation procedure. Inhibitory activities were in the low nanomolar range and
the compounds show potent immunosuppressive effects on stimulated PBMC’s.

Benzylprotected aromatic phosphonic acids for anchoring peptides on titanium pp 271-273
Jorg Auernheimer and Horst Kessler”
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Cyclic RDG-peptides were anchored on titanium with phosphonic acids, protected as benzylesters during synthesis, to enhance
osteoblast adhesion.

Specific volume and compressibility of human serum albumin—polyanion complexes pp 274-279
Tibor Hianik," Slavomira Ponikova, Jaroslava Bagel’ova and Marian Antalik

The ultrasound velocimetry, densitometry, and differential scanning calorimetry
have been used to study the formation of the complexes between human serum
albumin (HSA) and polyanions heparin (HEP) and/or dextran sulfate (DS).
Adiabatic compressibility and phase transition temperature of HSA decreased
with increasing concentration of HEP (1) and DS (2). Changes of compressibility
can be caused by increase of the hydration due formation of the HSA—polyanion
complexes and due to partial unfolding of HSA. HEP more strongly interacts with
HSA then DS.
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°

T00 05 10 15 20 25 30
[Polyanion], mg/ml






Contents | Bioorg. Med. Chem. Lett. 16 (2006) 235-247

237

4-Substituted cyclohexyl sulfones as potent, orally active y-secretase inhibitors

Ian Churcher,” Dirk Beher, Jonathan D. Best, José L. Castro, Earl E. Clarke,

Amy Gentry, Timothy Harrison, Laure Hitzel, Euan Kay, Sonia Kerrad,

Huw D. Lewis, Pablo Morentin-Gutierrez, Russell Mortishire-Smith, Paul J. Oakley,
Michael Reilly, Duncan E. Shaw, Mark S. Shearman, Martin R. Teall,

Susie Williams and Jonathan D. J. Wrigley

Studies leading to the identification of the orally active y-secretase inhibitor 32 are
described. This compound demonstrated lowering of central AB(40) in a rodent model
with a MED of 1 mg/kg.

pp 280-284
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cl

Synthesis and antiviral activity of 7-deazaneplanocin A against orthopoxviruses
(vaccinia and cowpox virus)

Balakumar Arumugham, Hyo-Joong Kim, Mark N. Prichard,

Earl R. Kern and Chung K. Chu*
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2
7-Deazaneplanocin A

pp 285-287

The synthesis of the 7-deazaneplanocin A 2 is reported. The synthesized nucleoside exhibited antiviral activity against orthopox

viruses (vaccinia and cowpox virus).

5-Heteroatom substituted pyrazoles as canine COX-2 inhibitors. Part 1: pp 288-292

Structure-activity relationship studies of 5-alkylamino pyrazoles and

discovery of a potent, selective, and orally active analog

Subas M. Sakya,” Kristin M. Lundy DeMello, Martha L. Minich, Bryson Rast, Andrei Shavnya,

Robert J. Rafka, David A. Koss, Hengmiao Cheng, Jin Li, Burton H. Jaynes, Carl B. Ziegler, SO Me

Donald W. Mann, Carol F. Petras, Scott B. Seibel, Annette M. Silvia, David M. George, N

Lisa A. Lund, Suzanne St. Denis, Anne Hickman, Michelle L. Haven and Michael P. Lynch N~ f(
N @]

Structure—activity relationship studies of the novel 2-[3-di and trifluoromethyl-5-alkylamino pyrazo-1-lyl]-5- N/ N\/K

methanesulfonyl (SO,Me)/5-sulfamoyl (SO,NH,)-pyridine derivatives for canine COX enzymes led to 2e as HF,C CN

the lead with desired in vitro activity, selectivity for canine and feline COX-2 enzyme and in vivo efficacy.

4-Hydroxyisoleucine an unusual amino acid as antidyslipidemic and antihyperglycemic agent pp 293-296

Tadigoppula Narender,” Anju Puri, Shweta, Tanvir Khaliq, Rashmi Saxena,
Geetika Bhatia and Ramesh Chandra

4-Hydroxy isoleucine: 5
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Substituted indanylacetic acids as PPAR-a—y activators pp 297-301
Derek B. Lowe,” Neil Bifulco, William H. Bullock, Thomas Claus, Philip Coish,
Miao Dai, Fernando E. Dela Cruz, David Dickson, Dongping Fan,

Helana Hoover-Litty, Tindy Li, Xin Ma, Gretchen Mannelly,

Mary-Katherine Monahan, Ingo Muegge, Stephen O’Connor, Mareli Rodriguez,
Tatiana Shelekhin, Andreas Stolle, Laurel Sweet, Ming Wang, Yamin Wang,
Chengzhi Zhang, Hai-Jun Zhang, Mingbao Zhang, Kake Zhao, Qian Zhao,
Jian Zhu, Lei Zhu and Manami Tsutsumi

A series of substituted indanylacetic acids were prepared which showed a
spectrum of agonist activity against PPAR nuclear receptor subtypes.

Novel 1,3-dipropyl-8-(1-heteroarylmethyl-1H-pyrazol-4-yl)-xanthine derivatives as high affinity pp 302-306
and selective A, adenosine receptor antagonists

Elfatih Elzein,* Rao Kalla, Xiaofen Li, Thao Perry, Eric Parkhill, Venkata Palle,
Vaibahv Varkhedkar, Art Gimbel, Dewan Zeng, David Lustig, Kwan Leung and Jeff Zablocki

\7

We describe the synthesis and biological activities of novel adenosine A,p receptor antagonists.

