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Abstract—We synthesized 3-O-methylviridicatin 1 and several analogues of this fungal metabolite. We showed that replacement of
the methoxy moiety by a thiomethyl enhanced dramatically its ability to inhibit TNF-a secretion. These results strongly suggest that
4-phenyl-3-methylthioquinolinone 3 may provide the basis for the development of new anti-inflammatory agents.

© 2007 Elsevier Ltd. All rights reserved.

Overproduction of tumour necrosis factor-alpha (TNF-
o) plays a key role in the onset and progression of a
number of inflammatory diseases such as diabetes, mul-
tiple sclerosis, rheumatoid arthritis, psoriatic arthritis,
tumorigenesis and inflammatory bowel diseases.! In
spite of enormous efforts, no small molecule has yet been
approved to specifically inhibit TNF-a activity. The only
available drugs in clinics are proteins (Etanercept, Inflix-
imab, Adalimumab and Anakinra) that display adverse
effects such as aplastic anaemia, pancytopenia, vasculi-
tis, demyelination and congestive heart failure.> There-
fore, there is a continuing interest in the search of
small molecules that can block TNF-a signalling with-
out these side effects and the general disadvantages asso-
ciated with protein drugs. As recently reviewed, natural
products offer promising opportunities to develop new
treatments of inflammatory diseases by inhibiting syn-
thesis rather than the activity of TNF-o.3

In 1964, Austin and Myers isolated 3-O-methylviridica-
tin 1 from the fungus Penicillium puberulum.* However,
the biological activity remained unexplored until 1998,
when Heguy and coll. reported that it inhibits the repli-
cation of the HIV virus induced by TNF-a with an ICsq
of 2.5 uM.> These authors suggested that 1 inhibits the
signalling of NF-kB. Due to the critical involvement
of this transcription factor in inflammation, we hypoth-
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esized that 1 may prevent the secretion of TNF-o and
serve as a promising lead for the development of new
anti-inflammatory drugs. We report herein the first
study on the structure—activity relationships of 1 and
the identification of analogues that display enhanced
anti-inflammatory properties.

We synthesized 3-O-methylviridicatin 1 by acylation of
2-amino-benzophenone with methoxyoacetyl chloride
followed by a cyclisation under alkaline conditions
(KOH in ethanol, method a, Scheme 1).°

Carbaisostere 2 was prepared similarly using propionyl
chloride as acylating agent. Compounds 3-10 were pre-

pared by acylation of an amino-benzophenone with
bromoacetyl bromide to give bromoamides 1lc¢ and

X R
X X
O 0 Cﬂ
NHCOCH,Y H ©

1-10

11a: X=H, Y=OMe conditions:

11b: X=H, Y=Et a) 11a or 11b, KOH, EtOH, reflux

11c: X=H, Br b) 11¢, MeSNa, MeOH, rt

11d : X=NO,, Br c) i) 11¢, amine, CH3CN, rt; ii) tBuOK, EtOH,

reflux
d) 11¢, MeNH,, CH3CN, rt; i) Boc,O, DMAP,
CH,Cly; iii) tBuOK, EtOH, reflux; iv) HCI, THF
e) i) pyridine, reflux; ii) NH,NH,.H,O, EtOH, reflux

Scheme 1. Synthesis of 3-O-methylviridicatin 1 and its analogues 2-10.
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Table 1. Inhibition of TNF-a secretion by THP-1 cells and human PBMCs*

Entry Compounds (method, yield) X R % Inhibition of TNF-u release®
THP-1 PBMC
10 uM 50 pM 10 pM 50 uM
1 1 (a, 38%) H OMe 7 10 24 67
2 2 (a, 31%) H Et 3 80 32 50
3 3 (b, 31%) H SMe 49 93 78 95
4 4 (c, 78%) H NMe, 0 83 ND ND
5 5 (d, 10%) H NHMe 50 97 36 67
6 6 (c, 66%) H N(CH,CH,0OMe), 0 59 NDP ND
7 7 (c, 54%) H NMeCH,CH,OH 0 21 ND ND
8 8 (c, 43%) H N N-CONMe, 21 43 ND ND
(-
9 9 (e, 61%) H NH, ND ND 29 79
10 10 (b, 59%) NO, SMe ND ND 86 94

 Cells were incubated for 24 h with 5 pg/ml LPS in the presence of the tested compound or DMSO alone as a control. Concentrations of TNF-o were
assessed by ELISA in culture supernatants (for a detailed assay description, see Ref. 9).

" ND, not determined.

11e. Displacement of the bromide by an amine followed
by an alkaline cyclisation afforded compounds 4, 6-8
(method c¢).” Synthesis of the methylamino 5 required
a transient protection with a Boc (method d).

Interestingly, reaction of 11¢ and 11d with sodium meth-
anethiolate gave an intermediate that cyclised spontane-
ously to afford the thio-isosteres 3 and 10 (method b).®
Compound 10 was synthesized by alkylation of pyridine
by bromoamide 11¢, followed by hydrazinolysis accord-
ing to established procedures (method e).’

First, we assayed the anti-inflammatory activity of 3-O-
methylviridicatin 1 and its analogues 2-8 in an inhibi-
tion model of TNF-a secretion by human monocytic
THP-1 cells after human LPS activation (Table 1).
Then, we confirmed these data on human LPS-activated
peripheral blood mononuclear cells (PBMCs).!°
PBMCs, unlike THP-1 cells, do not extrude drugs out-
side due to multidrug-resistant pumps, and represent
therefore a better model to study anti-inflammatory
drugs.

3-O-Methylviridicatin 1 weakly inhibits the production
of TNF-a in vitro by THP-1 and PBMCs (7% and
24% inhibition, respectively, at a 10 uM concentration)
(Table 1, entry 1). Replacement of the 3-methoxy by
an ethyl did not significantly modify the activity (entry
2), but replacement by a thiomethyl dramatically in-
creased the inhibition of TNF-o liberation (entry 3,
ICs50 = 1 uM). This might be due to the enhanced ability
of vinyl-thioethers substituted by a carbonyl to trap rad-
icals by captodative effect.!! In a previous study, we
have shown that celastrol, which displays similar fea-
tures, exhibits also potent anti-inflammatory activity.'’
All together these data suggest that at least a part of
the mechanism of action of these drugs may involve
trapping radicals.

Substitution by a bulky amine led to a dramatic loss of
activity (entries 4, 6-8), but substitution by NH, or

NHMe retained an activity similar to that of 3-O-meth-
ylveridicatin 1 (entries 5 and 9), indicating that this po-
sition is very sensitive to steric hindrance.

Introduction of a nitro group at the 6 position was well
tolerated (entry 10, ICso= 3.5 uM), suggesting that
functionalization of this position should be considered
in further studies.

In summary, we performed the first study on the struc-
ture—activity relationships of 3-O-methylviridicatin and
we identified its thio-isosteres 3 and 10 as lead com-
pounds to develop new anti-inflammatory drugs.
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Abstract—New 7-chloroquinolinyl thiourea derivatives derived from the corresponding 4,7-dichloroquinoline isothiocyanate were
synthesized and evaluated for in vitro antimalarial and anticancer activity. The most active compound from the series displayed
an inhibitory ICsq value of 1.2 uM against the D10 strain of Plasmodium falciparum. Lack of cytotoxicity towards HeLa cells indi-

cates selectivity towards parasites.
© 2007 Elsevier Ltd. All rights reserved.

Quinoline containing compounds have long been used
for the treatment of malaria,' beginning with quinine,
which is a 4,6-substituted quinoline. Systematic modifi-
cation of quinine led to diverse quinoline antimalarial
drugs' with diverse substitutions around the quinoline
ring. One of the first drugs to be prepared was the potent
and inexpensive chloroquine? (CQ), which is a 7-chloro-
quinoline with an amino substituent in position 4. Chlo-
roquine’s antimalarial activity appears to be linked to
the parasite’s haem metabolism.® Despite considerable
therapeutic success with CQ, this drug is no longer effec-
tive due mainly to the development and spread of para-
site resistance throughout endemic areas.* ® The spread
of chloroquine-resistant Plasmodium falciparum strains
has dashed hopes of global malaria eradication and,
due to the paucity of other affordable drugs, has compli-
cated the clinical management of malaria in endemic
areas. This reason has highlighted the need to identify
alternative antimalarial compounds. On the other hand,
substituted quinolines possess medicinal properties for
the effective control of malaria and cancer. Unfortu-
nately the design and subsequent synthesis of new anti-

Keywords: 4-Quinolyl isothiocyanate; 7-Chloroquinolinyl thioureas;

Plasmodium falciparum; Human adenocarcinoma of the cervix.
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malarials are hindered by the fact that the mechanism of
resistance is not fully understood.’

Recently the antitumour potential of quinolines against
MCF-7 human breast cancer cells, with chloroquine
being the most apoptosis-inducing agent, has been re-
ported.® All differentiation-inducing quinolines caused
growth suppression in MCF-7 and MCF10A cells. The
mechanism of action of the differentiation-inducing
quinolines has been proposed to involve strong suppres-
sion of E2F1 that inhibits growth by preventing cell cy-
cle progression and fosters differentiation by creating a
permissive environment for cell differentiation. Our
ongoing efforts® in the direction of identifying new clas-
ses of 4-aminoquinolines with antimalarial and antican-
cer properties prompted us to undertake the synthesis of
a variety of 7-chloroquinolinyl thioureas.

The synthetic routes towards these thioureas are simple
and straight forward and commenced with commercially
available 4,7-dichloroquinoline, which was transformed
into the corresponding 4-quinolyl isothiocyanate 1 by
refluxing with two equivalents of silver thiocyanate in
anhydrous toluene for 12 h.!9 Treatment of equimolar
amounts of amines/piperazines with 4-quinolyl isothio-
cyanate 1 in dry acetone afforded the corresponding
thiourea derivatives. (Scheme 1) The new compounds
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s S Table 1. In vitro activity of chloroquinolinyl thioureas against HeLa
N"C/ HNJ\N’R cells and Plasmodium falciparum
B dry acetone N H Compound D10 P. falciparum HeLa® £ 1Cs,  Selectivity
J 7 R=NH, stirring 3-4 hrs _ ICs (uM) (uM) index*
“ 1 N 2 o 3N CQ 0.023 9.665 £ 0.089 420.21 £ 3.86
A120 >3.5 >50 >14.28
Code R Yields (%) Al121 2.2 49.181 £0.819 22.355 + .3727
A120  (CHp),OH 53 A131 1.2 48.45+1.546  40.375+ 1.28
213: (8:2)3“(8'24*"5)2 g; A123 33 18.012+ 4918 5.4581 £1.49
s GreNGe o Al42 >2.62 NDP ND®
A142 N’N\ 40 Al124 >3.26 ND ND
)LS>—SCZH5 Al122 1.8 >50 >27.77
s A125 >2.61 43.64 £ 1.601 >16.72%0.61
S I A126 >2.5 28.854+2.736 >11.54 % 1.09
N HNTINTY A127 >2.6 40.057 +0.686 >15.40+0.26
N & oV N-R! —yacetone N S A128 >2.4 >50 >20.83
_ stirring 3-4 hrs _ Cisplatin 0.803
cl N cl N :
1 4 5 # Human adenocarcinoma of the cervix.
Code R Yields (%) ®Not determined.
A-124 H 59 ¢ ICso(HeLa)
A-122 CoHs 66 1C5(D10) *
2-122 (?I-GIZHSGHs gg determined by the MTT assay. Cisplatin was used as
ﬁjgg 8‘,3%",24“5 gg the control anticancer drug while chloroquine was used
Zem as a control for comparison purposes.
Scheme 1.

were fully characterized by spectroscopic means'! and
their purity established by elemental analysis.

CQ-sensitive (D10) strain of P. falciparum was main-
tained at 5% haematocrit in continuous culture using a
modified method from Trager and Jensen.'?> The para-
sites were cultivated in O-positive human erythrocytes
(Western Provinve Blood Transfusion Service, Groote
Schuur Hospital, Cape Town, South Africa). Growth
media were supplemented with Albumax II (GIBCO/
Invitrogen), RPMI 1640 (Biowhittaker), 25 mM HEPES
(Sigma), 1% sodium bicarbonate, hypoxanthine (44 mg/
) and gentamicin (40 mg/ml). The cultures were kept
continuously at 37 °C under a gas mixture of 3% O,,
4% CO, and 93% N,. Cultures were synchronized in
the ring stage with 5% D-sorbitol (Sigma) using Lamb-
ros and Vandenberg protocol.'? The drug activities were
measured using a modified parasite lactate dehydroge-
nase assay by Makler et al.!* The parasites were main-
tained at 1% haematocrit and 2% parasitaemia for
48 h with (and without for control wells) the presence
of the compound tested in 96-well microtitre plates.
Upon incubation, the Malstat (Flow Inc.) reagent was
used as a colourimetric indicator for parasite viability.
The ICso values were determined graphically using a
non-linear regression analysis from GrapPad Prism
(GraphPad Software Inc., 5755 Oberlin Drive, #110
San Diego, CA 92121, USA).

Cytotoxicity assays were performed on a cervical carci-
noma cell line (HeLa)(CCL-2) based on the reactivity
of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tet-
razolium bromide), as described by Van Rensburg
et al.!> Cells were grown in EMEM supplemented with
10% foetal bovine serum in 96 multi-well plates at an ini-
tial cell concentration of 5 x 10 cells/well and incubated
with the compounds for 7 after which cell survival was

The tested compounds showed moderate to good anti-
malarial activities against D10 (Table 1). Amongst the
novel 7-chloroquinolinyl thioureas, A121 shows the
most resemblance to CQ structurally and possesses a
moderate antimalarial activity of 1Csq=2.2 uM. A131
differs from A121 in having a terminal dimethylamino
group and yielded better antimalarial activity
(ICs9p = 1.2 uM) but similar selectivity towards tumour
(HeLa) cells. The compound, A123, with a shortened
side chain and a terminal primary amino group dis-
played a slight decrease in antimalarial activity with an
1Csy value of 3.3 pM. Similarly, the structural analogue
A122 substituted with a piperazinyl moiety also pos-
sessed comparable activity. In summary, all the synthe-
sized compounds showed good selectivity indexes
between the parasite and tumour cells. Compounds
A121, A131 and A122 in particular showed similar good
antiplasmodial activities against D10. Relative to chlo-
roquine, the antitumour activity of the compounds
was inferior. However the relative high concentrations
necessary to inhibit 50% of tumour cell growth will
not be achievable in vivo. Lack of cytotoxicity might
be an indication of selectivity towards the parasite and
merits further studies in a mouse model of malaria.
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Abstract—Structure-based drug design was utilized to identify potent small-molecule inhibitors of proteins within the AraC family
of bacterial transcription factors, which control virulence in medically important microbes. These agents represent a novel approach
to fight infectious disease and may be less likely to promote resistance development. These compounds lack intrinsic antibacterial
activity in vitro and were able to limit a bacterial infection in a mouse model of urinary tract infection.

© 2007 Elsevier Ltd. All rights reserved.

The emergence of multidrug-resistant bacteria has chal-
lenged researchers to develop novel therapies for the
prevention and treatment of infectious diseases. Tradi-
tional antibiotics exert strong selective pressure for resis-
tance development, since they target bacterial processes
essential for the growth of the organism. Alternative ap-
proaches have involved the modulation of virulence fac-
tors, elements that contribute to infection in vivo but are
not essential for growth of the organism in vitro. Most
attempts along this path have targeted individual viru-
lence factors, such as pili or toxins, but these approaches
have suffered from a limited spectrum of activity. The
targeting of regulatory mechanisms that could affect
multiple virulence factors simultaneously may offer an
alternative approach. Toward this end, the AraC family
of bacterial transcription factors represents a novel tar-
get for this unique therapeutic approach.

The AraC family of proteins is a large group of tran-
scription factors found in a variety of medically impor-
tant bacteria, particularly the Enterobacteriaceae.'
These proteins regulate virulence by controlling antibi-

Keywords:  Antibacterials;  Virulence; Hydroxybenzamidazoles;

Transcription.
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otic and oxidative stress resistance, expression of type
IIT secretion, toxin production, and other processes that
are important during infection.?”® Previous studies have
demonstrated that the inactivation of genes encoding
AraC proteins attenuates virulence in human’ and ani-
mal models of infection.>*%8-10:12 Since all of the AraC
proteins contain a highly conserved DNA-binding do-
main, it is envisioned that a small-molecule inhibitor di-
rected at or otherwise affecting this domain could
interfere with protein function and act as an effective
agent for preventing infection.

Using a structure-based drug design strategy, we chose
to focus on a subset of AraC proteins including those re-
lated to MarA and other multiple antibiotic resistance
(Mar) proteins.!! Previous work in our laboratory dem-
onstrated that Mar proteins (MarA, SoxS, and Rob)
regulate virulence of Escherichia coli in a murine model
of ascending pyelonephritis.'? Structural information
from crystallographic studies'>!'# of Mar proteins and
supportive data from NMR '35> and mutational experi-
ments'® were used to construct a computer model of the
conserved DNA-binding domain. A set of combinato-
rial chemistry scaffolds was docked to this active-site
template to identify potential small-molecule inhibitors.
High scoring hits were used to search the ACX-SC data-
base (CambridgeSoft Corp., Cambridge, MA) for com-
mercially available compounds with structural
similarity. From this database, approximately 2000
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Scheme 1. Reagents and conditions: (a) Na,CO;, DMF, rt; (b) NaOH
(aq), rt or NaOMe, MeOH, 25-60 °C or NaH, THF, 40-60 °C; (c) R'-X,
(X =Cl or Br), NaHCO;, DMF, rt.

compounds were purchased and screened for inhibitory
activity with an in vitro protein—-DNA-binding assay
using MarA, SoxS, and Rob.!” Five unique structural
classes of inhibitors were identified that negatively af-
fected the binding of Mar proteins to their cognate
DNA. Based on the potential for chemical diversity,
we focused our initial drug discovery effort on the
1-hydroxybenzimidazole class of Mar inhibitors. Ana-
logs of the hit compound 1 were prepared as previously
described!®!” to systematically explore the effects of the
1, 2, and 6-position on activity (Scheme 1). The new
derivatives were screened for their ability to inhibit the
binding of SoxS, a representative Mar protein, to its
DNA target. Screening of the 1-position derivatives
2-9 identified the 1-hydroxy analog 9 as the most active
inhibitor of SoxS (Table 1). This compound demon-
strated improved activity over the original hit
compound 1 (38% versus 14% inhibition, respectively)
and was used as the core structure for further explora-
tion of the 6 and 2-positions.

Several analogs of 9 modified at the 6-position (10-21)
were prepared to explore the replacement of the nitro
group. The removal of the nitro group (10) eliminated
activity against SoxS. However, comparable activity to
9 was observed for the 6-acetyl (17), 6-ethanoneoxime
(18), and 6-methanesulfonyl (19) analogs. Less, but
detectable, inhibition was observed for electron-with-
drawing substitutions (11-13) and the dimethylamino
analog 14.

The most dramatic improvement in activity was ob-
tained through substitution of the 2-position phenyl
group of 9 (22-35). Screening of these derivatives iden-
tified the p-amino-substituted analogs (25, 29, 31, and
34) as the most potent inhibitors of SoxS. In particular,
the p-aminoacyl analogs (31, 34) demonstrated complete
inhibition of SoxS in the screening assay. Compound 34
also demonstrated complete inhibition of SoxS when di-
luted to 25 ug/mL (67 uM). Based on these results, 34
was chosen for further testing.

An ICsy of 17 uM was determined for compound 34 in
the SoxS DNA-binding inhibition assay (Table 2). This
value is at least 15-fold lower than the ICsq of >250 uM
estimated for compound 9 (exact ICsy determination of
9 was limited by solubility of the compound). A number
of exploratory analogs of 34 substituted on the benzam-
ide side chain were prepared as before and tested in the
SoxS assay (36-40, Table 2). All of the analogs demon-
strated 100% inhibition at 25 pg/mL in the screening
assay (data not shown) and low micromolar ICs, values
against SoxS. In particular, an ICsy of 820 nM was
observed for the p-dimethylamino derivative 40. This
ICsq represents a more than 300-fold increase in potency
over 9.

The above 1-hydroxybenzamidazoles were designed to
specifically target proteins controlling the expression of
virulence factors which are not essential for growth of
the organism in vitro. Therefore, it was necessary to
confirm that these compounds (e.g., 34, 36-40 for illus-
trative purposes) were devoid of intrinsic antibacterial
activity. No inhibition of bacterial growth in vitro was
observed when these derivatives were screened against
antibiotic susceptible strains of Staphylococcus aureus
and E. coli (Table 2).

Since AraC proteins have a highly conserved DNA-
binding domain, representative compounds 38 and 40
were screened for activity against other AraC family
members from E. coli (MarA, Rob), Pseudomonas
aeruginosa (ExsA), Salmonella typhimurium (Rma),
and Proteus mirabilis (PqrA). As shown in Table 3, com-
pounds 38 and 40 demonstrated comparable activity
in vitro for all AraC family members tested.

Using an animal model of ascending pyelonephritis
caused by E. coli,”>'? compounds 37 and 40 were judged
for the ability to affect kidney infection. Previous studies
using this urinary tract infection model have shown that
E. coli mutants with a soxS gene deletion colonize the
mouse kidney in numbers approximately 1-log fewer
than the wild type strain. When administered at
10 mg/kg by way of an intraperitoneal route, compound
37 showed a statistically significant 1-log decrease in the
number of E. coli colony forming units relative to the
untreated control (Table 4). Compound 40 also reduced
the colony number relative to the untreated control, but
the effect did not reach statistical significance.

The results of this preliminary study identify the
1-hydroxybenzimidazoles as effective “broad spec-
trum” small-molecule inhibitors of proteins within
the AraC family. In addition, select derivatives were
able to attenuate an E. coli infection in a murine mod-
el of urinary tract infection. Since these compounds
are devoid of intrinsic antibacterial activity in vitro,
the risk of rapid resistance development is expected
to be less than that observed with traditional antibiot-
ics. The potent activity in vitro and efficacy in vivo
highlight the potential for these derivatives as a novel
treatment for infectious diseases. Efforts are ongoing
to establish a detailed SAR of the 1-hydroxybenzimi-
dazoles against several AraC proteins with the hope
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Table 1. Inhibition of SoxS binding to its cognate DNA by 1-hydroxybenzimidazoles

Compound R® R! R? % Inhibition®
1 NO, CH,CO,H H 14
2 NO, CH,CO,Et H 0
3 NO, CH,CH,CO,H H 0
4 NO, CH,CH,OH H 0
5 NO, CH,CN H 12
6 NO, CH,CH,CH3; H 0
7 NO, CH, H 17
8 NO, CH,CH,NH, H 0
9 NO, H H 38

10 H H H 0

11 F H H 26

12 CN H H 30

13 FsC H H 26

14 (H5C),N H H 28

15 tert-Butyl H H 0

16 H;CO H H 0

17 H,CC(0) H H 37

18 H;CC(NOH) H H 38

19 H;CSO, H H 35

20 HOC(0O) H H 12

21 H,NC(0O) H H 14

22 NO, H p-Br 26

23 NO, H p-OH 35

24 NO, H »-OCH; 12

25 NO, H p-NH, 80

26 N02 H m—NHz 60

27 NO, H 0-NH, 2

28 N02 H p'OCf,HS 14

29 NO, H »-N(CH3), 75

30 NO, H m-N(CHs), 30

31 NO, H p-NHC(O)CH; 100, 58°

32 NO, H m-NHC(O)CHj, 32

33 NO, H 0-NHC(O)CH3; 31

34 NO, H p-NHC(O)CeHs 100, 100°

35 NO, H p-CH,NHC(0)C4H; 44

#Values are means of three experiments, standard deviation is less than 15%. Compounds screened at 50 pg/mL.

®04 Inhibition at 25 pg/mL.

Table 2. In vitro activity of SoxS inhibitors

OH 0, R

o oy
\@[/ N
N H

34, 36-40
Compound R SoxS ICse* (WM)  Median MIC®
(ng/mL)
S. aureus® E. coli®
34 H 17 >64 >64
36 p-CH; 10 >64 >64
37 p-OCH; 25 >64 >64
38 p-F 2.8 >64 >64
39 m-Cl 34 >64 >64
40 p-N(CHs), 0.82 >64 >64

#Standard error <15% for all values.

® Minimum inhibitory concentration (MIC) for bacterial growth.
¢ Antibiotic susceptible S. aureus RN450.

4 Antibiotic susceptible E. coli ML308-225.

Table 3. In vitro ICso (uM) values for 37 and 39 against several AraC
family members: MarA, SoxS, and Rob (E. coli), ExsA (P. aeruginosa),
Rma (S. typhimurium), and PqrA (P. mirabilis)

Compound 1Cso* (UM)

MarA  SoxS Rob ExsA Rma PqrA
38 nd® 2.8 47 40 4.9 nd®
40 1.2 0.82 1.3 1.9 1.8 1.4

#Standard error <15% for all values.
®Not determined.

Table 4. Efficacy in vivo for compounds 36 and 39 in a mouse model
of urinary tract infection

Compound Log decrease CFU/g kidney®
37 1.0 (p < 0.05%)
40 0.5

#CFU, colony forming units.
® Statistically significant by ANOVA with normal distribution of data.
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of identifying potent compounds with useful activity
against a range of pathogens.
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Abstract—Fluoroquinolone (FQ) has a broad spectrum of activity against several bacteria, mycobacteria, parasites, and other dis-
eases. Moxifloxacin and gatifloxacin are a new generation of fluoroquinolone agents with improved activity against Gram-negative
and positive bacteria. As lipophilicity is an important consideration in the design and activity of novel antibacterial agents, we report
in this work the synthesis and biological evaluation of 12 lipophilic moxifloxacin or gatifloxacin derivatives, by reaction of 1-cyclo-
propyl-6,7-difluoro-1,4-dihydro-8-methoxy-4-oxoquinoline-3-carboxylic acid 13 with severals N-monoalkyl 1,2-ethanediamine or

1,3-propanediamine.
© 2007 Elsevier Ltd. All rights reserved.

The discovery of the FQs during the 1980s improved the
treatment of infectious diseases, due to their fewer toxic
side effect. This class of compounds has, when compared
to the previous existing bactericidal drugs, enhanced
pharmacokinetics properties and extensive and potent
activity against various parasites, bacteria, and myco-
bacteria, including resistant strains.! This class of antibi-
otics is the first-line therapy for complicated urinary
tract and bacterial diarrhea. They are also alternative
agents for the treatment of many sexually transmitted
diseases, as well as osteomyelitis, some cases of wound
infection, and selected respiratory infections.! The
history of quinolones began in 1962,> when Lesher
accidentally discovered the nalidixic acid, 1-ethyl-1,4-
dihydro-7-methyl-1,8-naphthylidine-3-carboxylic  acid,
as by-product of the synthesis of the antimalarial com-
pound chloroquine. In 1963, the nalidixic acid was
approved by The Food and Drug Administration
(FDA) for the treatment of urinary tract infection.
However, the importance of the FQs started in the early

Keywords: Fluoroquinolones; M. tuberculosis; Moxifloxacin; Gatiflox-

acin; Diamines; N-Alkyl chains; Antitubercular; Structure-activity

relationships.

* Corresponding author. Tel./fax: +55 32 3229 3310; e-mail: mauro.
almeida@ufjf.edu.br

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.073

1980s with the discovery that a combination of a fluo-
rine atom at position 6 and a piperazinyl group at posi-
tion 7 resulted in a broad and potent antimicrobial
activity, producing the norfloxacin, the first of a new
generation of FQs antibacterials.®> This combination
produced a broad spectrum of activity and better phar-
macokinetic profile against Gram-negative, Gram-posi-
tive bacteria, and mycobacteria with antibacterial
activities 1000 times more potent than those observed
in the nalidixic acid.

After the discovery of the norfloxacin, structure—activity
relationships (SAR) analysis of the fluoroquinolonic nu-
cleus led to the development of new derivatives with bet-
ter solubility, higher antimicrobial activity, prolonged
serum half-life, fewer adverse side effects, and both oral
and parenteral routes of administration.!* The quino-
lones can be classified in four generations. The first gen-
eration is represented by nalidixic acid and cinoxacin,
the second one by norfloxacin, ciprofloxacin (Fig. 1),
ofloxacin, enoxacin, and lomefloxacin, the third one by
levofloxacin, sparfloxacin, and gatifloxacin (Fig. 1)
and, finally, the fourth generation is represented by
moxifloxacin (Fig. 1) and trovafloxacin.* The bacterici-
dal activity generated by FQs is caused by the inhibition
of two bacterial enzymes: DNA gyrase and topoisomer-
ase IV enzymes. DNA gyrase (topoisomerase II) is an
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Figure 1. Structure of some fluoroquinolones.

essential enzyme involved in the replication, transcrip-
tion, and reparation of the bacterial DNA and topoiso-
merase IV is an enzyme responsible for the separation of
daughter DNA strands during bacterial cell division. In
Gram-negative organisms DNA gyrase is the primary
target, in the case of topoisomerase IV the Gram-posi-
tive bacteria are the most affected ones.!

It was observed that C-8 halogen and methoxy FQs
derivatives are more active against resistant M. tubercu-
losis than the C-8 H compound ciprofloxacin.'->~1°
Moxifloxacin and gatifloxacin are 8-methoxy-fluoro-
quinolones with enhanced anti-Gram-positive activity
in vitro compared with other fluoroquinolones of second
generation such as ciprofloxacin and ofloxacin.>® Moxi-
floxacin was recently suggested by the American Tho-
racic Society to be used against tuberculosis.'
Modification of the substituents at the C-7 position of
fluoroquinolone ring could affect the pharmacokinetic
profile and the spectrum of activity of this class of anti-
biotics. A vast number of quinolones differing by the C-
7 substituent were prepared aiming at the establishment
of structure/antibacterial and antituberculosis relation-

Moxifloxacin

M. V. de Almeida et al. | Bioorg. Med. Chem. Lett. 17 (2007) 5661-5664

OH | OH

Gatifloxacin

ships.!® Mycobacteria have lipid-rich cell walls and lipo-
philicity is an important consideration in the design of
novel analogs.!!

In this context, this work describes the synthesis and
antitubercular evaluation of 12 lipophilic moxifloxacin
or gatifloxacin analogs. We recently described the syn-
thesis and anti-TB activity of some N-acyl diamine
derivatives.!? Furthermore, Shoaa described the anti-
bacterial activity of 1,3-propanediamine fluoroquino-
lone derivatives.!?

In this work, we plained the substitution of the 1,2-dia-
mine moiety present in the moxifloxacin or gatifloxacin
structure by N-alkylated 1,2-ethanediamine or 1,3-prop-
anediamine. The new compounds were prepared by
reaction of fluoride 13 with different N-alkyl-1,2-ethane-
diamine or 1,3-propanediamine (Schemes 1 and 2).

The synthesis of different moxifloxacin or gatifloxacin
derivatives has been achieved by a simple method de-
scribed in the general procedure.'*!> The N-alkyl-dia-
mines were prepared in 44-56% yields by reaction of

EtOH
CH3(CH,),CH(R)ICH,Cl  +  NH,(CH,),NH, CHg(CHy) {CH(R) CHoNH(CHy)yNH
reflux, 20h
1 m=2 n=3 R=H 44% 7 m=3 n=3 R=H 45%
2 m=2 n=3 R=Et 53% 8 m=3 n=3 R=Et 48%
3 m=2 n=5 R=H 48% 9 m=3 n=5 R=H 44%
4 m=2 n=7 R=H 56% 10 m=3 n=7 R=H 52%
5 m=2 n=9 R=H 45% 11m=3 n=9 R=H 353%
6 m=2 n=11 R=H 52% 12m=3 n=11 R=H 52%
Scheme 1.
0 0
F COOCH CHg(CH2)nCH(R)CH,NH(CHg)mNH, E COOH
‘ EtgN
. N CH3CN,80-82°C ‘
CHa(CH2)nCH(R)CH2NH(CH2) N N
OMe A OMe A
13
14 m=2 n=3 R=H g9 20 m=3 n=3 R=H 61%
15 m=2 n=3 R=Et ¢gq 21 m=3 n=3 R=Et 639
16 m=2 n=5 R=H g;59 22 m=3 n=5 R=H 61%
17 m=2 n=7 R=H ggg 23 m=3 n=7 R=H 6%
18 m=2 n=9 R=H g49 24 m=3 n=9 R=H ¢6%
19 m=2 n=11 R=H ¢ggg 25 m=3 n=11 R=H 9

Scheme 2.
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Table 1. In vitro antitubercular activities

Compound MIC (pg/mL)
14 5

15 0.62
16 12.5
17 0.62
18 1.25
19 6.25
20 50
21 2.5
22 1.25
23 0.31
24 0.62
25 0.62
Rifampicin 1.0
Gatifloxacin 0.1

different alkyl chlorides with 1,2-ethanediamine or 1,3-
propanediamine (Scheme 1).'* The low yield in the prep-
aration of N-alkyl-diamines is due to the formation of
the corresponding N,N’-dialkyl-diamines. The reaction
between fluoroquinolone intermediate 13, which was
furnished by Xiamen Mchem Pharma group (Xiamen,
China), and the respective N-alkyl-diamines 1-12 affor-
ded the desired fluoroquinolone derivatives 14-25 in
61-68% yields (Scheme 2).1°

The activity of the compounds against M. tuberculosis
virulent strain H37Rv was determined in vitro as previ-
ously described!® (Table 1). The minimum inhibitory
concentration (MIC), concentration that inhibits the
colony, forming ability of M. tuberculosis, was deter-
mined by incorporating decreasing concentrations of
the test compound in Middle brook 7H9 agar medium.
MIC values represent means of three separate experi-
ments. Compound 23 inhibited bacterial growth at
0.31 pg/mL, whereas compounds 15, 17, 24, and 25
inhibited growth at a concentration of 0.62 pg/mL.

The size of the spacer seems to be important: all 1,3-
propanediamine derivatives had higher MIC than the
1,2-ethanediamine derivatives with the same alkyl chain.
In the two series the best activity was displayed by com-
pounds 17 (MIC 0.62 pg/mL) and 23 (MIC 0.31 ug/mL),
both having a 10 carbon alkyl chain, which would be the
ideal length. Compounds 14 and 20, with shorter alkyl
chains, exhibited moderate activities (MIC = 50 ug/
mL). Ramificated compound 15 showed a better activity
(MIC 0.62 pg/mL) than its linear analog 16 (MIC
12.5 pg/mL), maybe due to its volume. In the propanedi-
amine series, the linear compound 22 was more active
than the ramificated analog 21.

In summary, this work describes the synthesis, charac-
terization, and anti-TB evaluation of 12 lipophilic moxi-
floxacin or gatifloxacin derivatives, by reaction of
1-cyclopropyl-6,7-difluoro-1,4-dihydro-8-methoxy-4-oxo-
quinoline-3-carboxylic acid 13 with severals N-alkyl-1,2-
ethanediamine or 1,3-propanediamine. The minimum
inhibitory concentration (MIC) against M. tuberculosis
demonstrated that compound 23 inhibited growth at
0.31 pg/mL, whereas compounds 15, 17, 24, and 25 inhib-
ited growth at 0.62 ug/mL concentration. It seems that

the antitubercular activity depends on the alkyl chains,
size or ramification. Ideal chain contains 10 carbon
atoms, which could be a good starting point to find
new lead compounds.
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was maintained under reflux during 24 h. The solvent was
evaporated under reduced pressure and the residue was
purified by column chromatography on silica gel (eluent:
dichloromethane:methanol) furnishing compounds 1-12
in 44-56% yield.

General procedure for the preparation of fluoroquinolone
derivatives. A solution of 1-cyclopropyl-6,7-difluoro-1,4-
dihydro-8-methoxy-4-oxoquinoline-3-carboxylic acid 13
(1.0 mmol), N-alkyl-1,2-ethanediamine or N-alkyl-1,3-
propanediamine (1.0 mmol), and triethylamine (1 mmol)

16.

in SmL of CH3CN was refluxed for 24 h. The white
precipitate was removed by filtration, washed with
CH;CN, recriystallized, and dried in vacuo to give the
desired compounds 14-25 in 61-68% yield.

(a) Collins, L. A.; Franzblau, S. G. J. Antimicrob.
Chemother. 1997, 41, 1004; (b) De Souza, A. O.; Hemerly,
F. P.; Busollo, A. C.; Melo, P. S.; Machado, G. M. C.;
Miranda, C. C.; Santa-Rita, R. M.; Haun, M.; Leon, L.
L.; Sato, D. N.; Castro, S. L.; Duran, N. J. Antimicrob.
Chemother. 2002, 50, 629.
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melanocortin-4 receptor

Wanlong Jiang,* Fabio C. Tucci,™* Joe A. Tran,* Beth A. Fleck,® Jenny Wen,*
Stacy Markison,” Dragan Marinkovic,” Caroline W. Chen,” Melissa Arellano,”
Sam R. Hoare,® Michael Johns,® Alan C. Foster,® John Saunders® and Chen Chen®*

2Department of Medicinal Chemistry, Neurocrine Biosciences, Inc., 12790 El Camino Real, San Diego, CA 92130, USA
°Department of Pharmacology, Neurocrine Biosciences, Inc., 12790 El Camino Real, San Diego, CA 92130, USA
®Department of Neuroscience, Neurocrine Biosciences, Inc., 12790 El Camino Real, San Diego, CA 92130, USA
dDepartment of Preclinical Development, Neurocrine Biosciences, Inc., 12790 El Camino Real, San Diego, CA 92130, USA

Received 30 May 2007; revised 26 July 2007; accepted 26 July 2007
Available online 23 August 2007

Abstract—A series of pyrrolidinones derived from phenylalaninepiperazines were synthesized and characterized as potent and selec-
tive antagonists of the melanocortin-4 receptor. In addition to their high binding affinities, these compounds displayed high func-
tional potencies. 12a had a K; of 0.94 nM in binding and ICsy of 21 nM in functional activity. 12a also demonstrated efficacy in a

mouse cachexia model.
© 2007 Elsevier Ltd. All rights reserved.

The melanocortin-4 receptor (MC4R) is a member of
the G-protein-coupled receptor (GPCR) superfamily,
and plays an important role in regulating feeding behav-
ior and other biological functions.! Several MC4R
antagonists have been reported to reverse lean body
mass loss as well as to increase food intake in animal
models of cachexia, suggesting the potential to be used
for the treatment of cancer cachexia.”® For example,
compound 1, characterized as a MC4R inverse agonist,
demonstrates efficacy in a mouse cachexia model.*® In
comparison, compound 2, which is a potent and neutral
antagonist, also shows positive effects in a similar mod-
el.%7 Interestingly, 2 is also a potent ghrelin agonist as
demonstrated in vitro (ECsg = 18 nM, 1A =71%). We
have recently demonstrated that 3, a neutral MC4R
antagonist with weak ghrelin agonist activity, is also effi-
cacious in this animal model (Fig. 1).%

While 3 is characterized as a highly potent and selective
MC4R ligand (K; = 11 nM) in binding assays, its func-
tional antagonism is only moderate as determined in

Keywords: Pyrrolidinone; Melanocortin-4 receptor; Antagonist; Cac-

hexia; CYP3A4 enzyme; Lipophilicity; Pharmacokinetics.

* Corresponding authors. Tel.: +1 858 617 7634; fax: +1 858 617 7967
(C.C).; e-mail: cchen@neurocrine.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.097

dose-dependent inhibition of a-MSH-stimulated cAMP
release (ICsy = 560 nM).® The cause for the discrepancy
between the binding affinity and functional potency is
unclear. To identify alternative compounds with im-
proved functional antagonism, we conducted studies to
introduce an N-side-chain bearing a polar group. Here,
we report the structure—activity relationship and identi-
fication of compounds such as 12a as potent functional
MC4R antagonists.