A new chemical tool for exploring the physiological function of the PDE2 isozyme pp 307-310

Robert J. Chambers,” Kristin Abrams, Norman Y. Garceau, Ajith V. Kamath,
Christopher M. Manley, Susan C. Lilley, Douglas A. Otte, Dennis O. Scott,
Alissa L. Sheils, David A. Tess, A. Samuel Vellekoop, Yan Zhang and Kelvin T. Lam
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Oxindole (2) is a potent and selective PDE2 inhibitor with a favorable ADME, physiochemical and pharmacokinetic profile to allow
for use as a chemical tool in elucidating the physiological role of PDE2.

Synthesis and biological evaluation of biphenylsulfonamide carboxylate aggrecanase-1 inhibitors pp 311-316
Jason S. Xiang, Yonghan Hu,” Thomas S. Rush, Jennifer R. Thomason, Manus Ipek,

Phaik-Eng Sum, Leila Abrous, Joshua J. Sabatini, Katy Georgiadis, Erica Reifenberg,

Manas Majumdar, Elisabeth A. Morris and Steve Tam
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The synthesis and evaluation of biphenylsulfonamidocarboxylic acid inhibitors of aggrecanase-1 are reported. Compound 24
demonstrated 89% inhibition of proteoglycan degradation at 10 ng/mL and has an oral bioavailability in rat of 35%.






Contents | Bioorg. Med. Chem. Lett. 16 (2006) 235-247 239

Synthesis and biological activities of nucleoside—estradiol conjugates pp 317-319
Hasrat Ali, Naseem Ahmed, Guillaume Tessier and Johan E. van Lier*

OH
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Nucleosides were coupled to estradiol via a 17a-ethynyl spacer group using Pd(II) as a catalyst and evaluated in vitro for estrogen
receptor binding affinity and cytotoxicity.

Leptostatin: A synthetic hybrid of the cytotoxic polyketides callystatin A and leptomycin B pp 320-323
James A. Marshall,” Ann M. Mikowski, Matthew P. Bourbeau, Gregory M. Schaaf and Frederick Valeriote

Cytotoxicity Toward HCT-116 Cells
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Four stereoisomeric hybrids of the antitumor natural products callystatin A and leptomycin B have been prepared @+
by total synthesis and evaluated as cytotoxic agents toward H-116 human colon cancer cells.

New tyrosinase inhibitors selected by atomic linear indices-based classification models pp 324-330

Gerardo M. Casafnola-Martin, Mahmud Tareq Hassan Khan, Yovani Marrero-Ponce,” Arjumand Ather,
Mukhlis N. Sultankhodzhaev and Francisco Torrens
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PET imaging and optical imaging with p-luciferin [''C]methyl ester and p-luciferin [''C]methyl pp 331-337
ether of luciferase gene expression in tumor xenografts of living mice
Ji-Quan Wang, Karen E. Pollok, Shanbao Cai, Keith M. Stantz,
Gary D. Hutchins and Qi-Huang Zheng *
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Structure-based design of novel groups for use in the P1 position pp 338-342
of thrombin inhibitor scaffolds. Part 1: Weakly basic azoles

Richard C. A. Isaacs,” Mark G. Solinsky, Kellie J. Cutrona, Christina L. Newton,

Adel M. Naylor-Olsen, Julie A. Krueger, S. Dale Lewis and Bobby J. Lucas
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Imidazoles and aminothiazoles, in spite of their weak basicity, have been optimized to function as potent P1 ligands in both a
peptide series and a nonpeptide series of noncovalent small molecule thrombin inhibitors.

Design, synthesis and structure—activity relationships of new phosphinate inhibitors of MurD pp 343-348
Katja Strancar, Didier Blanot and Stanislav Gobec *
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A series of new inhibitors of the pD-glutamic acid-adding enzyme (MurD) is presented. Two compounds (12g and 12¢) had 1Cs
values near 100 uM and constitute a promising starting point for further development.

Discovery of N-(2-aryl-cyclohexyl) substituted spiropiperidines as a novel class of GlyT1 inhibitors pp 349-353
Emmanuel Pinard,” Simona M. Ceccarelli, Henri Stalder and Daniela Alberati

Screening of the Roche compound library led to the identification of cis-N-(2-phenyl-cyclohexyl)-spiropiperidine 1 as structurally
novel GlyT1 inhibitor. The SAR, which was developed in this series, resulted in the discovery of highly potent compounds
displaying excellent selectivity against the GlyT2 isoform.

Discovery of N-(2-hydroxy-2-aryl-cyclohexyl) substituted spiropiperidines as GlyT1 antagonists with pp 354-357
improved pharmacological profile

Simona M. Ceccarelli,” Emmanuel Pinard, Henri Stalder

and Daniela Alberati

During SAR exploration of N-(2-aryl-cyclohexyl) substituted o N oK

spiropiperidine as GlyT1 inhibitors, it was found that introduc- ) b

tion of a hydroxy group in position 2 of the cyclohexyl residue N N HO,, N N

considerably improves the pharmacological profile. In particular, ) @ I @

reduction of the binding affinity at the nociceptin/orphanin FQ

peptide and the p opioid receptors was achieved. GlyT1 ECso (uM): 0.073 GlyT1 ECq, (MM): 0.044
NOP ICy, (uM): 0.310 NOP ICy, (uM): 15

M ICg, (UM): 0.520 WICs, (UM). 2.7
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Dipeptide-based highly potent doxorubicin antibody conjugates pp 358-362
Scott C. Jeffrey,” Minh T. Nguyen, Jamie B. Andreyka, Damon L. Meyer,
Svetlana O. Doronina and Peter D. Senter
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Biomimetic synthesis and ultrastructural characterization of a pp 363-366
zerovalent gold-hydroxyapatite composite
Yogita Gupta, G. N. Mathur” and Sandeep Verma*
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Use of polymer AP-1 for modulated synthesis of apatitic composites is reported.