The ethylenediamines 9-20 were synthesized from 4 to 8
using a reductive alkylation followed by deprotection
(Scheme 1). The amides 21-30 were prepared by cou-
pling reactions of 4-8 with various N-Boc-amino acids,
and a TFA treatment. All final compounds were tested
in a binding assay and the results are listed in Tables 1
and 2. The functional activity of selected compounds
was tested using a cCAMP assay as previously described,’
and the results are listed in Table 3.

The primary benzylamines 4-8 displayed K; values
between 3 and 10 nM except the 4-fluoro compound 6
(K; =26 nM, Table 1). Interestingly, it was observed
that the CYP3A4 inhibition of these compounds was
reduced when a bulky group was introduced at the 4-po-
sition of the phenyl ring. Thus, the 4-methyl analog 7
possessed an over 10-fold higher ICsy value than the
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Scheme 1. (a) Aldehyde/NaBH(OAc)3, 40-80%:; (b) R3COOH/EDC, then TFA/CH,Cl,, tt.

Table 1. SAR of N-alkylamine MC4R ligands 4-20*

Table 2. SAR of amide MC4R ligands 21-30"

Compound X RINR? hMC4R CYP3A4 Compound X R3 KIMC4R  CYP3A4
K; (nM) 1Csy (nM) K; (M)  1Csy (nM)

4 H NH, 6.4 120 21 4-F CH,NH, 3.8 3600

5 6-F  NH, 9.7 170 22a H CH,NHMe 2.4 2300

6 4-F NH, 26 220 22b 4-F CH,NHMe 6.0 6500

7 4-Me NH, 3.2 1900 22¢ 4-Me CH,NHMe 1.0 3600

8 4-CF; NH, 4.5 49,000 23 4-F CH,NMe, 23 15,000

9 6-F  NHEt 6.2 640 24a 4-F R-CH(Me)NH, 7.0 5300

10 6-F  NEt, 7.9 2700 24b 4-Me  R-CH(Me)NH, 0.71 2900

11a 6-F NHCH,CH,OH 6.4 480 25 4-F S-CH(Me)NH, 26 8600

11b 4-CF; NHCH,CH,OH 8.7 35,000 26 4-F C(Me),NH, 57 28,000

12a 6-F NHCH,CH,NH, 0.94 4900 27a H CH,CH,NH, 2.0 2900

12b 4-F  NHCH,CH,NH, 60 8900 27b 6-F CH,CH,NH, 1.9 6700

12¢ 4-CF; NHCH,CH,NH, 1.0 6300 27¢ 4-F CH,CH,NH, 5.0 6400

13 6-F N(Me)CH,CH,NH, 1.5 650 27d 4-CF; CH,CH,NH, 1.1 5400

14a H NHCH,CH,NHMe 3.8 4800 28a H CH,CH,NHMe 2.6 1300

14b 4-F NHCH,CH,NHMe 49 11,000 28b 4-Me CH,CH,NHMe 1.4 3400

15 4-F  NHCH,CH,NMe, 120 32,000 29a H CH,CH,NMe, 1.5 6900

16 4-F  NHCH,CH,NEt, 56 37,000 29b 4-Me  CH,CH,NMe, 0.59 6000

17a H NHCH,CH,CH,NH, 0.95 3400 30 4-F CH,CH,CH,NH, 12 15,000

17b 6-F  NHCH,CH,CH,NH, 0.90 16,000 T e o ;

e 4-CF; NHCH,CH,CH,NH, 14 15,000 Eggslzrge r;eﬂj::;ty data are average of two or more independent

18 4-F NHCH,CONH, 140 720 ’

19 4-CF; NHCH,COOH 27 >50,000

;g; j:zﬂ Egggiggjﬁgigggg igo iéggg N-(aminoethyl) substitution had different effects. Thus,

#Binding affinity data are average of two independent measurements.

unsubstituted 4, while the CF3 group (8) led to a further
20-fold reduction in CYP3A4 enzyme inhibition.!® N-
Ethylation (9) of 5 had a minimal effect, while the N-
diethyl analog (10) improved CYP3A4 profile by
15-fold, which might be caused by a steric effect.!! Like
the N-ethylation, the N-hydroxyethyl analogs 11a-b
possessed affinities at the MC4 receptor almost identical
to their parents 5 and 8, respectively. However, the

12a was 10-fold more potent than its parent 5 at the
MC4R but it was almost 30-fold weaker as an inhibitor
of the CYP3A4 enzyme; in comparison, 12b had slightly
decreased MC4R binding from 6, but its CYP3A4 inhi-
bition reduced by over 40-fold; 12¢ possessed increased
affinity for both the MC4R and CYP3A4 enzyme over
8. N-Methylation of 12a had little effect on MC4R bind-
ing (13, K; = 1.5 nM), but increased its CYP3A4 inhibi-
tion. Incorporating an N-(methylaminoethyl) group
(14a-b) on the primary amines 4 and 6 had negligible
impact on the MC4 receptor binding, but improved
the CYP3A4 inhibition profile. N,N-Dimethyl and
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Table 3. Functional activity of selected compounds at the AIMC4R*

Compound K; (nM) 1Cso (nM) clog D®
4 6.4 220 2.2
8 4.5 360 3.7
14a 3.8 48 2.0
22a 2.4 53 3.1
27a 2.0 94 24
28a 2.6 35 1.9
29a 1.5 80 34
12a 0.94 21 24
13 1.5 99 3.0
17b 0.90 44 1.7
27b 1.9 480 2.8
28b 14 52 2.3
29b 0.59 19 3.8
19 27 460 3.7
20b 40 340 3.8

#Data are average of two or more independent measurements.
® Calculated using ACD software.

N,N-diethyl analogs (15 and 16) of 12b further reduced
CYP3A4 inhibition, demonstrating a steric effect on a
basic amine. Like the aminoethyl group, the N-amino-
propyl moiety (17a—c) provided improved MC4R po-
tency and CYP3A4 profile except for 17¢, which had a
slightly decreased ICso value from 8 on the CYP3A4
enzyme.

The polar acetamide (18) decreased the MC4R binding
of 6 by over 5-fold, but only slightly improved the
CYP3A4 inhibition profile, while the N-butyric acid
(20a) further decreased the MC4R potency. It is worth
noting that the CYP3A4 inhibition of 20a was almost
abolished (ICsy > 20 uM), suggesting the polar acid
function greatly decreases CYP3A4 enzyme interac-
tions. The acetic acid 19 had a similar effect when com-
pared to 8.

To further explore the relationship of MC4R binding
and CYP3A4 inhibition, we incorporated several ami-
no acids onto the primary amines 4-8. Similarly to
the glycine derivative 21, the sarcosine 22a—c improved
both the MC4R binding and CYP3A4 inhibition pro-
file over their parents (Table 2). The N,N-dimethylgly-
cine 23 further reduced CYP3A4 inhibition of 6, but
had little improvement in the MC4R binding. The
R-alanine 24a had better MC4R potency than its S-iso-
mer 25. The a-methylalanine 26 had low CYP3A4 inhi-
bition possibly due to a steric effect near the basic
amine. The B-alanines (27a-d, 28a-b, and 29a-b) had
good in vitro profiles in general, as did the 4-aminobu-
tyric amide 30.

In the cAMP assay, the N-(methylaminoethyl) com-
pound 14a (ICsy =48 nM) increased the potency by
5-fold over its parent 4 (ICsy = 220 nM, Table 3). Simi-
lar results were obtained from sarcosine 22a and B-ala-
nines 27a, 28a, and 29a (Table 3). 12a, 17b, and 29b
were also potent in this functional assay. Interestingly,
the acids 19 (ICsq = 460 nM) and 20b (ICso = 340 nM)
possessed similar ICsy values to their parent 8
(ICsp = 360 nM), despite being much less potent than 8
in the binding assay.

Compounds 12a, 27b, and 29b were also highly selective
over the other human melanocortin receptors in binding
assays. In addition, 12a bound to the mouse and rat
melanocortin-4 receptors with high affinity, and it was
about 200-fold selective over the melanocortin-3 recep-
tors (Table 4). Compound 12a was also characterized
for its pharmacokinetic properties in mice. After an
intravenous injection of 5 mg/kg, 12a exhibited a moder-
ate plasma clearance (CL = 15 mL/min kg) and a high
volume of distribution (V4 =13 L/kg), resulting in a
long half-life (¢;, =10 h) in this species. The high Vy4
might be associated with its dibasic structure, although
the second nitrogen of the ethylenediamine should only
be weakly basic (calculated pK, was about 6). At 1- and
4-h post-dosing, the whole brain concentrations were 63
and 53 ng/g, respectively, resulting in brain/plasma ra-
tios of 0.14 and 0.23. After an oral dose of 10 mg/kg,
12a reached a maximal plasma concentration of
552ng/mL at 2h to give an area under the curve
(AUC) of 1950 ng/mL h, resulting in an absolute bio-
availability of 19.5% (Table 5).

The measured log D of 12a using a shake-flask method
was 1.8, which is ideal for CNS penetration. The low
brain penetration of 12a might be associated with an
efflux mechanism. In an in vitro Caco-2 assay, 12a
displayed low permeability (P,p, =2 X 107 cm/s).
The basolateral to apical direction permeation was
faster (6.7 x 10-% cm/s), suggesting the involvement of
P-glycoprotein.

Compound 12a was further studied in a mouse LLC tu-
mor model as previously described.” When administered

Table 4. Selectivity profiles (K;, nM) of 12a, 27b, and 29b*
Compound MCIR MC3R MC4R MCS5R

12a (38%)" 750 0.94 850
Mouse nd® 180 0.71 nd
Rat nd 240 1.0 nd
27b (22%) 1100 1.9 1300
29b (44%) 820 0.59 520

#Data are average of two independent measurements.
® Percentage inhibition at 10 uM concentration.
¢nd—not determined.

Table 5. Pharmacokinetic parameters of compound 12a in mice®

iv dose (mg/kg) 5

CL (mL/min kg) 15

Va (Likg) 13
ti2 (h) 10
AUC (ng/mL h) 9976
Corain (ng/g) at 1, 4h 63, 53
Cbrain/Cplasma 014, 023b
po dose (mg/kg) 10
Cinax (ng/mL) 552
Tinax (h) 2
AUC (ng/mL h) 1950
F (%) 19.5

# Average of three animals.
®The brain concentration was 81 ng/g 1 h after an iv dose of 5 mg/kg
to rats, which reflected a brain/plasma ratio of 0.47.
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twice daily (3 mg/kg sc) for 4 days to C57BL6 mice bear-
ing subcutaneous Lewis lung carcinoma tumors, 12a
stimulated food intake by 82% relative to vehicle-treated
controls. The lean body mass of the tumor-bearing mice
treated with 12a (—0.5%) increased 9% over that of tu-
mor-vehicle treated animals (—9.5%), demonstrating a
positive effect in this cachexia model. It is worth noting
that 12a was a moderately potent full agonist of the
ghrelin receptor, with an ECsy value of 79 nM (107%
intrinsic activity). The extent to which the ghrelin com-
ponent contributes to the efficacy is unclear.'?

In conclusion, a series of pyrrolidinones derived from
phenylalaninepiperazines were synthesized as potent
antagonists of the melanocortin-4 receptor. Potent func-
tional antagonists were identified. 12a was characterized
as a potent antagonist of the human melanocortin-4
receptor (K; = 0.94 nM, ICsy =21 nM). It was also po-
tent at the mouse and rat MC4 receptors. 12a displayed
suitable pharmacokinetic properties in mice and was
efficacious in a LLC mouse cachexia model despite its
low brain concentration.
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Abstract—5’-Phenyl-3' H-spiro[indoline-3,2'-[1,3,4]thiadiazol]-2-one inhibitors of ADAMTS-5 (Aggrecanase-2) have been prepared
via commercially available starting materials. Selected compounds 23, 33-35 show sub-micromolar ADAMTS-5 potency and strong
SAR trends with selectivity over the related metalloproteases ADAMTS-4 (Aggrecanase-1), MMP12, and MMP13. This series of
compounds represents progress toward a selective ADAMTS-5 inhibitor as a disease modifying osteoarthritis drug.

© 2007 Elsevier Ltd. All rights reserved.

Osteoarthritis (OA) is a debilitating disease caused by
degradation of aggrecan and collagen in the articular
cartilage matrix leading to progressive and chronic joint
pain and inflammation. Aggrecan is a multidomain pro-
teoglycan that provides the elasticity and compressive
resistance to the articular cartilage which is lost in the
initial phases of OA. This loss of aggrecan fragments
via proteolysis is attributable to aggrecanase activity.!
If this degradation is not halted or reversed, the cartilage
will be subject to further breakdown by additional
metalloproteases resulting in irreversible damage to the
joint. While current OA treatments provide only symp-
tomatic relief (NSAIDs, intra-articular injections of
hyaluronic acid conjugates, and surgical joint replace-
ment), there is no therapy available to halt and/or re-
verse the progression of this debilitating disease.?

Aggrecanases are members of the ADAMTS (A Disinte-
grin And Metalloprotease with Thrombospondin Mo-
tifs) family of zinc metalloproteases. Both ADAMTS-4
(Aggrecanase-1) and ADAMTS-5 (Aggrecanase-2) have
been shown to cleave aggrecan at the physiologically rel-
evant Glu373-Ala374 peptide bond.! Recent work has

Keywords: ADAMTS-5; Aggrecanase-2; Metalloprotease inhibitors;

Osteoarthritis; Thiadiazoles.
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demonstrated significantly reduced OA severity for
ADAMTS-5 knockout mice in a surgically induced
instability model.> ADAMTS-5 has also been shown
to be the major ADAMTS in a mouse model of inflam-
matory arthritis.* Thus, the inhibition of ADAMTS-5
may therefore protect cartilage from damage and pro-
vide the first potential therapy to halt and/or reverse
the progression of OA.

Recently we reported a series of rhodanine-based inhib-
itors of ADAMTS-5.%¢ In this letter, we report our ini-
tial studies on a series of 5'-phenyl-3'H-spiro[indoline-
3,2'-[1,3,4]thiadiazol]-2-one  ADAMTS-5 inhibitors 1
found via high throughput screening’ and show their
potential utility as selective ADAMTS-5 therapeutics
to treat OA. While other general aggrecanase inhibitors
have been disclosed,®!' to our knowledge the com-
pounds presented herein represent the first disclosure
of submicromolar, selective ADAMTS-5 inhibitors.
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Spiro[indoline-3,2’-[1,3,4]thiadiazol]-2-one (thiadiazole)
ADAMTS-5 inhibitors 1 are prepared according to
Scheme 1.2 Thus 2-(arylcarbonothioylthio)acetic acids
3 are synthesized by quenching the corresponding Grig-
nard reagent of 2 with carbon disulfide and subsequent
alkylation with chloroacetic acid.!*> Arylthiohydrazides
4 are prepared by treatment of 3 with hydrazine under
basic conditions.'* The non-commercially available isa-
tins 6 and 7 are prepared using the Sandmeyer isatin
synthesis (treating anilines 5 with 2,2,2-trichloroacetal-
dehyde monohydrate, hydroxylamine hydrochloride,
and concentrated sulfuric acid to form 6).!> Alkylation
of 6 is accomplished using NaH and alkyl/benzyl bro-
mides in THF.'® Conversely, arylation of 6 can be carried
out using Cu and aryl boronic acids.!” The synthesis of
thiadiazoles 1 is completed by condensing arylthiohyd-
razides 4 with isatins 6 or 7 in EtOH at 40 °C.

ADAMTS-5 inhibition data for N-H thiadiazoles (8-
25) is shown in Table 1. Compounds 8-12 demonstrate
that isatin substitution at the R? posmon plays a key
role in ADAMTS-5 activity. When R' =R*=R*=H
(8) weak ADAMTS-5 activity is seen. The correspond-
1ng R? = Br analog 9 shows a nearly twofold increase
in ADAMTS-5 potency (ICso=11.1 uM). Other R?
substltutlons also demonstrate enhanced ADAMTS-5
activity (R>=Me 10: ICso=11.1 uM R*>=Et 11:
ICso = 9.6 uM). Further improvement is demonstrated
with a OCF; group in 12 (IC5¢ = 7.2 uM).

A series of R! substituted thiadiazoles 13-25 contlnue to
show improved ADAMTS-5 potency. The R'=Me
R? = R® = H analog 13 leads to a sixfold potency increase
over 8 (IC5o=3.7uM vs 242 pn 2 Analogs where
R?=Me (14: ICso=3.0 uM) or R*=Et (15: ICs, =
1.9 uM) show s1m11ar or slightly greater potency. Incorpo-
ration of a R®=n-Pr substituent shows similar low
micromolar ADAMTS-5 potency (16: ICs5o = 1.4 uM).
Thiadiazole analogs where R' = OMe 17-26 were also
pursued to further expand the scope of the R! substituent.
The R! = OMe, R? = R® = H analog 17 shows a twofold
potency increase over 8 (ICso=13.4 uM Vs 24.2 uM).
As shown above, R? substitution (R®>=Me 18:

Table 1. In vitro ADAMTS-5 inhibition data for N-H 5’-phenyl-3'H-
spiro[indoline-3,2'-[1,3,4]thiadiazol]-2-ones

R2
RS
N-NH
|
S N,
R o "
Compound R! R R ADAMTS-5
ICsy" (M)

8 H H H 24.2

9 H Br H 13.6
10 H Me H 11.1
11 H Et H 9.6
12 H OCF; H 7.2
13 Me H H 3.7
14 Me Me H 3.0
15 Me Et H 1.9
16 Me H n-Pr 1.4
17 OMe H H 13.4
18 OMe Me H 2.5
19 OMe Et H 1.4
20 OMe Cl H 2.0
21 OMe Br H 2.4
22 OMe NO, H 44
23 OMe H n-Pr 0.78
24 OMe H Me 1.4
25 OMe H Cl 1.2

#Values are means of two experiments, standard deviations are £10%.

ICso = 2.5 uM; R? = Et 19: ICs = 1.4 uM) produces ana-
logs with increased ADAMTS-5 potency. Analogs where

Cl (20: ICSO =20uM), R*=Br (21: ICs =
2 4 uM), and R?=NO, (22: ICs, = 4.4 uM) also show
low micromolar act1v1ty Subsututlon of the R? position
affords analog 23 (R' = OMe, R? = H, R® = 5-Pr) that
demonstrates sub-micromolar ADAMTS S inhibition
(ICsp = 0.78 uM). Further investigation of the R?
position affords analogs 24 (R®=Me: IC5,=1.4 uM)
and 25 (R*=Cl: ICs, = 1.2 uM) with minimal loss in
ADAMTS-5 activity.

S

S
Br
a OH p _NH R2
/©/ — YT 2 NTTE R®
R1 R (6] . H
R
2
3

4 -NH

P 1
R2 c,d R2
o — o
RS NH, R3 N
R4
5

6R‘=H
e
|:>7R4:Bn, Ar

Scheme 1. Reagents and conditions: (a) i.Mg, Et,O; ii.CS,, Et,O then chloroacetic acid; (b) H,NNH,, 1 N NaOH; (c) chloral hydrate, Na,SOy,
H,NOH-HCI, H,O, HCI; (d) H>SOy; (¢) BnBr, NaH, THF or ArB(OH),, Cu(OAc),, pyridine, CH,Cl,; (f) EtOH, 40 °C.
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Table 2. In vitro ADAMTS-5 inhibition data for R* N-substituted 5'-
phenyl-3’'H-spiro[indoline-3,2'-[1,3,4]thiadiazol]-2-ones

R2
RS
N—-NH
/
R °
Compound  R! R> R’ R* ADAM TS-5
ICs0" (UM)

26 H H H Me 24.1
27 H H H i-Pr 3.1
28 H H H Ph 2.6
29 Me H H Me 4.6
30 Me Me H (0-Me)Ph 1.2
31 Me Me H Bn 0.61
32 OMe H H Me 7.5
33 OMe H H Bn 0.87
34 OMe Me H Bn 0.64
35 OMe Me H (0-Me)Ph 0.90
36 OMe Me H (p-Ch)Ph 1.5
37 OMe Me n-Pr Bn 0.95

#Values are means of two experiments, standard deviations are £10%.

ADAMTS-5 inhibition data for the R* N-substituted
thiadiazoles 2&37 are shown in Table 2. While i incorpo-
ration of the R* = Me group in 26 affords no potency in-
crease over the R* = H analog 8 (24: IC50 = 24.1 pM vs
8: ICso = 24.2 uM), the R* = i-Pr analog 27 shows nearly
a 10-fold increase in potency (ICso=3.1 uM). The
R*=Ph analog 28 shows similar low micromolar
ADAMTS 5 potency (IC50 = 2.6 uM). Incorporation
of an R! = Me into the R* substituted thiadiazole ana-
logs 29-31 shows continued potency 1mprovement over
the R'=H analogs. While the R'=Me, R*=Me
analog 29 does not give a potency increase over 13
(13 ICSO =3.7uM vs 29: 1Csy = 4.6 uM), combining
R!, R>=Me and R*=(0-Me)Ph substituents affords
compound 30 IC50=1.2 uM) with low micromolar
activity. The R' = R* = Me, R* = benzyl analog 31 gives

sub-micromolar ADAMTS-5 inhibition

0.61 pM).

(ICso =

The most c0n51stent1y potent serles of thiadiazoles are
obtained when R' = OMe and R* is substituted with
either an aryl or benzyl group 33-37 (Table 2). While
the R' = OMe, R* = Me analog 32 possesses moderate
ADAMTS-5 inhibition (ICs59 = 7.5 uM), the
R' = OMe, R* = benzyl analog shows sub- mlcromolar
activity (33: ICso=0.87 pM). Adding an R”=Me
substituent to 33 gives a more potent compound
(34 1Cs50 = 0.64 pM) Other variations at R* when
R!=0OMe and R?=Me also give active compounds
(R* = (0-Me)Ph 35: ICs = 0.90 uM; R* = (p-Cl)Ph 36:
1Csp = 1.5 uM). Attempting to comblne optimal substlt-
uents 1n all four positions (R' = OMe; R? = Me; R?
n-Pr; R* = Bn) affords the sub-micromolar ADAMTS-
5 1nh1b1tor 37 (ICsp = 0.95 uM).

Given the suggestive mouse ADAMTS-5 knockout data
discussed above,>* we assessed ADAMTS-5/ADAMTS-
4 selectivity for several of the more potent thiadiazoles
presented in this manuscript (Table 3). Analogs 23 and
33-35 show high levels of selectivity over ADAMTS-4.
Only compound 35 shows any appreciable activity
against ADAMTS-4, but still maintains 11-fold selectiv-
ity for ADAMTS-5. To follow up the observed ADAM-
TS selectivity we also assessed metalloprotease
selectivity against both MMP-12 and MMP-13.
Whereas none of the analogs showed any activity
against MMP-13, compounds 23 and 33 show modest
activity against MMP-12 (ICso=1.7 and 5.6 uM,
respectively). Compound 34 appears to be very selective
over ADAMTS-4, MMP12, and MMP13.

In conclusion, we have presented a series of 5'-phenyl-
3'H-spiro[indoline-3,2'-[1,3,4]thiadiazol]-2-one ADAM-
TS-5 inhibitors. This series of compounds has tractable
SAR with several analogs of sub-micromolar potency
demonstrating functional selectivity for ADAMTS-5
over ADAMTS-4, MMP-12, and MMP-13. The contin-
ued development of selective ADAMTS-5 inhibitors is
currently ongoing and will be reported in due course.

Table 3. In vitro selectivity data for 5’-phenyl-3’H-spiro[indoline-3,2’-[1,3,4]thiadiazol]-2-ones

-4

23

e

33: R2=H,R*=
34: R2=Me, R*= Bn
35: R? = Me, R* = o-Me Ph

Compound ADAMTS-5 ICsy* (uM) ADAMTS-4 1Cs¢* (uM) MMP13 ICsy* (uM) MMPI12 ICsy* (uM)
23 0.78 >22 >22 1.7
33 0.87 >22 >100 5.6
34 0.64 >22 >100 >22
35 0.90 10.5 >100 >22

#Values are means of two experiments, standard deviations are £10%.
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Abstract—A series of substituted 4-aryl-2-trifluoromethylbenzonitrile analogs were evaluated in the human androgen receptor bind-
ing and cellular functional assays. Analogs with sufficient in vitro binding and cellular potency (ICso < 200 nM) were tested in the
progesterone receptor binding assay for selectivity and in the Golden Syrian hamster ear model for in vivo efficacy. Within the series,
compound 4e was identified to be the most active analog in vivo (wax ester inhibition = 86%).

© 2007 Elsevier Ltd. All rights reserved.

One of the most common skin conditions treated by
physicians is acne vulgaris, which affects about 17 mil-
lion people in the USA. In addition to permanent scar-
ring, many people with this disease develop
psychological problems such as anxiety, social inhibition
and depression.! Sebum production is a pathogenic
_factor that increases the onset of acne vulgaris infec-
tions in the pilosebaceous unit. The production of se-
bum is regulated by the androgens testosterone and
Sa-dihydrotestosterone (50-DHT). Testosterone is con-
verted to 5Sa-DHT by the Type I Sa-reductase enzyme
prevalent in the sebaceous glands and epidermis.’ Fur-
thermore, DHT is thought to mediate androgen-depen-
dent skin diseases such as hirsutism, acne, and
androgenic alopecia.®> Androgen receptor (AR) antago-
nists known to suppress sebum production when applied
topically are steroidal cyproterone acetate*> and the
hydantoin analog RU-58841.% There is an increased
need for additional non-steroidal AR antagonists for
topical applications.

Earlier work in the Pfizer laboratories identified the
biphenyl derivative 1 as a compound that bound to

Keywords: Androgen receptor antagonists; Sebum production inhib-
itors; Biaryl analogs.
* Corresponding author. E-mail: jennifer_vancamp@yahoo.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.034

the androgen receptor, but exhibited weak AR agonist
activity. This compound was reevaluated as part of a
project to identify androgen receptor modulators for
controlling sebum production and was found to be
potent as an AR antagonist (cellular ICsy= 3 nM).
However, due to the potential phototoxicity of the aryl
chloride group,” the chloride of compound 1 was
replaced with a trifluoromethyl group. In this paper,
we report a series of potent AR antagonists, some of
which are active in both the binding and cellular
functional assays. In particular, we highlight the analog
4e as the most potent example, both in vitro and in vivo,
within the 4-aryl-2-trifluoromethylbenzonitrile series.

CF;
NC 7y o

de

Cl
e

The preparation of the biphenyl analogs described is
outlined in Scheme 1.® Synthesis began with the diazoti-
zation of commercially available aniline 2, followed by
iodine insertion to afford the aryl iodide 3 in 80% yield
over two steps. Further elaboration to their biphenyl
targets 4a—m was achieved under Suzuki coupling condi-
tions with the appropriate aryl boronic acid.
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CF, CFs
NC@ ab NC@\
NH, |

2 3

CF3
c NC

| R
4a-m

Scheme 1. Reagents and conditions: (a) NaNO,, H;O/HCL, 0 °C; (b) KI, H,0, 0 °C to rt, 18 h; 80% over 2 steps; (c), Ar—B(OH),, Pd(PPh3)4, K,COs,

DME/H,0, 80 °C, 16 h, 62-88%.

All new analogs were evaluated in the human androgen
receptor binding assays.>'® AR binding was assessed by
a competitive [’H]DHT ligand binding assay using
recombinant human AR. Compounds that exhibited po-
tent binding affinity (ICs¢ < 200 nm) were tested in a hu-
man androgen receptor cellular functional assay
utilizing an MDA-MB453-MMTV-luci cell line for their
biological activities on human AR. A human progester-
one receptor (PR) binding assay was used to investigate
the selectivity of the analogs versus AR.

The structure—activity relationship (SAR) of the 4-aryl-
2-trifluoromethylbenzonitriles was explored for various
substitutions on the B-ring (Table 1). Analogs were cho-
sen for preparation based upon properties required for
enhanced transdermal delivery (clogP =24, My <
400).!!

In general, the receptor binding potency was dictated by
the substitution pattern of the B-ring (2- > 4->> 3-).
Additionally, the most potent 2-substituted analog in
the functional assay was the hydroxyl compound 4e.
However, 2,6-di-hydroxy substitution (4m) resulted in
loss of binding to the receptor. Multiple substitution
of the B-ring also resulted in a decrease in cellular
potency (41).

The 2-OMe compound (4b) was not as potent as its
desmethyl counterpart; however, it still exhibited both
good androgen receptor binding as well as cellular activ-
ity. Thus, we hypothesized that a ligand with enough
bulk and/or length at the 2-position may interact with
the receptor at the ligand-binding domain to such an
extent as to alter the conformation of the H12 helix,°
and therefore achieve improved antagonistic activity
over compound 4e. To this end, the hydroxyl group of
compound 4e was alkylated as indicated in Scheme 2.!2

As shown in Table 2, there was a dramatic decrease in
binding potency as the size of the alkyl groups increased
(compounds 5a—e).

Substitution of the 2-hydroxy group of compound 4e
was found to be detrimental to androgen receptor bind-

CF3
NC O OH a

de
Scheme 2. Reagent and condition: (a) R>-Br, K,COs, acetone, rt, 72—
77%.

Table 1. Human androgen and progesterone receptor binding activities and calculated log P (BioByte) values for biphenyl analogs®

CF,

NC

\ /7

_R1

Compound R! clogP ARB ICs5y (nM) ARCELL ICsy (nM) PRB ICsy (nM)
4a 2-Cl 4.81 nt nt

4b 2-OMe 3.79 37.0 20.1 3250

4c 3-OMe 4.35 955 140 9460

4d 4-OMe 4.35 56.7 0.8 5520

4e 2-OH 3.55 39.9 0.02 4450

4f 3-OH 3.85 229 nt nt

4g 4-OH 3.85 61.2 11.9 >10,000
4h 2-Me 4.55 146 >1000 nt

4i 3-Me 4.85 1900 nt nt

4j 4-Me 4.85 200 843 nt

4k 2-CF; 5.23 >1.0 nt

41 2,6-(OMe), 3.27 399 nt

4m 2,6-(OH), 2.64 989 nt nt

#Values (ICs) are given as an average of 2-12 experiments; nt, not tested; ARB, human androgen receptor binding assay; ARCELL, human
androgen receptor cellular functional assay; PRB, human progesterone receptor binding assay.
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Table 2. Human androgen receptor binding activity and calculated log P (BioByte) values for ortho-substituted biphenyl analogs®

CF
e

3

2
oR

Compound R? clogP ARB, ICs, (n1M) ARCELL, ICs, (nM)
5a CH,CO->Me 3.41 1310 nt
5b CH,CO,H 3.08 >10,000 nt
5¢ (CH>),OMe 3.68 2230 nt
5d (CH,),OH 2.91 1540 nt
Se (CH>),O(CH,),OMe 3.54 8140 nt

#Values (ICsy) are given as an average of 2-12 experiments; nt, not tested; ARB, human androgen receptor binding assay; ARCELL, human

androgen receptor cellular functional assay.

ing. Thus, the most biologically potent analog (4e) was
studied for its effect in vivo. It is known that there is a
direct correlation between wax ester reduction and a
reduction in total sebum production.'>!# As it measures
the reduction in wax esters, the Golden Syrian hamster
ear model is widely used as an in vivo model for testing
drug effects on sebaceous glands.'> Compound 4e was
evaluated in this in vivo model and exhibited excellent
activity. Tested topically, compound 4e exhibited an
86% reduction in wax esters versus vehicle (3% dose in
70/30 ethanol/propylene glycol). To compare, the posi-
tive control (RU-58841) reduced wax esters 95% as a
1% formulation.

In summary, the 2-hydroxy compound 4e was shown to
be the most potent compound in the functional assay
from the 4-aryl-2-trifluoromethyl-benzonitrile series.
Although in vitro potency was maintained for the 2-hy-
droxy and 2-methoxy analogs (4e and 4b), increased ste-
ric bulk at this position led to a loss of receptor binding.
Compound 4e exhibited good efficacy in the in vivo
model (86% reduction of wax esters); however, further
testing of this compound revealed a potential for
phototoxicity.

References and notes

—_—

Thiboutot, D. Arch. Fam. Med. 2000, 9, 179.

2. Chen, W.; Thiboutot, D.; Zouboulis, C. C. J. Invest.
Dermatol. 2002, 119, 992.

3. Thiboutot, D. J. Am. Acad. Dermatol. 2002, 47, 109.

4. Bingham, K. D.; Low, M.; Wyatt, E. H. Lancet 1979, 314,
304.

5. Gruber, D. M.; Sator, M. O.; Joura, E. A.; Kokoschka, E.
M.; Heinza, G.; Huber, J. C. Arch. Dermatol. 1998, 134,
459.

6. Gao, W.; Bohl, C. E.; Dalton, J. T. Chem. Rev. 2005, 105,

3352.

Moore, D. E. Drug Safety 2002, 25, 345.

The general experimental procedure for preparing 4-aryl-

2-trifluoromethylbenzonitriles is described below with the

synthesis of analog 4¢ as an example. 3'-Methoxy-3-
trifluoromethyl-biphenyl-4-carbonitrile (4c): To a stirred

solution of 4-amino-2-(trifluoromethyl)benzonitrile (9.8 g,

0

52.9 mmol) in cHCI/H,O (1:1, 100 mL) at 0 °C was added
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incubation, plates were placed on a filter apparatus and
the reaction mixture was removed under 15 psi vacuum
pressure, then washed three times with cold buffer. The
plates were then dried at room temperature overnight. The
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determine non-specific binding, 1000-fold concentration
of cold DHT was added to each well. Triplicate wells were
tested for each concentration. The experimental results
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Abstract—The introduction of an unnatural base pair into DNA enables the expansion of genetic information. To apply unnatural
base pairs to in vivo systems, we evaluated the cytostatic toxicity of several nucleoside analogs by an MTT assay. Several nucleoside
analogs based on two types of unnatural base pairs were tested. One is a hydrogen-bonded base pair between 2-amino-6-(2-thie-
nyl)purine (s) and pyridin-2-one (y), and the other is a hydrophobic base pair between 7-(2-thienyl)imidazo[4,5-b]pyridine (Ds)
and pyrrole-2-carbaldehyde (Pa). Among the nucleoside analogs, the ribonucleoside of 6-(2-thienyl)purine possessed the highest
cytostatic activity against CCRF-CEM and especially HT-1080, as well as the normal fibroblast cell line, WI-38. The other analogs,
including its 2’-deoxy, 2-amino, and 1-deazapurine nucleoside derivatives, were less active against CCRF-CEM and HT-1080, and
the toxicity of these nucleosides toward WI-38 was low. The nucleosides of y and Pa were inactive against CCRF-CEM, HT-1080,
and WI-38. In addition, no cytostatic synergism was observed with the combination of the pairing nucleosides of s and y or Ds and

Pa.
© 2007 Elsevier Ltd. All rights reserved.

The development of unnatural base pairs that work with
the natural A-T (U) and G-C base pairs in nucleic acids
enables the expansion of the genetic alphabet and the
creation of DNA and RNA molecules with increased
functionality. So far, many unnatural base pairs have
been reported, and several of them are good substrates
for DNA and RNA polymerases.'> We previously de-
scribed various unnatural base pairs, such as 2-amino-
6-(2-thienyl)purine (denoted by s) and pyridin-2-one
(denoted by y),*° and 7-(2-thienyl)imidazo[4,5-b]pyri-
dine (denoted by Ds) and pyrrole-2-carbaldehyde
(denoted by Pa)® (Fig. 1a). In in vitro experiments, the
s—y pair functions in transcription and translation, and
the Ds—Pa pair functions in replication and transcrip-
tion with high selectivity and efficiency. Accordingly,

Keywords: Unnatural base pairs; Base analogs; Cytostatic activity;

Nucleoside analogs; Antitumor drug.
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the functionality of the unnatural base pairs in the cell
and the biological activity of these unnatural bases are
the next topics of interest. For both replication and tran-
scription involving unnatural base pairs in a cell, the
nucleoside derivatives of the unnatural bases must be
added to the cell culture medium, because the cell itself
cannot make the unnatural base nucleosides for the sub-
strates of replication and transcription. Thus, the cyto-
static toxicity of the nucleoside derivatives related to
the unnatural base pairs is critical.

Recently, Hocek and coworkers reported that ribonu-
cleoside derivatives of 6-aryl- and 6-hetarylpurines,
including the 6-(2-thienyl)purine ribonucleoside (2R
in Fig. 1b), exert significant in vitro inhibitory effects
on cell growth.”'> They synthesized an extended ser-
ies of 6-hetarylpurine ribonucleosides, and revealed
that the ribonucleosides of 6-(2-thienyl)- and 6-(2-fur-
yl)purines have considerable cytostatic activity against
leukemia cell lines, as well as anti-HCV activity.”!!
Although the 2-amino-6-phenylpurine ribonucleoside
and the 6-phenylpurine deoxyribonucleoside were
inactive in their previous reports,”® the biological
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Figure 1. The unnatural s-y and Ds-Pa pairs for expansion of the genetic alphabet (a). The 6-hetarylpurine, 2-amino-6-hetarylpurine, 1-deaza-6-(2-
thienyl)purine, pyridin-2-one, and pyrrole-2-carbaldehyde nucleoside derivatives, as well as the 5-fluoro-2’-deoxyuridine, assayed in this study (b).

effects of the nucleosides of 2-amino-6-hetarylpurine
and its 1-deaza-6-hetarylpurine derivatives were still
unclear.

Here, we examined the cytostatic activity of the nucleo-
side derivatives of s (1-4 in Fig. 1b) and the nucleosides
of Ds (5), y (6), and Pa (7) against human T acute lym-
phoblastic leukemia CCRF-CEM cells, human fibrosar-
coma HT-1080 cells, and normal human fetal lung
fibroblast WI-38 cells, for further application of unnat-
ural base pairs to in vivo systems.

The nucleoside analogs assayed in this study (Fig. 1b)
were chemically synthesized, as we previously re-
ported. The deoxyribonucleosides of 1dR-4dR were
prepared by the palladium catalyzed coupling of 6-
iodopurine deoxyribonucleoside derivatives with tribu-
tylstannylthiophene or tributylstannylfurane.*!3> The
ribonucleosides 1R and 2R were also prepared by
the same coupling method, but with 6-chloropurine
ribonucleoside derivatives.!* The Ds nucleosides (SR

and 5dR) were synthesized by the coupling reaction
of 1-chloro-2-deoxy-3,5-di-O-toluoyl-a-D-erythro-pen-
tofuranose with the sodium salt of 7-(2-thienyl)-3H-
imidazo[4,5-b]pyridine.® The nucleosides of y (6dR
and 6R) and Pa (7dR and 7R) were synthesized by
previously reported procedures.®!> All of the nucleo-
sides were purified by HPLC.

The cytostatic activity of these nucleosides was deter-
mined by an MTT assay, using human T lymphoblas-
toid CCRF-CEM cells (from Cell Resource Center for
Biomedical Research, Institute of Development, Aging
and Cancer, Tohoku University), human HT-1080
cells  (JCRB9113), and human WI-38 cells
(IFO50075), cultured in medium (RPMI1640, EMEM
with non-essential amino acids, and BME, respec-
tively) containing 10% FBS.!® We chose 5-fluoro-2’-
deoxyuridine (FUdR) as a control, since its inhibitory
effects on the growth of the CCRF-CEM and HT-
1080 cell lines were reported previously (ICso=
0.017-0.5uM and 0.12 uM, respectively).!”!® The





5584 M. Kimoto et al. | Bioorg. Med. Chem. Lett. 17 (2007) 5582-5585

inhibitory potency (ICsg) values of the nucleosides are
listed in Table 1.