Synthesis and biological activity of the first cyclic biphalin analogues pp 367-372

Adriano Mollica, Peg Davis, Shou-Wu Ma, Frank Porreca, Josephine Lai
and Victor J. Hruby”

Design, synthesis, and biological evaluation of the first cyclic biphalin
analogues are reported. D-Alanine residues in positions 2, 2’ of the parent Hk
peptide were replaced by pD- and L-cysteine and an intramolecular disulfide ﬁ

bridge has been established. Two cyclic biphalin analogues, with quite different
Q;w }””

biological profiles, have been described.

Potent anti-muscarinic activity in a novel series of quinuclidine derivatives pp 373-377
Jean-Philippe Starck, Patrice Talaga, Luc Quéré, Philippe Collart, Bernard Christophe,

Patrick Lo Brutto, Sophie Jadot, Dinesh Chimmanamada, Matteo Zanda,

Alain Wagner, Charles Mioskowski, Roy Massingham and Michel Guyaux*

The synthesis and biological evaluation of a novel family of M3 muscarinic antagonists are described. A systematic modification of
the substituents to a novel alkyne-quinuclidine scaffold yielded original compounds displaying potent in vitro anticholinergic
properties.
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The identification of potent and selective imidazole-based inhibitors of B-Raf kinase pp 378-381
Andrew K. Takle,” Murray J. B. Brown, Susannah Davies, David K. Dean,

Gerraint Francis, Alessandra Gaiba, Alex W. Hird, Frank D. King, Peter J. Lovell,

Antoinette Naylor, Alastair D. Reith, Jon G. Steadman and David M. Wilson

SB-590885 (33)

A novel triarylimidazole derivative, SB-590885 (33), bearing a 2,3-dihydro-1H-inden-1-one oxime substituent has been identified as
a potent and extremely selective inhibitor of B-Raf kinase.

Synthesis and biological evaluation of a technetium-99m(I)-tricarbonyl-labelled phenyltropane derivative pp 382-386

Davy M. Kieffer, Bernard J. Cleynhens, Hubert P. Vanbilloen, Dirk Rattat, Christelle Y. Terwinghe,
Luc Mortelmans, Guy M. Bormans and Alfons M. Verbruggen™
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Synthesis of N-benzylated-2-aminoquinolines as ligands for the Tec SH3 domain pp 387-390
Steven R. Inglis, Rhiannon K. Jones, Grant W. Booker and Simon M. Pyke”

-+
The synthesis of N-benzylated-2-aminoquinolines for ligand binding studies with the Tec SH3 domain is described. @

Macrolactonization to 10-deoxymethynolide catalyzed by the recombinant thioesterase pp 391-394
of the picromycin/methymycin polyketide synthase

Weiguo He, Jiaquan Wu, Chaitan Khosla and David E. Cane*

The recombinant thioesterase (TE) domain of the picromycin-
methymycin synthase (PICS) catalyzes the macrolactonization of
3, the N-acetylcysteamine thioester of seco-10-deoxymethyno-
lide, to generate 10-deoxymethynolide (1) with high efficiency.
The recombinant TE domain of 6-deoxyerythronolide B
synthase (DEBS TE) shows the same reaction specificity as
PICS TE, but with significantly lower activity.
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Novel histamine H; receptor antagonists based on the 4-[(1 H-imidazol-4-yl)methyl]piperidine scaffold pp 395-399
Wayne D. Vaccaro, Rosy Sher, Michael Berlin,” Neng-Yang Shih, Robert Aslanian,

John H. Schwerdt, Kevin D. McCormick, John J. Piwinski, Robert E. West, Jr.,

John C. Anthes, Shirley M. Williams, Ren-Long Wu, H. Susan She, Maria A. Rivelli,

Jennifer C. Mutter, Michel R. Corboz, John A. Hey and Leonard Favreau

We report the discovery of novel histamine H; receptor antagonists based on 4- HN H

[(1 H-imidazol-4-yl)methyl]piperidine. The most potent compounds in the series =N N\/\n/ N

(e.g., 7) result from the attachment of a substituted aniline amide to the main o} |

pharmacophore piperidine via a two-methylene linker 7 ¢
Kj (Hs, gp) = 0.4 nM
pA,=10.1

Synthesis and antibacterial activity of 9-substituted minocycline derivatives pp 400-403

Phaik-Eng Sum,” Adma T. Ross, Peter J. Petersen and Raymond T. Testa
N(CHy), N(CH,),

O“ §
! NH
RO,SHN - 2

OH 0 oH'D o
N(CH), N(CH,),

O“‘ i
ROCHN

OH O OHO

Novel sulfonamide and acylamino derivatives of minocycline were synthesized. Many of these derivatives exhibited potent
antibacterial activity against tetracycline- and minocycline-resistant Gram-positive pathogens.

N-(4-{[4-(1 H-Benzoimidazol-2-yl)-arylamino|-methyl}-phenyl)-benzamide derivatives as small pp 404—408
molecule heparanase inhibitors

Yong-Jiang Xu, Hua-Quan Miao,” Weitao Pan, Elizabeth C. Navarro,
James R. Tonra, Stan Mitelman, M. Margarita Camara, Dhanvanthri S. Deevi,
Alexander S. Kiselyov, Paul Kussie, Wai C. Wong and Hu Liu”

e FCyom

IC50 O 29 uM

The development of small molecule heparanase inhibitor 23 (ICsy = 0.29 pM) is reported.

1-[4-(1 H-Benzoimidazol-2-yl)-phenyl]-3-[4-(1 H-benzoimidazol-2-yl)-phenyl]-urea derivatives pp 409—412
as small molecule heparanase inhibitors

Weitao Pan, Hua-Quan Miao,” Yong-Jiang Xu, Elizabeth C. Navarro, James R. Tonra,
Erik Corcoran, Armin Lahiji, Paul Kussie, Alexander S. Kiselyov, Wai C. Wong and Hu Liu*

7a
IC50 0.27 uM

The development of small molecule heparanase inhibitor 7a (ICsy = 0.27 pM) is reported.
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Synthesis and antibacterial activity of substituted 1,2,3,4-tetrahydropyrazino [1,2-a] indoles pp 413416
Rakesh Kumar Tiwari, Devender Singh, Jaspal Singh, Vibha Yadav,

Ajay K. Pathak, Rajesh Dabur, Anil K. Chhillar, Rambir Singh,

G. L. Sharma, Ramesh Chandra® and Akhilesh K. Verma*

R R R
3

A series of substituted pyrazino [1,2-a] indoles were synthesized D \R — @[\S —_— . le
and evaluated for their antibacterial activity. Compounds 4d—f N\=<N N NN
showed potent antibacterial activity. The percent lysis of Lt 4ai, 59
erythrocytes induced by concentration up to 500 pg/ml of ) N

. LT R 4ai R=CHjg, R?= H, R* = CgHs, p-BrCgHy, m-CICgH,, p-FCgH,, p-MeCgH,, p-NO,CeHy,
gentamycin was not significantly different than that of com- m-MeOCqH,, 2-pyricy, 2-thienyl
pounds. However, at higher doses the difference in toxicity was
.. 59  R=CHg R'= H, R?=CH,Bt, CH,CqHs, p-MeCgH4,CH,CN, CH,PO(OE),, CH;
significant. Lab ReH, R*CHg, CHs
Stereoselective synthesis and glycosidase inhibitory activity of 3,4-dihydroxy-pyrrolidin-2-one, pp 417-420

3,4-dihydroxy-piperidin-2-one and 1,2-dihydroxy-pyrrolizidin-3-one
Philippe Coutrot, Stéphanie Claudel, Claude Didierjean and Claude Grison*

CsHisNOs

[0]¥ = =324 (¢ 0.5, CHCl;) Source of chirality: asymmetric synthesis. Absolute configuration: (1S,2S,7aS). Inhibition of
a-glucosidase from yeast: 45% at 1 mM.

Synthesis and biological evaluation of 3-ethylidene-1,3-dihydro-indol-2-ones as novel pp 421426
checkpoint 1 inhibitors

Nan-Horng Lin,* Ping Xia, Peter Kovar, Chang Park, Zehan Chen, Haiying Zhang,
Saul H. Rosenberg and Hing L. Sham

Arq \

1

Analogs of compound 1 were synthesized and tested in vitro for checkpoint 1 kinase inhibitory activities.

Aza-analogues of the marine pyrroloquinoline alkaloids wakayin and tsitsikammamines: pp 427429
Synthesis and topoisomerase inhibition

Laurent Legentil, Brigitte Lesur and Evelyne Delfourne*

Q RHN/\L H N|
N A\
7 —> + \ N
. N
LE 5 M
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Metalloantimalarials: Synthesis, X-ray crystal structure of potent antimalarial pp 430432
copper (II) complex of arylazo-4-hydroxy-1,2-naphthoquinone LR

Nikhil H. Gokhale, K. Shirisha, Subhash B. Padhye,” Simon L. Croft,
Howard D. Kendrick and Vickie Mckee

The crystal structure of copper (II) complex of 3-arylazo-4-
hydroxy-1,2-naphthoquinone is reported with potent antimalar-
ial activity (EDsg = 3.5 pg/ml).

Synthesis and interactions of 7-deoxy-, 10-deacetoxy, and 10-deacetoxy-7-deoxypaclitaxel pp 433436
with NCI/ADR-RES cancer cells and bovine brain microvessel endothelial cells

Haibo Ge, Veena Vasandani, Jacquelyn K. Huff, Kenneth L. Audus, Richard H. Himes,

Anna Seelig and Gunda I. Georg*

Rl =H, R?=0H
Rl = OAc,RZ=H

Paclitaxel
R'=H,R2=H

7-Deoxypaclitaxel, 10-deacetoxypaclitaxel, and 10-deactoxy-7-deoxypaclitaxel were prepared and evaluated for their ability to
promote assembly of tubulin into microtubules, their cytotoxicity against NCI/ADR-RES cells, and their interactions with
P-glycoprotein in bovine brain microvessel endothelial cells. The three compounds were essentially equivalent to paclitaxel in
cytotoxicity against NCI/ADR-RES cells. They also appeared to interact with P-glycoprotein in the endothelial cells with the two
10-deacetoxy compounds having less interaction than paclitaxel and 7-deoxypaclitaxel.