As reported by Hocek et al.,>!!' the ribonucleoside 2R
displayed significant cytostatic activity, especially
against HT-1080, for which the activity was as high as
that of FUdR. However, the cytotoxic activity of 2R
against the normal fibroblast WI-38 cells was also high.
The 2-aminopurine ribonucleoside and its deoxyribonu-
cleoside derivatives (1R, 1dR, and 2dR) decreased the
activity. The 6-(2-furyl)purine deoxyribonucleosides
(3dR and 4dR) were much less active, relative to the
6-(2-thienyl)purine nucleosides, and 3dR and 4dR mar-
ginally inhibited only the HT-1080 cell growth, with
ICso values of 290-330 uM. In contrast, the previously
reported data showed that the activity against CCRF-
CEM of the ribonucleoside of 6-(2-furyl)purine was as
high as that of 2R.%>!! These results suggest that the
2’-hydroxy group in 2R is important for robust cyto-
static activity, and that the amino group at position 2
of 6-hetarylpurine decreases the activity.

The 1-deazapurine derivatives (SR and 5dR) related to
the unnatural Ds base possessed moderate cytostatic
activity against these cell lines. However, the activities
of SR and 5dR were significantly lower than that of
2R (Table 1). This suggests that the 1-nitrogen in 6-
(2-thienyl)purine is critical for the robust cytostatic
activity. As for the unnatural base pairs, the exclusive
selectivity of the Ds—Pa pair in replication is higher
than that of the s-y pair, and the misincorporation
of the deoxyribonucleoside triphosphate of Ds into na-
tive DNA fragments is much lower than that of s.°
Although the mechanism of the cytostatic action of
these nucleosides is still unknown, a comparison of
the cytostatic and mutagenic activities of the nucleo-
side derivatives might provide clues toward under-
standing the mechanism. In contrast to the s and Ds
derivatives, the pairing partners, the nucleosides of y
(6R and 6dR) and Pa (7R and 7dR) were inactive to-
ward all of the cell lines, CCRF-CEM, HT-1080, and
WI-38.

Table 1. Cytostatic activity of unnatural base nucleosides

Compound 1Cso (uM)?

CCRF-CEM HT-1080 WI-38
1dR (sdR) 340 £ 20 38+ 11 ~500
1R (sR) NA® 88 + 23 NA
2dR 420 £ 20 95+ 14 NA
2R 23+04 0.33 +0.08 57+19
3dR NA 290 + 50 NA
4dR NA 330 £70 NA
5dR (DsdR) 120 £ 30 56 + 39 190 + 140
5R (DsR) 230 + 30 190 + 120 310 £ 190
6dR (ydR) — NA NA
6R (YR) — NA NA
7dR (PadR) NA NA NA
7R (PaR) NA NA NA
FUdR 0.29 +0.15 0.18+0.14 ~500

Next, we examined the inhibitory effect of the combina-
tions of the pairing bases, 1dR and 6dR, and 5dR and
7dR. However, neither the mixture of 6dR (40 uM)
and 1dR (40 pM) nor that of 7dR (40 uM) and 5dR
(40 uM) generated cytostatic synergism in HT-1080
and WI-38. In another respect, since 1dR has cytostatic
potency toward HT-1080, but less cytotoxicity against
WI-38, we also tested the inhibitory effect of the combi-
nation of 1dR with a prodrug, FUdR, toward HT-1080
and WI-38.2° These two deoxyribonucleosides, as well as
10 nM or 100 nM FUdR and 5 uM or 25 uM 1dR, were
each added to the cultured HT-1080 and WI-38 cells at
the same time, and the cell survival (%) was determined
by the MTT assay (Table 2). As for HT-1080, cytostatic
synergy was observed in the presence of 25 uM 1dR
when combined with FUdR, especially at 10 nM
(P =0.014), although the presence of 5puM 1dR did
not cause any cytostatic synergism when combined with
either 10 nM or 100 nM FUdR. In the normal WI-38
cells, the cytostatic effect was much smaller as compared
with that against HT-1080. Thus, FUdR and 1dR might
be a useful anticancer drug combination for decreasing
the dosage of both nucleosides, to reduce the adverse
effects.

In this study, we evaluated the cytostatic activity of
nucleoside analogs related to unnatural s—-y and Ds-Pa
pairs, using malignant and normal cells. The normal
cells, WI-38, tolerated all of the nucleoside analogs, ex-
cept 2R. The ribonucleoside 2R exhibited the highest
cytostatic activity among the nucleoside analogs we
examined. The other related analogs, 1dR, 2dR, and
1R, were about 100 times less effective than 2R. The 6-
(2-furyl)purine derivatives, 3dR and 4dR, were even less
active toward HT-1080, and were inactive toward
CCRF-CEM and WI-38. These nucleoside analogs
showed relatively higher efficiency toward HT-1080, as
compared to those toward CCRF-CEM and WI-38.
The 1-deazapurine derivatives, SdR and 5R, displayed
moderate activity toward HT-1080, and lower activity
toward CCRF-CEM and WI-38. In addition, no cyto-
static synergism of the pairing nucleotides between
1dR and 6dR or 5dR and 7dR was observed in HT-
1080 and WI-38. Thus, these unnatural base pairs could
be candidates for in vivo application. These data also
provide additional information for the further develop-
ment of unnatural base pairs, as well as for enhanced

Table 2. Relative percent survival of HT-1080 and WI-38 cells after
treatment with various combinations of 1dR and FUdR*®

Compound None 1dR (5 pM) 1dR (25 uM)
HT-1080
None 100 97 + 4 69 + 10
FUdR 10 nM 104 + 8 96+ 8 49 + §*°
FUdR 100 nM 52+3 53+3 29+3
WI-38
None 100 95+2 91 +4
FUdR 10 nM 99 +2 97+ 1 86+ 3
FUdR 100 nM 99+2  93%1 83 £2*

#The data are presented as means with standard deviations.
®NA, not active (inhibition of cell growth at a 500 uM concentration
was lower than 50%).

#The data are presented as means with standard deviations.
® An asterisk indicates a significant difference (P < 0.05) in cell survival
between a particular combination and the FUdR control alone.
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analyses of the activity mechanism of this type of nucle-
oside analogs.
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Abstract—We report herein the preparation and anti-staphylococcal activity of a series of novel 11-deoxy-11-hydroxyiminorifamyc-
ins. Many of the compounds synthesized exhibit potent activity against wild-type Staphylococcus aureus with MICs equivalent to, or
better than, rifamycin reference agents. In addition, some of the compounds retain potent activity against an intermediate rifamycin-
resistant strain of Staphylococcus aureus. For instance, compound 5k exhibits an MIC of 0.12 pg/mL against an intermediate
rifamycin-resistant strain, while the rifamycin reference agents, rifampin and rifalazil, exhibit MICs of 16 ug/mL and 2 pg/mL,

respectively, against the same strain.
© 2007 Elsevier Ltd. All rights reserved.

Rifamycins are a group of ansamycin natural product
derived antibiotics characterized by an aliphatic bridge
spanning a naphthalene nucleus and the structures of
several rifamycins have been elucidated spectroscopi-
cally, chemically and by X-ray crystallography.! The
antibacterial mechanism of action of the rifamycins is
mediated via inhibition of bacterial DNA-dependent
RNA polymerase and they act to efficiently terminate
the synthesis of nascent RNA transcripts with second-
ary, indirect effects on protein synthesis. Various sin-
gle-point mutations in the rpoB gene, encoding the
B-subunit of RNA polymerase, can confer high levels
of resistance to rifamycins and their clinical use is there-
fore restricted to combination therapy with the addition
of antibiotics from other classes serving to minimize
the ease of development of clinical resistance.?? Their
unique mode-of-action, potent activity against gram-po-

Keywords: Rifamycin; Anti-staphylococcal; Staphylococcus aureus; R-
ifampin; Rifalazil; Rifampin-resistance; 11-Deoxy-11-hydroxyiminor-
ifamycins; Ansamycin; S. aureus; Oxime; Antibacterial, MIC;
Mycobacterium tuberculosis; RNA polymerase; Gram-positive
bacteria.
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sitive aerobic and anaerobic bacteria, and their superior
pharmacokinetic properties make the rifamycin class of
antibiotics clinically indispensable for some hard-to-
treat infections.? Antibiotics of the rifamycin class, such
as, rifampin and rifapentine, have been employed on a
global basis in a number of well-established combina-
tion regimens for the treatment of Mycobacterium tuber-
culosis (TB) infections and are also similarly used for
the treatment of a number of other life-threatening or
persistent infections due to Staphylococcus aureus.>>
However, even during standard combination therapy,
resistance to the rifamycin component of standard
regimens still occurs.*

In a medicinal chemistry program aimed at the develop-
ment of novel rifamycin antibiotics that exhibit signifi-
cantly reduced resistance development characteristics,
we sought to prepare novel rifamycin derivatives that
either bind RNA polymerase tighter and/or exploit
new binding interactions with the enzyme compared to
the known rifamycins.> Most rifamycin derivatives have
chemical modifications at the C3 and/or C4 position of
the naphthalene ring structure. To our knowledge, there
has been only one published report of chemical modifi-
cations at the C-11 position of rifamycin core. Specifi-
cally, reduction of the C-11 ketone group to an
alcohol yielded a derivative that is reported to retain
the potent antimicrobial activity of the parent; however,
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the activity of this compound against strains exhibiting
rifamycin-resistance was not reported.® In this letter,
we report the synthesis of a series of novel rifamycin
derivatives bearing substitutions of the C-11 ketone
group with an oxime functionality. The anti-staphylo-
coccal activity and resistance development potential of
the synthesized compounds are described and compared
to those of rifamycin comparator agents, rifampin and
rifalazil.

11-Deoxy-11-hydroxyiminorifamycin S (1) was prepared
as shown in Scheme 1. Rifamycin SV (2) reacting
with hydroxylamine hydrochloride in the presence of
pyridine produced 4,11-dideoxy-4,11-dihydroxyiminor-
ifamycin S (3) in 85% yield. Reduction of the 4,11-dioxime
3 with stannous chloride in the presence of ammonium
chloride selectively cleaved 4-hydroxyimino group to
give 11-deoxy-11-hydroxyiminorifamycin S (1) in
excellent yield. The regioselective reduction is
presumably due to difference in accessibility of the
two oximes. C-4 oxime is more accessible than sterically
hindered C-11 oxime functionality. The antibacterial
activity and resistance profile of 11-deoxy-11-hydroxyi-
minorifamycin S (1) was evaluated by determining min-
imal inhibitory concentrations (MICs) against wild-type
and its isogenic resistant variants of S. aureus CB190
(ATCC# 29213): S. aureus CB372 bears an Asp471Tyr
substitution mutation in the rpoB gene encoding the -
subunit of RNA polymerase and confers intermediate
levels of rifamycin-resistance, whereas S. aureus CB370
bears a His481Tyr substitution mutation in rpoB that
confers high levels of rifamycin-resistance. The MIC
data for 11-deoxy-11-hydroxyiminorifamycin S (1) and
rifamycin comparators are shown in Table 1. The C-11
oxime compound 1 retains potent antibacterial activity
against wild-type S. aureus with an MIC of 0.002 pg/
mL that is more potent than rifampin or its C-11 ketone
analogues, rifamycin SV (2) and rifamycin S (6). Com-
pound 1 also exhibits more potent activity against the
intermediate rifamycin-resistant strain CB372 with an
MIC of 0.5 pg/mL that is 32-fold lower than that of
rifampin (16 pg/mL). Against the high-level rifamycin-
resistant strain CB370, compound 1 exhibits a measur-
able MIC of 32 pg/mL that is similar to that of rifalazil
(4), while rifampin and rifamycin SV do not reach an
MIC end-point at the maximum concentration tested
(64 pg/mL). We attribute this enhanced overall activity

of the 11-deoxy-11-hydroxyiminorifamycin S (1) com-
pound to the presence of C-11 oxime functionality.

The encouraging results obtained for the 11-deoxy-11-
hydroxyiminorifamycin S (1) against rifamycin-resistant
strains of S. aureus prompted us to similarly derivatize
other chemotypes of the rifamycin class. Benzoxazinor-
ifamycins are a relatively new class of semi-synthetic
rifamycins characterized by the presence of a 3,4-ben-
zoxazine moiety fused onto the naphthalene nucleus.
A representative member of this series is rifalazil (4, as
shown in Figure 1). Rifalazil is currently undergoing
clinical trials for peripheral arterial disease due to its
potent anti-chlamydial activity.” Benzoxazinorifamycins
as a class offer advantages over earlier generations of
rifamycins in their chemical stability, low potential for
CYP-450 induction, and improved activity against cer-
tain rifampin-resistant strains of S. aureus.® Therefore,
it seemed reasonable to assume that 11-deoxy-11-
hydroxyimino-benzoxino-rifamycins, that combine the
C-11 oxime functionality with the fused benzoxine func-
tionality, may exhibit additional benefits at the level of
resistance development. Hence, a series of 11-deoxy-
11-hydroxyimino-benzoxino-rifamycins (5a-5l, Figure
1) was prepared, and their activity and resistance profile
was similarly evaluated.

A general synthesis of 11-deoxy-11-hydroxyimino-benz-
oxazino-rifamycins (5a-5l) is illustrated in Scheme 2.
The synthesis of the benzoxazinorifamycins followed a
method described in the literature.” Briefly, rifamycin
S (6) was prepared from rifamycin SV sodium (2) by
oxidation with K;3;Fe(CN)g in aqueous ethyl acetate.
2-Aminoresorcinol (7, R’=OH) was prepared by
reaction of 2-nitroresorcinol with sodium metasulfide.
Other required 2-aminophenols (7, R’ = H, Me) were
purchased from various chemical vendors. Coupling
reaction of rifamycin S (6) and 2-aminophenol (7) was
accomplished in a mixture of THF and toluene to
afford benzoxazinorifamyins (8) in 60-80% yield. Addi-
tion of various mono-substituted piperazines (9) to
benzoxazinorifamyins (8) was carried out in DMSO
in the presence of MnO,. The substituted ben-
zoxazinorifamcyin 10 was isolated in 50-90% yield.
Reaction of benzoxazinorifamcyins 10 with hydroxyl-
amine hydrochloride in methanol in the presence of
pyridine at room temperature produced 11-deoxy-11-

2 (rifamycin SV)

Scheme 1. Reagents: (a) NH,OH-HCI, pyridine, MeOH, 85%; (b) SnCl, - 2H,0, NH40Ac, 6 N HCI, THF/MeOH/H,0, 98%.
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Table 1. Antibacterial activities and resistance profile of 11-deoxy-11-hydroxyiminorifamycins as compared to those of rifamycin standards (MICs;

pg/mL)
Compound R! R2® S. aureus CB190° S. aureus CB372¢ S. aureus CB370¢
Rifampin 0.008 16 >64
Rifalazil (4) 0.004 2 32
Rifamycin SV (2) 0.016 2 >64
Rifamycin S (6) 0.016 4 >64
1 0.002 0.5 32
5a OH i-Bu 0.004 2 32
5b OH Me 0.004 1 32
5¢ OH Et 0.008 2 32
5d OH i-Pr 0.008 1 32
Se OH n-Bu 0.004 2 16
5f OH ChMe 0.008 8 8
5g OH 1-Me-4-Pip-Me 0.13 4 32
5h CH, i-Bu 0.008 4 >64
5 CH, Me 0.004 1 16
5§ H i-Bu 0.004 0.5 8
5k H i-Pr 0.0005 0.12 8
51 H ChMe 0.008 2 16

#ChMe means cyclohexylmethyl, 1-Me-4-Pip-Me means 1-methyl-4-piperidinylmethyl.

> CB190 (ATCC# 29213) a wild-type, rifamycin-sensitive strain of S. aureus.

¢ Laboratory derived variant of CB190 bearing an rpoB Asp471Tyr mutation that confers intermediate rifamycin resistance.
4 Laboratory derived variant of CB190 bearing an rpoB His481Tyr mutation that confers high level rifamycin resistance.

5

» ﬁl
OHR1 N

-
4 (rifalazil) 5a-51

Figure 1. Structures of rifalazil (4) and 11-deoxy-11-hydroxyimino-
benzoxazino-rifamycins (5a-5l).

hydroxyimino-benzoxazino-rifamycins (5a-5I) in good
yield (75-85%).

The anti-staphylococcal activities of the 11-deoxy-11-
hydroxyimino-benzoxazino-rifamycins 5a-51 are also

summarized in Table 1. In general, all the newly synthe-
sized 11-deoxy-11-hydroxyimino-benzoxazino-rifamyc-
ins retain potent activity and compare favorably to the
rifalazil reference compound. The compound 5g is not
as potent as rifalazil presumably due to the presence
of a basic piperidine amine group. Otherwise, various
lipophilic groups attached to the distal end of the piper-
azine ring nitrogen are tolerated and exhibit uniformly
potent activity (compare the group of compounds from
5a to 5f). It was somewhat disappointing that 5a, a
direct C-11 oxime analogue of rifalazil, did not display
added benefit as observed with compound 3. Specifi-
cally, the MICs for 5a against wild-type and resistant
strains overlap with those of rifalazil indicating a similar
sensitivity to mutations conferring rifamycin resistance.
Interestingly, replacement of the C-5" hydroxyl group by
a methyl group has no effect on activity against wild-
type S. aureus and has a variable impact on rifamycin-
resistant strains (compare compound 5a to Sh; 5b to
5i). However, removal of C-5" hydroxyl group produced
compounds (5§ to 51) that exhibit antibacterial activity

10 5a-5I

Scheme 2. Reagents and conditions: (a) 7, toluene/THF, rt, 60-80%; (b) 9, MnO,, DMSO, rt, 50-90%; (c¢) NH,OH-HCI, pyridine, MeOH, rt,

75-85%.
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and resistance profiles that are markedly improved.
Compound 5j is a direct analogue of rifalazil and exhib-
its an MIC versus wild-type S. aureus that is identical to
that of rifalazil. However, MICs against the intermedi-
ate- and high-level rifamycin-resistant strains are 4-fold
improved over rifalazil, possibly indicating a better
resistance development profile. The compound 5k with
an isopropyl group attached to the distal nitrogen of
piperazine is even more potent than the compound 5j,
with MICs 8-fold and 4-fold lower against the wild-type
and CB372 strains, respectively. However, despite its
improved activity against wild-type and intermediate rif-
amycin-resistant strains, the activity of compound 5k
against high-level resistant strain CB370 is similar to
that of §j, indicating an apparent limitation of this series
of 11-deoxy-11-hydroxyimino-benzoxazino-rifamycins.

In summary, we have prepared a novel series
of 11-deoxy-11-hydroxyimino-rifamycins. 11-Deoxy-
11-hydroxyimino-rifamycin S (3) exhibited enhanced
antibacterial activity and an improved resistance devel-
opment profile when compared to rifampin. This
enhancement of activity may be due to an additional
binding interaction(s) of the C-11 oxime functionality
with the RNA polymerase enzyme. In an attempt to
further improve the resistance profile of ClIl-oxime
derivatives of rifamycin class compounds, we prepared
11-deoxy-11-hydroxyimino-benzoxino-rifamycins. Some
of the latter compounds have both improved activity
and resistance development profiles when compared to
rifalazil. The MIC of the best compound of the series
(compound 5k) against an intermediate rifamycin-resis-
tant strain of S. aureus (CB372) is more than 10-fold
lower than that of rifalazil. However, the MIC of the
same compound against a high-level rifamycin-resistant
strain of S. aureus (CB370) is still as high as 8 pg/mL.
This level of activity provides little comfort for the
future development of a rifamycin agent that will cir-
cumvent resistance development. Indeed, suppression
of the development of resistance may not be adequately
addressed by exploration of novel binding interactions
with the RNA polymerase enzyme as mediated through
small variations or substitutions of the core rifamycin
scaffold due of the existence and prevalence of single-
step mutations in the rpoB gene that confer high level
resistance. Hence other medicinal chemistry strategies,
like incorporation of other antibacterial pharmaco-
phores, may be necessary to develop novel rifamycin

agents that circumvent the rapid resistance development
liability. However, clinical agents of the rifamycin class
of antibiotics exhibit unique efficacy in the treatment
of persistent infections mediated by Mycobacterium
tuberculosis and in hard-to-treat settings like biofilm-
associated infections of indwelling medical devices
mediated by S. aureus.> Therefore, development of a
rifamycin agent without the resistance development
liability and that could be employed in monotherapy
would be expected to be highly valued as a new addition
to the antimicrobial armamentarium.
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Abstract—A new series of diarylmethylnapthyloxy ethylamines were synthesized by aminoalkylation of diarylmethylnaphthols
which were obtained by Friedel-Crafts alkylation on 1- and 2-naphthols using diarylcarbinols as the alkylating agents. The title
compounds were evaluated for antitubercular activity against Mycobacterium tuberculosis Hz;R, in vitro and showed MIC in the

range of 3.12-25 pg/ml.
© 2007 Elsevier Ltd. All rights reserved.

The prevalence of TB infection has steadily risen in the
past decade and the appearance of multi-drug-resistant
(MDR) strains, with the threat of global human immu-
nodeficiency virus (HIV), has led to declare tuberculosis
as ‘a global epidemic’ which is evident from the fact that
100 million people are infected annually, 10 million
develop the disease, with five million of these progress-
ing to the infectious stage and finally three million
dying.! Resistance has surfaced for all clinically
prescribed antitubercular drugs.?* The search for more
effective agents against Mycobacterium tuberculosis
(MT) and M. avium complex (MAC) is ongoing in an at-
tempt to enhance better antitubercular activity and to
shorten the treatment regimen.*

Towards an ongoing programme for developing new
antitubercular agents, we have recently reported
antitubercular activity of several diaryloxy methanoph-
enanthrene derivatives 1 and 2 and 4-[10-(methoxyben-
zyl)-9-anthryl]phenol derivatives 3 (Fig. 1) with basic
amino alkyl or amino hydroxyl alkyl side chains.®> These
compounds are phenanthrene and anthracene containing
triarylmethane derivatives and exhibited 1.56-25 pg/mL

Keywords: Diarylmethylnaphthol derivatives; Fridel-Crafts;
Antitubercular.

* CDRI communication No. 7164.

* Corresponding author. Tel.: +91 522 2612411; fax: +91 522
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1
R= 2° or 3° Amines, NMe,, NEt,, Nij N ) and NQ

Figure 1. Structures of diaryloxy methanophenanthrenes and 4-[10-
(methoxybenzyl)-9-anthryl]-phenols with basic amino alkyl or amino
hydroxy alkyl side chains.

antitubercular activity in vitro. Most importantly, in
case of phenanthrene containing triarylmethane deriva-
tives, one compound has demonstrated significant anti-
tubercular activity in a mouse model of tuberculosis
infection.>® In order to understand the structural fea-
tures of triarylmethane derivatives necessary for en-
hanced anti-tubercular activity, we embarked on the
design, synthesis and antitubercular activity of certain
focused libraries of triarylmethane derivatives through
the incorporation of naphthol moiety as one of the aryl
substituents in triarylmethane nucleus. We also intend
to incorporate fluorine- and chlorine-substituted phenyl
ring since it is observed that the presence of chlorine or
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O\/\R
X=H, CI andF

R= NMey, NEt,, Nij N ) and NQ

Figure 2. General structures of designed molecules.

fluorine in a molecule can profoundly affect its biologi-
cal properties. Thus, we designed to synthesize 4 and 5
as our target molecules (Figure 2).

The title compounds were synthesized essentially fol-
lowing the steps as depicted in Scheme 1. Reduction
of commercially available benzophenones 6a—c¢ with so-
dium borohydride in methanol furnished the corre-
sponding benzhydrol derivatives 7a-c in excellent
yields. Next, carbinols 7a—¢ were used as alkylating
agents in the Friedel-Crafts alkylation of 1- and 2-
naphthols. In every case, the reaction was performed
by refluxing a mixture of 1- or 2-naphthol and carbinols
7a or 7b or 7c¢ in dry benzene in the presence of a cat-
alytic amount of conc. H>,SOy. It is well known that Fri-
edel-Crafts alkylation reaction of 2-naphthol occurs at
its 1-position whereas the same reaction occurs at
2- and 4 positions in case of 1-naphthol.® Thus, when
2-naphthol was used in the above reaction, only
ortho-hydroxy substituted diarylmethylnaphthols 8a,
9a and 10a were obtained in every case, which is consis-
tent with the reactivity of 2-naphthol in Friedel-Crafts
reactions. Similarly, the use of 1-naphthol furnished
para-hydroxy substituted diarylmethylnaphthols 8b, 9b

T 0D —

0 OH
X=H, 6a X=H, 7a
Cl, 6b Cl, 7b
F, 6¢c F,7c

and 10b along with ortho-hydroxy substituted products
in very minor amount and the minor ortho isomers
were not separable from the unreacted 1-naphthol by
chromatography method. Thus, major isomers 8b, 9b
and 10b were separated and characterized. Depending
on the nature of benzhydrols, the above Fridel-Crafts
reaction sequence thus provides an easy access to the
synthesis of symmetric as well as unsymmetric diarylm-
ethylnaphthols. The reaction of 8a, 9a and 10a with dif-
ferent dialkylaminoethyl chloride hydrochloride chains
in the presence of anhydrous K,COj in dry acetone un-
der reflux condition led to the formation of diarylmeth-
ylnapthyloxy ethylamines 11a—e, 13a—e and 15a—e in
good yields. Similarly, compounds 8b, 9b and 10b on
reaction with different dialkylaminoethyl chloride
hydrochlorides gave diarylmethylnapthyloxy ethylam-
ines 12a—e, 14a—e and 16a—e in good yields.

All the synthesized final molecules were evaluated
against M. tuberculosis H3;R, strains following micro
almar blue assay and agar microdilution technique’-®
and their results are shown in Table 1. Out of thirty mol-
ecules tested, 1la—e, 15b and 15d showed MIC of
3.12 uyg/mL and 13a-e, 15a and 15¢, showed MIC of
6.25 pg/mL in agar microdilution technique. Other com-
pounds of the series showed MIC of 12.5 pg/mL or
above. A closer look into the structure—activity of rela-
tionship of the above compounds reveals that in every
structurally isomeric pair of diarylmethylnapthyloxy
ethylamines (such as 11a and 12a; 13a and 14a; 15a
and 16a, etc.), ortho-substituted diarylmethylnapthyloxy
ethylamines 11a—e, 13a—e and 15a-e are more active
than their para-substituted counterparts 12a-e, 14a—e
and 16a—e. Among all the ortho-substituted diarylmeth-
ylnapthyloxy ethylamines 1la-e, 13a-e and 15a-e,
diphenylmethylnapthyloxy ethylamines 1la—e showed
better activity (except for 15b and 15d) than the rest of

0 0
_b _d

HO
JORRARe®

X=H, 8a

X=H, 11a-e
Cl, 9a Cl, 13a-e
F,10a F, 15a-e

ASNS L0
c _d

—

OH R/\/O
X=H, 8b X=H, 12a-e
Cl, 9b Cl, 14a-e
F,10b F, 16a-e

Scheme 1. Reagents and conditions: (a) NaBH,, methanol, 0 °C rt, 2 h, 7a (95%), 7b (96%) and 7¢ (95%); (b) 2-naphthol, dry benzene, reflux, 2 h, 8a
(89%), 9a (84%) and 10a (85%); (c) l-naphthol, dry benzene, reflux, 2 h, 8b (73%), 9b (70%) and 10b (68%); (d) dialkylaminoethyl chloride
hydrochloride (CICH,CH,R.HCI), anhyd K,CO3;, dry acetone, reflux, 8-10 h, (yields given in Table 1).
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Table 1. Synthesized diarylmethyl naphthol derivatives with in vitro antitubercular activity against M. tuberculosis H37R,,

Serial No. Compound X R Yield®* (%) MIC® (ug/mL) MIC (pg/mL)
MABA Agar microdilution method
) 1la H N(CH,), 70 6.25 312
2 11b N(CyHs), 67 6.25 3.12
3 11c H N@ 80 6.25 3.12
4 11d H N 81 6.25 3.12
5 1le H NQ 69 6.25 3.12
6 12a H N(CH,), 78 12,5 6.25
7 12b H N(CyHs) 73 6.25 12,5
8 12¢ N@ 68 6.25 12,5
9 124 H N 63 12,5 >12.5
10 12¢ H NQ 63 125 12,5
1 13a cl N(CHz), 66 312 6.25
12 13b cl N(C:Hs), 68 3.12 6.25
13 13¢ cl N@ 74 3.12 6.25
14 13d cl N 70 3.12 6.25
15 13¢ cl NQ 69 3.12 6.25
16 14a cl N(CH,), 79 NA >12.5
17 14b cl N(CyHs), 67 12,5 12,5
18 14c cl N 61 NA 12.5
19 14d Cl N ) NA 12,5
20 14e cl NQ 69 NA >12.5
21 15a F N(CHa), 69 3.12 6.25
2 15b F N(C,Hs), 75 6.25 312
23 15¢ F N 79 312 6.25
2% 15d F N 83 6.25 312
25 15¢ F N 76 6.25 12,5
2 16a F N(CH,), 74 NA >12.5
27 16b F N(C,Hs), 73 NA >12.5
28 16¢ F N@ 69 6.25 12,5
29 16d F N 79 12,5 12,5
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Table 1 (continued)

Serial No. Compound X R Yield® (%) MIC® (ug/mL) MIC (pg/mL)
MABA Agar microdilution method
30 16e F NQ 12.5 >12.5
31 Rifampin — — 0.2 0.2
32 Isoniazid (INH) — — 0.025 0.025

#Tsolated yield after silica gel column chromatography.
®NA means not active at MIC of 12.5.

compounds in this series with a chloro or fluoro substi-
tuent on the para-position of a phenyl ring. This result
indicated that presence of chloro or fluoro substituent
on one phenyl ring has no beneficial effect on the antitu-
bercular activity of diarylmethylnapthyloxy ethylam-
ines. Further, within a particular series antitubercular
activity almost remains unchanged on changing the ba-
sic alkylaminoethyl side chains.

The in vitro cytotoxicity of compounds 11a—e, 15b and
15d (having a MIC of 3.12 pg/mL in agar microdilution
technique) in VERO cell lines was determined using a
dye reduction assay following three days exposure to
test compounds as previously described.’® All these
compounds were found to be toxic and hence not suit-
able for in vivo evaluation.

In conclusion, a series of diarylmethylnapthyloxy
ethylamines were synthesized by aminoalkylation of
diarylnaphthols obtained by Friedel-Crafts alkylation
of 1- and 2-naphthols using diarylcarbinols as the alkyl-
ating agents. Ortho-substituted diarylmethylnapthyloxy
ethylamines 11a—e, 13a—e and 15a-e are more active
than their para-substituted counterparts 12a—e, 14a—e
and 16a—e. Among the ortho-substituted diarylmethyl-
napthyloxy ethylamines, 11a—e, 15b and 15d showed
promising activity in vitro. It is conceivable that these
triarylmethane derivatives containing naphthalene ring
might act as a lead for optimizing antitubercular activ-
ity. It will be interesting to prepare new analogues of
the most active compounds, which may be nontoxic
with significant anti-tubercular activity.
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Abstract—High potency pyrazole-based noncovalent inhibitors of human cathepsin S (CatS) were developed by modification of the
benzo-fused S-membered ring heterocycles found in earlier series of CatS inhibitors. Although substitutions on this heterocyclic
framework had a moderate impact on enzymatic potency, dramatic effects on cellular activity were observed. Optimization afforded
indole- and benzothiophene-derived analogues that were high affinity CatS inhibitors (ICso = 20-40 nM) with good cellular potency

(ICsp = 30-340 nM).
© 2007 Elsevier Ltd. All rights reserved.

Cathepsin S (CatS) is a cysteine protease of the papain
family that is involved in the presentation of antigens
to the cell surface of certain antigen-presenting cells
(APCs) for recognition by CD4" T-cells. The main
APC target of the proteolytic activity of CatS is the
invariant chain (Ii), a chaperone molecule for major his-
tocompatibility complex class II molecules (MHCII).!3
Inhibition of CatS activity impedes the removal of Ii
from MHCII molecules, and thus attenuates antigen
presentation to CD4" T-cells. Other pharmacologically
relevant activities have also been attributed to CatS.*
Numerous selective CatS inhibitor chemotypes have
been reported, most relying upon covalent modification
of the active site cysteine to achieve good activity.’ Re-
cently, potent noncovalent inhibitors have emerged
from these laboratories® and from researchers at
Novartis.”-

We have previously reported high potency noncovalent
inhibitors of human CatS based on a tetrahydropyri-
do-pyrazole heterocycle. Representative analogues with
different aryl- and heteroaryl-substituted piperazine
and piperidine groups are shown below.

Keywords: Cathepsin S; Antigen processing; Enzyme inhibitor.
* Corresponding author. Tel.: +1 858 450 2024; fax: +1 858 784
3116; e-mail: jedward7@prdus.jnj.com
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CF3

While compounds 1-3 all inhibit human CatS with
ICso’s in the 10-20 nM range, they are much less active
in a secondary cellular assay measuring Ii degradation in
(human) JY cells (ICs5o=0.8-1.2 uM). We had earlier
used to advantage the tolerance of CatS inhibitory po-
tency to structural variability in the aryl/heteroaryl
groups found in the left-hand portion of the pharmaco-
phore to address issues of selectivity and oral bioavail-
ability.®>d This letter describes a series of benzo-fused
heterocycles found to have greatly improved cellular
potencies.
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Following our previously described route, the known®
benzofurans 4a-b and benzothiophenes 4c-d were pre-
pared and coupled with epoxides S5a and 5b to afford
the racemic target molecules 6-11 (Scheme 1). These
molecules were moderately potent inhibitors of CatS
(Table 1). Replacement of oxygen with sulfur had at best
a minimal positive impact on CatS potency (6 vs 7; 8 vs
9), while the carboxylate analogues showed a trend to-
ward increased potency (6 vs 8; 7 vs 9). Replacing the
acetamide on the tetrahydropyridine ring with sulfon-
amide had little to no impact on potency (7 vs 10; 9 vs
11). Although CatS activity was relatively insensitive
to changes to the ‘head group’ heterocycle, the most po-
tent analogue, compound 11, provided a convenient
handle to interrogate a previously unexplored region
of the pharmacophore.

Initial attempts to transform the ester moiety of 11 to
amide derivatives were thwarted by intramolecular cap-
ture of activated ester derivatives by the C2’ linker hy-
droxyl. We had previously observed® that this
hydroxyl substituent was unimportant for CatS potency,
so we prepared the des-hydroxy analogue of 11, com-
pound 13 (Scheme 2). Thus, treatment of aldehyde 12
with piperidine 4c¢ in the presence of NaBH(OAc); affor-
ded the requisite ester 13 in good yield.

Functional group manipulation of the ester moiety of 13
afforded a series of amide analogues, and the CatS enzy-
matic potency and cellular data for these inhibitors were

E NH (')>/\N/N\
I
X
4a: X=0;R=CO,
4b: X=0;R=H 5a: P = Ac
4c: X =S; R=CO,Me 5b: P = MeSO,
4d: X=S;R=H

-N
. N/\(\N | oF
OH J=
y I
R N
6-11 P
Scheme 1. Reagent and conditions: (a) EtOH, 60-70 °C (50-75%).

Table 1. Benzofuran/thiophene-based CatS inhibitors®

~N
F NN CFy
OH J=
\ I
R N
P

Compound X R P CatS ICso (nM)
6 o H Ac 360
7 S H Ac 290
8 o CO,Me Ac 220
9 S CO,Me Ac 140
10 S H MeSO, 180
11 S CO,Me MeSO, 130

#CatS ICsg and JY Ii degradation assay ICs, values are means of
n > 3 runs and determined as described previously. All ICsy’s were
within a 3-fold range.(’“ ND, not determined.

12 so Me
SN
. N N\ CFs
S |
CO,Me N
13 SO,Me

Scheme 2. Reagents and conditions: (a) NaBH(OAc);, AcOH, CH,
Cl,, rt (60%).

obtained. As shown in Table 2, changes to the C2 posi-
tion of the benzothiophene impacted both enzymatic
and cellular potency.

Although hydrolysis of the ester 13 to the acid 14 had no
effect on CatS potency, cellular activity was abolished.
Conversion of the methyl ester to the dimethyl amide
(15) resulted in reduced CatS potency. Interestingly the
ethyl amide 16, isomeric with 15, was 10-fold more po-
tent (37 nM vs 370 nM), perhaps indicative of a favor-
able hydrogen bond interaction with the protein in this
region of the pharmacophore. Compound 16 main-
tained good cellular activity (ICsq = 1.2 uM). Although
encouraged by the activity of these new molecules, aque-
ous solubility was uniformly poor. The 2-aminoethyl
analogue 17 and 2-(I-morpholino)ethyl analogue 18
were thus prepared. Although the solubility was little
changed (data not shown), both 17 and 18 were potent
CatS inhibitors. The addition of the amino moiety to
16 resulted in reduced cellular potency for 17, while
the morpholine analogue 18 was 3-fold more potent
than 16 in the JY assay. Preliminary rat PK experiments
on several analogues demonstrated low levels of oral
bioavailability, however, and this series was not pursued
further.

Table 2. Carboxylate/carboxamide CatS inhibitors®®

\Qﬁ) CF3
SOzMe

Compound R CatS ICso (nM) JY 1i ICso )uM)
13 OMe 130 1.8

14 OH 100 >10

15 NMe, 370 ND

16 NHEt 37 1.2

17 NHCH,CH,NH, 47 5.5

18 NHCH,CH,R"* 39 0.34

#CatS ICsy and JY Ii degradation assay ICs, values are means of
n = 3 runs and determined as described previously. All ICsy’s were
within a 3-fold range.*

®R*, 1-morpholino.
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Whilst pursuing the benzofuran and benzothiophene
analogues described above, we simultaneously prepared
the analogous indole derivatives. Although the parent 4-
(indol-3-yl)piperidine was commercially available,
substituted analogues had to be synthesized (Scheme
3). Accordingly, condensation of an indole 19 with 1-
tert-butoxycarbonyl-4-piperidone 20 afforded the tetra-
hydropyridines 21. Reduction of the olefin by transfer
hydrogenation and subsequent treatment with trifluoro-
acetic acid afforded the requisite indole-substituted pip-
eridines 23 in excellent yields. Conversion to the target
molecules proceeded as shown in Scheme 1.

The indol-3-yl piperidines demonstrated uniformly
excellent CatS inhibition (Table 3). The parent analogue
24 had an ICsy of 72 nM that was only moderately af-
fected by substitutions on the indole core. For example,
the addition of a chlorine atom to C5’ (25) had no im-
pact on CatS potency, while replacement of the chlorine
atom in the sulfonamide analogue 27 with methoxy,
methyl, cyano or ethyl carboxylate afforded potencies
in a very tight range (21-58 nM; compounds 28-31).
The position of a chlorine atom on the indole nucleus

N /IQ\I,BOC R! \(=
Y
/ O 2
19 20 \
\\
HN

2
2 R
Scheme 3. Reagents and conditions: (a) KOH, MeOH, reflux (85—
95%); (b) Pd/C, NH4HCO,, MeOH, reflux (85-95%); (c) TFA,

CH,Cl, tt, (95+%).

Table 3. Effect of indole substitution on CatS activity®

5 _N
Ri=* N/\/\N N\ R
6 \ p OH —
7 I
HN
R? N
P

Compound R! R> R® P CatS ICsy (nM)
24 H H CF; Ac 7
25 5-Cl H CF; Ac 95
26 5-Cl H Br MeSO, 34
27 5-Cl H CF; MeSO, 44
28 5-MeO H CF; MeSO, 29
29 5-Me H CF; MeSO, 38
30 5-CN H CF; MeSO, 21
31 5COEt H CF; MeSO, 27
32 6-Cl H CF; MeSO, 29
33 7-Cl H CF; MeSO, 34
34 5-Cl Me CF; MeSO, 37

#CatS ICso and JY Ii degradation assay ICs, values are means of
n = 3 runs and determined as described previously. All ICsy’s were
within a 3-fold range.%

had no impact on potency (32 and 33), nor did the addi-
tion of a methyl group at C2 of the indole (compound
34). These observations are similar to what was ob-
served in our earlier series of ketobenzimidazole
derivatives.®

Although the indoles 24-34 all displayed excellent enzy-
matic potency, the cellular data were quite inconsistent.
For example, compound 24 had an ICsy of 2.3 uM in
our JY Ii assay, while the chloro analogue 25 was inac-
tive at concentrations up to 10 uM, as were many of the
other indoles (e.g., 28, 29, and 32). Of the analogues
tested, only the ethyl ester 31 had an ICsq below one
micromolar in the JY Ii assay (ICs5y = 410 nM).

The excellent enzymatic potency of the indoles combined
with the high sensitivity of cellular activity to changes in
functionality displayed in both the indole and benzothi-
ophene series prompted us to consider further modifica-
tions of the indole core to improve cellular potency.
Thus, we prepared azaindole analogues to gauge the im-
pact of reduced lipophilicity of the indole moiety on activ-
ity. The requisite piperidines were prepared from all four
azaindole isomers following the route depicted in Scheme
3, and the data obtained on the CatS inhibitors derived
therefrom are tabulated in Table 4.

All four azaindoles were well tolerated by the enzyme,
although the 4-aza analogue 35 was 2- to 3-fold less po-
tent than the other isomers 36-38. A much larger impact
on cellular potency was observed. Although the weakest
inhibitor of the enzyme, compound 35 had an ICs, of
95nM in the cellular assay. The 5-aza analogue 36
and 6-aza analogue 37 were also quite potent at inhibit-
ing pl0 degradation in this assay, with ICsy’s of 25 nM
and 38 nM, respectively. The anomaly in this set of
molecules was the 7-aza derivative 38. Although a very
potent inhibitor of the enzyme (ICsq =27 nM), com-
pound 38 was only moderately active in JY cells
(ICs59 = 860 nM). The reasons for the decreased cellular
potency of 38 relative to the isomers 35-37 are not readily

Table 4. Enzymatic and cellular potency of azaindole analogues®

_N
Xéx5:x4 N/\(;\N\\ R
N
X7 I
HN N
\SOZMe
Compound X, Xs X¢ X; R® cCatS JYI
ICso ICso (M)
(nM)
35 N H H H CF; 120 0.095
36 H N H H CF; 58 0025
37 H H N H CF; 30 0.038
38 H H H N CF; 27 086
39 H N H H Br 77 0.15
40 H H H N Br 195 ND
41 H N-O0" H H CF; 200 024

#CatS ICsg and JY Ii degradation assay ICs, values are means of
n > 3 runs and determined as described previously. All ICsy’s were
within a 3-fold range.®®
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apparent. Screening of other related proteases (CatB,
CatE, CatL, legumain) showed no inhibition at concen-
trations up to 5 uM, for those analogues tested.

Anticipating that the pyridine nitrogen of the azaindole
would be a metabolic liability, the pyridine N-oxide of
36, compound 41, was also prepared. This molecule
was significantly less active than 36 in both the enzy-
matic and cellular assays, although the cellular potency
of 240 nM was very competitive with previously re-
ported analogues.®

After this work was completed, a report from Merck-
Frosst demonstrated that certain cathepsin K (CatK)
inhibitors with moderate activity against CatS enzyme
displayed significant levels of CatS inhibitory activity
in cellular assays.! In an elegant series of experiments,
these investigators demonstrated that covalent, revers-
ible CatK inhibitors with basic moieties (e.g., pipera-
zines) accumulated in lysosomes both in vitro and
in vivo (rat whole-body radiography), thus leading to
a loss in cellular selectivity. Similar experiments have
not been performed on the molecules reported in this let-
ter, although the improved cellular potency of the azain-
doles (Table 4) compared to the indoles (Table 3) may
be indicative of lysosomotropism.

In conclusion, bioisosteric replacement of the head-
group ketobenzimidazole piperidines with 4-(indol-3-
yl) piperidines resulted in a new series of CatS inhibitors
with greatly improved cellular potency. Determining the
reason for the disparity between enzymatic potency and
cellular potency for these noncovalent CatS inhibitors
still requires further investigation. The utility of these
novel CatS inhibitors in elucidating the pharmacology
of CatS, and its potential as a target for immunosup-
pressive therapies, will be reported in due course.
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Abstract—Farnesylation, catalyzed by protein farnesyltransferase (FTase), is an important post-translational modification guiding
cellular localization. Recently predictive models for identifying FTase substrates have been reported. Here we evaluate these models
through screening of dansylated-GCaaS peptides, which also provides new insights into the protein substrate selectivity of FTase.

© 2007 Elsevier Ltd. All rights reserved.

Farnesylation is a post-translation modification that
tags proteins with a farnesyl (C,;s) isoprenoid supplied
by farnesyl diphosphate (FPP) for the purpose of locat-
ing the protein to cellular membranes. These lipidated
protein substrates are modified by farnesyltransferase
(FTase) on their C-terminal FTase recognition sequence
called the CaaX box. When it was found that farnesyla-
tion occurs on oncogenic Ras proteins,' FTase became a
chemotherapeutic drug target.? Although initially devel-
oped based on a simple paradigm where they would tar-
get Ras-driven tumors, farnesyltransferase inhibitors
(FTIs) have proven to work via a complex mechanism,
and their activity is now attributed to the perturbation
of a number of cellular proteins.>?

The complex and unexpected biology observed with FTIs
has made a precise definition of the set of farnesylated
proteins in a human cell critically important. It is not
known how many proteins in the cell are farnesylated or
what are the critical targets of FTIs. Early biochemical
studies of Brown and Goldstein* and the Merck group’
demonstrated that tetrapeptides bearing a cysteine, two
amino acids, and the appropriate X residue are farnesylat-
ed and serve as the minimum substrate for FTase recogni-
tion. Recent modeling studies have provided predictions

Keywords: Farnesyl; Protein modification; Protein farnesyltransferase;
Peptide synthesis; Fluorescence assay.
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for FTase Ca;ja,X box specificity and thus its protein sub-
strates.®” These models are only predictive and require
additional investigation®® to determine cellular protein
farnesylation. Using traditional biological tools (radiola-
beling and/or Western blot analysis), it would be time-
consuming to confirm the cellular farnesylation of these
hypothetical FTase substrates. Therefore, a screening ap-
proach to validate that FTase accepts and modifies the
minimal substrate Ca;a,X boxes of a select group of these
proteins would be useful (Fig. 1).

As part of our laboratory’s investigation into FTase
specificity, we have synthesized a library of Dansyl-
GCa a,S pentapeptides representing FTase substrate
candidates. The sequences were identified from a Swiss-
prot database search for carboxyl-terminal Ca;a,S
boxes. Sequences were chosen to represent (a) biologi-
cally important farnesylated proteins, and (b) interesting
and diverse ‘aa’ amino acid sequences. In view of the
current interest in models to define FTase substrate
specificity, we now report the substrate ability of these
Ca;a,S peptides as an experimental test of these models.

The 27 member Dansyl-GCa;a,S-OH library was syn-
thesized on Wang resin primarily in an automated fash-
ion using a standard Fmoc peptide chemistry, with
HBTU/HOBt coupling and piperidine/DMF deprotec-
tion (Supplementary data). The resin-bound CaaS tetra-
peptide was capped by coupling with Dansyl-Gly-OH,
followed by cleavage from the resin and side-chain
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dansylated CaaX peptide on Resin
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Figure 1. Analysis of Dansyl-GCaaX peptides through screening.

deprotection (90% CF;COOH, 5% iPr;SiH, and 5%
H,0). The library was successfully synthesized with
yields for each member of the library ranging from 70
to 100 mg (66-95% overall yield). The purity of each
of the peptide sequences was >70%, as confirmed by
RP-HPLC analysis. The identity of all peptides was also
confirmed by ESI-MS.

The FTase substrate activity of dansylated pentapeptide
CaaX boxes can be measured through a fluorescence-
based assay,'® in a 96-well plate format.!'! Briefly,
3 uM dansylated-CaaX peptide and 1-9 uM FPP are
combined, farnesylation is initiated by addition of
recombinant mammalian FTase (0.05 uM), and the in-
crease in fluorescence intensity is measured at 485 and
535 nm emission (Supplementary data). To confirm the
farnesylation of the dansylated-CaaX peptides, HPLC
analysis was performed for each of the dn-GCaaS pep-
tide reactions.'!

The results from the screening of the dn-GCaaS peptides
are summarized in Table 1. The peptides are presented
in descending order of reactivity. Of the 27 peptides
screened, 24 were found to be substrates for FTase by
fluorescence screening and, in 20 cases, by HPLC anal-
ysis (Supplementary data). These peptides did vary
widely (~150-fold) in their ability to be farnesylated
by FTase. Of the 27 dn-GCaaS boxes screened, 13 were
either known substrates, or hypothesized FTase
substrates according to the structural analysis-derived
‘Beese model’ developed by Reid, Casey, and
Beese.® All of the CaaS sequences representing known

farnesylated proteins are substrates in our in vitro sys-
tem, providing support for its use in evaluating FTase
substrate selectivity. Note that 11 CaaS sequences whose
farnesylation was neither known nor hypothesized were
also substrates for FTase. Seven of the 11 sequences are
relatively poor substrates, exhibiting less than ten per-
cent of the fluorescence change of dn-GCVLS, and in
three cases no product was detected by HPLC. How-
ever, four of the sequences—CRQS, CVHS, CKSS,
and CFSS—are well accepted by FTase, and are compa-
rable in reactivity to known and hypothesized CaaS
boxes. Three naturally-occurring CaaS sequences were
not observable as substrates under our experimental
conditions: CLRS, CIRS, and CFNS.

The screening data presented in Table 1 provide a qual-
itative ordering of the substrate ability of the CaaS se-
quences, and this provides information on the peptide
substrate preference of FTase. In general, the reactivity
order agrees with the previous observations and predic-
tions that the FTase a; site is tolerant of many amino
acid side chains, while the a, site has a preference for
the larger aliphatic residues as well as methionine, phen-
ylalanine, and tyrosine. We have now demonstrated that
glutamine, serine, and histidine are also accepted at a,.
The a; position was previously not believed to play a
major role in the selectivity for FTase, but our data sug-
gest that the amino acid at a; may modulate reactivity,
as indicated by the fourfold variation in the change in
fluorescence of the five peptides of the general sequence
dn-GCxIS (Table 1). The CRIS and CKIS peptides are
the most effective substrates among the 27 examined,
suggesting a preference for a positively-charged side
chain in the a; position. This is not completely unex-
pected as the Beese model predicts that solution hydro-
gen bonding of the a; side chain to the solvent exposed
enzyme is possible.

As with much else in the protein prenylation field, the
discovery of farnesylation on Ras in the late 1980s drove
the CaaX box meme, as a sequence where the central
residues are aliphatic (H-Ras: CVLS; N-Ras: CVVM;
K-Ras4B: CVIM).?> However, it became quickly appar-
ent that this is not strictly the case. A study of inhibitors
based on the K-Ras CVIM tetrapeptide found
significant flexibility in the CxIM series, but a strong
preference for aliphatic residues with CVxM.* An early
site-directed mutagenesis study from the Merck group
also demonstrated that certain charged residues (lysine,
but not glutamate) are accepted at the a; position, but
not a,.> Subsequently, a combinatorial screening ap-
proach defined the following optimal tetrapeptide FTase
substrates: CKQQ and CKQM.!'? Based on extensive
structural studies, Beese and coworkers® developed an
FTase CaaX selectivity model, where a, is flexible and
a, is limited to hydrophobic residues, and determined
that 61 human proteins are substrates for FTase.
Previously, individual CaaX peptides derived from
FTase substrate candidates have been investigated as
FTase substrates,” but here we report for the first time
a more comprehensive investigation of the ability of a
diverse set of human CaaX sequences to act as
substrates. Our data suggest that CaaS boxes CRQS,
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Table 1. Comparison of CaaX substrate predictions
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CaaX  Protein

CRIS  Protein phosphatase 1 reg (inhibitor) subunit 16B
CKIS Rab40A

CQTS DNAJ

CVLS H-Ras

CVIS  Transducin gamma subunit

CTIS  Guanylate binding protein 1 interferon-inducible
CFPS CCNG2: cyclin G2

CLIS  Phosphorylase kinase B

CLVS G protein-coupled receptor kinase 1

CSVS  Inositol polyphosphate-5-phosphatase

CRPS WDTCI

CTFS Xylosyl protein beta 1,4-galactosyltransferase
CRQS Unknown protein fragment (Q15693)

CVHS Galectin-12

CKSS  Unknown fragment (q12814)

CFSS  Collagen type V alpha 3 subunit

CDMS Topo I binding Arg/Ser rich

CAKS Rab38

CEGS Protein with 8 zinc finger domains

CQKS Cytidine and deoxycytidylate deaminase

CVES  Unknowm fragment (Q29856)

CPAS Ribosomal protein L12

CGAS Kinesin family member 22

CAES G protein-coupled receptor 41

CIRS  Rab3 interacting protein 1

CLRS Globoside alpha-1,3-N-acetylgalactosaminyltransferase 1
CFNS  Unknown Fragment (Q14922)

886
574
508
388
331
325
280
218
217
180
171
166
121
100
82
60
42
330
28
26°
20
19
6
6b
0
0

Rel. fluor. increase® Beese prediction® PRENbase PRENbase XCVLS®
H +
H* ++
K +
K ++
K ++
K ++
H — —
K ++
K ++
H +
H +
H — +
NH - ++
NH — +
NH —— -
NH ++
H* — +
NH - ++
NH —— ++
NH ++
NH —— —
NH - +
NH —— +
NH - ++
NH - ++
NH - +
NH —— -

0

#Relative fluorescence increase was determined using a Perkin-Elmer Fusion plate reader (Ex 335/E,, 535; 30 min values reported).

®In these cases, the fluorimetric indication of farnesylated peptide product was not conclusively confirmed by HPLC analysis.

¢ Predictions derived from the FTase substrate model reported by Reid et al. K, known substrate; H, hypothesized substrate; H*, not reported as a
substrate by Reid et al., but consistent with their rules for substrate ability; NH, not hypothesized to be a substrate.

dPRENbase prediction for the sequence XXXXXXXXCaa$, as described in the text.

°PRENbase prediction for the sequence XXXXXXXXCVLS, as described in the text.

CVHS, CKSS, and CFSS are farnesylated and proteins
bearing these C-terminal sequences may be farnesylated
in the cell (vide infra). These dnGCa;a,X peptides
exhibit a; and a, residues that differ from the commonly
accepted Caj;a,X box model, where a; and a, are
aliphatic residues. While it was clear from earlier studies
that there are few substrate constraints on the a; residue,
it is surprising, both from known prenylated proteins and
from the structure of the FTase a, binding pocket, that
certain polar residues are accepted in the a, position.

Maurer-Stroh et al.!* developed a database tool (PREN-
base) using sequence conservation across species and
other information to predict human proteins that are
likely FTase substrates. PRENbase evaluates the 12
C-terminal residues of a protein and provides a score
from ++ (prenylation is very likely) to —— (prenylation
is very unlikely). These values are reported in Table 1,
along with scores where the CaaX box of the C-terminal
sequence was mutated in silico to CVLS, as a control
for the effects of the sequence upstream of the CaaS
box on FTase recognition and CaaS accessibility. The
PRENbase analyses of our 27 selected CaaS proteins
indicated that ten of the proteins are likely farnesylation
candidates, including the six known farnesylated pro-
teins in the set. Thus, PRENbase is significantly more
conservative than the Beese model. While some of this
disparity is due to the analysis of the eight residues

‘upstream’ of the CaaX box, there is also an element
of conservative analysis of the CaaS motif itself. Note
that the xylosyl transferase sequence (CTFS), that is
not predicted to be a substrate, is predicted to be one
when the CTFS CaaX box is ‘mutated’ to CVLS. The
CTFS sequence is acceptable in the Beese model, and
a good substrate in our experimental Ca;a,S screen.

Another intriguing divergence between the models in-
volves cyclin G2. The Beese model predicts that its
CaaX box CFPS is a substrate, while it is disfavored
as a substrate by PRENbase (although this is even main-
tained with the CVLS ‘mutant’). Our in vitro screen
indicates that CFPS is a very good FTase substrate.
Our data, combined with the PRENbase analysis of
the CVLS ‘mutants’ to provide information of the suit-
ability of the ‘upstream’ sequence, indicate that an
uncharacterized gene product (Q15693) and two unex-
pected proteins—galectin-12 and collagen type five
alpha three subunit—are candidates for farnesylation.
The farnesylation of a subunit of the extracellular pro-
tein collagen seems unlikely, but galectin-12 is an
intriguing, newly reported intracellular protein, whose
lipid modification status has not yet been investigated.'*

The screening of the dn-GCaaS library of peptides has
resulted in the identification of 23 substrate CaaX se-
quences. Our results essentially validate the model for
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Figure 2. Summary of FTase amino acid specificity.

FTase substrate prediction published by Reid et al., but
also indicate that additional a, residues, including Gln,
Ser, and His, are well-tolerated by FTase. Furthermore,
these data shed light on the importance of both a; and a,
positions’ residues on determining substrate ability for
peptide sequences. In particular, our results highlight
the preference for Lys and Arg at the a; position (see
summary in Fig. 2). With the capability to perform pep-
tide synthesis and rapid biochemical evaluation, CaaX
screening provides an important tool for identifying
FTase substrate proteins. Together with the previously
reported structurally-based model database-derived
sequence analysis (e.g., PRENbase), biochemical pep-
tide screening will provide a valuable guide to future
proteomic and other biological searches for farnesylated
proteins.
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Abstract—The A,B-ring-truncated OSW saponin analogs (1, 18a, and 18b) were synthesized. These greatly simplified zrans-hydrin-
dane disaccharides retained considerable inhibitory activity against the growth of HeLa and Jurkat T cells (ICso = 0.8-21.1 uM).

© 2007 Elsevier Ltd. All rights reserved.

Stimulated by the exceptionally potent antitumor activ-
ities of the OSW-1 saponin (Fig. 1),! extensive efforts
have been devoted to the access to its natural congeners?
and synthetic analogs to understand the structure—activ-
ity relationships (SAR) of this class of cholestane glyco-
sides.>® The following SAR have been deciphered:
(1) The disaccharide part is crucial to the antitumor
activities of the molecule. Absence of the 2’-O-acetyl
or 2"-O-methoxybenzoyl (or -cinnamoyl) groups,'®>°0
presence of an additional glucopyranosyl residue on
the 4”-OH,?® or truncation on the xylopyranosyl residue
greatly diminishes the activities.>>®® (2) The steroidal
Cl17-side chain can tolerate certain modifications with-
out significant loss in the antitumor potency.3¢* In par-
ticular, the easily accessible 22-ester analogs (e.g., the
23-0xa-OSW-1, Fig. 1) exhibit inhibitory activities
against certain tumor cell lines with potency comparable
to that of OSW-1.# (3) The steroidal A,B-ring can also
be modified without a significant loss in the antitumor
potency. For example, the 3-O-glucopyranosyl-> and
5,6-dihydro-OSW-139 derivatives are as active as the
parent compound. (4) However, replacement of the
aglycone with disparate steroids leads to inactive com-
pounds.®®" (5) An analog with an aromatic A-ring is
as potent as cisplatin, although it is much lower than
that of the parent OSW-1.° Despite the above SAR

Keywords: OSW saponins; Glycosides; trans-Hydrindane; Synthesis;

Antitumor activity.

* Corresponding author. Tel.. +86 21 54925131; fax: +86 21
64166128; e-mail: byu@mail.sioc.ac.cn

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.060

information, it was unclear whether removal of the
steroidal A,B-ring of the 23-oxa-OSW-1 will cause a
complete loss of the antitumor activities. Herein we
report the synthesis of such compounds (e.g., 1, 18a,
and 18b) and the determination of their inhibitory activ-
ities against the growth of HeLa and Jurkat cells.

Figure 1. The OSW-1 saponin and its synthetic 23-O- and A,B-ring-
truncated analogs.
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Scheme 1. Reagents and conditions: (a) H, (3 atm), 5% Pd-BaSO,4, MeOH, 0 °C; then high vacuo, 90 °C, 73%; (b) 2 N HCI, MeOH, reflux, 100%; (c)
PCC, CH,Cl,, rt, 100%; (d) NaBH,, isopropanol, 0 °C, 72%; (¢) p-NO,PhCOOH, EDCI, DMAP, CH,Cl,, 100%; (f) CuBr,, MeOH, reflux, 89%; (g)
TBSCI, imidazole, DMF, rt, 100%; (h) aqg NaOH-DMF-CH,Cl,, 0 °C, rt, 96%.

We started the synthesis with the ready available opti-
cally pure Hajos—Parrish ketone’ (Scheme 1). However,
elaboration of the hydrindene derivative into the desired
trans ring junction is not a trivial task.® Thus, modifica-
tion of the most reliable literature protocol involving a
five-step temporary substitution of the 4-position with
a carboxyl group (leading to compound 2) was
adopted.® Hydrogenation of 2 over Pd-BaSO, formed
the frans-hydrindane derivative as the major product.
The 4-carboxyl group was then removed under high va-
cuo at 90 °C. Subsequent cleavage of the 8-O-tert-butyl
group with HCI provided 3-ketone-8-ol 3.1 PCC oxida-
tion of 8-ol 3 gave a dione, which was reduced selectively
with NaBH, in isopropanol to provide the 3-0l-8-ketone
4.'!" A single crystal was grown from the p-nitrobenzoyl
ester 5,!2 thus confirming the trans ring junction in 4.

8-One 4, in analog to the steroid dehydroisoandroster-
one, was then subjected to the transformations we have
developed for the 23-oxa-OSW-1 synthesis.* Thus, treat-
ment of 4 with CuBr, in MeOH afforded the 7-a-bro-
mide 6 in high yield (89%). Protection of the 3-OH in
6 with TBSCI in the presence of imidazole in DMF led
to the 3-O-TBS derivative as a 1:1 mixture of the 7-o/
B-bromide epimers (7a/7b). Hydrolysis of the bromide
epimers 7a/7b with NaOH led to the 7-a-ol 8 exclusively
in 96% yield.*!3 These results imply that the epimeriza-
tion of the 7-bromide in the trans-hydrindane-8-one
derivatives takes place readily in basic conditions and
only the 7-B-bromide is vulnerable to the Sy2 substitu-
tion (here by a hydroxide ion).

Aldol condensation of the trans-hydrindane-7-a-o0l-8-
one derivative 8 with the in situ prepared isobutyl propi-
onate E/Z-enolates under conditions similar to those
employed in the relevant steroid substrates formed anal-
ogously a pair of the 11-R/S adducts in favor of the de-
sired 11-S-isomer (9a/9b = 5:1) in good yield (Scheme
2).* Separation of the isomers was achieved by careful
chromatography on silica gel. Subjection of 9a and 9b,
respectively, to the oxidation with TPAP/NMO gave
7-one 10a or 10b in nearly quantitative yield. The struc-
ture of 10b was confirmed by a single crystal diffraction
analysis.'?> Reduction of 10a or 10b with NaBH,/CeCls;
in THF at —10 °C, upon quenching at low temperature

(—78 °C) with strong acid (1 N HCI), afforded the 7-p-ol
product (16a or 16b) in good yield. However, if the
reduction was quenched at a higher temperature (0 °C)
with a weak acid (MeOH), a lactonization product
(e.g., 11 from 10a) was obtained as the major product.*
NOE analysis of lactone 11 also confirmed the nascent
stereochemistries in the aldol adduct 9a. Removal of
the 3-O-TBS group on 10a with HFpyridine gave 3-ol
derivative 12, which was treated with PhNTf; in the
presence of DMAP in pyridine,'# leading to the 2-ene
product 13 in a high 80% yield. Saturation of the nas-
cent 2,3-double bond with H, over Pd/C, followed by
reduction of the 7-ketone under the conditions for
10 — 16, furnished the desired aglyone (15) of the target
molecule 1.

Glycosylation of the trans-hydrindane-7,8a-diol deriv-
atives 15, 16a, and 16b with the disaccharide trichloro-
acetimidate 17, which has been extensively used in the
synthesis of OSW saponins,®© in the presence of a cata-
lytic amount of TMSOTT afforded the expected 7-O-o-
glycosides in satisfactory yields (~50%) (Scheme 3).
Subsequent removal of the silyl groups with HF-pyridine
furnished the desired compounds 1, 18a, and 18b
cleanly.!>

The in vitro activities of the synthetic A,B-ring-trun-
cated OSW saponin analogs (1, 18a, and 18b) against
the growth of two human cancer cell lines, Jurkat (hu-
man T cell leukemia) and HeLa (human cervical can-
cer), with 23-oxa-OSW-1 as a positive control, were
determined by following the incorporation of [3H]thy-
midine.!® As shown in Table 1, the simplified hydrin-
dane glycosides (1, 18a, and 18b) showed much
weaker activity against the Jurkat cells when compared
to the steroid counterpart (ICsq = 1.5 nM). However,
they still possess considerable activity, with ICs, at
the uM level. For Hela cells, the hydrindane glyco-
sides (1, 18a, and 18b) showed activity that is only
slightly weaker than that of the parent saponin deriva-
tive (ICso =0.24 uM). These three hydrindane glyco-
sides differ from one another only at the presence or
absence of the 3-OH (1 vs 18a) or the configuration
of the 11-methyl group (18a vs 18b). The 3-hydroxy
derivatives (18a/18b) are stronger toward the HelLa
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Scheme 2. Reagents and conditions: (a) i-Pr,NH, n-BuLi, THF, —78 °C; isobutyl propionate, —78 °C; then 8; 82% (9a/9b = 5:1); (b) TPAP, NMO,
4 A MS, rt, 98%; (c) CeCl;7H,0, NaBH,, THF, —10 °C; then MeOH at 0 °C, 56%; (d) HFpyridine, CH,Cl,, rt, 100%; (¢) PhNTf,, DMAP,
pyridine, 80%; (f) H, (1 atm), 10% Pd/C, EtOH-EtOAc-Et3N, 100%; (g) CeCl3-7H,0O, NaBH,, THF, —10 °C; then 1 N HCI, —78 °C, 65-75%.
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Scheme 3. Reagents and conditions: (a) TMSOTT, 4 A MS, CH,Cl,, —20 °C; (b) HF-pyridine, CH,Cl,, rt, 48-56% (for two-steps).

cells, while the 3-deoxy compound (1) is a slightly selectivity toward the two cell lines. The cell line-depen-
better agent against the growth of the Jurkat cells. dent variation of the SAR among these truncated ana-
The change of the configuration at C-11 does not logs is similar to that observed with other structural

change the level of potency, but slightly reverses the classes of OSW-1 analogs.*
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Table 1. The inhibitory activity of the A,B-ring-truncated OSW-1
analogs (1, 18a, and 18b) against the growth of tumor cells

ICs0 (kM)
1 18a 18b 23-Oxa-OSW-1
Jurkat 8.9 14.5 21.1 0.0013
HeLa 14.9 2.6 0.8 0.24

In summary, based on the previous SAR data on the
highly potent antitumor OSW saponins, we designed
and synthesized the A,B-ring-truncated OSW saponin
analogs (1, 18a, and 18b). The previous chemistry for
the synthesis of 23-oxa-OSW saponin derivatives was
successfully applied to the synthesis of the present
trans-hydrindane derivatives. The greatly simplified
and easily accessible compounds (1, 18a, and 18b)
retained considerable inhibitory activity against the
growth of HeLa and Jurkat cells (ICso = 0.8-21.1 uM).
These results suggest that an intact steroid ring is not
absolutely required for the biological activity of the
OSW-1 family of saponin analogs.
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1H), 1.90 (s, 3H), 1.92-1.56 (m, 6H), 1.53-1.37 (m, 4H),
1.33-1.14 (m, 5H), 1.08 (d, J = 6.9 Hz, 3H), 0.92-0.80 (m,
1H), 0.80-0.72 (m, 9H); '*C NMR (75 MHz, CDCl;): 6
178.9, 169.5, 165.6, 163.9, 132.1, 121.4, 113.8, 100.0, 99.7,
89.2,84.7,76.3,72.9, 72.6, 70.3, 69.7, 69.2, 65.1, 63.4, 61.7,
55.4,45.8,41.8,40.9, 37.0, 32.8, 29.7, 27.5, 26.0, 25.5, 21.3,
20.6, 19.0, 189, 12.9, 12.3; HRESI-MS: m/z Calcd
[M+K™*] for C37H53015K: 777.3094. Found 777.3091.
Compound 18a: [a]D6 —24 (¢ 0.4, CHCly); '"H NMR
(300 MHz, CDCls): 6 8.00 (d, J=7.5Hz, 2H), 6.92 (d,
J=7.5Hz,2H), 4.98 (s, 1H), 4.84 (d, /= 4.8 Hz, 2H), 4.21
(s, 1H), 4.15 (d, J = 12.0 Hz, 1H), 4.00 (t, J = 9.3 Hz, 1H),
3.92 (s, 1H), 3.90-3.68 (m, 8H), 3.85 (s, 3H), 3.66-3.52 (m,
1H), 3.51-3.33 (m, 3H), 2.69 (q, / = 7.2 Hz, 1H), 2.17-1.94
(m, 2H), 1.91 (s, 3H), 1.85-1.65 (m, 4H), 1.55-1.20 (m,
5H), 1.08 (d, J=6.9Hz, 3H), 0.82 (s, 3H), 0.77 (t,
J=49Hz, 6H); *C NMR (100 MHz, CDCls): 6 178.7,
169.5, 165.5, 163.9, 132.1, 121.6, 113.8, 100.1, 99.8, 89.5,
84.0,77.2,72.8,72.6,71.1,70.4, 69.7, 69.1, 65.1, 63.6, 61.8,
55.4,45.3,40.8,40.2, 36.2, 34.6, 30.9, 30.1, 29.7, 27.5, 22.7,
20.6, 19.0, 18.9, 14.1, 12.8, 12.5; HRESI-MS: m/z Calcd
[M+Na*] for C37H53016Na: 777.3304. Found 777.3326.
Compound 18b: [o]y —85 (¢ 0.1, CHCl3); 'H NMR
(400 MHz, CDCls): 6 7.95 (d, J=8.7 Hz, 2H), 6.88 (d,
J=9.0Hz, 2H), 5.11 (t, J=7.5Hz, 1H), 499 (t,
J=75Hz, 1H), 4.66 (d, J=72Hz, 1H), 424 (d,
J=17.5Hz, 1H), 4.14-3.96 (m, 4H), 3.85 (s, 3H), 3.88-
3.77 (m, 4H), 3.77-3.70 (m, 2H), 3.70-3.60 (m, 2H), 3.58
(s, 1H), 3.60-3.50 (m, 1H), 3.50-3.42 (m, 1H), 3.36 (t,
J=17.7Hz, 1H), 2.70 (g, J = 6.9 Hz, 1H), 2.18-1.70 (m,
8H),1.59 (s, 3H), 1.10 (d, J=6.9 Hz, 3H), 0.92 (dd,
J=2.1, 6.3 Hz, 6H), 0.83 (s, 3H);!*C NMR (100 MHz,
CDCl,): 6 177.7, 169.4, 165.8, 163.8, 132.1, 130.9, 121.6,
113.7, 103.0, 101.9, 87.6, 84.6, 80.4, 74.4, 73.6, 71.1, 71.0,
70.5, 69.6, 67.9, 65.2, 64.9, 55.5, 46.0, 40.2, 38.9, 36.3, 34.4,
30.7, 29.7, 29.6, 27.4, 20.2, 19.1, 19.0, 14.1, 12.7; HRESI-
MS: miz Caled [M+Na'] for C;;Hs,0,¢Na: 777.3304.
Found 777.3309.

Zhang, Y.; Griffith, E. C.; Sage, J.; Jacks, T.; Liu, J. O.
Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 6427.
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Abstract—Fifteen novel C5 analogues of thiolactomycin (13 biphenyl analogues and two biphenyl mimics) have been synthesised
and assessed for their in vitro m¢tFabH and whole cell Mycobacterium bovis BCG activity, respectively. Analysis of the 15 com-
pounds revealed that six possessed enhanced in vitro activity in a direct mtFabH assay. Encouragingly analogues 11, 12 and 13 gave
a significant enhancement in in vitro activity against m¢tFabH. Analogue 13 (5-(4-methoxycarbonyl-biphenyl-4-ylmethyl)-4-hydroxy-
3,5-dimethyl-5H-thiophen-2-one) gave an ICs, value of 3 uM compared to the parent drug thiolactomycin (75 uM) against mtFabH.
The biological analysis of this library reaffirms the requirement for a linear n-rich system containing hydrogen bond accepting sub-
stituents attached to the para-position of the C5 biphenyl analogue to generate compounds with enhanced activity.

© 2007 Elsevier Ltd. All rights reserved.

Mycobacterium tuberculosis (Mt) still remains one of the
leading causes of morbidity and mortality worldwide,
contributing to an estimated 8.9 million new cases and
1.8 million deaths per annum.! Recently, the emergence
of multi-drug-resistant tuberculosis (MDR-TB) and
extensively drug-resistant TB (XDR-TB) strains, with
resistance to at least three of the six classes of second-
line drugs (aminoglycosides, polypeptides, fluoroquino-
lones, thioamides, cycloserine and para-aminosalicylic
acid), has been reported.? In some regions approaching
20% of MDR-TB cases were classified as XDR-TB rais-
ing concerns over a future epidemic of virtually untreat-
able TB.? Given this backdrop, the need for rapid and
continued progress in the development of new antituber-
cular agents and the identification and characterisation
of novel drug targets to utilise medicinal chemistry is
clearly evident.

Thiolactomycin (TLM) (A) possesses a thiolactone core
and was originally isolated from a soil Nocardia spp.’
TLM exhibits potent in vivo activity against many path-

Keywords: Mycobacterium tuberculosis; Mycobacterium bovis BCG;

Mycolic acids; Thiolactomycin; Inhibitors.

* Corresponding author. Tel.: +44 121 415 8125; fax: +44 121 415
5925; e-mail: g.besra@bham.ac.uk

 These authors contributed equally to this work.

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.082

ogenic bacteria, including M. tuberculosis.*° TLM
inhibits M. tuberculosis FAS-11 through inhibition of
B-ketoacyl-ACP synthase condensing enzymes, in vitro
and in vivo, leading to the inhibition of cell wall mycolic
acid biosynthesis and subsequent cell death.”'°

The B-ketoacyl-ACP synthase III condensing enzyme
(mtFabH) is the pivotal link between the FAS-I and
FAS-II systems involved in the biosynthesis of mycolic
acids.”!! In a series of experiments, Senior et al.!>!3
determined that acetylene and biphenyl analogues of
TLM possessed enhanced in vitro activity against
mtFabH.

S
' 0

HO

(A) r (®)

From this series of C5 biphenyl analogues of TLM,
5-(4’-benzyloxy-biphen-4-ylmethyl)-4-hydroxy-3,5-dimethyl-
5H-thiophen-2-one (B) gave an approximate 4-fold
increase in potency against mtFabH. It was apparent
from this initial library that the key features required
to obtain improved in vitro activity were a linear n-rich
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system containing hydrogen bond accepting substituents
attached to the para-position of the aromatic ring. To
further analyse the inhibition of mrFabH, we herein
present synthetic and biological activity of fifteen novel
C5 biphenyl analogues.

There has been much speculation into the validity of
extending TLM analogues in the C-5 position. More re-
cently Kim et al.!* addressed this issue, determining that
the only modification that can be tolerated in the C-5 po-
sition was an isoprene and that a slight modification, such
as the reduction of the double bonds on the isoprene, re-
sulted in markedly reduced activity. However, this does
not correlate with the activity shown previously by C5
biphenyl and acetylene analogues'?'3 and the recent
determination of the crystal structure of M. tuberculosis
KasB and subsequent homology modelling of KasA,
using the mtrKasB structure as a template, supporting
the potential for C5-derivatisation of the TLM scaffold. !>

To generate the thiolactone core required for the synthe-
sis of C5 TLM analogues, the Wang and Salvino meth-
0d'® was successfully employed with one modification.
Instead of using tricthylamine as the base in step two
of the Wang and Salvino method to produce 2-acety-
Isulfanyl-2-methyl-3-oxopentanoic acid methyl ester,'”
cesium carbonate was used due to the phenomenon
known as the “Cesium Effect”!® This effect is widely
used to describe the advantages concerning yield and
reaction conditions of cesium assisted reactions com-
pared to conventional non-cesium routes. This new
method gave an improved product yield of 92% com-
pared to the Wang and Salvino method that gave
60%. The reaction procedure is described in the notes.!”
As previously published by Senior et al.!? biphenyl ana-
logues were synthesised by using three equivalents of
lithium hexamethyldisilazide (LHMDS) to generate the
dianion intermediate, onto which an aryl halide linker
arm was introduced (C). Suzuki coupling (Reaction
Scheme 1) was then performed on the linker arm, result-
ing in the formation of the desued biphenyl analogue as
a racemic mixture (D), where R! represents a substituted
aromatic ring. Suzuki coupling reactions were achieved
by heating the aryl halide intermediate, with a range
of substituted boronic acids, bis(triphenylphosphine)
palladium (II) chloride (5 mol %), dimethoxyethane
(DME) and aqueous sodium carbonate under reflux
for 6 h before quenching with acid. Fifteen novel ana-
logues (Table 1) were developed of which thirteen were
biphenyl analogues (1-13)!° and two biphenyl mimics
(14 and 15). Analogues 14 and 15 were synthesised in
a similar procedure outlined by Senior et al. '? by the di-
rect allylation of the TLM core by 4-(bromomethyl)
benzophenone to generate 14 and 3-phenoxybenzyl
chloride to generate 15 under the standard conditions

S e} R,-B(OH),
DME
— Pd(PPhg),CI
| HO Reflux 85° C

Scheme 1.

Table 1. Structure and biological analysis of 13 novel biphenyl and
two biphenyl mimic TLM analogues in a direct m¢FabH assay”

mo
R HO

Structure Yield (%) ICsp (UM)
1 /©/ 25 130
Cl
2 /@\ 15 156
Cl
3 0 YO/ 20 54
4 o Q\ 22 150
F
5 /@\ 21 135
F
F
6 :@ 19 207
F
7 /©/ 26 105
F
8 18 68
Q
9 s 20 200
W
10 ® 25 86
Y
11 O?/J@/ 22 7
OH
12 ng 18 4
NH,
13 OY@r 25 3
[N
Q
14 @J\ 25 283
O
15 @[/ 55 15
TLM — 75

#1Cso values in a direct m¢tFabH assay were measured in micromolar
(uM).

of three equivalents of LHMDS. Analogues syntheswed
in this library were fully characterised by NMR (‘H and
13C), HRMS and IR.
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The mtFabH assay was performed using radiolabelled
[2-"*C]malonyl-CoA. The assay mixture contained puri-
fied mtFabD, mtFabH and ACP/AcpM. The in vitro
activity was determined by the incorporation of radiola-
belled [2-'*CJmalonyl-CoA into the acyl-1,3-diol formed
upon reduction of the B-ketoacyl-AcpM generated by
mtFabH.?° From the 15 novel TLM analogues synthes-
ised, six analogues (3, 8, 11, 12, 13 and 15) gave en-
hanced inhibitory in vitro mtFabH activity compared
to the parent drug, TLM (Table 1). Analogues 11, 12,
13 and 15 gave a significant 4-fold increase in inhibitory
activity, whereas analogues 3 and 8 gave only a slight
improvement. The in vitro activity of compounds 11,
12, 13 and 15 is such that they are comparable to the
activity of isoniazid against InhA (7.3 uM).2! In terms
of developing a structure—activity relationship (SAR)
study, biphenyl analogues 2 and 4 containing meta-sub-
stituents gave markedly reduced in vitro inhibitory
mtFabH activity compared to TLM. In contrast, ana-
logue 3, containing an acetyl function in the para-posi-
tion, gave improved in vitro inhibitory m¢FabH
activity compared to analogue 4, which contains the
same modification, but in the meta-position. Further-
more, the requirement for para-modifications coupled
with hydrogen bonding groups is evident in the analysis
of analogues 11, 12 and 13. These results also reaffirm
previously published data.!? All the compounds in this
series gave poor whole cell activity (above 250 uM)
against M. bovis BCG in comparison to TLM
(15 uM).2% Tt is possible that the analogues may either,
not permeate the cell wall of M. bovis BCG or are enzy-
matically modified, rendering them inactive.