Carbonic anhydrase inhibitors: Valdecoxib binds to a different active site region of the human pp 437442
isoform II as compared to the structurally related cyclooxygenase II ‘selective’ inhibitor celecoxib

Anna Di Fiore, Carlo Pedone, Katia D’Ambrosio, Andrea Scozzafava,
Giuseppina De Simone* and Claudiu T. Supuran®
O

I
O0=S—NH,

H,C // O

O—N
Valdecoxib 1

Design of novel hexahydropyrazinoquinolines as potent and selective dopamine pp 443446
D5 receptor ligands with improved solubility

Jianyong Chen, Ke Ding, Beth Levant and Shaomeng Wang”*
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O
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49

K; = 9.7 nM to the D5 receptor
Selectivities of >5000 and 466 times over the D;-like and D,-like receptors
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Development of chemically stable solid phases for the target isolation with reduced pp 447450
nonspecific binding proteins

Teruki Takahashi, Takaaki Shiyama, Ken Hosoya and Akito Tanaka”

Qur resins
FK506-Affinity resins Tovopear|™ Affigel™
yop 9 6b 6a
‘—FKSOG competition () (+) () ) () ) () A}), FKBP52
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Identification of Darmstoff analogs as selective agonists pp 451-456
and antagonists of lysophosphatidic acid receptors

Veeresa Gududuru, Kui Zeng, Ryoko Tsukahara, Natalia Makarova, Yuko Fujiwara,

Kathryn R. Pigg, Daniel L. Baker, Gabor Tigyi and Duane D. Miller*
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R = alkyl or alkenyl
X=0orS

Design and synthesis of 3,4-dihydro-1H-[1]-benzothieno[2,3-c|pyran and 3,4-dihydro- pp 457-460
1H-pyrano[3,4-b]benzofuran derivatives as non-nucleoside inhibitors of HCV NS5B RNA
dependent RNA polymerase

Ariamala Gopalsamy,” Alexis Aplasca, Gregory Ciszewski, Kaapjoo Park,
John W. Ellingboe, Mark Orlowski, Boris Feld and Anita Y. M. Howe

CN

COOH
A i/

w,

A novel class of HCV NS5B RNA dependent RNA polymerase inhibitors containing 3,4-dihydro-1H-[1]-benzothieno ®+
[2,3-c]pyran and 3,4-dihydro-1H-pyrano[3,4-b]benzofuran scaffolds and their structure—activity relationship are described.

QSAR analysis of meclofenamic acid analogues as selective COX-2 inhibitors pp 461-468
Tamanna Narsinghani * and S. C. Chaturvedi
CHs
Cl
NH
Cl COR

Quantitative structure—activity relationship studies on a series of meclofenamic acid analogues revealed the importance of molecular
flexibility and number of hydrogen bond donor atoms for COX-2 and COX-1 inhibitory activities, respectively.
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Acryloylamino-salicylanilides as EGFR PTK inhibitors pp 469472
Wei Deng, Zongru Guo,” Yanshen Guo, Zhiqiang Feng, Yi Jiang and Fengming Chu

O
HN
R?

A series of EGFR PTK inhibitors with an acrylamido moiety at the 4- or 5-position of salicylanilides were synthesized and tested for
their inhibitory activity toward the EGFR tyrosine kinase.
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Campbell, N.H.; Evans, D.A.; Lee, M.P.H.; Parkinson, G.N.; Neidle, S. Bioorg. Med. Chem. Lett. 2006, 16, 15.). The DB819
molecule is shown in space-filling mode. Visualisation produced with the VMD program. [Humphrey, W.; Dalke, A.; Schulten, K.
J. Mol. Graphics 1996, 14, 33.]

S CIENCE DIRECT"™

Full text of this journal is available, on-line from ScienceDirect. Visit www.sciencedirect.com for more information.

CONTE NTS This journal is part of ContentsDirect, the free alerting service which sends tables of
® contents by e-mail for Elsevier books and journals. You can register for ContentsDirect
online at: http://contentsdirect.elsevier.com

Indexed/Abstracted in: Beilstein, Biochemistry & Biophysics Citation Index, CANCERLIT, Chemical Abstracts, Chemistry
Citation Index, Current Awareness in Biological Sciences/BIOBASE, Current Contents: Life Sciences, EMBASE/Excerpta
Medica, MEDLINE, PASCAL, Research Alert, Science Citation Index, SciSearch, TOXFILE

ISSN 0960-894X







55

ELSEVIER

Available online at www.sciencedirect.com

science (@hoineer:

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 427-429

Aza-analogues of the marine pyrroloquinoline alkaloids
wakayin and tsitsikammamines: Synthesis and
topoisomerase inhibition

Laurent Legentil,® Brigitte Lesur® and Evelyne Delfourne®*

& Laboratoire SPCMIB, UMR-CNRS 5068, Université Paul Sabatier, 118 route de Narbonne, 31062, Toulouse Cédex 4, France
Laboratoire Cephalon France, Centre de Recherches et de Développement, 19 avenue du Pr Cadiot,
B.P. 22, 94701 Maisons-Alfort Cedex, France

Received 20 July 2005; revised 9 September 2005; accepted 22 September 2005
Available online 18 October 2005

Abstract—Two aza-analogues of the marine pyrroloquinoline alkaloids wakayin and tsitsikammamines A and B have been synthe-
sized. The strategy used was based on a 1,3-dipolar cycloaddition reaction between indole 4,7-dione and a diazo-aminopropane
derivative. One of the two analogues partially inhibits human topoisomerase I, whereas synthetic intermediates inhibit the enzyme
DNA cleavage activity at a concentration comparable to that of the control drug camptothecin.

© 2005 Elsevier Ltd. All rights reserved.

Marine organisms are among the most promising
sources of new biologically active molecules. Pyrrol-
o[4,3,2-de]quinoline marine alkaloids have received
considerable attention due to their potential antitumor
activities.! Wakayin 1, isolated in 1991 from the ascid-
ian Clavelina species, has been reported to exhibit both
murine cell line cytotoxicity and topoisomerase I inhi-
bition.? The close structurally related tsitsikammamines
A 2 and B 3, isolated from a Latrunculid sponge, are
cytotoxic and exhibit topoisomerase I inhibitory activ-
ity similar to that reported for wakayin (Fig. 1).3

Three approaches to structures analogous to wakayin
including compounds 4-6 have been reported so far,
with biological activity described only for the latter.*©

As part of our work on analogues of natural products
with potential pharmacological value,” we have been
interested in compounds 7a and b in which the
pyrrole-ring of the pyrroloquinoline moiety has been
replaced by a pyrazole-ring. Several aza-analogues of
natural products were reported to have better antitumor
activity compared to those of the corresponding natural

Keywords: Marine alkaloids; Pyrroloquinoline; Tsitsikammamines;

Wakayin; Topoisomerases inhibition.

* Corresponding author. Tel.: +33 561 55 62 93; fax: +33 561 55 60
11; e-mail: delfourn@chimie.ups-tlse.fr

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2005.09.063

products.® We report herein, the synthesis of com-
pounds 7a and b.
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Figure 1.
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The retrosynthetic analysis shown in Scheme 1 was de-
rived from that developed by Bakare et al. for the syn-
thesis of an aza-analogue of damirone B.’

NH;
NI (0]
/ N : 4 \/N
(\ N N ( N N
$ H H A\ H H
7al7b 8a/8b
0 HoN
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Scheme 1.
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N
Scheme 2. Reagents and conditions: (a) NaNO,, 2 N H,SO,, 0°C, 1 h
30 min; (b) KOH, Et,0, rt, 30 min; (¢) KOH, MeOH (or BzOH or
pMeOBzOH), Et,0, rt, 30 min.
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The strategy is based on a 1,3-dipolar cycloaddition reac-
tion between indole-4,7-dione 9'° and 1-diazo-4-amino-
propane 10a. As described by the authors, 10a was
generated by nitrosation of tetrahydro-2-pyrimidone
11, which was then reacted with potassium hydroxide.
In order to avoid the formation of tetrahydrotriazine
13, the amino-group, was further protected as a meth-
oxy-benzyloxycarbonyl Moz-group (10d) by action of
potassium p-methoxybenzyloxide in diethyl ether
(Scheme 2). This protective group was chosen because
it is more easily removed than methyl or benzylcarba-
mate groups (10b and c) used by Bakare.

The cycloaddition reaction involving N-tosylindole-4,7-
dione 9 and diazo-Moz-aminopropane 10d gave a
mixture of two regioisomers 14a/b as a result of tauto-
merization and in situ oxidation by air of the expected
pyrazoline. These products, in a ratio 60/40, were ob-
tained in 70% yield and were not separated (Scheme 3).

The Moz-protective group was cleaved quantitatively by
TFA in the presence of m-cresol to give the correspond-
ing salts. Treatment of the compounds 14a/b under
reflux in ethanol in the presence of 4 A molecular sieve
and sodium hydrogenocarbonate did not give rise to
the expected tetracyclic compounds but rather to mix-
tures of tricyclic products, which were either monotosy-
lated on the ethylamino side chain or ditosylated both
on the ethylamino side chain and on the indole dione
nitrogen. Therefore, the mixture of cycloadducts 14a/b
was tosylated prior to the cleavage of the Moz-protec-
tive group. In this way, compounds 14a/b were convert-
ed to corresponding tosyl derivatives 15a/b in 80% yield
using Kikugawa conditions (KOH in anhydrous
THF).!! The Moz-group was removed from the
conditions described above (80% yield) to give the
trifluoroacetic salt of compounds 8a/b, which were
cyclized into the tetracyclic derivatives 16a and b (30%
yield). The side products of this reaction are the mono-
and ditosylated derivatives identified previously.
Compounds 16a and b were separated by flash chroma-

NHR® NHR?
o} Ts o)
N

A\

N o+ Q N

N, , -
o R S R
Rl=Moz, RZ=H 14b
Rl=Moz,R2=Ts 15b
R'=H,R?=Ts 8b

R
N \N
\ N'
3 R

16b

7b

Scheme 3. Reagents and conditions: (a) THF, rt, 30 min; (b) pTsCl, KOH, rt, 30 min; (¢c) TFA, m-cresol, CH,Cl,, rt, 1 h; (d) EtOH, NaHCOs, 4 A

molecular sieve, reflux, 3 h; (¢) 1 N NaOH, dioxane, rt, 24 h.
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tography. The ratio of the two compounds (70:30)
indicated that the cyclization is slightly facilitated for
one regioisomer compared to the other. The structure
of each isomer was assigned from HMBC experiments.
The minor isomer showed a correlation of the pyrrolic
proton with the carbon of the carbonyl group, whereas
the major isomer showed a correlation between this
same proton and the carbon of the imino group leading
to the structure assignment 16a and b, respectively.
Finally, the two tosyl-protective groups were cleaved
by the action of 1N aqueous sodium hydroxide in
dioxane to give the target products 7a and b.!?

The ability of 7a and b, and synthetic intermediates to
inhibit the DNA cleavage activities of human topo-
isomerases I and II was assayed in a cell-free assay.
Camptothecin and etoposide, two well-known inhibitors
of topoisomerases I and II, respectively, were used as
positive references in these experiments.

No inhibition of topoisomerase II activity was observed
at the maximum tested concentration, limited by final
DMSO concentration in the assay mixture. For topoiso-
merase I partial activity was observed at 100 uM for 7a,
whereas no inhibition was seen for its isomer 7b. Howev-
er, precursor tricyclic analogue mixture 14a/b inhibited
the catalytic activity of the enzyme, with a potency ob-
served in our assay comparable to that of camptothecin.