Additional trends which are apparent in the library in-
clude: (i) halide-containing analogues 1, 2, 5, 6 and 7
gave a marked decrease in inhibitory in vitro activity
against mtFabH, (ii) disubstituted fluoride-containing
analogues 5 and 6 also resulted in poor in vitro inhibi-
tion of mtFabH activity. It is plausible that such modi-
fications may place structural constraints within the
active site of mtFabH.

Interestingly, the triphenyl modified analogue 8 gave a
comparable inhibitory in vitro mtFabH activity to
TLM, however the simple introduction of an methy-
lene oxy-group between the second and third aromatic
ring (B) resulted in a 4-fold increase in potency
against mtFabH activity.'? There are two possible fac-
tors which may have governed the increase in the po-
tency of 8. Firstly, the presence of the oxy-group will
provide hydrogen bonding interactions with neigh-
bouring residues and secondly, the modification facili-
tates flexibility on the third aromatic ring. It is
therefore clear that there is more scope to modify
compound 8 and B. Finally, we explored the possibil-
ity of attaching a thiophene group to the C5 aryl lin-
ker arm of the thiolactone core in a Suzuki type
coupling reaction. Although, analogue 10 gave a slight
decrease in in vitro potency in the mtFabH assay as
compared to TLM, it is difficult to suggest whether
these modifications are viable without the generation
and analysis of a more comprehensive library.

In conclusion, compounds 11, 12 and 13 gave a signifi-
cant increase in in vitro inhibitory activity against
mtFabH compared to TLM. These analogues contained
hydrogen bonding groups in the para-position of the
biphenyl compound. As previously noted,!? these con-
tributing factors generate analogues with enhanced
in vitro inhibitory activity. Although, the analysis of
some C5 biphenyl analogues shows promising in vitro
inhibitory mtFabH activity, to further develop these
analogues as potential drugs several factors need to be
considered. Importantly, the issue of poor in vivo inhib-
itory activity against M. bovis BCG must be addressed.
The mycobacterial cell wall is unusually complex and
provides a particularly formidable permeability barrier
that protects the organism against various antibiotic
and chemical insults. The disparity between improved
in vitro performance and loss of antimycobacterial
activity is likely related to their in ability to traverse this
structure. Consequently, their utility against other
TLM-sensitive organisms warrants investigation.??
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0.09 mol, 1 equiv) in 30 ml of DMF over molecular sieves
(500 mg). The CsSCOCH; was dissolved in 10 ml of DMF
and placed in an ice bath. (2RS, 4RS)-4-bromo-2-methyl-
3-oxopentanoic acid methyl ester was added dropwise at rt
for 3 h. The organic layer was extracted with chloroform
and washed, dried and reduced in vacuo. The resulting
red/brown oil was columned using ethyl acetate (0-20%) in
petrol. This yielded 2-acetylsulfanyl-2-methyl-3-oxopenta-
noic acid methyl ester as a dark red oil (19.07 g, 97%). 1H
NMR (CDCl;, 300 MHz) 6H: 1.24-1.30 (m, 3H, COC-
HCH3), 1.34-1.50 (m, 3H, CHSCH3), 2.33 (s, 3H, CH3),
3.63 (s, 3H, OCH3;), 3.72-3.85 (m, 1H, COCHCH3), 4.40—
4.55 (m, 1H, SCHCH;); '3C NMR (CDCls, 75 MHz) d:
12.47, 13.06 (C-6), 15.45, 15.88 (C-5), 29.57 (C-8), 45.19,
45.60 (C-2), 49.13, 49.46 (C-4), 51.95 (CH3), 170.13 (C-7),
193.2 (C-3), 203.1 (C-1); m/z (EI) 218 (MH"* 20%), 176
(MH*—SCOCH;, 100%); HRMS Caled for CoH;,04S
[MH™] 218.4516 found 218.4523.
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Synthesis of biphenyl TLM analogue 3—compound 3
(4-acetyl (biphenyl-4-yl-methyl)-4-hydroxy-3,5-dimethyl-

20.

21.

22.

SH-thiophen-2-one) was synthesised as follows. A solution
of 5-(4-iodobenzyl)-4-hydroxy-3,5-dimethyl-5H-thiophen-
2-one (60 mg, 0.167 mmol, 1equiv), DME (2ml), aq
sodium carbonate (0.5ml, 1M) and 4-acetylphenyl
boronic acid (27 mg, 0.183 mmol, 1.2 equiv) was degassed
for 10 min. Bis(trighenylphosphine) palladium (II) chlo-
ride (8 mg, 7x 107, 5 mol %) was added and the mixture
was heated under reflux for 6h. The mixture was
portioned between water (10ml) and ethyl acetate
(10 ml) and separated. The aqueous layer was acidified
to pH 2 with dilute HCI (2 M) and the product was
extracted with ethyl acetate (2 x 10 ml). The organic layers
were combined, washed with saturated brine (3 x 10 ml),
dried and reduced to give the crude product. Purification
was achieved via 2 selparate columns to give a product
yield of 36% (21 mg). 'H NMR (CDs0D, 300 MHz), dg;
1.50 (s, 3H, SCCH;), 1.75 (s, 3H, CCH3), 2.55 (s, 3H,
COCH;), 3.15-3.20 (q, 2H, CH,), 7.20 (d, 2H, H-a), 7.35
(d, 2H, H-b), 7.55 (d, 2H, H-c), 8.05 (d, 2H, H-d); *C
NMR (CD;0D, 75 MHz) d.; 4.95 (C-6), 22.4 (C-7), 24.5
(C-14), 56.0 (C-5), 127.4, 127.8, 128.1, 128.3, 129.1, 129.4,
130.3, 130.6 (C-a, C-b, C-c, C-d), 137.8 (C-9); m/z (EI)
353.4 [MH"] (100%), HRMS Calcd for C,;H»yO3HS
[M+H"] 353.4652 found 369.4659. All the analogues (1—
15) were characterised by NMR, HRMS and IR.
Minimum inhibition concentration (MICgyy) and in vitro
effect of TLM analogues on mtFabH activity—minimum
inhibition concentration (MICq9) of TLM analogues
against M. bovis BCG were calculated by growth in
liquid media using the Alamar blue 96-well plate
standard protocol.”> The full mrFabH assay was per-
formed as published by Brown et al.'! All the required
enzymes were also generated as reported previously by
Brown et al.!!
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Abstract—SAR about the piperidine core in a series of MC4R agonists is described. A number of alkyl substituents that furnish

compounds with good affinity and functional potency are reported.

© 2006 Elsevier Ltd. All rights reserved.

Through interactions with the endogenous corticotropin
and melanocortin ligands, the melanocortin family of
G-protein-coupled receptors mediate a wide array of
physiological functions. These range from the control
of feeding and sexual behavior to skin pigmentation
and neuroendocrine regulation. Five subtypes have been
cloned and sequenced since the early 1990s.!

Melanocortin 4 receptor (MC4R) is expressed in the
hypothalamus, brain stem, and many other brain re-
gions. A significant amount of evidence points to the
role of the receptor in feeding behavior.? The link be-
tween MC4R and feeding regulation is strengthened
by knock-out studies of mice in which targeted deletion
of the receptor results in obese mice with moderate levels
of obesity in heterozygous mice.?

Efforts have been mounted by various research groups
to identify suitable agonists of the receptor as possible
treatments for obesity. In recent years, small molecule
agonists have been reported in the literature.* Many of
the more selective agonists have been based on the struc-
ture of compound 1—reported by our laboratories in
2004.#* Pharmacological testing of compound 1 con-

Keywords: Obesity; Erectile dysfunction; Privileged structure; G-pro-
tein-coupled receptor; Apetite; Metabolic disorder; Peptidomimetic.
* Corresponding author. E-mail: iyassu_sebhat@merck.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.11.084

firmed the food intake-lowering effects of MC4R agon-
ism and provided evidence that the sexual effects
exhibited by non-selective ligands may be mediated by
MC4R**b¢ (see Fig. 1).

The primary endogenous ligands for the five receptor
subtypes are generated through cleavage of the 31-36
kDa protein pro-opio-melanocortin (POMC). This
mechanism generates an array of biologically active pep-
tides which share a His-Phe-Arg-Trp pharmacophoric
core unit.’ Recognizing the similarity of this pharmaco-
phore to the active core of the growth hormone secreta-
gogue peptide GHRP-6° and applying strategies that
had yielded a clinical candidate in that program, we
quickly identified compound 2 bearing a spirocyclic
‘privileged structure’ with a dipeptide cap.’

Lessons from the literature outlining the influence of the
phenylalanine residue® allowed rapid movement into an
agonist series exemplified by compound 3b. Further
optimization led to the development of a series of 4-
substituted, 4-cyclohexylpiperidine-based structures. A
very potent series emerged where the piperidine was
substituted with a methylene bearing a heterocycle*® or
with a terz-butyl amide.*d Replacement of the imidazole
side chain of His with tetrahydroisoquinoline (TIC) or
piperazine further enhanced potency and selectivity
eventually leading to compounds 1 and 11a.
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GHRP-6 Pharmacophore
Trp-Ala-DTrp-His

MC-4 Pharmacophore
Trp-Arg-DPhe-His

NH
HN—4 !

3a: Ar = 2-napthyl
| 3b: Ar=Ph

Figure 1. Lead discovery/optimization (a privileged structure
approach).

Our group and others working in the area have reported
some SAR about the core of these compounds.* While
this work has described alterations to the dipeptide
cap as well as the more polar piperidine substituent,
there are no reports describing SAR of the lipophilic
piperidine substituent. This paper seeks to outline
SAR about this metabolically labile region and identifies
a number of groups that allow for structural variation
while maintaining good activity.

The work was carried out in three distinct series bearing
nitrile, tetrazole, and amide functional groups. In all the
series, flexible methodologies were developed that al-
lowed for facile variation of the alkyl subunit.

The synthesis of the nitrile and tetrazole analogs pro-
ceeded initially with the Knoevenagel condensation of
N-Cbz-protected 4-piperidone with ethyl cyanoacetate.
The resultant unsaturated cyanoacetate 4 was treated
with a cuprate generated from an alkyl Grignard or lith-
ium species. The 4-alkylpiperidine was then thermally
decarboxylated to generate the nitrile 5. Deprotection
followed by sequential coupling to the dipeptide cap
and final deprotection afforded the nitrile analogs 6. Pri-
or cycloaddition of azidotrimethylsilane in the presence
of catalytic tin followed by methylation afforded the var-
ious tetrazole analogs 8 (see Fig. 2).

Synthesis of the amide analogs required three distinct
routes to access compounds bearing secondary, tertiary,
and quaternary or allylic alkyl centers. Each route led to
protected acid 10. This was converted to a fert-butyl

QOZBH
O:<:/\N*COZBn . N

+ —— 4

Et0,C” “CN \
Et0,C~ “CN
| b
CO,Bn CO,Bn
N

k= pHex|= Bn m=
|

v

Figure 2. Synthesis of nitrile and tetrazole analogs. Reagents and
conditions: (a) NH4Cl/AcOH/C¢Hg, reflux (-H,O); (b) i—RMgX/
CuCN/THF; ii—LiCl/H,O/DMSO, 160 °C; (c¢) i—TMSN3/Bu,SnO/
toluene, reflux; ii—K,CO3/Mel/DMF; (d) i—Pd(OH),/H,/HCl/MeOH;
ii—Boc-p-Phe(p-Cl)-OH/EDC/HOBt/NMM/CH,Cl,;  iii—HCI/CH,
Cly; iv—Boc-p-Tic-OH/EDC/HOBt/NMM/CH,Cl,; v—HCI/CH,Cl,.

amide, deprotected, and coupled to the dipeptide cap.
Hydrogenation of the Cbz group and methylation prior
to a final deprotection allowed access to the various ago-
nists 11 (see Fig. 3).

Secondary alkyl substituents were generated in a
straightforward fashion via deprotonation and alkyl-
ation of N-Boc-4-carbethoxy piperidine 9. The ester
was then saponified to afford acid 10.

Tertiary alkyl-substituted structures were generated in
an analogous fashion to the nitrile/tetrazole-bearing
compounds utilizing a Henry reaction. The requisite ni-
tro olefin 12 was generated via addition of nitromethane
to N-Cbz-4-piperidone followed by dehydration. Addi-
tion of a Grignard reagent then furnished nitrile oxide
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Figure 3. Synthesis of amide analogs. Reagents and conditions: (a)
i—LDA/THF; ii—RCH,X; (b) i—MeNO,/NaOMe/MeOH;
ii—Ac,O/DMSO; (¢) i—RMgX/THF; ii—H,SO4; (d) NaNO,/
AcOH/DMSO; (¢) ROH/EDC/DMAP/HOBt/CH,Cly; (f) LDA/
TMSCI/THF; (g) HCI/CH,Cl,; (h) i—Boc-p-Phe(p-Cl)-OH/EDC/
HOBt/NMM/CH,Cl,; ii—HCl/ CH,Cl,; iii—(2S)-1-Boc-4-methyl-
piperazine-2-carboxylic acid/EDC/HOBt/NMM/CH,Cl,; iv—HCI/
CH,Cl,.

13—a versatile intermediate that, for these purposes,
was oxidized to generate 10.

Finally quaternary and allylic alkyl substituents were ac-
cessed via Claisen rearrangement. N-Boc piperidine-4-
carboxylic acid was coupled with an allylic alcohol to
furnish the Claisen precursor allylic ester 14. Warming
the silyl enol ether generated on treatment with base
and TMSCI then effected the rearrangement to allylic-
substituted acid 15. This was either hydrogenated to
the saturated analog or maintained as the alkene.

Given the ease of generating the nitrile compounds (6),
we used this series to rapidly determine the suitability
of a number of alkyl groups of varying size. The cyclo-
hexyl subunit (6a) emerged as the most potent
(ICso=7nM; ECso=189nM at hMC4R) with 4%
maximal activation of hMC3R and 3-fold selectivity
over hMCSR. Methyl, ethyl, isopropyl, and cyclopropyl
analogs (6b, 6c, 6e, and 6f) caused over 10-fold reduc-
tion in potency. Use of a cyclopentane or n-butyl substi-
tuent (6g and 6d) resulted in a smaller shift (2- and 3-
fold, respectively) suggesting our efforts should focus
on groups with larger steric bulk. Functional activity
of the series at the hMC4 receptor (maximal stimulation
of cAMP) did not exceed 52%, even in the case of com-
pounds that had good affinity for the receptor. We have
hypothesized that the nitrile group does not form opti-
mal interactions with the receptor. This is possibly due
to the lack of an additional lipophilic interaction that
the other functional groups are capable of forming. In
further investigating alkyl group SAR, we turned to
the more active tetrazole series (8). Again, the cyclohexyl
analog was potent and selective: 8a maintained an ECs
of 3 nM at hMC4R with 36- and 69-fold selectivity over
hMC3R and hMC5R, respectively. While n-hexyl and
benzyl analogs 8k and 8l exhibited large reductions in
potency, the neopentyl analog 8i shifted 7-fold and the
branched butyl- and chlorophenyl-substituted com-
pounds 8h, 8j, and 8m had <5-fold reductions in func-
tional potency. The THP analog 8n is the least potent
in the series, suggesting that heteroatoms are not well
tolerated in the region (Table 1).

Table 1. Binding and functional activity of compounds 6a—6g and 8a—8m at human melanocortin receptors

Compound MC4R (ICsy, nM)* ECso (nM)* [% max]

MC4R MC3R MCS5R
6a 6.8 (£2) 189 (+38) [51] na [4] 640 (+113) [42]
6b 1490 (£331) na [7] na [0] na [3]
6¢ 759 (£312) na [16] na [1] na [8]
6d 22.2 (£4) 281 (£66) [40] na [1] 480 (+57) [21]
6e 63.0 (£3) 827 (+107) [32] na [1] 1100 (+265) [20]
of 173 (£37) na [12] na [0] na [10]
6g 16.4 (£4) 196 (+51) [52] na [2] 630 (£78) [40]
8a 0.85 (£0) 3.2 (1) [96] 115 (£22) [50] 222 (*37) [57]
8h 6.0 (£1) 12.5 (£4) [98] 680 (+115) [31] 662 (+£242) [46]
8i 3.6 (£0) 21.0 (£7) [76] na [9] 380 (£50) [27]
8j 3.7 (1) 3.9 (£0) [107] 263 (£60) [33] 250 (+55) [39]
8k 4.0 (1) 28.7 (£7) [84] 1001 (£230) [34] 684 (+32) [15]
81 52.3 (£14) 111 (£28) [70] 840 (+100) [17] 1760 (£596) [20]
8m 113 (£55) 4.9 (£2) [100] 434 (+£126) [92] 527 (£167) [17]
8n 32 (%£19) 157 (£55) [90] 2950 (+850) [18] 2950 (+132) [18]

#Values are means of at least three experiments, standard error of the mean is given in parentheses (na, not active).
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Compound MC4R (ICso, nM)* ECso (nM)? [% max]

MC4R MC3R MC5R
11a 13.6 (+4) 6.5 (£1) [98] na [14] 977 (*123) [31]
11b 840 (+149) 2174 (+732) [54] na 2] na [5]
1lc 177 (£13) 563 (+146) [55] na [4] na [8]
11d 6.8 (£1) 10.0 (+4) [81] 230 (+58) [37] 888 (+93) [27]
1le 162 (£81) 546 (+312) [87) 241 (£76) [42)] 1117 (£95) [19]
11f 66.2 (+16) 151 (£54) [55] na 2] na [32]
11g 36.6 (+9) 57.8 (+26) [79] na [3] 1980 (£186) [56]
11h 64.0 (£6) 84.6 (£15) [76] na [8] na [12]
11i 343 (+98) 1769 (£725) [59] na [3] na [2]

#Values are means of at least three experiments, standard error of the mean is given in parentheses (na, not active).

The most potent compounds in the first two series had
maintained either a cyclohexane, sec-butyl or iso-butyl
substituent. The amide series (11) allowed us to investi-
gate further substitutions about these core-structures.
While unsaturation (11h), substitution of the branch
point (11f and 11g), 4,4-di-substitution (11e) or cycliza-
tion (11b and 11¢) all reduced potency compared to their
respective parents, 4-position mono-methylation (11d)
maintained very similar activity (see Table 2).

In conclusion, the three sets of MC4 receptor agonists
(nitriles, tetrazoles, and amides) allowed us to identify
suitable alkyl substituents of the piperidine core in this
lead series. The low potency of compounds bearing
small alkyl groups suggests that this region of the mole-
cule interacts with a large lipophilic pocket in the hMC4
receptor. A number of larger groups, in particular cyclo-
pentyl, n-butyl, neo-pentyl, iso-butyl, sec-butyl, and
cyclohexyl derivatives, furnished compounds with good
potency at hMC4R. This variety of substituents may
prove useful in tempering the in vivo and physical char-
acteristics of the lead series.
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Abstract—A series of hybrid molecules containing the cyclopropylmethylamino side chain found in homotryptamine (15,25)-2¢ and
an isosteric heteroaryl or naphthyl core were prepared and their binding affinities for the human serotonin transporter determined.
The most potent isosteres were CN-substituted naphthalenes. These results demonstrate that isosteric aromatic cores which lack an
H-bond donor site may be substituted for the indole nucleus without substantial loss in hSERT binding.

© 2007 Elsevier Ltd. All rights reserved.

The serotonergic system is a well-characterized target in HNT
the treatment of depression. Inhibition of the human R

serotonin transporter (hSERT), which is responsible Q O‘
for the regulation of synaptic serotonin levels, forms _

the full or partial basis for the mechanism of action of O ° h]' O
many antidepressants known as selective serotonin reup- NC cl
take inhibitors (SSRIs).! Figure 1 illustrates some exam- Cl

ples of marketed SSRIs. Though structurally diverse, citalopram sertraline
they share a common characteristic of having a terminal
alkylamino group separated from an aromatic nucleus

F 0\
by a 3-4 atom spacer. F3C\©\ f 0
Additionally, a number of indole,”® thiophene,” and o _ \j)

N

H

naphthalene® systems sharing a similar terminal amino
function have been reported to inhibit hRSERT. We have
recently reported a new class of homotryptamine
analogs which are potent inhibitors of hSERT.? In the fluoxetine paroxetine
simplest manifestation, an indole 1 is linked at the 3-po-
sition to a N,N-dimethyl-N-propylamine (Fig. 2).
Substitution of the indole with electron-withdrawing
groups as in 1b and 1c¢ resulted in higher hSERT binding
affinities. We further refined this system by conforma-
tionally restricting the aminopropyl side chain with a

Figure 1. Examples of marketed SSRIs.

cyclopropyl group as shown in 2. This led to the hSERT
inhibitor trans-rac-2c. Upon resolution, a highly
Keywords: Homotryptamines: SSRIL. potent hSERT inhibitor, (1S5,25)-2¢, was obtained.>’
* Corresponding author. E-mail: dalton king@bms.com (18,25)-2¢ was more potent than lc¢, suggesting that
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conformational R
restriction N

hSERT ICs, nM hSERT ICg, nM

1a, R=H 58+6 rac-2a, R=H 99+36

1b, R=F 4.0+0.3 rac-2b, R=F 4.1+2.1

1c, R=CN 2.0+0.4 rac-2c, R=CN 1.1£1.0
(15,2S)-2c, R=CN 0.48+0.16

Figure 2. Homotryptamine analogs.>>

cyclopropyl conformational restriction of the aminopro-
pyl chain afforded a favorable binding interaction with
hSERT in (1S5,25)-2c.

The broad activity of these divergent systems suggested
that hSERT might recognize a wide range of aromatic
groups in place of the indole of 2. With this in mind,
we constructed hybrid molecules which combined the
side chain found in 2 with an isosteric aryl or heteroaryl
ring (Fig. 3). Our novel core structures may be grouped
into four broad classes: (i) azaindoles 3-5, (ii) benzothi-
ophene 6, (iii) quinoline/isoquinoline 7-8, and (iv) naph-
thalenes 9-10. Herein we describe the synthesis and
hSERT binding affinities of these molecules.'?

We initially synthesized a trans racemic series'! of azain-
dole analogs in which the additional ring nitrogen was
placed at either the 2-position (indazoles, 3), 7-position
(7-azaindoles, 4), or the 9-position (imidazo[l,2-a]pyri-
dines, 5) of the indole nucleus.

Synthesis of indazole 3 was carried out as shown in
Scheme 1. The initial ketone 12 was synthesized via
Pd-catalyzed Cu(l) carboxylate-mediated coupling of
boronic acid 10 with thiol ester 11.!2 The key step in
the construction was the closure of 13 under basic con-
ditions at 100 °C to the tosyl-protected indazole 14. Sim-

i i i
NC \N | X N\ @\j\ N\
/ N/ H NN

N

H

3 4 5

-
VAN v
N | \
/ O]
g N N
6 7 8
R® A R

4 R N
" O A ,R1 OO éz
. N .
R R2 R
RS

9 10

Figure 3. Hybrid SSRIs.
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ilar cyclizations have been reported for unprotected
hydrazones,'>'* but high temperatures were required
and hydrazone dimers were often formed. In our reac-
tion tosyl protection blocked the formation of dimers
and allowed for milder cyclization conditions. The se-
quence was completed by reduction of the side chain
to the corresponding alcohol with LAH, followed by
reoxidation to the aldehyde under Swern conditions.
Reductive amination incorporated the dimethylamino
group, and mild base treatment removed the tosyl pro-
tecting group to give 3.

F
F
B(OH
©r ToI-S\ﬂ/A/ COORL 4 COOEt
+ —_—
NC
o
CN
10

o
1 12

COOEt
G NHTS

b | c NC
. NC s N
COOEt N
N
F \

13 14
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\
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Scheme 1. Synthesis of indazole 3. Reagents and conditions: (a)
Copper(I) thiophene-2-carboxylate, Pd,dba;- CHCIs, trifurylphos-
phine, rt, 4 h, 78%; (b) Ts-NHNH,, 68%; (c) K,CO3;/DMF, 100 °C,
15 min, 45%; (d) LAH, 88%; (e) oxalyl chloride, DMSO, Et;N, 100%;
(f) (CH3),NH, NaBH(OACc);; (g) NaOH/H,O/MeOH, 68% (two steps).
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Scheme 2. General synthetic scheme for 4-6, 9-10. Reagents and
conditions: (a) diethyl (N-methoxy-N-methylcarbamoylmethyl)phos-
phonate, NaH, 77-93%; (b) N-methoxy-N-methyl acrylamide,
Pd(OAc),, NaOAc, (o-tolyl);P, DMF, reflux, 36-52%; (c) CH,N,,
Pd(OACc),, 84-100%; (d) MesSOI, NaH, 60%; (¢) LAH, THF, —40 to
0°C, 61-100%; (f) R'R>NH, NaBH(OAc);, EtOH, 15-75%; (g) aq
NaOH, quant.
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e
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7-8

Scheme 3. General synthetic scheme for 7-8. Reagents and conditions:
(a) N,N-dimethylacrylamide, Pd(OAc),, NaOAc, (o-tolyl);P, DMF,
reflux, 58-69%; (b) Me;SOI, NaH, 59-63%, or CH,N,, Pd(OAc),,
64%; (c) AlH3, 89%.

Table 1. hSERT binding affinities of 3-8

Compound hSERT ICsy* (nM)
2a 99 + 36

3 71+34

4 410

5 >1000

6 25+ 11

(+)-6 55%36

(-)-6 150 + 60

7 130 £ 70

8 >1000

Where indicated with £SEM, n =3 for the reported ICs, values.
Otherwise, n = 2. ICs, values were determined from a four-parameter
competition curve equation fit on a five point concentration curve
and are reported as the average value of all determinations.

Synthesis of compounds 4-6 followed a common path-
way as outlined in Scheme 2. Heterocyclic aldehydes
(Group I)>!3 were subjected to Horner—Wadsworth—

Table 2. hSERT binding affinities of naphthalenes 9a-k and 10a-g

Emmons conditions with diethyl (N-methoxy-N-meth-
ylcarbamoylmethyl)phosphonate to give the trans-ole-
fins 16. Cyclopropanation was accomplished with
diazomethane (7-azaindole 4 and benzothiophene 6) or
via sulfur ylide (imidazo[1,2-a]pyridine 5). After reduc-
tion to the aldehyde followed by reductive amination,
and in the case of 4, basic deprotection, 4-6 were
obtained.

Compounds 9-10 were synthesized according to Scheme
2 starting from the corresponding bromides (Group II).
The aryl bromides were initially alkenylated via Heck
coupling. Synthesis was completed following a pathway
identical to 4-6.

Compounds 7-8 were synthesized according to Scheme
3. The quinoline and isoquinoline bromides were alke-
nylated with N,N-dimethylacrylamide. Cyclopropana-
tion was accomplished by treatment with the sulfur
ylide or diazomethane. Final reduction of the amides
to 7-8 was most efficient with AIHs;.

The hSERT binding affinities of 3-8 were determined as
previously described? and expressed here as hSERT ICs
values (Table 1). The azaindoles 3-5 offered no potency
advantages versus the indoles. Indazole 3 was at best
equipotent with the analogous unsubstituted indole 2a,
while 7-azaindole 4 and imidazopyridine 5 were signifi-
cantly less active. Benzothiophene 6 was slightly im-
proved relative to the indole 2a and indazole 3. When
6 was resolved by preparative chiral HPLC, the relative
binding affinity of the (+)-enantiomer for hSERT was
approximately 3-fold higher than the (—)-enantiomer.

Compound R! R? R? R* R’ SERT ICso* (nM)
rac-2a — — — — — 99 + 36
rac-2¢ — — — — — 1.1x1.0
(15,28) — 2¢ — — — — — 0.48 £ 0.16
9a H Me H H H 89 + 42

9 Me Me H H H 15+ 14
(+)-9b Me Me H H H 18£8
(-)-9 Me Me H H H 170 £ 50
9c Me Et H H H 58 +25

9d Et Et H H H 120 £ 20
9e H Me H CN H 17+ 4

of H Et H CN H 37+ 11

9g Me Me H CN H 4.1+£20
9h Et Et H CN H 67 + 60

9i —~(CH))4~ H CN H 5116

9j Me Bn H CN H 166

9k Me Me H H CN 48 + 11
10a H Me H H H 52+ 13
10b Me Me H H H 8.6+78
(+)-10b Me Me H H H 8.6+24
(—)-10b Me Me H H H 140 + 10
10c Me Et H H H 310

10d Et Et H H H 550

10e Me Me CN H H 0.88 +0.43
10f Me Me H CN H 13+6

10g Me Me CN CN H 59420

#Where indicated with + SEM, n > 3 for the reported ICsq values. Otherwise, n = 2. ICs, values were determined from a four-parameter competition
curve equation fit on a five point concentration curve and are reported as the average value of all determinations.
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Table 3. Inhibition of dopamine and norepinephrine transporters.

Compound SERT ICsy" (nM) DAT % inhibition® DAT ICs¢° (uM) NET % inhibition® NET ICs¢ (uM)
3 71+ 34 0 44 + 21 —-4.9 >100

+)-6 55436 24 ND¢ 13 ND

(+)-9b 18£8 12 33+6 2.3 68 + 18

9g 41120 16 8719 20 195

9k 48 + 11 9.5 12t4 25 395

(+)-10b 8.6+24 31 24104 18 8.7+0.7

10e 0.88 £0.43 83 0.26 £ 0.04 68 0.71 £0.13

10f 136 41 1.1+£04 69 0.56 = 0.05

10g 59+2.0 80 ND 82 ND

#From Tables 1 and 2.

® Test concentration 1 pM.

°n =13 for the reported ICs, values.
4ND, not done.

Both 7 and 8 were less active than the indoles, but quin-
oline 7 has a higher binding affinity for hNSERT than iso-
quinoline 8.

Unlike the previous heteroaryl analogs 3-8, several
members of the naphthalene series 9-10 were more po-
tent than the corresponding indole 2 (Table 2). For
example, 9b and 10b were approximately 10-fold more
potent against hSERT than 2a. In most cases, unsubsti-
tuted members of series 9 were roughly equipotent to
similar unsubstituted members of series 10. The opti-
mum amine substitution pattern was still observed to
be dimethyl (9b and 10b). Both 9b and 10b were resolved
by preparative chiral HPLC, yielding in each case the
(+)-enantiomer as the more active of the pair (10- to
16-fold). In the indole series 2, we found that substitu-
tion with electron-withdrawing groups increased hSERT
binding affinity.> Substitution of 9 with R* = CN was
optimal, resulting in a 2- to 5-fold increase in hSERT
binding. Compound 9g was the most potent of series
9, with hSERT ICs, equal to 4.1 nM. Substitution of
10 with CN groups was also effective. An optimal
hSERT ICs of 0.88 nM was achieved with the racemate
10e (R®=CN) corresponding to a 10-fold increase in
binding affinity over the unsubstituted (+)-10b.

To confirm selectivity for the serotonin transporter, sev-
eral of the compounds reported in this study were eval-
uvated for binding affinity at dopamine (DAT) and
norepinephrine (NET) transporters. Table 3 shows re-
sults for a selected group, chosen on the basis of h(SERT
potency within their respective classes. Most of these
compounds were only weak inhibitors of DAT or
NET, with the most potent being the CN-substituted
members of naphthalene series 10. For example, DAT
and NET ICsy values for 10e were 260 and 710 nM,
respectively. Selectivity for the serotonin transporter
varied widely without apparent correlation to hSERT
ICso. Selectivity ratios varied 80- to 2000-fold for
DAT and 40- to 5000-fold for NET.

In this work we synthesized hybrid molecules which
contain the N,N-dialkyl-N-cyclopropylmethylamino
side chain found in 2 and an isosteric naphthyl or het-
eroaryl core. The optimal members of the azaindole

3-5, benzothiophene 6, quinoline 7, and isoquinoline
8 series were N,N-dimethyl substituted. Though exhib-
iting moderate binding potency at hSERT (25-
130 nM), they are at best equipotent with prototype
unsubstituted indole 2a. By contrast, many members
of the naphthalene series 9-10 exhibited hSERT bind-
ing at <10 nM. The optimal member of this series was
the CN-substituted rac-10e, which also possesses the
N,N-dimethyl substitution pattern. The hSERT bind-
ing ICsy of this compound, 0.88 nM, was essentially
equimolar to that of rac-2¢ and approached that of
the more active enantiomer (1S5,25)-2c. We have previ-
ously speculated that the indole NH may provide an
important H-bonding interaction with hSERT.> How-
ever, these results challenge that conclusion and dem-
onstrate that isosteric aromatic cores such as
naphthalenes which lack the H-bond donor site may
be substituted for the indole nucleus without substan-
tial loss in hSERT binding.
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Abstract—The 2-azadecalin ring system was evaluated as a scaffold for the preparation of glucocorticoid receptor (GR) antagonists.
High affinity, selective GR antagonists were discovered based on a hypothetical binding mode related to the steroidal GR antagonist
RU-43044. 2-Benzenesulfonyl substituted 8a-benzyl-hexahydro-2H-isoquinolin-6-ones exemplified by (R)-37 had low nanomolar
affinity for GR with moderate functional activity (200 nM) in a reporter gene assay. These compounds were devoid of affinity
for other steroidal receptors (ER, AR, MR, and PR). Analogues based on an alternative putative binding mode (CP-like) were
found to be inactive.

© 2007 Elsevier Ltd. All rights reserved.

Mifepristone (RU-486)!3 is an antagonist at progester- line) ring system as this presented an attractive scaffold
one (PR) and glucocorticoid (GR) receptors and has re- to probe GR receptor binding. With appropriate relative
cently been shown to be an effective treatment for
psychotic major depression (PMD).#°® The etiology of
this condition has been associated with abnormally high
levels of cortisol ”*%; hence, the efficacy of mifepristone in
the treatment of PMD is ascribed to GR antagonism.®
Our goal was to discover a ‘second generation’ drug
which would be a potent and selective GR antagonist.
There has also been considerable interest in the develop-
ment of selective GR antagonists for other indications,’
including treatment of diabetes,'®!" obesity,'>!3 endog-
enous depression,'* Alzheimer’s disease,!> neuropathic
pain,'® and Cushing’s disease.!”

RU-43044

CP-409069 X = OH

In addition to mifepristone, the related steroid CP-472555 X = N\ | H\n/}
RU-43044,>3 which is selective for GR over PR, and )
the recently disclosed potent and selective antagonists
CP-409069'8 and CP-472555'° provided structural leads
for further design. We decided to explore the benzyl- ‘
substituted 2-azadecalin (octa- and decahydro-isoquino- X
- A
Keywords: Glucocorticoid receptor (GR) antagonists; Azadecalin. "CP like" "RU like"
* Corresponding author. Tel.: +1 808 332 5449; fax: +1 808 332 0389;

e-mail addresses: rclark@corcept.com; robin.clarkS@hawaiiantel.net Figure 1. Potential GR-binding modes of substituted azadecalins.

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2007.07.055
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and absolute stereochemistry, the benzyl-2-azadecalin
system can be represented in either a ‘CP-like’ binding
mode or an ‘RU-like’ binding mode with nitrogen sub-
stituents X providing auxiliary binding groups (Fig. 1).

Racemic hexahydro-2,8a-dibenzylisoquinolinone 2 was
prepared by Robinson annelation of piperidone 12° as de-
scribed for the synthesis of the corresponding 8a-methyl
analogue?! (Scheme 1). Lithium/ammonia reduction
afforded the zrans-octahydroisoquinolinone 3 which was
converted to various analogues 4 by deprotection and
standard N-substitution reactions. Treatment of com-
pounds 4 with butynyl magnesium bromide furnished
racemic target compounds 5-13 (Table 1) which were ob-
tained as a major diastereomer with the indicated relative
stereochemistry. In some cases the minor diastereomer
was also isolated by column chromatography.??

Compounds 14-50 (Tables 2-4), including those substi-
tuted on the 8a-benzyl group (Y = OMe, F, Br, NO,),
were readily available by N-debenzylation of enone 2

4 (+)-5-13

Scheme 1. Reagents and conditions: (a) methylvinyl ketone, NaOMe,
MeOH, rt; (b) Li, NH3; (c) H,, Pd(OH),/C, AcOH (d) 5: benzyl
bromide, NaH, THF; 8-13: acyl or sulfonyl chloride, NEt;, CH,Cl,;
(e) butynyl magnesium bromide, THF.

Table 1. Compounds 5-13*

—-—

\©\"/ S/
O (e}
}
HO
/\([)]/ AcNH
MeSO NH S

4
8 0 o
4 Z'e _;  MeSONH
H } e /OSO \©\ A
;7 O 'S’
10 13 0 0

# All compounds are racemic.

Table 2. GR-binding affinity for compounds 14-23*

Compound X GR-binding K; (nM)®
14 C(O)-phenyl >10,000
15 C(0)-n-butyl >10,000
16 C(O)NH-phenyl >10,000
17 S(O,)-phenyl 225
18 S(O,)-n-butyl >10,000
19 S(0O,)-NH-phenyl 1200
20 4-MeO-phenyl >5000
21 Benzyl 3700
22 4-MeO-benzyl 2250
23 CH,-(4)-pyridyl >10,000

# All compounds are racemic.
®Values are means of two experiments.

Table 3. GR-binding affinity for substituted sulfonamides 24-45%

Compound Y GR-binding K; (nM)®
17 H 225
24 2-CN 1000
25 2-CF, 4450
26 3-NO, 3000
27 4-NO, 1250
28 4-F 800
29 3-OMe 196
30 4-OMe 216
31 3,4-(OMe), 1300
32 2,5-(OMe), >10,000
33 4-OPh 163
34 3-Cl 432
35 4-Cl 193
36 4-Me 99
37 4-tert-Butyl 14
(R)-37 4
(8)-37 >10,000
38 4-Phenyl 55
39 2-NHSO,Me 1950
40 3-NHSO,Me 2100
41 4-NHSO,Me 950
42 4-SO,Me 137
43 4-NHCOMe 750
44 4-NMe, 113
45 4-(Morpholin-4-yl) 64

# All compounds are racemic unless otherwise noted.
®Values are means of two experiments.

and subsequent derivatization (Scheme 2). Conversion
of the bromo (49) and nitro (50) compounds to ana-
logues 51-59 (Table 4) was accomplished using standard
transformations.??

The enantiomers of 37 (Table 3) and 47 (Table 4) were
separated by chiral column chromatography. An asym-
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Table 4. GR-binding affinity and functional activity for 37 and aryl

derivatives 46-59%
g
0..0

o
(@)

GR-binding GR Functional

Compound Y

K (aM)* K (nM)°
37 H 14 >1000
(R)-37 4 200
46 3-OMe 76 nt®
47 4-OMe 6 230
(R)-47 4 200
48 4-F 5 >1000
49 4-Br 9 200
50 4-NO, 45 nt
51 4-CN 65 nt
52 4-NH, 99 nt
53 4-NMe, 15 >1000
54 4-NHSO,Me 13 >1000
55 4-NHCOMe 56 >1000
56 4-NHSO,NMe, 13 323
57 4-(Pyrid-4-yl) 2 180
58 4-(Piperidin-1-yl) 9 >1000
59 4-(Morpholin-4-yl) 10 400
Mifepristone 0.4 1.2
CP-409069 0.6 4

# All compounds are racemic unless otherwise noted.
®Values are means of two experiments.
“Not tested.

Y
hg hg
Bn Bn
—_— —_—
(e} o o
1 2 (+)-14-50

Scheme 2. Reagents and conditions: (a) methylvinyl ketone, NaOME,
MeOH, rt; (b) CICO,CHCICH3, dichloroethane, reflux; MeOH, reflux;
(c) 14-19: isocyanate, or acyl or sulfonyl chloride, NEt;, CH,Cl,; 20:
4-MeO-phenylboronic acid, Cu(OAc),, Et;N, CH,Cl,; 22-23: 4-MeO-
benzyl bromide or 4-picolyl bromide, NaH, THF.

metric synthesis of (R)-37 was subsequently developed
based on the chiral imine Michael addition protocol
used for the enantioselective synthesis of quaternary
centers,?* including enantiomers of the 8a-methyl ana-
logue corresponding to enone 22! (Scheme 3). Conver-
sion of BOC-protected 2-benzyl-4-piperidone 60%° to
the imine with (R)-(a)-methylbenzylamine followed by
reaction with methylvinyl ketone in toluene afforded a
separable mixture of Michael adduct 61 and Michael-al-
dol adduct 62 in a ratio of ca. 2:1. Base treatment of 62
gave enone (R)-63 with 96-98% ee, albeit in low (10—
20%) overall yield from 60.2° The stereochemical assign-
ment for (R)-63 is based on the absolute stereochemistry
observed in the directly analogous octalone®* and hexa-
hydroisoquinolinone?' examples. Removal of the BOC-
group with TFA and subsequent sulfonylation afforded
(R)-37 (96-98% ee by chiral HPLC).?"-?8

60

(R)-37

Scheme 3. Reagents and conditions: (a) (R)-a-methylbenzylamine,
toluene, reflux; (b) methylvinyl ketone, toluene, 6 days; (c) AcOH,
H,0; (d) NaOMe, MeOH, 75 °C; (e) TFA; (f) 4-(¢)-butylbenzenesulfo-
nyl chloride, NEt;, CH,Cl,.

Affinity for GR was determined by ligand binding mea-
suring displacement of [*H]dexamethasone from recom-
binant baculovirus derived human GR.'"® Functional
activity at human GR was determined in SW1353/
MMTV-5 cells transfected with a plasmid encoding fire-
fly luciferase located behind a glucocorticoid response
element (GRE).!® GR antagonist activity was measured
as inhibition of dexamethasone induced luciferase
expression. Selected compounds were tested for GR
agonist activity by performing the assay in the absence
of dexamethasone. Selectivity over the estrogen (ERa),
androgen (AR), mineralocorticoid (MR), and progester-
one (PR) receptors was determined by ligand binding
assays.?’

Compounds 5-13 (Table 1), which were based on the
hypothetical ‘CP-like’ GR-binding mode, were remark-
able in their lack of affinity for the receptor. None of
these compounds, as well as a number of related ana-
logues (not shown), inhibited 50% binding of radiola-
beled dexamethasone at a concentration of 10
micromolar. The diastereomers of 5-13, obtained as
minor products and which are epimeric at the tertiary
alcohol center, were similarly inactive. The high affinity
of CP-472555 and related compounds indicates that the
GR tolerates fairly large groups in the ‘A-ring’ portion
of these molecules.!® The lack of affinity of the substi-
tuted 2-azadecalins 5-13 demonstrates that the N-sub-
stituents apparently do not allow binding to GR in a
similar manner.

Results for initial compounds based on the ‘RU-like’
binding mode were similarly disappointing with the
exception of the benzenesulfonamide derivative 17
which had weak GR binding with a K; of 225 nM (Table
2). The related alkylsulfonamide 18 was essentially de-
void of binding affinity. The binding observed for 17
prompted the synthesis of a series of substituted ben-
zenesulfonamides (Table 3). A trend toward increased
binding for large, and generally lipophilic, para-substit-
uents was observed with the racemic 4-(tert-butyl)-
benzenesulfonamide 37 having the highest binding
affinity (14 nM). Binding affinity was enantiospecific,
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with (R)-37 having a K; of 4 nM. The active enantiomer
is therefore in the same absolute stereochemical series as
the A-B ring system of RU-43044.

Substituted benzyl derivatives of lead compound 37
were then evaluated (Table 4). We concentrated on
para-substitution, partly on the basis of the higher
affinity of 4-methoxy analogue 47 (6 nM) compared to
3-methoxy compound 46 (76 nM), and because the
para-position is highly tolerant of substitution in mife-
pristone.** GR-binding affinity was retained with a vari-
ety of para-substituents including the 4-pyridyl
derivative 57 with a K; of 2 nM. Perhaps not surprisingly
this compound showed significant Cyp inhibition (2C9:
76%: 2C19: 61%: 2D6: 44% at 1 uM), an activity not
shown by other analogues including 37 and 47.

Representative high affinity ligands were evaluated for
GR functional antagonist activity in the SW1353/
MMTYV-5 reporter gene assay. None of the compounds
demonstrated agonist activity and several of them were
found to be GR antagonists with moderate activity in
the 200 nM K; range (Table 4). This level of GR antago-
nist activity was considerably lower than that observed
for the standards mifepristone and CP-409069 for which
GR binding was much closer to the GR antagonist
activity. A similar dissociation between GR binding and
functional activity has been reported for other series of
non-steroidal GR antagonists.>! A possible explanation
for this discrepancy in our series is lack of cellular penetra-
tion. To test this hypothesis, a whole cell GR-binding
assay was carried out in SWI1353 cells with (R)-47.
This compound demonstrated almost 100-fold lower
binding in the whole cell assay (352 nM) compared to
the original isolated GR-binding assay (4 nM). Whole cell
binding of mifepristone (0.82nM) and CP-409069
(5.5 nM) was consistent with their more potent GR func-
tional activity.

Selectivity profiling indicated that none of the sulfon-
amide compounds in Table 4 displaced 50% binding at
ERa, AR, MR or PR at 10 uM. Consistent with its re-
ported lack of selectivity for GR over PR, mifepri-
stone had a K; of 1.3nM at PR. Thus, although
compounds from the current series are relatively weak
GR functional antagonists, they are nonetheless highly
selective over other steroid receptors.

This initial exploration of the 2-azadecalin system
produced GR antagonists that appear to bind in the
‘RU-like’ binding mode, as opposed to the alternative
‘CP-like’ orientation. Selective, high affinity GR ligands
were produced which had moderate GR functional
antagonist activity relative to mifepristone or CP-
409069. The 2-azadecalin system therefore provides a
useful scaffold for further investigation of high affinity
antagonists with increased GR functional activity.
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59: amination of the tetramethyl[l,3,2]dioxaboran-2-yl
derivative of bromo compound 49.

Pfau, M.; Revial, G.; Guingand, A.; d’Angelo, J. J. Am.
Chem. Soc. 1985, 107, 273.

Available from 1 by hydrogenation (Pd/C) in EtOH
containing di-zert-butyl dicarbonate.

Somewhat unexpectedly, base treatment of the Michael
product (61 and epimer) afforded (R)-63 with a lower ee
(ca. 85%).

Enantiomeric excess was determined by chiral HPLC
analysis using a Chiralpack 1A column.

BOC protection was employed in this sequence as the
benzyl derivative corresponding to (R)-63 underwent
partial (ca. 20%) racemization upon deprotection with
ACE-CIl. The mechanism through which partial racemi-
zation of the quaternary center occurs is unclear, although

29.

30.

31.

one can postulate a reverse Mannich-type process fol-
lowed by ring closure.

Estrogen receptor: [*H]estradiol, Pan Vera 26467A ERa;
androgen receptor: [*H]dihydrotesterone, Pan Vera 24938
AR; mineralocorticoid receptor: ["H]aldosterone, Sf9 cells/
recombinant MR; progesterone receptor: [*H]progester-
one, Pan Vera 24900 PR.
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Abstract—The thiazole-diamide series (1) has been identified as highly potent y-secretase inhibitors. Several representative com-
pounds showed ICs, values of <0.3 nM. The synthesis and SAR, as well as a radiolabeled synthesis of [°H]-2a, are described.

© 2007 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a neurodegenerative
disease, which results in progressive memory loss and
behavioral abnormalities. The standard current ther-
apy is the use of acetylcholinesterase inhibitors as a
palliative treatment. Recent research on AD is focused
on disease modification therapy to slow down disease
progression in AD patients. Amyloid-B peptides (Ap)
are thought to play a role in AD. Cleavage of amyloid
precursor protein (APP) by [B-secretase generates the
membrane bound C-terminal fragment, C99, which is
then cleaved by y-secretase to release AP peptides, in
which AP;_4, is recognized to play a key role in the
pathogenesis of AD.!3 The use of a B- or y-secretase
inhibitor or modulator to reduce the formation of
the toxic AP peptides seems to be an attractive
approach.* Several dipeptic y-secretase inhibitors were
reported.*® Among these, LY450139 is currently in
clinical trials to test this hypothesis.” During the course
of our y-secretase inhibitor program, we have identi-
fied highly potent y-secretase inhibitors in the thiazole
series (1). This paper describes the synthesis and
biological data in series 1, as well as the radiolabeled
synthesis of [°H]-2a.

Keywords: y-Secretase inhibitors; Alzheimer’s disease; Thiazole.
* Corresponding author. Tel.: +1 860 444 2438; fax: +1 860 444
2438; e-mail: yuhpyng888@yahoo.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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The starting 2-amino-thiazoles were either obtained
from commercial sources or prepared by literature
methods!®!'! as shown in Scheme 1. In general the
2-amino-5-alkyl-thiazoles were prepared by o-bromina-
tion of an aldehyde, followed by thiazole ring formation
as exemplified by 3-6. Alternatively 2-amino-thiazoles
were prepared by reaction of the anion generated from
2-amino-thiazole 7'! with an electrophile to give 8-11
as illustrated in Scheme 1. Bromination of 7-methoxy-
3,7-dimethyloctanal, followed by reaction with thiourea,
provided a 1:1 mixture of 3 and 4 in 19% and 23% iso-
lated yield, respectively, after purification by column
chromatography. Compound 4 was converted to the hy-
droxyl analog 5 by stirring with an excess of sulfuric acid
and water. The 5-acetyl-2-amino-thiazole 6 was pre-
pared by a method analogous to that described in the
literature.'”

These 2-amino-thiazoles were used for the next amide
coupling reaction using standard peptide coupling agents
as illustrated in Scheme 2. Unfortunately not all the
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Scheme 1. Reagents and conditions: (a) i—1 equiv Br, in dioxane, 0 °C
over 1 h, then room temperature, 2 h; ii—1.4 equiv thiourea, ethanol,
overnight; (b) excess H,SO,4, H,0, over weekend; (c) NaOMe, Et,0,
acetone; (d) i—lequiv »-BuLi in THF at —-78°C, 10 min;
ii—1.02 equiv trimethylsilyl chloride at —78 °C for 10 min, —5 °C,
10 min; iii—1 equiv n-BuLi —78 °C, 10 min; iv—1.02 equiv trimethyl-
silyl chloride at —78 °C, 10 min, —5 °C, 10 min; v—1.3 equiv n-BuLi in
THF, —78°C, 30 min; (¢) i—DMF, —78°C, then —5°C, 30 min;
ii—1 N HCI, 44%; (f) i—CF3COOEt, —78 °C, then 0 °C; ii—satd
NH,CI, 62%; (g) i—R'R?*C(=0); 50% for 1-benzyl-piperidin-4-one;
27% for 3-pentanone; 27% for 4-heptanone; (h) Et;SiH, BF;Et,0,
CH,Cl, to give a mixture of 11 (32%) and the corresponding
elimination product, an olefin (50%) that was hydrogenerated with
10% Pd/C, H, to give 11, 90%.
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Scheme 2. Reagents and conditions: (a) i—#-BOC-NH-CH
(RI)COOH, HOBt, EDC, triethylamine, CH,Cl,; ii—4 N HCI in
dioxane; (b) R2CH(X)COOH, HOBt, EDC, triethylamine, CH,Cl,;
(c) HOBt, EDC, triethylamine, CH,Cl,; (d) i—2 equiv ketone and
2 equiv AlMe; in toluene, THF for 1 h, room temperature; ii—1 equiv
ester, reflux overnight, 20%.

aminothiazoles coupled well with a carboxylic acid
derivative. For example several attempts at coupling

2-amino-4-methyl-5-acetyl thiazole with an acid using
various coupling agents, solvents or temperatures failed
to provide the desired product, perhaps due to poor sol-
ubility. This synthetic hurdle was overcome by an alter-
native method, in which a 2-aminothiazole was reacted
with trimethylaluminum at room temperature, followed
by heating with an ester to provide the desired product
as illustrated in the preparation of 12 (Scheme 1). The
structural type 13 shown in Table 1 has a chiral center
at Cs attached to the thiazole ring. Two diastereomers
in 2, 20, and 23 were separated by chiral HPLC to give
the corresponding diastereomers, 2a-b, 20a-b, and
23a-b, respectively.'? Because these isomers were iso-
lated as a glass foam, the absolute stereochemistry can-
not be determined without further work. Based on the
X-ray structural analysis of the related analogs in a dif-
ferent heteroaryl series with a similar SAR pattern to
the thiazole series (data not shown), the absolute stereo-
chemistry for more active diastereomers 2a, 20a, and 23a
was tentatively assigned the (S)-configuration.

Scheme 3 shows the reductive amination of an aldehyde
or a ketone with an amine in the presence of sodium tri-
acetyloxyborohydride to give compounds in series 14
shown in Table 2.

Scheme 4 describes the synthesis of [’H]-2a. The precur-
sor 17 was prepared by coupling of racemate 15 and
racemate 16 to give a mixture of four diasterecomers that
were separated by chiral HPLC. Because all four diaste-
reomers are oils, it will be challenging to determine the
absolute stereochemistry without additional work. For-
tunately one of the diasterecomers 17 was found to be
much more potent than the other three isomers (0.55
vs 6.57, 8.10, and 9.20 nM) in the y-secretase whole cell
inhibition assay. Compound 17 was carried on to hydro-
genation and the product was co-injected with standard
2a to confirm that 17 is the desired isomer. The radiola-
beled material, [’H]-2a, was prepared by tritiation of the
precursor 17 with tritium in the presence of 10% Pd/C in
ethanol at atmospheric pressure to incorporate a mix-
ture of 1-7 tritium atoms in the i-Pr group, which pro-
vided 164.34 Ci/mmol specific activity with 99.27%
radiochemistry purity. [’H]-2a was used as a radiola-
beled ligand for a y-secretase binding assay to evaluate
the inhibition from several different classes of y-secretase
inhibitors and modulators (data not shown).

v-Secretase inhibition data in cell free and whole cell as-
says in series 1 are shown in Tables 1-3. Table 1 lists the
SAR in series 13. Several compounds in series 13 repre-
sent the most potent compounds discovered in the thia-
zole series, in which the long side chain at Cs attached to
the thiazole ring increases the whole cell potency dra-
matically with IC50 <0.3 nM. Most compounds were
tested as a mixture of two diastereomers, except 2, 20,
and 23. The (S,S,S)-isomer of those compounds shows
significantly greater potency than the corresponding
(S,S,R)-isomer, indicating the desired chirality may di-
rect the side chain conformation into the binding site
of the enzyme complex. The SAR indicates that an R!
group with n-Pr is an optimal group compared to a
Me or Et. In general the best group for CHX in series
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Table 1. SAR in aminothiazole series 13

O H
H
R? NJ_L Nos
1
X o R!' Nz
13 OR3
R? X R! OR? Compound® CFA ICs° (nM) WCA ICsy° (nM)

i-Pr OH Pr OMe 2 5.9 0.30
2a (S,S,8)° 9 0.30
2b (S,S,R)° 117 7.49
3,5-Di-F-PhCH, H Pr OH 18 6.0 0.05
OMe 19 10.0 0.14
Et OMe 20 13.6 0.08
20a (S,S,S)° 30.0 0.10
20b (S,S,R)° 727.0 81.50
Me OMe 21 30 0.22
-Bu OH Pr OH 22 7.4 0.22
(S Pr OMe 23 13.0 0.43
23a (S,S,5)° 10.0 0.11
23b (S,S,R)° 9.9 1.14

# All compounds were tested as a mixture of two diastereomers, unless otherwise indicated.

®The absolute stereochemistry is tentatively assigned.

©ICsps were determined using a cell free assay (CFA)'* or whole cell assay (WCA).'* Values are geometric means of at least two experiments with six
data points in each experiment.

Table 2. SAR in 5-aminoalkylene-thiazole series 14

H g R°
N— r 758
n_y N /R4 NR'R
F o
F 14

NR'R® R® R* Compound CFA ICsy* (nM) WCA ICsp* (nM)
NH, H H 24 200.0 93.0
NHMe Me Me 25 51.8 50.5
NHEt H H 26 63.2 104
NHEt Me Me 27 155.0 42.0
NHCH,CF; Me Me 28 10.0 4.5
NH#n-Pr Me H 29 15.9 10.1
NHi-Pr Me H 30 424 29.8
NH#n-Bu Me H 31 6.0 2.0
NH#n-Bu Me Me 32 7.1 3.7
NHCH,i-Pr Me H 33 4.2 4.2
NHCH,i-Pr

Mixture Me Me 34 10 4.8

Isomer a 34a 3.1 2.5

Isomer b 34b 33.0 31.6
NHCH,#-Bu Me H 35 134 231
NHCH,CH,i-Pr Me H 36 2.6 1.2
NHCH,CH,i-Pr Me Me 37 5.0 2.0
NHCH,CH,?-Bu Me H 38 2.7 1.2
NHCH,CH,#-Bu Me Me 39 5.9 2.0
NMe, Me Me 40 28.3 39.7
NHCH,Ph Me H 41 3.0 14
NH-(S)-CH(i-Pr)COOMe Me H 42 4.0 0.7
NBuEt H H 43 30.0 12.7
Pyrrolidinyl Me H 44 10.0 10.6
Morpholinyl H H 45 30.0 12.7
Morpholinyl Me H 46 3.8 2.4
4-Me-1-piperidinyl Me Me 47 28.3 26.1

3]Csos were determined using a cell free assay (CFA)'® or whole cell assay (WCA).'* Values are geometric means of at least two experiments with six
data points in each experiment.
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Scheme 3. Reagents and conditions: (a) 2-12 equiv NHRR®, 1-2 equiv
AcOH, 2-7 equiv NaBH(OAC); in dichloroethane, room temperature,
overnight.
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Scheme 4. Reagents and conditions: (a) (i) —78 °C in Et,O:THF (3:1);
(ii) neutralization with 1 N HCI, 87% crude yield; (iii) 1 equiv NaBH,
in methanol, 0 °C, 10 min, 59% crude yield; (iv) LiOH in dioxane/water
(1:1), 86% crude, used as it is; (b) (i) (+/—)-15, 1.2 equiv HOBt,
1.5 equiv EDC, 4 equiv triethylamine, CH,Cl,, 15%; (ii) chiral HPLC
separation; (c) tritium, 10%Pd/C, EtOH, 1 atm, then purified by YMC
ODS AQ S-3 column and the structure was confirmed by co-injection
with the reference standard 2a. MS: M+1 showed 444, 446, 448, 450,
452, 454, and 456, indicating a mixture of 1-7 tritium atoms was
incorporated.

Table 3. The SAR of representative compounds in series 1

H
HO N_«S/ RS
N
N

5521

1 is CH, or (S)-CHOH, or replacement of CHX with a
C(=0) as we found that compounds with X of an alkyl,
alkoxy, or amino group were weak or inactive in our as-
say (data not shown). The long side chain at Cs of the
thiazole in series 13 can be replaced with a basic amino
group to improve the physicochemical properties, such
as increased solubility and basicity, while retaining good
potency as shown in examples 36-39 and 42 in Table 2.

Table 2 shows the SAR of NR’R® in series 14. Increas-
ing the length from a small NH, in 24 to a longer side
chain shown in 36-39 improved the potency. The best
side chain 5-C(Me)NH,CH,CH,CMe,(R) shown in 14
has similar length to 5-C(Me)CH,CH,CH,CMe,(OR?)
shown in 13, indicating that the methylene group in
the Cs side chain can be replaced with a basic polar ami-
no group without losing much potency. The two diaste-
reomers in 34 were separated by chiral HPLC to give
isomers 34a—b. Consistent with previous findings, isomer
34a is 10 times more potent than 34b. Similar potency
was found for analogs with R* of Me or H. In general
compounds with R® of Me are equal or slightly more po-
tent than those with R® of H.

Table 3 shows the SAR of various positions in which X
of OH seems to improve potency slightly as seen in
example 50 (2.2nM) versus 56 (0.3 nM), where the
(S)-isomer is much more potent than the corresponding
(R)-isomer (see examples 54 and 55 with 2.2 vs 183 nM).
The hydroxyl analog 61 shows similar activity to the
corresponding ketone 62.

In summary, potent y-secretase inhibitors in the thiazole
series were discovered. Several analogs in 13 are highly
potent y-secretase inhibitors with 1Csy < 0.3 nM. The
SAR in various positions was explored and optimized.
The 5-alkyl-thiazole side chain shown in series 13 and
the corresponding series in 14 provided enhanced po-
tency. The SAR described in the thiazole series provided

R? .
X)_‘é “\ R
438
CHR*(X) R* R’ Compound CFA ICs* (nM) WCA ICsy* (nM)
3,5-Di-F-PhCH, H CHMe, 49 30.0 5.1
CHEt, 50 26.3 22
C(OH)Et, 51 1.0 12
CHn-Pr, 52 <34.6 0.8
CH(Me)CH,z-Bu 53 64.8 1.6
(S)-PhCH(OH) H C(OH)Et, 54 2.8 22
(R)-PhCH(OH) H C(OH)Et, 55 141.0 183.0
(8)-3,5-Di-F-PhCH(OH) H CHEt, 56 6.2 0.3
3,5-Di-F-PhCH, Me Me 57 141.0 94.1
Me Et 58 30.0 129
Me C(=0)Me 59 20.0 27.7
(S)--BuCH(OH) H CHMe, 60 45.1 20.1
(S)--BuCH(OH) H C(OH)Me, 61 94.9 37.3
-BuC(=0) H CHMe, 62 116.0 16.8

2 ]Csos were determined using a cell free assay (CFA)'® or whole cell assay (WCA).'* Values are geometric means of at least two experiments with six

data points in each experiment.
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the ground work for that in other heteroaryl series as
y-secretase inhibitors. [’H]-2a was synthesized as a radi-
olabeled ligand for y-secretase binding assays.
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Abstract—Bioassay-guided fractionation of an active fraction from an extract of a marine starfish, Novodinia antillensis, led to the
isolation and identification of two new saponins, Sch 725737 (1) and Sch 725739 (2). Compound 1 was identified as the NaV1.8
inhibitor with ICsq of ~9 pM. The purification and the structure elucidation of these two saponins are described.

© 2007 Elsevier Ltd. All rights reserved.

NaV1.8 is a member of the voltage-gated sodium chan-
nel family. This sodium channel has received much
attention over recent years due to its unusual resistance
to the potent sodium channel blocker, tetrodotoxin
(TTX), its atypical biophysical properties, and because
it is expressed, almost exclusively, in a subpopulation
of sensory neurons of the peripheral nervous system.
These characteristics, together with other evidence, have
led to the suggestion that NaV1.8 may be implicated in
the perception and processing of pain sensations. Agents
that prevent NaV1.8 activity may, therefore, show
promise as novel analgesics.'

Marine organisms are an excellent source of structurally
diverse molecules which are potentially valuable for
drug discovery.>? Many marine natural products have
been designated as lead compounds in various therapeu-
tical areas.”> Among them, several compounds are cur-
rently under clinical studies, such as dolastatin 10,

Keywords: NaV1.8 sodium channel; Starfish; Novodinia antillensis;

Saponin; Sch 725737; Sch 725739.

* Corresponding author. Tel.: +1 908 740 7291; fax: +1 908 740
7164; e-mail: shu-wei.yang@spcorp.com

 Present address: SMP International LLC, 42 Brentwood Drive,
Verona, NJ 07044, USA.

¥ Present address: Cetek Corporation, 260 Cedar Hill Street, Marl-
borough, MA 01752, USA.

¥ Present address: Cubist Pharmaceuticals, Inc., 65 Hayden Avenue,
Lexington, MA 02421, USA.

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.025

ecteinascidin 743 (ET-743), aplidine, discodermolide,
kahalalide F, and squalamine, mainly in the anti-cancer
area.®> Among marine natural products, steroidal glyco-
sides are the major chemical constituents of starfishes.*>
Marine asterosaponins or sterol sulfates have been de-
scribed to exhibit various biological activities, including
hemolytic,* cytotoxic,® anti-HIV,® and antimicrobial
activities.’

In our marine natural product research program, we have
generated a marine fraction library (MFL), derived from
various marine collections, for high throughput screening
(HTS) assays in various biological targets.® The active
fractions in preliminary screening tests were followed
up using bioassay-guided fractionation to identify the ac-
tive compounds.®!© Several fractions were identified as
active ‘hits’ in a NaV1.8 sodium channel assay.

Described herein are the results of the isolation and
structure elucidation of active principles derived from
the marine starfish Novodinia antillensis. In this investi-
gation, a fraction was identified to be active in the
NaV1.8 HTS assay. Followed by bioassay-guided puri-
fication of this active fraction using reverse phase
HPLC, two new saponins, Sch 725737 (1) and Sch
725739 (2), were isolated and identified.

The organism was identified as N. antillensis [Phylum
Echinodermata, Class Asteroidea; Order Brisingida;
Family Brisingidae].!! The specimen (HBOI Cat
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Number 4-1V-89-4-003) was collected using the John-
son-Sea-Link II submersible at a depth of 587 meters,
west of Isle de Ronde, Grenada, Grenadines (Latitude
12° 19.38' N, Longitude 61° 37.19" W).

In the preliminary HTS assay, a sample in the MFL
from the marine starfish (N. antillensis) showed 88%
inhibitory activity in the NaV1.§ assay at 20 pg/mL.
Therefore, the active fraction was subjected to bioas-
say-guided fractionation. The general procedure for gen-
eration of the MFL was described previously® and was
summarized as follows: the crude extract of marine sam-
ple was obtained by grinding and extracting with etha-
nol, and was further fractionated on a CG161 column
to generate six fractions eluting with aqueous acetoni-
trile (CH3;CN) stepwise-gradient solution (10%, 25%,
50%, 75%, 100%, methanol-EtOAc wash). All fractions
were dried and a portion of the material was submitted
for the HTS assay. In this particular study, fraction 3
(157 mg from the 50% CH3CN elution) was active in
the NaV1.8 assay. Fraction 3 (157 mg) was further puri-
fied on an HPLC semi-preparative ODS-A column
(YMC, 120 A, S-7, 2x 25 cm). The column was eluted
with a gradient of aqueous CH3CN (3-50% CH3;CN
over 70 min), to yield 100 fractions (13 mL/fraction).
Two pure compounds 1 (9.5 mg) and 2 (5.3 mg) were
obtained from fractions 53 and 55, respectively.

The structure of compound 1 was determined based on
extensive NMR and HRMS analyses.!? From the high-
resolution negative ESI-MS, the molecular formula of 1
was established as Cg1H{(1030S™ (obsd 1345.6069; caled
1345.6103 for [M] ), suggesting a possible sulfate func-
tionality. The fragment ions m/z 1202 (M—CgHyOy)
and m/z 1056 (M 2 x CcHgO4) observed in ESI-MS
indicated saponln type structure and at least two deoxy
sugars present in the molecule. The '"H NMR spectrum
showed highly overlapped signals in the upfield region
as well as in the o 3ygenated methine region. Of 61 car-
bon signals in the '*C NMR spectrum, 27 were assigned
to an aglycone moiety, and the remainder to six sugars
(Table 1). Six characteristic anomeric proton/carbon
pairs were observed in the 'H and '*C NMR spectra,
respectively. Through analyses of HSQC and HSQC-
TOCSY data, the 'H and '°C data of the six sugars were
correlated and assembled. The correlation data are sum-
marized and represented in Figure 1.

The stereochemistry of the sugars was further estab-
lished based on the coupling constants, coupling pat-
terns, and NOE correlations of the oxygenated
methine ;l)rotons observed in the 1D '"H NMR or in
the 2D '"H COSY, HSQC, HSQC-TOCSY, or
HSQC-ROESY spectra. For instance, three quinovose
and one xylose sugars were identified on the basis of
the large coupling constants for all of the methine pro-
tons (H-1 to H-5) observed in the HSQC spectrum.
Arabinose moiety was identified based on the "*C
NMR data and the coupling patterns of H-1 (6 4.19,
d, J=7.3Hz), Hy-5 (6 3.44, br d, J=12.4 Hz; 6 3.72,
br dd, J=12.4 and 2.6 Hz), and H-4 (6 3.61, small cou-
plings observed in HSQC). The stereochemistry of arab-
inose was further confirmed by NOE correlations

Xyl orQui-lv g QU

(0]
m mto 0-6

Qui-Il

Sch 725737 ( =
Sch 725739 (2) R = CH3

—» HMBC Correlations, Hto C
——— HSQC-TOCSY Correlations

Figure 1. HMBC and HSQC-TOCSY correlations of 1.

among the axial protons, H-1, H-3 (6 3.32), and H-5
and between H-3 and H-4 observed in the HSQC-
ROESY spectrum. Finally, the last six-carbon deoxy
sugar was assigned to fucose based on the coupling pat-
terns of H-1 (6 4.27, d, J=7.1 Hz), H-2 (6 3.26, two
large coupling constants), and H-4 (¢ 3.36, small cou-
pling constants) and NOE correlations among the axial
protons H-1, H-3 (6 3.28), and H-5 (6 3.48) and between
H-4 and H3-6 (6 1.10). The linkage between these sugars
was determined by analysis of HMBC long-range corre-
lations through the anomeric protons, detailed as fol-
lows: H-1 of Xyl to C-3 of Qui-I; H-1 of Qui-II to C-2
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of Xyl; H-1 of Qui-III to C-4 of Xyl; H-1 of Fuc to C-2
of Qui-IIT; H-1 of Ara to C-4 of Qui-III. This sequence
of the polysaccharide was further confirmed by the
analysis of NOE data acquired from HSQC-ROESY
spectrum, summarized in Figure 2. Thus the polysaccha-
ride moiety was established.

The remaining 27 carbon resonances resembled a steroi-
dal skeleton. The carbon skeleton was connected based
on HMBC and HSQC-TOCSY data. The connection
of the consecutive protonated carbons in the sterol skel-
eton was completed through two-bond H-C correlations
by analysis of the HSQC-TOCSY data. The connectiv-
ity of the quaternary carbons C-9 (¢ 145.4), C-10
(0 38.0), C-13 (06 40.9), and C20 (6 73.4) to their neigh-
boring carbons was determined by HMBC correlations
with H-11 (6 5.21), H3-19 (6 0.85), H3-18 (J 0.66), and
H3-21 (6 1.09), respectively, as shown in Figure 1. The
protonated carbons including two oxygenated carbons
(C-3 and C-6) and one double bond (A 9,11) were con-
nected unambiguously through the analysis of the
HSQC-TOCSY data as depicted in Figure 1 with bol-
ded lines. The full skeleton of the aglycone was thus
established. The sulfate ester moiety was assigned to
C-3 based on its carbon chemical shift (6 75.9 in
DMSO-dg—D->0 and 6 80.0 in CDs;0D), by comparison
to that of known sterol sulfate derivatives.!3>~!° The link-
age between the glycone and aglycone was unambigu-
ously identified based on the correlation between C-6
(6 78.5) and H-1 (6 4.28) of Qui-I.

The stereochemistry of H-3 and H-6 was determined as
o and P orientation, respectively, by the analysis of their
coupling patterns (H-3, § 3.84, tt, J = 5, 5, 10.5, 10.5 Hz;
H-6, 6 3.42, m, small coupling constants). The 'H and
13C NMR data confirmed the trans configuration of
the ring junctions and stereochemistry of C-20 (),
which were consistent with those of known sterols.!3 20

The aglycone moiety of 1 is not common but has been
reported previously derived from starfish saponins.
The NMR data of the aglycone were identical to those
of the known saponins, (20S)-20-hydroxy-60-(4-O-sul-
fo-B-D-quinovopyranosyloxy)-3B-sulfooxy-Sa-cholest-
9(11)-ene [13] and ruberoside C.!'*

Compound 2 showed a molecular ion m/z 1359 [M]™ in
the negative ESI-MS, suggesting a molecular formula
CeoH103030S . The NMR data of 2 were almost identi-
cal to those of 1, except the "H- and '*C-chemical shifts
around the xylose moiety of 1. Therefore, the sterol moi-
ety of 2 was established as identical to that of 1, and the
remainder of the structure elucidation of 2 was focused
on the second sugar in the oligosaccharide moiety. In
the "H and '*C NMR spectra, additional CH; and oxy-
genated CH signals (0 18.0 q; 0 70.8 ppm, respectively)
were observed and the original CH, signal of xylose in
1 was not detected. These data indicated that the six-car-
bon sugar instead of the five-carbon sugar was present in
2. From analysis of the HMBC data of 2, this additional
CHj; signal had significant correlations to the additional
CH (6 70.8) and to another CH (6 84.5, C-4 of Qui-1V)
resonance. Finally, the large coupling constants of all of
the sugar methine protons (H-1 to H-4) confirmed the
replacement of the xylose moiety of 1 with a quinovose
in 2. Thus, the structure elucidation of 2 was completed.
The glycone of the starfish saponin, pectinifera G,?!
reported previously possesses similar sugar component
and sequence to that of 2. The only distinction between
polysaccharides of the two compounds is that 2 has
6-deoxyglucose (Qui-IIl) instead of glucose in pectinif-
era G.

Compound 1 exhibited robust inhibitory activity in the
NaV1.8 assay. The NaV1.8 assay was carried out with
an ND7/23 clonal line engineered to permanently ex-
press rat NaV1.8 sodium channels?? and activity was as-
sayed using a membrane-potential-sensitive dye and a
fluorometric imaging plate reader (FLIPR384; Molecu-
lar Devices Corp.). For the FLIPR experiments, cells
were dislodged from propagation flasks and re-plated
(~5000 cells per well) into 384-well plates (BD Biocoat)
48 h prior to use. On the day of the assay, growth med-
ium was removed from all wells and replaced with a sim-
ple sodium-free assay buffer (20 pl) having the following
composition ([mM]): N-methyl-p-glucamine, 150; KCI,
3.25; CaCl,, 2; MgCl,, 2; CdCl,, 0.3; Hepes, 10; p-glu-
cose 11. The assay buffer solution was supplemented
with 300 nM TTX (to prevent sodium channel activity
other than that due to NaV1.8), 3 uM cypermethrin
(to ‘lock’ NaV1.8 channels in their open configuration;

oH OH Qui-II

- ————» NOE correlations

Figure 2. Selected NOE correlations of 1, acquired from HSQC-ROESY.
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Table 1. NMR Spectral data of Sch 725737 (1) and Sch 725739 (2), recorded in DMSO-ds—D,0O (100:15); ¢ in ppm; J in Hz

1 2

No. "“C 'H@) No. Bc 'H©Y No. "“C 'H@ No. Bc 'H©

1 355t 1.23m; 15 248t 1.06 m; 1 357t 1.23m; 15 250t 1.06 m;
1.58 m 1.61 m 1.58 m 1.61 m

2 286t 1.36m; 16 224t 1.50 m; 2 288t 1.36 m; 16 226t 1.50 m;
2.07 m 1.76 m 2.04 m 1.74 m

3 759d 3.84tt 17 57.8d 1.39m 3 76.4d 3.84 tt 17 580d 1.39m
(5, 5, 10.5, 10.5) (5, 5, 10.5, 10.5)

4 298t 1.04 m; 18 134q 0.66s 4 299t 1.05m; 18 13.6q 0.65s
2.32m 231m

5 48.7d 1.04m 19 194q 0.85s 5 489d 1.04m 19 19.5q 0.84s

6 785d 342m 20 734 6 788d 3.43m 20 73.6s

7 408t 0.77 m; 21 259q 1.09s 7 41.0t 0.79 m; 21 26.1q 1.09s
2.22 m 221 m

8 349d 1.94m 22 4.1t 1.17 m; 8 352d 1.94m 22 444t 1.17 m;

128 m 128 m
9 145.4 s 23 218t 1.15m; 9 145.6 s 23 220t 1.14m;
1.20 m 1.19 m

10  380s 24 39.6t 1.05m 10 382s 24 398t 1.04m

11 1163d 521 brd 25 276d 1.46m 11 116.6 d 521 br d 25 278d 145m
(5.5 (5)

12 420t 1.93brd(152); 26  22.6q 0.80d (6.6)
2.10 br dd (4.8, 15.2)

12 422t 193brd(155); 26  23.0q 0.80d (6.5)
2.10 br dd (5, 15.5)

13 409 s 27 23.1q 0.81d(6.6) 13 409 s 27 23.1q 0.80d (6.5

14 53.6d 1.12m 14 53.8d 1.12m

Qui-I Qui-IIT Qui-I Qui-III

1 103.0 d 4.28 d (7.8) 1 99.7d 4.49d (7.4) 1 103.1d 4.29d (7.7) 1 100.8 d 4.49 d (6.7)

2 73.3d 3.2t 2 82.9d 3.24+t* 2 73.2d 312t 2 82.3d 3.33¢*

3 88.2d 3.25t* 3 742d 347t 3 89.2d 324" 3 74.6d 3.50 t*

4 73.2d 2.88t(9.1,9.1) 4 83.4d 3.09t* 4 73.6d 2.89t(9,9) 4 83.6d 3.12t*

5 71.0d 323 m 5 70.5d 341l m 5 71.2d 325m 5 70.7d 3.48m

6 182 q 1.12d (6.1) 6 17.7q 1.22d (6.1) 6 183q 1.12d(6) 6 17.6 q 1.22.d (6)

Xyl Ara Qui-1V Ara

1 102.8 d 4.48 d (7.4) 1 103.8d 4.19d (7.3) 1 102.2 d 4.50 d (6.8) 1 104.1 d 4.19 d (7.6)

2 83.1d 3.31t* 2 70.7d 3.33m 2 83.3d 3.341¢° 2 71.0d 3.32m

3 740d 3.51t(9,9) 3 72.6d 3.32m 3 73.8d 3.57t(9,9) 3 72.8d 3.33m

4 76.7d 3.58 m 4 67.8d 3.6l m° 4 84.5d 3.14t* 4 68.1d 3.62m°

5 632t 3.26t% 5 66.2t 3.44 brd (12.4); 5 70.8d 3.45m 5 66.5t 3.45brd (12.5);
3.93 br dd (4.6, 11.5) 3.72 br dd (12.4, 2.6) 3.71 br d (12.5)

6 18.0q 1.27d (6)

Qui-IT Fuc Qui-IT Fuc

1 104.9d 4.41d (7.7) 1 105.3d 4.27d (7.1) 1 105.1 d 4.40 d (7.5) 1 105.3d 4.34d (7.5)

2 75.0d 3.03dd (7.8,9.2) 2 722d 3.26t* 2 753d 3.02t(8.5,8.5) 2 72.3d 3.26t*

3 75.6d 3.10 t* 3 73.1d 328 m 3 757d 3.11¢ 3 73.4d 328 m

4 748d 2.841t(9.1,9.1) 4 71.1d 3.36 m® 4 75.0d 2.85t(9.2,9.2) 4 713d 337 m®

5 72.8d 3.20m 5 70.7d 3.48 m 5 73.0d 3.19m 5 71.0d 3.47m

6 17.6 q 1.16d (6.1) 6 169q 1.10d (6.4) 6 178 q 1.15d(6) 6 16.9q 1.07d (6.5)

#Triplet observed in HSQC, showing two large coupling constants.
°® Multiplet, showing only small coupling constants in HSQC.