References and notes

1. (a) Ding, Q.; Chichak, K.; Lown, J. W. Curr. Med. Chem.
1999, 6, 1; (b) Urban, S.; Hickford, S. J. H.; Blunt, J. W.;
Munro, M. H. G. Curr. Org. Chem. 2000, 4, 765; (c)
Antunes, E. M.; Copp, B. R.; Davies-Coleman, M. T.;
Samai, T. Nat. Prod. Rep. 2005, 22, 62.

2. Kokoshka, J. M.; Capson, T. L.; Holden, J. A.; Ireland, C.
M.; Barrows, L. R. Anti-Cancer Drugs 1996, 7, 758.

3. (a) Hooper, G. J.; Davies-Coleman, M. T.; Kelly-Borges,
M.; Coetzee, P. S. Tetrahedron Lett. 1996, 37, 7135; (b)

AN D

10.

11.
. Compound 7a: yellow solid, mp > 260 °C. MS m/z (%):

Lett. 16 (2006) 427429 429

Antunes, E. M.; Beukes, D. R.; Kelly, M.; Samai, T.;
Barrows, L. R.; Marshall, K. M.; Sincich, C.; Davies-
Coleman, M. T. J. Nat. Prod. 2004, 67, 1268.

. Zhang, L.; Cava, M. P.; Rogers, R. D.; Rogers, L. M.

Tetrahedron Lett. 1998, 39, 7677.

. Barret, R.; Roue, N. Tetrahedron Lett. 1999, 40, 3889.
. Bénéteau, V.; Pierré, A.; Pfeiffer, B.; Renard, P.; Besson,

T. Bioorg. Med. Chem. Lett. 2000, 10, 2231.

. (a) Delfourne, E.; Darro, F.; Bontemps-Subielos, N.;

Decaestecker, C.; Bastide, J.; Frydman, A.; Kiss, R. J.
Med. Chem. 2001, 44, 3275; (b) Delfourne, E.; Darro, F.;
Portefaix, P.; Galaup, C.; Bayssade, S.; Bouteille, A.; Le
Corre, L.; Bastide, J.; Collignon, F.; Lesur, F.; Frydman,
A.; Kiss, R. J. Med. Chem. 2002, 45, 3765; (c) Brahic, C.;
Darro, F.; Belloir, M.; Bastide, J.; Kiss, R.; Delfourne, E.
Bioorg. Med. Chem. 2002, 10, 2845; (d) Delfourne, E.;
Kiss, R.; Le Corre, L.; Dujols, F.; Bastide, J.; Collignon,
F.; Lesur, B.; Frydman, A.; Darro, F. J. Med. Chem. 2003,
46, 3536; (e) Delfourne, E.; Kiss, R.; Le Corre, L.; Dujols,
F.; Bastide, J.; Collignon, F.; Lesur, B.; Frydman, A.;
Darro, F. Bioorg. Med. Chem. 2004, 12, 3987.

. See for example: Showalter, H. D. H.; Jonhson, J. L.;

Hoftiezer, J. M.; Turner, W. R.; Werbel, L. M.; Leopold,
W. R.; Shillis, J. J.; Jackson, R. C.; Elslager, E. F. J. Med.
Chem. 1987, 30, 121.

. Bakare, O.; Zalkow, L. H.; Burgess, E. M. Synth.

Commun. 1997, 27, 1569.

Legentil, L.; Bastide, J.; Delfourne, E. Tetrahedron Lett.
2003, 44, 2473.

Kikugawa, Y. Synthesis 1981, 460.

212 (100); 185 (28); 155 (20). 'H NMR (400 MHz,
DMSO-dg): 2.92 (t, 2H, J=8.1Hz);, 4.16 (t, 2H,
J=8.1Hz); 6.56 (d, 1H, J=2.6Hz); 7.21 (d, lH,
J=26Hz). C NMR (DMSO-dg): 21.86; 50.67;
111.12; 117.52; 124.81; 126.21; 129.80; 131.12; 148.87;
155.98; 166.57. IR (KBr): 3435; 2925; 1688; 1592 cm™".
Compound 7b: yellow solid, mp > 260 °C. MS m/z (%):
212 (100); 185 (30); 155 (21). '"H NMR (400 MHz,

DMSO-dg): 2.87 (t, 2H, J=8.1Hz); 3.96 (t, 2H,
J=8.1Hz); 647 (d, 1H, J=24Hz); 7.14 (d, 1H,
J=24Hz). 3C NMR (DMSO-dg): 21.76; 50.92;

111.36; 118.02; 124.54; 126.47; 129.91; 131.36; 149.43;
156.14; 166.68. IR (KBr): 3435; 2927; 1684; 1598 cm™".
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Synthesis and antiviral activity of 7-deazaneplanocin A against
orthopoxviruses (vaccinia and cowpox virus)

Balakumar Arumugham,® Hyo-Joong Kim,* Mark N. Prichard,®
Earl R. Kern® and Chung K. Chu®*
&University of Georgia College of Pharmacy, Athens, GA 30602, USA
> University of Alabama School of Medicine, Birmingham, AL 35294, USA
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Abstract—An efficient method for the synthesis of 7-deazaneplanocin A (2) has been accomplished by the condensation of cyclo-
pentenol 3 with 6-chloro-7-deazapurine followed by subsequent functional group manipulations. The synthesized 7-deazaneplanocin
A (2) exhibited potent antiviral activity against cowpox and vaccinia viruses without cytotoxicity in HFF cells.

© 2005 Elsevier Ltd. All rights reserved.

Neplanocin A (NPA)' (1) is a naturally occurring carbo-
cyclic nucleoside, which has a cyclopentenyl sugar-substi-
tuted moiety. NPA has attracted much attention because
it showed interesting biological activities including antitu-
mor and broad spectrum antiviral activities.? NPA’s bio-
logical activity may be explained in part by the inhibition
of S-adenosyl-L-homocysteine (AdoHcy) hydrolase,
which is essential for viral mRNA capping methylation.?
Structural modifications of NPA have yielded a number
of biologically active compounds. Among them, modifi-
cation on the C6’-position of NPA has produced potent
analogues against malaria, hepatitis B virus, and hepatitis
C virus.*> Base (adenine) modified NPA analogues such
as 2-fluoro-® and 3-deaza-’ derivatives showed potent
antiviral activity. Recently, 7-deazaadenine moiety was
introduced in place of adenine in 2’-C-ribonucleoside.®
According to the report, the introduction of 7-deazaade-
nine moiety resulted in good enzymatic stability as well as
asignificant anti-HCYV activity. These results prompted us
to pursue the synthesis and biological evaluation of a 7-
deazaneplanocin A analogue (2), which has not been
reported so far.

Variola, monkeypox, cowpox, and vaccinia viruses are
orthopoxviruses, which can infect humans.” Among
orthopoxviruses, variola virus is the most dangerous

Keywords: 1-Deazaneplanocin A; Vaccinia; Cowpox; Orthopoxviruses.
* Corresponding author. Tel.: +1 706 542 5379; fax: +1 706 542
5381; e-mail: dchu@rx.uga.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.10.007

virus and smallpox was responsible for serious illness
and death until the development of a successful vaccine.
The need for the therapeutic agent for the treatment of
orthopoxvirus infections was not urgent since the erad-
ication of smallpox from the world in 1980. However,
recent concern on bioterrorism rekindled the interest
on the treatment of patients, who were infected with
the orthopoxviruses, including variola virus. The antivi-
ral activities of neplanocin A and its analogues (nepla-
nocin C, neplanocin D, 2’-deoxy NPA, 3-deaza NPA,
and 5’-nor NPA) against surrogate vaccinia virus infec-
tions were reported in the literature.?!? Recently, several
carbocyclic analogues also showed antiviral activity
against orthopoxviruses. '

In order to investigate the structure—activity relation-
ships of NPA, a more convenient and facile synthetic
methodology for key intermediates is required. During
the course of drug discovery program for carbocyclic
nucleosides, we developed a convergent method for the
synthesis of cyclopentenyl carbocyclic nucleosides.!?
The synthetic strategy employed was the coupling of
cyclopentenol and heterocyclic bases to afford various
enantiomerically pure carbocyclic nucleosides. Herein,
we report the synthesis and antiviral activity of
7-deazaneplanocin A (2) (Fig. 1).

The preparation of 7-deazaneplanocin A (2) is shown in
Scheme 1. The cyclopentenol 3, which was prepared
according to the literature with slight modifications of
reported method,'?> was coupled with 6-chloro-7-dea-
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Figure 1. Structures of NPA and 7-deaza NPA.
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Scheme 1. Synthesis of 7-deazaneplanocin A (2). Reagents and
conditions: (a) 6-chloro-7-deazapurine, PPh;, DIAD, THF, 81%; (b)
NHj;, MeOH, 100 °C, 12 h, 83%; (c) 1—HCI, MeOH, 2—NaHCO;
63%.

zapurine'? under the Mitsunobu reaction conditions to
give compound 4 in 81% yield. Treatment of 4 with
methanolic ammonia at 100 °C for 12 h provided com-
pound 5 in 83% yield. Deprotection in acidic conditions
of 5 in 10% HCI in methanol followed by neutralization
with NaHCO; gave 7-deazaneplanocin A (2)'# in 63%
yield.

The antiviral activity of 7-deazaneplanocin A (2) was
evaluated against a wide variety of viruses, including
cowpox, vaccinia, yellow fever, dengue type 2, Punta
Toro A, SARSCoV, Tacaribe, VEE, and West Nile.
Among the tested viruses, 7-deazaneplanocin A exhibit-
ed potent activity against cowpox and vaccinia viruses in
a CPE reduction assay without any significant cytotox-
icity in HFF cells as shown in Table 1.

Although Neplanocin A has potent broad spectrum
antiviral activity including orthopoxviruses,? significant
cytotoxicity of NPA limited its usefulness as an antiviral
agent.!> However, 7-deaza NPA (2) did not show any
cytotoxicity up to 300 uM in HFF cells in a neutral
red assay. Furthermore, 7-deaza NPA was more potent
than that of cidofovir in this assay, which has been

Table 1. Antiviral activity of 7-deazaneplanocin A (2) against cowpox
and vaccinia viruses

Virus Cell line ECso ECyy Cytotoxicity Cidofovir®

M) (uM)  CCsp (uM)  ECso (M)
Cowpox HFF cells 1.2 4.6 >300 5.0
Vaccinia HFF cells 3.4 21.5  >300 4.8

# Positive control.

known to be one of the most potent agents against
orthopoxviruses.'®

In summary, we have synthesized 7-deazaneplanocin A
(2) by the coupling of functionalized cyclopentenol (3)
with 7-deazapurine. The synthesized 7-deazaneplanocin
A (2) showed potent antiviral activity against ortho-
poxviruses (cowpox and vaccinia) without any signifi-
cant cytotoxicity. Further biological evaluation to
delineate the mode of action as well as study of animal
models to assess the full potential of 7-deazaneplanocin
A is warranted.
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