Calbiochem), a membrane-potential-sensitive dye
(Molecular Devices, product R8034), and the test
compound of interest (or an equivalent volume of
sodium-free buffer) The final well-volume was 20 pl in
all experiments. Dye loading was allowed to proceed
for 1 h at room temperature, and plates were then trans-
ferred to a FLIPR384 for processing. A membrane
potential response to sodium flux through cypermeth-
rin-modified NaV1.8 channels was initiated by the
addition of 6.67 ul of 600 mM NaCl (a 4 X concentra-
tion) to each well (final Na* concentration = 150 mM).

Fluorescence (RFU, max-min) was monitored for
150 s. All observations were performed using duplicate
wells with the effect of test compounds being expressed
as a % control signal.

The ICsq value of 1 for NaV1.8 channel block was deter-
mined to be ~9 pM, shown in Figure 3. Compound 2
was not tested due to the limited quantity of material.
To our best knowledge this is the first report of saponin
type natural product possessing inhibitory activity of
NaV1.8 channel.
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Figure 3. Dose-response curve for compound 1 in the NaV1.8 assay.
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Abstract—Quantum dots consisting of a cadmium selenide core encapsulated in a shell of cadmium doped zinc sulfide have the
potential to revolutionize fluorescent imaging of live cell cultures. In order to utilize these fluorescent probes it is necessary to func-
tionalize them with biologically active ligands. In this paper we report the design and synthesis of a ligand that has a high affinity for
the serotonin transporter (SERT) that may be conjugated to quantum dots.

© 2007 Elsevier Ltd. All rights reserved.

Quantum dots composed of a cadmium selenide core
encapsulated by a shell of cadmium doped zinc sulfide
are novel fluorescent markers that are increasingly find-
ing a wide range of applications.'® Their fluorescent
characteristics are superior to conventional fluorescent
dyes. These characteristics include increased brightness,
narrow emission spectra, increased photostability, and
large extinction coefficients (of the order of 1x 10%).78
Commercially available quantum dots have quantum
yields in excess of 80-90%°!'! and have size tunable
emission. Small dots emit at the blue end of the spec-
trum whilst large dots emit at the red end. The absor-
bance of quantum dots is a continuum above the first
absorption feature, enabling a range of different colored
dots to be excited with a single excitation source.

Since their introduction as biological imaging agents in
the 1998'%13 quantum dots have been used to image a
wide variety of targets. Biological specificity has been
achieved by attaching biologically active molecules to
their surfaces. Antibodies, DNA, proteins, and peptides
have all been employed to introduce specificity.!* ' The
multivalent surfaces of quantum dots enable the attach-
ment of multiple copies of a single ligand, thus enabling

Keywords: Quantum dots; SERT; Antagonist.
* Corresponding author. Tel.: +1 615 322 2633; fax: +1 615 343
1234; e-mail: Sandra.j.rosenthal@vanderbilt.edu

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.061

enhanced sensitivity and lower detection limits for an
analyte.

Despite the advances made in macromolecule conju-
gated quantum dot imaging relatively few accounts of
small molecule conjugated quantum dots have been re-
ported in the literature.?®>?2 Our group is interested in
developing drug and neurotransmitter derivatives that
may be conjugated to quantum dots. We hope to use
these conjugates to image cell cultures and tissue cul-
tures in vitro. In particular we are interested in agonists
of SHT,4 and antagonists of the serotonin and dopa-
mine transporters (SERT and DAT).?*?® In a prior
publication we demonstrated that a pegylated version
of serotonin (1) may be conjugated directly to the sur-
faces of quantum dots via an acid-base interaction. This
probe had an ICsy of 115 uM, against HelLa cells tran-
siently transfected with human serotonin transporters
(hSERT).?! The low affinity of this ligand and poor col-
loidal stability of the ligand—nanocrystal conjugates lead
us to search for a more potent ligand that gave conju-
gates with better colloidal stability. We have identified
3-(1,2,3,6-tetrahydro-pyridin-4-yl)-1 H-indole (2) as a
potential compound that may be conjugated to quan-
tum dots and retain biological activity in the nano molar
range.”’ In earlier work we demonstrated that biological
activity was retained when biotin was attached to 2 via a
short alkyl spacer.?¢
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We have demonstrated that biotinylated ligands bound
to streptavidin coated quantum dots retained biological
activity?® as measured by the inhibition of the uptake of
tritiated serotonin in SERT expressing HeLa cells. How-
ever these conjugates gave non-specific binding of the
quantum dots to cellular membranes. In order to under-
stand this binding we have recently studied nanocrystals
coated in an amphiphilic polymer (AMP) and their non-
specific binding characteristics to cell surfaces. The
AMP dots used in these studies were obtained from
the Quantum Dot Corporation and are now available
from Invitrogen Corporation. The AMP dots consisted
of dots coated in a modified polyacrylamide polymer
terminated in carboxylic acid functional groups. Their
overall diameter was of the order of 15-20 nm and they
had a maximum fluorescent emission of 605 nm. Pegyla-
tion of the nanocrystal surface significantly reduced
non-specific binding when the PEG chain had a length
of 12 repeat units or longer.’® From these results we
hypothesized that a SERT antagonist bound to a long
PEG chain may retain biological activity and reduce
non-specific binding to cellular membranes upon conju-
gation to AMP quantum dots. In this paper we present
the synthesis of such a ligand and demonstrate that this
ligand may be conjugated to the surfaces of AMP quan-
tum dots. This ligand was found to have a high affinity
for SERT and the activity was retained after conjuga-
tion (Fig. 1).

The synthesis of the our pegylated derivative of 3-
(1,2,3,6-tetrahydro-pyridin-4yl)-1 H-indole (IDT 199) is
shown in Schemes 1 and 2. Initially a phthalimide

protected alkyl spacer was synthesized by reacting 11-
amino undecanoic acid with N-carbethoxy phthalimide

NH, K
o o}
e
N
H
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Figure 1. Compounds with affinity for the serotonin transporter (SERT).

to give 11-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-undeca-
noic acid (4) as described by Wada et al.3! This was re-
duced by converting the acid into a mixed anhydride
and reducing the mixed anhydride with sodium borohy-
dride in one pot, to give an 85.9% yield of 11-(1,3-dioxo-
1,3-dihydro-isoindol-2-yl)-undecanol (5). Compound 5
was converted to 11-(1,3-dioxo-1,3-dihydro-isoindol-2-
yl)-undecyl bromide (6)*? by reacting 5 with N-bromo-
succinimide and triphenylphosphine, resulting in 11-
(1,3-dioxo-1,3- dihydro-isoindol-2-yl)-undecanyl bro-
mide (6)*3 in a 63% yield.

As outlined in Scheme 2 the alkyl spacer was coupled up
to 3-(1,2,3,6-tetrahydro-pyridin-4yl)-1 H-indole giving a
37.3% yield of 2-(11-(4-(1H-indol-3-yl)-5,6-dihyropyri-
din-1(2H)-yl)undecyl)isoindoline-1,3-dione  (7).>* The
phalimide protecting group was removed using hydra-
zine monohydrate to yield 34.6% of 11-(4-(1H-indol-3-
yl)-5,6-dihydropyridin-1(2H)-yl)undecan-1-amine  (8)*°
and this was coupled to Boc-NH-PEG-NHS-34003¢ giv-
ing the pegylated derivative 9.37 The pegylated deriva-
tive was deprotected using trifluoro acetic acid
resulting in the desired ligand IDT199 (10).38

After synthesis, IDT199 was characterized using MAL-
DI TOF mass spectroscopy.>® The mass spectrum con-
firmed that IDT199 had a narrow polydispersity based
on the Gaussian shape of the oligomer peak envelope.
Two series of peaks were present; each series of oligomer
peaks was separated by 44 m/z which is the mass of
poly(ethylene glycol) repeat unit. The series of peaks
with the highest intensities (m/z = 3668, 3712, and
3756) representing PEG oligomers terminated the SERT
specific ligand on one end and an ethylamine end group
on the other end. The second series of oligomer peaks
represented the addition of an extra CO to the oligomer
chain; the difference between the two series of oligomer
peaks is m/z = 28. No other series of peaks were present
in the spectrum suggesting that IDT199 consisted of a
mixture of polyethylene glycol chains derivatized with
the desired ligand. The MALDI TOF mass spectrum
indicated that the PEG had been derivatized and was
not contaminated with underivatized starting material.
From this we reasoned that the yield in the reaction be-
tween 8 and Boc-PEG3400-NHS was close to 100%. The
purity of this product was estimated to be approxi-
mately 80%, as the Boc-PEG3400-NHS was obtained
from the supplier with a purity greater than 85%.

The ligand IDT199 (10) was attached to the surface of
AMP dots* with a maximum fluorescent emission of
605 nm using an EDC coupling. One thousand five hun-
dred equivalents of EDC and NHS was added to dots dis-
solved in borate buffer at pH 8.5. This was followed by

i /10 i) L N i) N N
HaN t?OH I e
10 o 10 (0]
(€] ®) ©6)

Scheme 1. Reagents: (i) N-carbethoxy phthalimide, 56%; (ii) a—ethyl chloroformate; b—sodium borohydride, methanol, 85.9%; (iii) triphenyl-

phosphine, N-bromosuccinimide, 63%.
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Scheme 2. Reagents: (i) 3-(1,2,3,6-tetrahydro-pyridin-4yl)-1 H-indole, cesium carbonate, 37.5%; (ii) hydrazine monohydrate, 34.6%; (iii) Boc-NH-
PEG-NHS-3400, 100% (estimated using MALDI TOF-MYS); (iv) TFA, 100% (estimated using MALDI TOF-MS).

addition of 2000 equiv of IDT 199 and the mixture was
stirred at ambient temperature for 1 h. The ligand conju-
gated dots were purified by column chromatography on a
Sephadex column (G50) eluted with borate buffer at pH
8.5. The concentration of the conjugates was determined
spectrophotometrically based upon an extinction coeffi-
cient of 650,000 M~! cm~'. To verify effective ligand con-
jugation the dots were loaded onto a 1% agarose gel in
TAE buffer, and the electrophoretic mobility was com-
pared with unconjugated AMP dots (Fig. 2).

ICs, values against the serotonin transporter protein were
obtained for the unbound ligand and ligand covalently at-
tached to dots by using a competition assay with tritiated
serotonin that was previously reported by Rosenthal
et al.?? Table 1 shows the ICs, values for 2, 3, 8, and
IDT199; additionally the ICsq of IDT199 conjugated to

AMP-QD

IDT199-QD

Figure 2. A comparison of IDT199 conjugated AMP dots (50 nM) and
AMP (50 nM) dots on a 1% agarose gel.

Table 1. ICsy values for free ligands and ligand conjugated AMP
quantum dots against the serotonin transporter SERT

Compound 1Cs5y (nM) I1Cs9 (nM) of ligand
of free ligand conjugated dots

2 80" na

3 2 30

8 25 nc

10 (IDT199) 30 10

na, not applicable.
nc, not conjugated.
# Literature value.

AMP dots was measured relative to the concentration of
dots and is also shown in Table 1. (Streptavidin coated
quantum dots were conjugated to compound 3, via an avi-
din-streptavidin interaction.)

As IDT199 had a high affinity for SERT it was necessary
to determine that no free ligand was in solution after con-
jugation to quantum dots. Free ligand would bind to
SERT in the displacement assay and affect the magnitude
of ICsq value. To determine if there was free ligand in solu-
tion after conjugation of IDT199 to AMP dots, the dots
were pelleted using a centrifuge at 5000 rpm and the
supernatant was tested for biological activity. Since the
supernatant showed no activity against SERT, we were
able to determine that no free ligand was present.

In conclusion, the addition of a longer alkyl chain to 2 does
not reduce the potency of 2 as was demonstrated by the
nanomolar affinity of 8. Upon attachment to a long PEG
chain, no significant reduction in biological activity was
observed. Conjugation of IDT199 to the surface of AMP
quantum dots resulted in retained biological activity. These
conjugates demonstrated reduced non-specific binding to
HEK cells. As non-specific binding is also cell type specific
conjugates such as these will ultimately be useful in fluores-
cent imaging using the appropriate biological platforms
that give lower non-specific binding with pegylated quan-
tum dots.*! IDT199 may have also other applications that
require immobilized SERT antagonists.
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11-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-undecanoic acid
(4.5 g, 17 mmol) was dissolved in tetrahydrofuran (80 ml).
The solution was cooled to —10°C and triethylamine
(4.1 ml) was added, followed by ethyl chloroformate

33.

34.

35.
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(2.37ml), and the mixture was stirred at —10°C for
20 min. The resulting mixed anhydride was reduced by
adding sodium borohydride (2.27 g) all at once. Then
methanol (20 ml) was added dropwise over 20 min. After
this the solution was allowed to warm to room temper-
ature and hydrochloric acid (1 M, 20 ml) was added. The
solution was concentrated under reduced pressure and
extracted with ethyl acetate (3x 50 ml). The ethyl acetate
solution was dried over magnesium sulfate, filtered, and
evaporated to give crude product. This was purified on a
silica column eluted with ethyl acetate yielding 3.6 g
(85.9%) of 11-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-undec-
anol as a colorless oil. "H NMR (CDCls, 300 MHz) 6 7.83
(m, 2 H), 7.71 (m, 2H), 3.65 (m, 4H), 2.13 (s, 1H), 1.62 (t,
J=6Hz, 2H), 1.52 (t, J = 6 Hz, 2H), 1.28 (m, 14H); 13C
NMR (CDCl3, 300 MHz) ¢ 168.40, 133.75, 132.06, 123.05,
62.88, 37.96, 32.68, 29.42, 29.32, 29.27, 29.04, 28.81, 28.47,
26.73, 25.62.
11-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-undecanol (2.54 g,
10 mmol) was dissolved in dichloromethane (100 ml).
Triphenylphosphine (2.9 g, 11 mmol) and N-bromosuccin-
imide (1.9 g, 11 mmol) were added to this solution. The
mixture was stirred at ambient temperature for 18 h and
evaporated under reduced pressure. The crude 11-(1,3-
dioxo-1,3-dihydro-isoindol-2-yl)-undecanyl bromide was
purified using silica gel chromatography eluted with an
ethyl acetate/hexanes 1:1 giving 1.95 g (63%) of pure 11-
(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-undecanyl bromide
as a colorless solid mp 57-57.5 °C. 'H NMR (CDCl;,
300 MHz) 6 7.72 (m, 2H), 7.63 (m, 2H), 3.57 (t, J = 7 Hz,
2H), 3.27 (t, J = 6 Hz, 2H), 1.74 (m, 2H), 1.58 (t, J = 7 Hz,
2H), 1.22 (m, 14H); '3C NMR (CDCl;, 300 MHz) &
168.20, 133.65, 132.01, 122.94, 37.86, 33.85, 32.67, 29.23,
29.20, 28.97, 28.56, 28,50, 28.41, 27.99, 26.66.
11-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-undecanyl  bro-
mide (1.42 g,7.2 mmol) and 3-(1,2,3,6-tetrahydro-pyridin-
4yl)-1H-indole (2.74 g, 7.2 mmol) were mixed in a 250 ml
round-bottomed flask. Acetonitrile (100 ml) was added
followed by cesium carbonate (3 g, 9 mmol). The mixture
was heated at gentle reflux with stirring for 2 h and then
cooled to ambient temperature. Solvent was removed
under reduced pressure and the resulting crude product
was leached into boiling ethyl acetate. The ethyl acetate
was filtered to remove cesium bromide and the solvent was
evaporated under reduced pressure. The 2-(11-(4-(1H-
indol-3-yl)-5,6-dihyropyridin-1(2H)-yl)undecyl)isoindoline-
1,3-dione was purified by recrystallization from acetoni-
trile giving 1.3 g (37.5%) of the product as a pale yellow
solid mp 89-90 °C. '"H NMR (CDCls, 300 MHz) 6 8.5 (s,
1H), 7.86 (m, 3H), 7.72 (m, 2H), 7.36 (d, /=6 Hz, 1H),
7.16 (m, 3H), 6.20 (s, 1H), 3.63 (t, J = 6 Hz, 2H), 3.24 (s,
2H), 2.75 (s, 2H), 2.60 (s, 2H), 2.50 (t, J = 6 Hz, 2H), 1.66
(m, 4H), 1.32 (m, 14H); '*C NMR (CDCl;, 300 MHz) 6
168.49, 136.78, 133.82, 132.13, 129.73, 125.22, 123.13,
122.04, 121.32, 120.67, 119.90, 118.98, 117.89, 111.29,
58.70, 53.14, 50.44, 38.06, 29.56, 29.52, 29.48, 29.44, 28.93,
28.58, 27.67, 27.08, 26.84.

2-(11-(4-(1 H-Indol-3-yl)-5,6-dihydropyridin-1(2 H)-yl)-unde-
cyl)-isoindoline-1,3-dione (1.25 g, 2.6 mmol) was dissolved
in ethanol (100 ml) and hydrazine monohydrate (5 ml) was
added. The mixture was stirred at ambient temperature for
18 h and then evaporated under reduced pressure. The
resulting colorless solid was dissolved in dichloromethane
(100 ml) and washed with water (2x 50 ml). The organic
solution was dried over magnesium sulfate, filtered, and
evaporated to yield crude product. This was purified by
recrystallization from a mixture of ethyl acetate and
hexanes to give 0.41 g (34.6%) of the product as a colorless
solid, mp 108-109 °C. "H NMR (CDCl;, 300 MHz) 6 7.79
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(d, J= 6 Hz, 1H), 7.36 (m, 2H), 7.05 (m, 2H), 6.10 (s, 1H),
3.30 (s, 2H), 2.59 (t,J = 3 Hz, J = 5 Hz, 2H), 2.51 (m, 4H),
2.36 (t, J =7 Hz, 2H), 1.47 (t,J = 6 Hz, 2H), 1.25 (s, 18H);
13C NMR (CDCls, 300 MHz) 6 136.96, 129.64, 124.68,
122.66, 121.20, 120.8, 119.20, 117.71, 115.94, 111.74,
58.78, 53.23, 50.51, 42.21, 33.81, 29.59, 29.55, 29.46,
29.04, 27.70, 27.17, 26.86.

Biotin-PEG3400-NHS was obtained from the Nektar
Corporation, Huntsville, Alabama, and was found to
have a purity of >85% by MALDI mass spectroscopy. The
poly(ethylene glycol) (PEG) chains of this product had a
molecular weight (determined by MALDI) of 3446 Da
(approximately 78 ethylene glycol units) and a polydis-
persity of 1.00.

The pegiylated derivative of 11-(4-(1H-indol-3-yl)-5,6-
dihydropyridin-1(2H)-yl)undecan-1-amine compound (8)
was synthesized by adding Boc-NH-PEG-NHS-3400
(0.1 g) to a solution of 11-(4-(1H-indol-3-yl)-5,6-dihydro-
pyridin-1(2H)-yl)undecan-1-amine (0.1 g, 0.27 mmol) dis-
solved in dichloromethane (50 ml). The mixture was
stirred at ambient temperature for 18 h and then evapo-
rated under reduced pressure. The product was washed
with diethyl ether and used without further purification.
0.08 g of compound (9) was dissolved in methylene
chloride (50 ml) and trifluoroacetic acid (10 ml) was
added. The mixture was stirred at ambient temperature

39.

40.

41.

for 4h and the solvent was removed under reduced
pressure. The product was washed with diethyl ether and
dried under reduced pressure at ambient temperature for
96 h, to yield 0.06 g of IDT199 (10) as a tar.
MALDI-TOF mass spectra were recorded on an
Applied Biosystems Voyager mass spectrometer
equipped with a 337 nm nitrogen laser. The acceleration
voltage was 25kV, and 30-64 scans were averaged for
each spectrum. For sample preparation, a saturated
matrix stock solution of 2,5-dihydroxybenzoic acid
(DHB) and a 0.01 M sodium iodide solution were
prepared in methanol. Sample stock solutions of IDT
199 (5% 107> M) in methanol in water were prepared.
The stock solutions were mixed in a 2:5:2 ratio of
sample to matrix to salt by volume. A 1 pL aliquot of
each sample solution was placed on the sample plate. A
PEG standard prepared in the same manner as the other
samples was used for mass calibration of the instrument.
AMP coated quantum dots may be obtained commercially
from the Invitrogen Corp. (Qdot 605 ITK carboxyl
quantum dots 8 pM solution).

‘Targeting the human serotonin transporter (hRSERT) with
antagonist conjugated quantum dots’, Tomlinson, 1. D.;
Chang, J.; Iwamoto, H.; Warnerment, M. R.; DeFelice, L.
J.; Blakely, R. D.; Rosenthal; S. J., submitted for
publication.
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Abstract—Analogues of pindolol, 1-(1H-indol-4-yloxy)-3-isopropylamino-propan-2-ol, were synthesized and evaluated as 5-HT 5
receptor antagonists. The structural features required for optimal binding to the 5-HT1A receptor are as follows: S-2-propanol lin-
ker, 4-indoloxy substituent, and a large lipophilic cyclic amine substituent.

© 2007 Elsevier Ltd. All rights reserved.

Fluoxetine (Prozac®) has been a breakthrough therapy
in the fight against depression. In spite of this, depres-
sion continues to be a prevalent disease and is predicted
to be the second leading cause of illness-induced disabil-
ity in the world by 2020.! The SSRIs exert their pharma-
cological action (elevation of synaptic serotonin levels)
in hours? but require prolonged administration before
significant clinical improvement occurs.> One proposal
for this delay is that these elevated serotonin levels cause
a negative feedback at the presynaptic 5-HT; autore-
ceptors. This delayed onset of action could be overcome
by antagonizing the action of 5-HT at the presynaptic 5-
HT, s autoreceptors.*

OH
0 _A_N_CH;,
\‘/
CHs
HN Y

Pindolol

The indoloxypropanolamine B-adrenoceptor antagonist
pindolol is also a 5-HT;s receptor ligand. Pindolol
antagonizes several actions mediated by central 5-
HT;a receptors such as hypothermia® and hormone
secretion.® Pindolol has been reported to enhance and
accelerate the clinical effects of antidepressant drugs in
several placebo-controlled clinical trials.” Pindolol has
also been reported to be a partial agonist at 5-HT s
receptors. While other medicinal chemistry studies® have
been performed on pindolol, our goal was to alter the
pindolol structure in such a way as to maximize both

Keywords: 5-HT1A antagonist; Serotonin; Pindolol.
* Corresponding author. Tel.: +1 317 276 8261; fax: +1 317 276
7600; e-mail: krush@lilly.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2007.07.086

the 5-HT;, receptor affinity and antagonist function.
Herein we describe the effect of the following five types
of structural change on activity: chain length, position
of attachment of the indole ring, role of the hydroxyl
group, alkylation of the C-2 position, and modification
of the alkyl amine. The compounds were studied as race-
mates and enantiomers of the most interesting com-
pounds were prepared to evaluate the importance of
stereochemistry. We report the synthesis, 5-HT 5 recep-
tor binding affinities, and the intrinsic efficacy at the 5-
HT,5 receptor. No attempt was made to modify the
B-adrenergic affinity of these compounds.

The regioisomeric 4- and 5-substituted 1-(1H-indolyl-
oxy)-3-(alkylamino)-2-propanols were prepared according
to Scheme 1. The 4-hydroxyindole 1 and 5-hydroxyin-
dole 2 were alkylated with epichlorohydrin® to give the
intermediate epoxides, 3 and 4. The epoxide ring was
opened with the appropriate amine to give the indoloxy-
propanolamines (5a—e, 6a,b).

o OH
OH o NG N.

L e A b
A - L

Pz ¥ Pz
HN / HN / HN /
1 (4 isomer) 3 (4 isomer) 5 a-e (4 isomer)

2 (5 isomer) 4 (5 isomer) 6 a,b (5 isomer)

Scheme 1. Reagents and conditions: (a) 5 N NaOH, epichlorohydrin,
60 °C, 1h (3 (4-isomer), 68% and 4 (5-isomer), 83%); (b) RNH,,
MeOH, reflux (5a, R = cyclohexyl, 79%; Sb, R = l-adamantyl, 63%;
5¢, R = cyclopentyl, 34%; 5d, R = cycloheptyl, 37%; 5e, R = 3-pentyl,
77%; 6a, R = cyclohexyl, 82%; 6b, R = 1-adamantyl, 76%).
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The 1-(1H-indol-4-yloxy)-3-(alkylamino) propanes were
prepared according to Scheme 2. The 4-hydroxyindole 1
was alkylated with 3-chloro-1-propanol under Mitsun-
obu conditions to give the intermediate chloride 7. The
chloride was displaced with the appropriate amine to
give the indoloxypropanamines 8a,b.

The 1-(1H-indol-4-yloxy)-2-methoxy-3-(alkylamino) pro-
panes were prepared according to Scheme 3. Dimethyl
methoxymalonate was reduced with LAH to give
2-methoxy-1,3-propanediol in 54% yield and the hydro-
xyl groups were converted to the tosylates to give 2-
methoxy-1,3-diol bis(4-methylbenzenesulfonate) in 97%
yield. The hydroxyindole 1 was alkylated with 2-meth-
oxy-1,3-diol bis(4-methylbenzenesulfonate) to give the
intermediate tosylate 9. The tosylate was displaced with
the appropriate amine to give the indoloxymethoxypro-
panamines 10a,b.

The (S)- and (R)-1-(1H-indol-4-yloxy)-3-(alkylamino)-2-
propanols were prepared according to Scheme 4 (stereo-
chemistry in Scheme 4 is depicted for the S enantiomer).
The 4-hydroxyindole 1 was alkylated with (2.5)-(+)-glyc-
idyl 3-nitrobenzene sulfonate or (2R)-(—)-glycidyl
3-nitrobenzene sulfonate to give their respective inter-
mediate epoxides, 11 and 12.!° The epoxide ring was
opened with the appropriate amine to give the indoloxy-
propanolamines (13a—c and 14a,b).

H
OH Oo_~_¢Cl o _~_N.
a b R
—_— —_—
HN / HN / HN /
1 7

8a,b

Scheme 2. Reagents and conditions: (a) diethyl azodicarboxylate,
PPh;, CI(CH,);OH, THF, 57%; (b) RNH,, Na,CO3;, DMF, 100 °C,
(R = cyclohexyl, 43% and R = cyclopentyl, 28%).

HaC. HaC.
0 o y
OH o._h_oTs X oy\/N\R
a
HNE HNE HN]E//
1 9 10 a,b

Scheme 3. Reagents and conditions: (a) NaH, 2-methoxypropane-1,3-
diol bis(4-methylbenzenesulfonate), DMF, 91%; (b) RNH,, DMF,
85 °C (R = cyclohexyl, 47%; R = l-adamantyl, 54%).

H OHY
N

H O
©§” ©5°“ﬂ @50” ’
a b
HN / HN / HN /

13 a-c (S-isomer)
14 a,b (R-isomer)

1 11 (S-isomer)
12 (R-isomer)

Scheme 4. Reagents and conditions: (a) NaH, (25)-(+)-glycidyl 3-
nitrobenzene sulfonate or (2R)-(—)-glycidyl 3-nitrobenzene sulfonate,
DMF, S-isomer 88%; (b) RNH,, MeOH, reflux (13a, R = cyclohexyl,
63%; 13b, R = 1-adamantyl, 70%).

The (S)-1-(1H-indol-4-yloxy)-2-methyl-3-(alkylamino)-
2-propanols were prepared according to Scheme 5.
(2S)-(+)-methylglycidyl-3-nitrobenzene sulfonate was
prepared from (2R)-methylglycidol. The 4-hydroxyin-
dole 1 was alkylated with (2S)-(+)-methylglycidyl 3-
nitrobenzene sulfonate to give the intermediate epoxide
15.1° The epoxide ring was opened with the appropriate
amine to give the indoloxypropanolamines 16a,b.

The 4-(alkylamino)-1-(1H-indol-4-yloxy)-3-butanols were
prepared according to Scheme 6. The 4-hydroxyindole 1
was alkylated with 1,2-epoxy-4-butanol under Mitsun-
obu conditions to give the intermediate epoxide 17.
The epoxide ring was opened with the appropriate
amine to give the indoloxybutanolamines 18a—c.

The 1-(1H-indol-4-yloxy)-4-(alkylamino)-2-butanols were
prepared according to Scheme 7. The 4-hydroxyindole 1
was alkylated with 1,4-dichloro-2-butanol to give the
intermediate chloride 19. The chloride was displaced
with the appropriate amine to give the indoloxybutanol-
amines 20a,b.

The 5-HT, A receptor binding assays and the [>°S]GTPyS
binding assays were performed according to Rasmussen
et al.l!

The importance of the amine substituent in modulation
of 5-HT; A receptor affinity can be readily seen in Table 1.
Increasing the size of the substituent from isopropyl

=L =0
HN / HN / HN /
1 15 16 a,b

Scheme 5. Reagents and conditions: (a) NaH, (25)-(+)-methylglycidyl
3-nitrobenzene sulfonate, DMF, 45%; (b) RNH,, MeOH, reflux
(R = cyclohexyl, 85% and R = lI-adamantyl, 92%).

OH (0] (0] .R
a \/\<(|) b \/\ﬁ”
[ ;E —_— [ % —_— [ % OH
HN / HN / HN /
1 17

18 a-c

Scheme 6. Reagents and conditions: (a) diethyl azodicarboxylate,
PPhs, 1,2-epoxy-4-butanol, THF, 27%; (b) RNH,, MeOH, reflux
(R = cyclohexyl, 77%; R = 1-adamantyl, 75%; R = isopropyl, 12%).

OH OH
E%OH E%O\/K/\CI O\/‘\/\N.R
HN / HN / HN /
1 19 20 a,b

Scheme 7. Reagents and conditions: (a) KOH, 1,4-dichloro-2-butanol,
H,O0, 65°C, 38%; (b) RNH,, IPA, reflux (R = cyclohexyl, 90% and
R = l-adamantyl, 49%).
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(pindolol = 22.4 nM) to the 3-pentyl (5e=28.6 nM)
maintained 5-HT; 4 receptor affinity. But amine substi-
tution with a carbocyclic ring system (5a = 3.58 nM,
5b = 9.29 nM, 5¢ = 10.6 nM, and 5d = 6.82 nM) gave a
marked increase in binding affinity for the 5-HT;a
receptor. With this information the cyclohexyl and 1-
adamantyl amine substituents became the focus of the
subsequent SAR.

The hydroxyl group is important for potent 5-HTa
receptor affinity. Removal of the hydroxyl group
(Table 1, 8a=78nM and 8b=94nM) diminished
5-HT; receptor affinity 8 to 21-fold and alkylation
of the hydroxyl group (Table 1, 10a =40.6 nM and
10b = 32 nM) resulted in a 3 to 10-fold loss in affinity.
This suggests that both the hydrogen bond donor and

acceptor properties of the hydroxyl group are impor-
tant, although the steric bulk of the methoxy group
may attenuate the 5-HT; 4 affinity. These modifications
also decrease 5-HT; 4 receptor antagonist activity.

The role of the stereochemical configuration of the hy-
droxyl group was explored. The affinity of the S isomers
(Table 2, 13a = 1.33 nM and 13b = 3.8 nM) was superior
to the R isomers (Table 2, 14a=26.1nM and
14b = 18.3 nM) and to the racemates (Table 1, 5a =
3.58 nM and 5b = 9.29 nM). The S isomers were substi-
tuted with a methyl group at the 2 position creating a
quaternary center (16a and 16b). This steric bulk led
to a significant loss in receptor affinity. All these com-
pounds showed a similar low degree of partial agonist
activity.

Table 1. 5-HT) A binding affinities and functional data of hydroxyl group modifications

o\)\/H\R
HNE/

Compound A R 5-HT A Ki* (nM) Inhibition of 5-HT-stimulated
GTPyS binding
K" (nM) Ein® (%0)

Pindolol OH Isopropyl 224+38 81.1£9.88 9.76 £ 1.37
5a OH Cyclohexyl 3.58 £0.25 9.83+1.83 9.88 £ 0.68
5b OH 1-Adamantyl 9.29 £1.53 7.84%0.76 6.56 £ 0.83
5c¢ OH Cyclopentyl 10.6 29 35.5+3.77 11.8 + 1.08
5d OH Cycloheptyl 6.82£0.59 11.3£0.63 8.90 £ 1.41
Se OH 3-Pentyl 28.6 £6.1 49.8 £3.19 4.74+£0.72
8a H Cyclohexyl 78.4£8.7 nd? 31.3+1.5°
8b H Cyclopentyl 943+ 157 233 +28.7 248 £0.22
10a OCHj; Cyclohexyl 40.6 £9.6 nd? 36.2+2.1°
10b OCHj; 1-Adamantyl 32058 nd¢ 289+ 1.1°

# Affinities were determined in vitro by radioligand binding using cell lines expressing the human 5-HT) 5 receptor. Each value is means £ SEM of at

least three determinations.

® K; calculated from the inhibition of 300 nM 5-HT mediated stimulation of [3SS]GTPyS binding in mouse LM(tk ™) cells expressing the human

5-HT A receptor.

° Degree of maximal inhibition of 300 nM 5-HT mediated stimulation of [>°S]JGTPyS binding expressed as % of the stimulation produced by 10 uM

5-HT.
4 K, not determined.

¢ Degree of inhibition of 300 nM 5-HT mediated stimulation of [**SJGTPyS binding at 10 uM, the maximal concentration of compound that could be
accurately tested. Data expressed as % of the stimulation produced by 10 uM 5-HT.

Table 2. 5-HT, A binding affinities and functional data of hydroxyl group stereochemistry and C2 substitution

AB H
qo\)\/N“R
HN /

Compound A B R 5-HT5 Ki* (nM) Inhibition of 5-HT-stimulated
GTPyS binding
K (nM) Enin® (%)
13a OH H Cyclohexyl 1.33+£0.14 6.68 + 1.05 7.52£0.36
13b OH H 1-Adamantyl 3.89+£0.58 4.65 % 0.57 6.38 £ 0.64
13c OH H 2-Adamantyl 11.2£0.2 24.0 +3.45 8.75+ 1.75
14a H OH Cyclohexyl 26.1 1.6 50.8+4.94 8.87 +1.48
14b H OH 1-Adamantyl 18.3+£49 29.9+591 3.15+0.68
16a OH CHj; Cyclohexyl 1450 £ 300 nt nt
16b OH CH; 1-Adamantyl 868 = 75 nt nt

See Table 1 legend (nt, not tested).
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Table 3. 5-HT, A binding affinities and functional data of chain length modification

OH

o) N.
qu
HN-/

Compound m n R 5-HT 4 K;* (nM) 5-HT, 5 ECsof (nM) 5-HT A Emax® (%)
18a 2 1 Isopropyl 1772 + 396 nt nt

18b 2 1 Cyclohexyl 872+ 6 nt nt

18¢ 2 1 1-Adamantyl 551 +£97 nt nt

20a 1 2 Cyclohexyl 125+ 14 394 + 16 456+ 1.3

20b 1 2 1-Adamantyl 76.1 £ 8.0 854 + 110 51.8% 1.1

See Table 1 legend (nt, not tested).

fECs, for stimulation of [*>S] GTPyS binding in mouse LM(tk™) cells expressing the human 5-HT) 5 receptor.
€ Maximum stimulation of [*°S] GTPyS binding expressed relative to the maximal effect of 5-HT.

Table 4. 5-HT,, binding affinities of the positional isomers of indole

OH 4
Ar/o\)\/N‘R
Compound Ar R 5-HT4 K* (nM)
5a 4-Indole Cyclohexyl 3.58£0.25
5b 4-Indole 1-Adamantyl 9.29 + 1.53
6a S-Indole Cyclohexyl >3000
6b S-Indole 1-Adamantyl 833+ 30

See Table 1 legend.

Table 5. Blockade of 8-OH-DPAT-induced increase in rat serum
corticosterone concentrations by compound 13a

Treatment Corticosterone, Percent
ng/ml antagonism

Vehicle 33624 —
8-OH-DPAT alone 3984+ 134 —
13a + 8-OH-DPAT

0.03 mg/kg, sc 3504+ 154 13

0.1 mg/kg, sc 304.8 + 46.1 26"

0.3 mg/kg, sc 206.0 * 60.6 53"

1.0 mg/kg, sc 62.4+96 92"

Male Sprague-Dawley rats were administered compound 13a subcu-
taneously (sc) 15 min prior to 0.3 mg/kg, sc 8-OH-DPAT, and rats
were sacrificed 1 h after 8-OH-DPAT. Serum corticosterone levels were
measured using H-corticosterone kits (ICN Biomedicals, Costa Mesa,
CA) according to kit instructions. Means and standard errors for five
rats per group are shown.

"P<0.05.

Table 6. ; and B, receptor binding affinities of selective compounds

Compound B, Ki* (nM) Ba, Ki* (nM)
Pindolol 0.52 0.40
13a 2.37 3.75
13b 7.92 6.63

@ Affinities were determined in vitro by radioligand binding using cell
lines expressing the human f receptors. Each value is the mean of two
determinations with a 95% confidence interval.

The effect of the chain length on receptor affinity was
investigated. A methylene unit was inserted on either
the indoloxy side of the 2-propanol chain to give the
3-butanol analogues or on the amine side of the 2-pro-
panol chain to give the 2-butanol analogues. The 3-buta-

nol derivatives (Table 3, 18a = 1772 nM, 18b = 872 nM,
and 18c = 551 nM) and 2-butanol derivatives (Table 3,
20a = 124.7 nM and 20b = 76.1 nM) suffered a signifi-
cant loss in affinity for the 5-HT 5 receptor. An increase
in agonist efficacy was observed in the 2-butanol
derivatives.

The 4-indole substituent was replaced with the 5-indole
substituent. The 5-indole derivatives (Table 4,
6a = >5000 nM and 6b = 833 nM) were poor ligands at
the 5-HT; A receptor.

We have shown that the optimal structural features for
potent 5-HT; o receptor affinity are the 4-indole substi-
tuent, the 2-propanol linker, the S configuration of the
hydroxyl group, and larger, lipophilic substituent on
the amine. Compounds 13a and 13b represent these
requirements. Compounds 13a and 13b show a low de-
gree of partial agonist efficacy, FEp, = 7.52% and
6.38%, respectively.

Compound 13a, upon further in vivo evaluation,
blocked the 8-OH DPAT-induced increase in rat serum
corticosterone concentrations with an EDsq = 2.5 mg/
kg, sc (Table 5).1?

Profiling of compounds 13a and 13b at the human B,
and B, receptors'® showed comparable receptor affinity
to pindolol (Table 6).

In conclusion, we have developed compound 13a, which
is a potent antagonist at the 5-HT 5 receptor. This com-
pound is not a candidate for further development be-
cause of its affinity for the B, and B, receptors. This
platform is an appropriate starting place to develop a
compound which is devoid of B affinity but retains the
SHT; 5 affinity and antagonism.
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Abstract—Observations from two structurally related series of KSP inhibitors led to the proposal and discovery of
dihydropyrazolobenzoxazines that possess ideal properties for cancer drug development. The synthesis and characterization of this
class of inhibitors along with relevant pharmacokinetic and in vivo data are presented. The synthesis is highlighted by a key [3+2]
cycloaddition to form the pyrazolobenzoxazine core followed by diastereospecific installation of a quaternary center.

© 2007 Elsevier Ltd. All rights reserved.

In the preceding communication, the design, synthesis,
and characterization of allosteric dihydropyrazole-based
inhibitors of KSP (kinesin spindle protein) as novel anti-
mitotics were described.! This effort resulted in the iden-
tification of water-soluble inhibitors (e.g., 1, Fig. 1) that
demonstrated pharmacokinetics suitable for iv adminis-
tration and excellent in vivo potency. In addition, these
compounds were designed to avoid Pgp-efflux, a poten-
tial mechanism for chemotherapeutic resistance in the
clinic.

In parallel to these developments, a structurally related
chromenopyrazole lead was identified by HTS and upon

Keywords: KSP inhibitors; Anti-mitotics; Multidrug-resistance; Pgp;

hERG:; Kinesins; Pyrazolobenzoxazines; [3+2] Cycloaddition; Quater-

nary center; Kinesin spindle protein; Cancer.
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6345; e-mail: robert_garbaccio@merck.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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resolution of enantiomers afforded the (3S,3aS) cis
enantiomer 2 as the active component (KSP
IC50 = 800 nM) (Fig. 1). Due to the poor solubility dis-
played by the chromenopyrazole series, a novel series of
dihydropyrazolobenzoxazines (e.g., 3) was envisioned
by simple rearrangement of the pyrazole nitrogens and
incorporation of the 8-fluorine substitution that was
found to enhance potency in prior efforts.! Upon syn-
thesis, kinesin spindle protein inhibitor (KSPi) 3 was
found to have good potency (KSP ICsq = 155 nM) and
improved physical properties compared to 2.

Drawing from reported advances in KSP inhibitor
design within our group, we sought to incorporate the
weakly basic amine tethered to the dihydropyrazole?
(e.g., 1) into these dihydropyrazolobenzoxazine cores
(3 — 4) with the goal of improving potency and solubil-
ity while maintaining activity in a P-glycoprotein (Pgp)
overexpressing cell line.
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Figure 1. HTS hit 2, lead 3 and related dihydropyrazole 1 that led to
dihydropyrazolobenzoxazine proposal 4.

A key observation made in the synthesis of the initial
dihydropyrazolobenzoxazine 3 was a troublesome epi-
merization seen at C-4 under basic conditions. This
observation suggested that formation of a quaternary
center through anion chemistry would provide syn-
thetic access to the proposed target. This report ad-
dresses the outcome of this proposal, and the full
characterization of the KSP inhibitors produced in
this effort.

The synthetic route? to the dihydropyrazolobenzoxazine
tricycle initiated with alkylation of 4-fluoro-2-nitrophe-
nol 5 with trans-3-cinnamyl chloride (6, Scheme 1) to
give the corresponding ether 7 in excellent yield after
recrystallization. The choice of the olefin geometry dic-
tates the relative stereochemical outcome for C4/CS5,
but given the plans to deprotonate the C4 center, the
decision to employ the frans-isomer was based on its
commercial availability. Following efficient reduction
of the nitro arene 7 by zinc metal, oxidation and
conversion to the crystalline hydrazono-acetate 9
(Japp-Klingemann reaction) was accomplished with

OH CI/\/\© (a) |
F NO, F N N0,

1
N+ _COEt
9 h

Cl

sodium-nitrite in the presence of ethyl 2-chloro-3-oxo-
butanoate in variable (65-92%) but good yield.

In the key [3+2] intramolecular cycloaddition of the
cinnamyl olefin with an in-situ formed nitrile imine,*
the major product (40% isolated yield) was found to
be the benzoxadiazene (12, Scheme 2) that arises from
an undesired competitive Claisen rearrangement of the
cinnamyl ether onto the fluoroarene, followed by attack
of the revealed phenol onto the chloroimine.* The
desired trans-dihydropyrazolobenzoxazine 10 was iso-
lated only in 35% yield under optimized conditions. This
stands in contrast to the synthetic route that initiated
with cis-3-cinnamyl chloride and provided the desired
cis-tricycle 14 in a superior 65% yield without observa-
tion of this undesired reaction pathway (Scheme 3). Pre-
sumably, the cis-isomer cannot easily access the
transition state required for the sigmatropic rearrange-
ment. The conclusion from investigation of these two
routes was that the extra two steps required for the syn-
thesis of cis-cinnamyl chloride® result in a doubling of
yield for the key [3+2] cycloaddition step. Both trans-
and cis-esters (10 and 14) were directly transformed to
the Weinreb amides (11 and 15) that would act as the
alkylation substrate for stereospecific installation of
the quaternary center.®

Alkylation at C4 of either trans-11 or cis-15 gave, as ex-
pected, the same result (Scheme 4). Deprotonation with
LiHMDS occurred cleanly at —78 °C and reaction of the
stabilized lithium anion with allyl bromide occurred
with high trans-diastereospecificity (>20:1) to provide
the quaternary center displayed in 16 in 69% isolated
yield. These results are consistent with approach of
the electrophile via the less-hindered face opposite to
the methylene-oxy bridge. Elaboration of the olefin to the
desired propyl amine and conversion of the Weinreb
amide to the potent methyl ketone remained as the final
synthetic hurdles. Hydroboration of the terminal olefin
yielded the primary alcohol 17 that was then treated
with methyllithium under optimized conditions. The de-
sired methyl ketone 18 was isolated in 72% yield, and the
major side product was found to be demethoxylation of
the amide (15%) as has been reported elsewhere.” Oxida-
tion of the primary alcohol to the aldehyde 19 with

o
A COEt
O O\/\Q K& (3.0)

F NH ©

Scheme 1. General synthesis of the pyrazolobenzoxazine (trans-route). Reagents and reaction conditions: (a) K,CO3;, DMF, 65 °C, 86%; (b) Zn
metal, NH4CIl, MeOH, 55 °C, 89%; (c) NaNO,, HCI/AcOH/H,O0, 65-92%; (d) Et;N, toluene, 110 °C, 35%; (¢) Me3Al, CH,Cl,, 88%.
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Scheme 2. Preferred side reaction in key [3+2] cycloaddition.
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Scheme 3. General synthesis of the pyrazolobenzoxazine (cis-route).
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o
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11 or15 16

L

OH
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Scheme 4. General synthesis of 20. Reagents and reaction conditions: (a) LHMDS, allylbromide, 69%, >20:1 de; (b) 9-BBN-H, H,0,, THF, 50 °C,
75%; (c) MeLi, THF, 0 °C, 72%; (d) Dess—Martin periodinane, CH,Cl,; (e) Na(OAc);BH, DCE, Et3N, 80% two step yield.

Dess—Martin periodinane followed by reductive amina-
tion with N-acetyl piperazine gave the racemic final
product 20 in 80% overall yield for the two steps. The

final dihydropyrazolobenzoxazine 20 was resolved into
its constituent enantiomers using a Chiracel OD column
(5 cm column, 100% MeOH, 1 g/injection, RT =11.6
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and 15.5 min, respectively) with the first peak to elute
containing the potent enantiomer. Importantly, 20 was
found to have aqueous solubility in excess of 4 mg/mL
at pH 4 and its absolute stereochemistry was assigned
based on prior work, and subsequently confirmed by a
X-ray crystallographic structure bound to KSP.?

A targeted set of analogs was synthesized by this method
taking advantage of the SAR described in earlier efforts.
The composite data presented in Table 1 include po-
tency against the KSP enzyme,® mitotic arrest activity
(Cell ECsg) in A2780 human ovarian carcinoma cells,'°
hERG binding,'' and an MDR ratio. The MDR ratio
is expressed as the ratio of cell potency between paired
cell lines that have high and low expression of PGP,
respectively, and these data have been used extensively
in this program as a surrogate measure of Pgp suscepti-
bility.'> A compound with an MDR ratio < 10 is desir-
able in our view, and a value of ~1 is ideal.?

Consistent with earlier SAR in related series, substitu-
tion at R! with F, Cl or Me resulted in similar potency
and MDR ratios (compounds 20-27). In addition, po-
tency was not greatly altered by the identity of the R?
amine tethered by the propyl chain at C4. However, sub-
stitution at R? had significant impact on hERG binding
and the MDR ratio, and was thus used to optimize these
properties. With respect to hERG binding, amines with

Table 1. Potency, MDR ratio, and hERG binding

reduced basicity (20, 24-27, 30, and 31) generally
showed weaker binding, whereas strongly basic amines
(21-23, 28, and 29) engendered a stronger interaction
with this ion channel. Similar trends were seen for the
MDR ratio, wherein amines with reduced basicity, and
tertiary amines tended to have improved potency
against the Pgp-overexpressing cell line, and thus lower
‘MDR ratios’. Some direct comparisons are worth not-
ing; the comparison of 21 to 28 and 20 to 29 illustrated
that capping of the amines resulted in a dramatic reduc-
tion in the MDR ratio. These results are in line with the
observation that modulating the pK, of this basic nitro-
gen or its substitution can balance Pgp-efflux potential
with maintenance of KSP potency.

Representative pharmacokinetic data from dog are pro-
vided for several compounds in Table 2. In general,
these pyrazolobenzoxazines were found to have moder-
ate to high clearance in dog using a cassette dosing strat-
egy. Given its favorable balance of properties (potency,
MDR ratio, hERG, and PK), compound 20 was selected
for further study.

In the design of these novel KSP inhibitors, efforts have
been made to minimize binding to hERG with the hope
of avoiding acute cardiotoxicity that would be dose-lim-
iting. While hERG binding is an imperfect predictor for
in vivo QT prolongation, it is one of the few available

Compound R! R? KSP ICs* (nM) Cell ECsp™® (nM) MDR? ratio hERG ICs® (nM)
21° F 1.6 7.4 23 5940
22° Cl §—N|v|e2 1.0 48 25 2000
23¢ Me 1.8 6.4 23 2400
24 F 0.4 4.4 0.8 6100
25¢ cl N o 1.8 13 1.5 3300
26 Me p— 1.0 11 1.4 6300
20 F N\ 1.6 5.0 1.0 10,000
27 cl SN NAc 1.0 9.0 1.6 5600
28 F §—NH, 0.5 2.5 1.7 940
18 F §—OH 52 11 0.6 18,000
29 F SN NH 43 5 40 4600
_/
o)
30 F §_Nﬁ\f 1.5 6.9 3.3 17,000
\\/NH
o)
31 F SN 0.9 4.8 2.6 9600
\___NMe

2See Refs. °'? for the details of these assays; all compounds tested as single enantiomers unless noted.

® ECs, for mitotic arrest (G2/M block) in A2780 cell line.

“Tested as a racemate; All values are reported for n = 3 or greater with a standard deviation within 25-50% of the reported value.
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Table 2. Dog cassette data

Compound R! R? KSP ICsy* (nM) Dog pharmacokinetics®
tir2 (h) CL (mL/min/kg)
21° F 1.6 5.7 52
§—NMe,
23° Me 1.8 8.3 37
20 F :=N  NAc 1.6 5.6 14
s
29 F N NH 5.2 35 40
s
o)
30 F §_Nﬁ\f 1.5 2.4 15
\\/NH
o)
31 F —N 0.9 3.9 11
\\/NMe

4 Dosed iv as a cassette DM SO solution. Average of two dogs dosed at each of 0.25 mg/kg iv. The individual determinations are within £25% of the mean.

bTCSth as a racemate.

Table 3. Summarized data for 20

20
Property 20
KSP ICsy (nM) 1.6
Cell ECSO (HM) 5.0
Solubility (pH 4, mg/mL) >4
MDR ratio 1.0
In vivo mitotic arrest ECqy (nM) 100

high throughput assay techniques.!' Interestingly, we
noted that structurally similar compound 1 was found
to induce a QT¢ prolongation in a canine cardiovascular
model that was not predicted by hERG binding
(>30,000 nM), but corroborated only by measurement
of IKr current blockade in a classical patch-clamp assay.
Importantly, while 20 demonstrated measurable affinity
to hERG (10,000 nM), it did not produce functional
blockade in the same patch-clamp study.'3

As a critical follow-up to these measurements, com-
pound 20 was evaluated for its ability to prolong QTc
in vivo in anesthetized dogs. Compound 20 showed no
effect on QTc interval when dosed up to 35 uM plasma
levels.

Compound 20 was evaluated in our in vivo mouse xeno-
graft tumor model of mitotic arrest.'# In this pharmaco-
dynamic model, an aqueous solution of 20 was
administered to nude mice bearing A2780 xenograft
implants via Alzet osmotic pumps for 24 h. The sectioned
tumors were stained for phospho-histone H3, an induc-
ible marker of mitotic arrest. KSPi 20 was found to induce
maximal mitotic block with a plasma exposure of 100 nM.
Based on the similar free fraction of 20 in mouse plasma
(3%) and human plasma (3%), this plasma concentration
may also produce a similar level of pharmacodynamic
potency in human. Intra-tumor levels of compound 20
were not measured in this experiment.

Through the combination of known SAR in two struc-
turally related series, dihydropyrazolobenzoxazines were
proposed, synthesized, and found to be highly potent,
water-soluble inhibitors of KSP that retained full
potency against a Pgp-overexpressing cell line. By utiliz-
ing existing SAR and discovering a robust synthetic
route highlighted by a diastereoselective installation of
a quaternary center, compound 20 was identified as
having appropriate potency and pharmacokinetics to
further characterize. In a key finding, 20 was shown to
have diminished functional interaction with the hERG
channel as recorded in a patch-clamp assay relative to
another optimized compound (1) despite demonstrating
tighter binding to the channel. These data prompted
examination of 20 in the cardiovascular dog model
and were found not to cause QTc¢ prolongation at a
plasma concentration 350-fold above the concentration
that produced a maximal in vivo pharmacodynamic
endpoint in a mouse xenograft model. Based on these
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properties, 20 represents a highly optimized lead with
ideal properties for a cancer drug (Table 3).!> In the next
letter, efforts to explore a potent structurally related
series of KSP inhibitors are described.
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Compound 20 and its analogs are also described in
W02006023083.
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Abstract—A group of 2,3-diaryl-1,3-thiazolidine-4-ones, possessing a methylsulfonyl pharmacophore, were synthesized and their
biological activities were evaluated for cyclooxygenase-2 (COX-2) inhibitory activity.

© 2007 Elsevier Ltd. All rights reserved.

The use of nonsteroidal anti-inflammatory drugs (NSA-
IDs) for the treatment of inflammation and pain is often
accompanied by adverse gastrointestinal and renal side
effects. Their anti-inflammatory activity results from
inhibition of cyclooxygenases (COXs), which catalyzes
the bioconversion of arachidonic acid to prostaglandins.
However, inhibition of COXs may lead to undesirable
side effects. Nowadays, it is well established that there
are at least two COX isozymes, COX-1 and COX-2.!
The constitutive COX-1 isozyme is produced in a variety
of tissues and appears to be important to the mainte-
nance of physiological functions such as gastroprotec-
tion and vascular homeostasis.> Alternatively, the
COX-2 isozyme is induced by mitogenic and proinflam-
matory stimuli linking its involvement to inflammatory
processes.> Thus, selective inhibition of COX-2 over
COX-1 is useful for the treatment of inflammation and
inflammation-associated disorders with reduced gastro-
intestinal toxicities when compared with NSAIDs. In
addition to role of COX-2 in rheumatoid arthritis and
osteoarthritis, it is also implicated in colon cancer and
angiogenesis.*> Recent studies have shown that the pro-
gression of Alzheimer’s disease is reduced among some
users of NSAIDs. Chronic treatment with selective
COX-2 inhibitors may therefore slow the progress of

Keywords: 1,3-Thiazolidine-4-ones; COX-2 inhibition; SAR.
* Corresponding author. Tel.. +98 21 88773521; fax: +98 21
88795008; e-mail: azarghi@yahoo.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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Alzheimer’s disease without causing gastrointestinal
damage.® Diarylheterocycles, and other central ring
pharmacophore templates, have been extensively
studied as selective COX-2 inhibitors. All these tricyclic
molecules possess 1,2 diaryl substitution on a central
hetero- or carbocyclic ring system (see structures 1-5
in Chart 1).7!2 Recently, we reported several investiga-
tions describing the design, synthesis, and COX inhibi-
tory activities of a novel class of compounds
possessing an acyclic 1,3-diarylprop-2-en-1-one struc-
tural template.!*!* For example, the acyclic (E) 1,3-
diphenylprop-2-en-1-ones possessing a 4-methylsulfonyl
or 4-azido COX-2 pharmacophore group at the C-1 phe-
nyl ring (see structure 6) exhibited high selective COX-2
inhibition. As part of our ongoing program to design
new types of tricyclic selective COX-2 inhibitors, we
now report the design, synthesis, cyclooxygenase inhibi-
tory, and some molecular modeling studies of a group of
2,3-diaryl-1,3-thiazolidine-4-ones possessing a COX-2
SO,Me pharmacophore at the para-position of C-2 phe-
nyl ring in conjunction with a substituent (H, F, Me,
and OMe) at the para-position of the N-3 phenyl ring.

The target 2,3-diaryl-1,3-thiazolidine-4-one derivatives
were synthesized via the route outlined in Scheme 1.
Accordingly, an appropriate aromatic amine (1) was
treated with 4-methylthiobenzaldehyde (2) and thiogly-
colic acid (3) in dry toluene under reflux to give 2-(4-
methylthiophenyl)-3-(4-substitutedphenyl)-1,3-thiazolidine-4-
one (4, 20-45%) (4, 20-45%)'8. Oxidation of 4 using 30%
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Chart 1. Representative examples of selective COX-2 inhibitors.

A
R—< >—NH + OHC—< >—SM + HS_ _COOH ——»
: ¢ ~ Toluene
1 2 3
R SMe R SO, Me
Ol e QL
N WO N
3
A A

4a, X=H Sa, X=H
4b, X=F 5b, X=F
4c, X=Me S¢, X=Me
4d, X=0Me 5d, X=0OMe

Scheme 1. Reagents and conditions: (a) Toluene, reflux, 48 h; (b) H,O,
30%, WO3, 25°C, 12 h.

H,0, in hydromethanol in the presence of a trace
amount of WO; afforded the 2-(4-methylsulfonylphe-
nyl)-3-(4-substitutedphenyl)-1,3-thiazolidine-4-one (5,
60-80%).!>19

It is well established for the diarylheterocyclic class of
COX-2 inhibitors, that a para-methylsulfone substituent
on one of the phenyl rings is a requirement for good
COX-2 potency and selectivity. Accordingly, a group
of 2,3-diaryl-1,3-thiazolidine-4-one analogues having
different substituents at para-position of the N-3 phenyl
ring (5a-d) were prepared to investigate the effect of dif-
ferent substituents on COX-2 selectivity and potency.
The ability of the 1,3-thiazolidine-4-ones 5a—d to inhibit
the COX-1 and COX-2 isozymes was determined using
chemiluminescent enzyme assays (see enzyme inhibition
data in Table 1). In vitro COX-1/COX-2 inhibition stud-
ies showed that all compounds 5a—d were selective inhib-
itors of the COX-2 isozyme with ICsy values in the

Table 1. In vitro COX-1 and COX-2 enzyme inhibition data

MeO,S
S
1
R
Compound R ICso* (UM) COX-2 sI®
COX-1 COX-2
5a H 96.1 0.20 480.5
5b F >100 0.12 >833
¢ Me 53.9 0.15 359.3
5d OMe >100 0.16 >625
Celecoxib 24.3 0.06 > 403

#Values are mean values of two determinations acquired using an
ovine COX-1/COX-2 assay kit, where the deviation from the mean is
<10% of the mean value.

®In vitro COX-2 selectivity index (COX-1 IC5o/COX-2 ICsp).

highly potent 0.12-0.20 uM range, and COX-2 selectiv-
ity indexes (SI) in the >359 to >833 range. In addition,
compounds 5b and 5d did not inhibit COX-1 at a con-
centration of 100 uM (ICsq values > 100 pM). However,
compounds 5a and Sc showed less selectivity for COX-2
isozyme compared with compounds 5a and 5c. Accord-
ing to these results, 3-(4-fluorophenyl)-2-(4-methylsulfo-
nylphenyl)-1,3-thiazolidine-4-one 5b was the most
potent (IC5o=0.12 uM), and selective (SI > 833),
COX-2 inhibitor among the synthesized compounds. It
was also more selective COX-2 inhibitor than the parent
reference compound celecoxib (SI > 403). These data
suggest that the compound 5b should inhibit the synthe-
sis of inflammatory prostaglandins via the cyclooxygen-
ase pathway at sites of inflammation and be devoid of
ulcerogenicity due to the absence of COX-1 inhibition.

The orientation of the highly potent and selective COX-

2 inhibitor, 3-(4-fluorophenyl)-2-(4-methylsulfonylphe-
nyl)-1,3-thiazolidine-4-one 5b in the COX-2 active site,

Tyr385

Tyr3ss -"\

Ser530

Val523

Compound 5b

Leu531
Tyr3ss

Figure 1. Compound 5b 3-(4-fluorophenyl)-(2-(4-methylthiophenyl)-
1,3-thiazolidine-4-one docked in the active site of murine COX-2
isozyme.
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was examined by a docking experiment (Fig. 1).'617
This molecular modeling shows that it binds in the pri-
mary binding site such that the C-2 para-SO,Me substi-
tuent inserts into the 2° pocket present in COX-2. One
of the O-atoms of p-SO,Me forms a hydrogen bonding
interaction with hydroxyl group (OH) of Tyr*®® (dis-
tance < 2 ) whereas the other O-atom is close to OH of
Ser** (distance = 2.7 ). The C=0 of the central thiazoli-
dine-4-one forms hydrogen bond (distance = 4.4 ) with
the OH of Ser’®. It was interesting to note that,
the para-fluoro substituent of N-3 phenyl ring was form-
ing a hydrogen bond with amide hydrogen (NH) of
Ser®? (distance = 4.4). These observations together
with experimental results provide a good explanation
for the potent and selective inhibitory activity of 5h.
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of the selective COX-2 inhibitor SC-558 bound to the
murine COX-2 enzyme was obtained from the RCSB
Protein Data Bank (lcx2) and hydrogens were added.
The ligand molecules were constructed using the Builder
module and were energy minimized for 1000 iterations
reaching a convergence of 0.01 kcal/mol A. The energy
minimized ligands were superimposed on SC-558 in the
PDB file 1cx2 after which SC-558 was deleted. The
purpose of docking is to search for favorable binding
configuration between the small flexible ligands and the
rigid protein. Protein residues with atoms greater than
7.5 A from the docking box were removed for efficiency.
Searching is conducted within a specified 3D docking box
using annealing based on the Monte Carlo method and
MMFF9%4 molecular mechanics force field for 8000
iterations. These docked structures were very similar to
the minimized structures obtained initially. The quality of
the docked structures was evaluated by measuring the
intermolecular energy of the ligand-enzyme assembly.
Kurumbail, R. G.; Stevens, A. M.; Gierse, J. K
McDonald, J. J.; Stegeman, R. A.; Pak, J. Y.; Gildehaus,
D.; Miyashiro, J. M.; Penning, T. D.; Seibert, K.; Isakson,
P. C.; Stallings, W. C. Nature 1996, 384, 644.

Analytical data for 4a. Yield, 45%; white crystalline
powder; mp 105-106 °C; IR (KBr): v cm™! 1680 (C=0);
MS: miz (%): 301 (M*, 60), 226(55), 177(75), 134(100),
104(45), 91(30), 77(40); "H NMR (CDCls): é ppm 2.48 (S,
3H, SCH3), 3.90 (d, 1H, CH,, J = 15.8 Hz), 4.04 (d, 1H,
CH,, J=15.8Hz), 6.10 (S, 1H, CH), 7.18 (d, 2H, 4-
methylthio phenyl H; and Hs, J = 8.4 Hz), 7.19-7.23 (m,
3H, phenyl Hs;—Hs), 7.25 (d, 2H, 4-methylthio phenyl H,
and Hg, J=8.4Hz), 7.33 (dd, 2H, phenyl H, and Hg,
J =17.8 Hz); Anal. C;4H;sNOS, (C, H, and N).
Compound 4b. Yield, 35%; white crystalline powder; mp
97 °C; IR (KBr): v cm™! 1670 (C=0); MS: m/z (%): 319
(M*, 30), 243(40), 228(20), 177(45), 134(100), 94(70),
77(40); Anal. C;cH4FNOS, (C, H, and N).

Compound 4c¢. Yield, 20%; white crystalline powder; mp
101-102 °C; IR (KBr): v cm ™! 1680 (C=0); MS: m/z (%):
315 (M*, 60), 240(70), 178(100), 135(90), 91(90), 77(30);
Anal. C17H17N082 (C, H, and N)

Compound 4d. Yield, 35%; white crystalline powder; mp
103-104 °C; IR (KBr): v cm™! 1670 (C=0); MS: m/z (%):
331 (M™, 25), 257(45), 242(50), 178(45), 135(100), 77(30);
Anal. C;;H7NOS, (C, H, and N). Satisfactory analysis
for C, H, N was obtained for all the compounds within
10.4% of the theoretical values.

Analytical data for 5a. Yield, 60%; white crystalline
powder; mp 238-239 °C; IR (KBr): v cm™! 1670 (C=0),
1300, 1120 (SO,); MS: miz (%): 333 (M, 15), 259(45),
179(30), 123(70), 77(100); 'H NMR (CDCl3): 6 ppm 3.23
(S, 3H, SO,CH3), 3.92 (d, 1H, CH,, J = 16.5 Hz), 4.08 (d,
1H, CH,, J=16.5Hz), 6.71 (S, 1H, CH), 7.25-7.50 (m,
SH, phenyl), 7.82 (d, 2H, 4-methylsulfonyl phenyl H, and
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Hg, J = 8.4 Hz), 8.01 (d, 2H, 4-methylsulfonyl phenyl Hj
and H5, J=84 HZ), Anal. C16H15NO3S2 (C, H, and N)
Compound 5b. Yield, 65%; white crystalline powder; mp
234 °C; IR (KBr): v cm~! 1670 (C=0), 1310, 1120 (SO,);
MS: mlz (%): 351 (M*, 5), 277(100), 197(60), 122(60), 95
(90), 77(50); 'H NMR (CDCly): 6 ppm 3.24 (S, 3H,
SO,CHj3), 3.74 (d, 1H, CH,, J=17.0 Hz), 4.41 (d, 1H,
CH,, J=17.0Hz), 6.66 (S, 1H, CH), 7.27 (t, 2H, 4-
fluorophenyl H; and Hs, J=8.8 Hz), 7.53 (dd, 2H, 4-
fluorophenyl H, and Hg, Jyg = 8.6 Hz, Juyr =4.9 Hz),
7.81 (d, 2H, 4-methylsulfonyl phenyl H, and Hg,
J=8.3Hz), 7.99 (d, 2H, 4-methylsulfonyl phenyl H; and
H5, J=83 HZ), Anal. C16H14FNO352 (C, H, and N)
Compound 5c¢. Yield, 75%; white crystalline powder; mp
236-237°C; IR (KBr): v cm™" 1680 (C=0), 1300, 1110
(SOy); MS: miz (Y%): 347 (M*, 5), 273(100), 193(60),
118(60), 91 (100), 77(50); "H NMR (CDCl5): 6 ppm 2.26
(S, 3H, CHs3), 3.23 (S, 3H, SO,CHs;), 3.71 (d, 1H, CH,,
J=17.0Hz), 439 (d, 1H, CH,, J=17.0 Hz), 6.67 (S, 1H,

CH), 7.21 (d, 2H, 4-methylphenyl H; and Hs, J = 8.4 Hz),
7.38 (d, 2H, 4-methylphenyl H, and Hg, J = 8.4 Hz), 7.80
(d, 2H, 4-methylsulfonyl phenyl H, and Hg, J = 8.3 Hz),
798 (d, 2H, 4-methylsulfonyl phenyl H; and Hs,
J=83 HZ); Anal. C17H17NO3S2 (C, H, and N)
Compound 5d. Yield, 80%; white crystalline powder; mp
205-206.5 °C; IR (KBr): v em™! 1670 (C=0), 1300, 1100
(SO5); MS: miz (%): 363 (M*, 5), 289(100), 274(75),
195(40), 91 (90), 77(30); 'H NMR (CDCl3): 6 ppm 3.23
(S, 3H, SO,CH3), 3.70 (d, 1H, CH,, J=17.2 Hz), 3.75
(S, 3H, OCHs;), 4.38 (d, 1H, CH,, J=17.2 Hz), 6.65 (S,
1H, CH), 6.96 (d, 2H, 4-methoxyphenyl H; and Hs,
J=89Hz), 7.37 (d, 2H, 4-methoxyphenyl H, and Hg,
J=89Hz), 7.81 (d, 2H, 4-methylsulfonyl phenyl H,
and Hg, J=8.3Hz), 798 (d, 2H, 4-methylsulfonyl
phenyl H3 and H5, J=83 HZ), Anal. C]7H17NO4SZ
(C, H, and N). Satisfactory analysis for C, H, N was
obtained for all the compounds within +0.4% of the
theoretical values.
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Abstract—A series of 1,4-dihydroindeno[1,2-c]pyrazole compounds with a cyanopyridine moiety at the 3-position of the tricyclic
pyrazole core was explored as potent CHK-1 inhibitors. The impact of substitutions at the 6 and/or 7-position of the core on phar-
macokinetic properties was studied in detail. Compounds carrying a side chain with an ether linker at the 7-position and a terminal
morpholino group, such as 29 and 30, exhibited much-improved oral biovailability in mice as compared to earlier generation inhib-
itors. These compounds also possessed desirable cellular activity in potentiating doxorubicin and will serve as valuable tool

compounds for in vivo evaluation of CHK-1 inhibitors to sensitize DNA-damaging agents.

© 2007 Elsevier Ltd. All rights reserved.

Cancer cells rely on various cell cycle checkpoints to re-
store their genomic integrity upon DNA-damaging
treatments including ionized radiation, UV radiation,
and chemotherapy. Studies have demonstrated that
checkpoint kinase 1 (CHK-1) plays an important role
in regulating G2/M and/or S phase checkpoints for com-
monly p53 deficient cancer cells in response to genotoxic
stresses.! DNA damage triggers phosphorylation of
CHK-1, a serine/threonine kinase, by ataxia-telangiecta-
sia mutated (ATM) as well as ATM- and Rad3-related
(ATR) kinases.> As a result, CHK-1 phosphorylates
and degrades CDC25A leading to cell cycle arrest at
G2/M or S phase.? Inhibition of CHK-1 can thus cause
mitotic catastrophe to cancer cells since they are de-
prived of an opportunity to repair themselves at the
G2/M or S checkpoints.

We have discovered molecules with a 1,4-dihydroinde-
no[1,2-c]pyrazole core as selective and potent CHK-1
inhibitors.*> These compounds can engage in hydrogen

Keywords: 1,4-Dihydroindeno[l,2-c]pyrazole; Checkpoint kinase 1

inhibitors; CHK-1 inhibitors; Sensitizing DNA-damaging agents.

* Corresponding author. Tel.: +1 847 935 1252; fax: +1 847 935
5165; e-mail: yunsong.tong@abbott.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.069

bonding interactions with both the hinge and specificity
regions of the catalytic pocket of the kinase. Although
our earlier inhibitors possessed high inhibitory activity
(ICsq value as low as 0.2 nM) and desirable potencies
in both functional and mechanism-based cellular assays,
they were deficient in oral biovailability (F = 0-9% in
mice).> In this study, we disclose our efforts leading to
a newer generation of potent CHK-1 inhibitors with
much improved oral biovailability.

The primary series of our earlier CHK-1 inhibitors fea-
turing a bi-aryl phenol unit at the 3-position of the tricy-
clic core (such as 1 in Table 1) have intrinsic
pharmacokinetic (PK) liability due to their high lipo-
philicity (Clog P at 5-6), potential metabolic instability,
and poor aqueous solubility. Since variation of the sub-
stitutions at both the 6 and 7-positions and small mod-
ifications to the bi-aryl phenol moiety failed to provide
compounds with acceptable oral biovailability,> we
turned our attention to replacing the bi-aryl phenol in
order to optimize the overall physicochemical properties
of the inhibitors. To that end, we discovered that com-
pounds with a cyanopyridine group at the 3-position
(such as 2) were equally potent as those with the bi-aryl
phenol in the enzymatic biochemical assay.® The cyano-
pyridine group compensates for the intricate hydrogen
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Table 1. From bi-aryl phenol to cyanopyridine

O
MeO ff ff i, iv
MeO SEMO
3

Compound MW CHK-1  MTS ECs, FACS ECs, ClogP®
ICso (nM) (uM) S/IC*  (uM) S/C*

1 384 1.6 >59/1.0 >10/0.15 5.4
2 313 0.81 >59/1.1 >10/0.27 2.6

#S/C, single/combo.
® Calculated by Biobyte methods.

bonding network lost by eliminating the interactions be-
tween the phenolic hydroxy group and Glu55 and Asn59
in the active site.” The comparison between the two
compounds (1 and 2) shown in Table 1 reveals that with
regard to better drug-like properties, the cyanopyridine
group undoubtedly has superiority over the bi-aryl phe-
nol. Compound 2 is not only about two log units lower
in Clog P than 1 (2.6 vs 5.4), and possesses much lower
molecular weight, but also eliminates a potential site
(phenol) for glucuronidation. In addition, as compared
to 1, compound 2 shows slightly better enzymatic activ-
ity, similar cellular potency in sensitizing the anti-prolif-
erative potential of doxorubicin, a DNA-damaging
agent, by at least 53-fold in an MTS assay,® and similar
cellular profile in a mechanism-based FACS assay (i.e.,
not disturbing normal cell cycle by themselves with sin-
gle ECso> 10 uM but able to abrogate G2/M check-
point in combination with doxorubicin with combo
ECsy < 0.3 uM).? Although the cyanopyridyl compound
2 shows poor PK properties itself (AUC = 0.18 pg h/mL
when dosed intraperitoneally in mice at 10 mg/kg), it
does provide a better platform for lead optimization to
discover potent CHK-1 inhibitors with desirable oral
biavailability.

The chemistry leading to compounds with side chains at
the 6 and/or 7-position of the tricyclic pyrazole core via
an ether linker is shown in Scheme 1. 5,6-Dimethoxy-1-
indanone 3 was selectively de-methylated at the 5-posi-
tion in the presence of NaCN at 145 °C and the resulting
hydroxy group was protected by a SEM group. Com-
pound 4 was treated with NaH and phenyl 6-chloronic-
otinate followed by hydrazine and acetic acid in one pot
to provide 5. The pyrazole moiety of 5 was SEM-pro-
tected. The chloropyridine fragment was subsequently
converted into a cyanopyridine under Pd-catalyzed con-
ditions. The SEM on the hydroxy group of the interme-
diate 6 was removed selectively with HCl at room
temperature. Next, the ether side chain at the 6-position
was installed using a Mistunobu protocol. The acidic
cleavage of SEM on the pyrazole led to compounds 7—
10. In a separate route, 3 was first de-methylated at both
the 5 and 6-positions using BBr3. Selective methylation

H SEM
MeO NN v,V MeO N/N
\ —_ N\
SEMO [N SEMO [N
— =
Cl CN
N~
vii,viii, X MeO L
RO [N
=
7-10 CN
N-
~N
X
[ 11 R=H
xi 12 R=Me 1315

o] o}
eO Xii HO .
—_— pp—— 18-31
(see Table 3 & 4)
16 17

Scheme 1. Reagents and conditions: (i) NaCN, DMSO, 145 °C, 53%;
(ii) SEMCI, DIEA, CH,Cl,, 72%; (iii) NaH, phenyl 6-chloronicotinate,
THF; (iv) AcOH, hydrazine, EtOH, 90 °C, 81% (two steps); (v) NaH,
SEMCI, DMF, 65%; (vi) Pd,dbas, dppf, Zn, Zn(CN),, DMA, 120 °C,
80%; (vii) HCI, MeOH, CH,Cl,, rt, 100%; (viii)) DBAD, Ph;P on
polymer support, alcohols, THF, ~50-90%; (ix) HCIl, EtOH, 75 °C,
~35-75%; (x) BBr3, CH,Cl,, 98%; (xi) Mel, Li,CO;, DMF, 55 °C,
72%; (xii) AlCls, toluene, reflux, 85%.

at the 5-position using Mel and Li,CO; transformed
11 into 12. Under similar conditions discussed above,
compounds 13-15 were synthesized. Compounds 18—
31, with mono-ether side chain at the 7-position, were
prepared from 6-methoxy-1-indanone 16. De-methyla-
tion with AICl; led to 17. The final compounds were pre-
pared following the well-established chemistry.

The synthesis of compounds 37 or 38 carrying a side
chain with an amino or acetylamino linker at the 7-posi-
tion and a terminal morpholine group is outlined in
Scheme 2. Iron reduction converted 6-nitro-1-indanone
32 into the amino indanone 33, which was in turn trans-
formed into the intermediate 35 using similar procedures
shown in Scheme 1. Compound 35 was treated with
chloroacetaldehyde under reductive amination condi-
tions to furnish 36. The terminal chlorine was substi-
tuted by morpholine and subsequent SEM de-
protection led to 37. Compound 38 was derived from
a HATU-mediated amide coupling reaction involving
35 and 3-morpholinopropanoic acid.

Intermediate 39 could be readily made from 6-hydroxy-
l-indanone 17 in a similar fashion as described earlier
(Scheme 3). The hydroxy group of 39 was converted into
a triflate in the presence of NaH and PhN(OTf),. A
Sonogashira reaction yielded compound 40. The hydroxy
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: e
~N i N
HoN Q| v,V H,N QL
B B
= =
34 cl 35 CN
H N
vi =N vii, Viii
- C|/\/N \ - .
B
=
36 CN
H
\/\n/ N\
X [ SN
—
37: X=H,H CN

Scheme 2. Reagents and conditions: (i) Fe, NH4Cl, EtOH, water,
90 °C, 68%; (ii) NaH, phenyl 6-chloronicotinate, THF; (iii) AcOH,
hydrazine, EtOH, 90 °C, 66% (two steps); (iv) NaH, SEMCI, DMF,
73%; (vi) Pd,dbas, dppf, Zn, Zn(CN),, DMA, 180 °C, microwave,
20 min, 54%; (vi) chloroacetaldehyde in water, H,SO,, NaBH,, THF,
0 °C, 28%; (vil) morpholine, Et;N, CH;CH,CN, KI, 85 °C, 32%; (viii)
HCI, CH,Cl,, EtOH, 75 °C, 68%; (ix) 3-morpholinopropanoic acid,
HATU, Et;N, THF, 71%.

N/SEM
(0] N
HO Ho N\ i, ii
—_ / Sy —
=
17 39 CN
RO SEM
N/
% \/|N Vv, Vi
B
= CN
:R=H
i, iv|: .
41: R=4-morpholino
H
N \
B
=
42 CN

Scheme 3. Reagents and conditions: (i) NaH, PhN(OTY),, THF, 87%;
(ii) 3-butyn-1-ol, Cul, Pd(dppf)Cl,, Et;N, DMF, 85 °C, 59%; (iii)
MsCl, Et;N, THF, 85%; (iv) morpholine, DMF, 90 °C, 52%; (v) Pd/C,
H,, THF, 81%; (vi) HCI, EtOH, 75 °C, 59%.

group on 40 was mesylated and displaced by morphol-
ine. The acetylene moiety of 41 was reduced via catalytic
hydrogenation followed by removal of the SEM to give
42, a compound having a side chain with a carbon-car-
bon bond linker at the 7-position and a terminal mor-
pholine group.

As we have demonstrated earlier, substitutions at both
the 6 and 7-positions extend into the solvent exposed
area in the kinase active site and can tolerate substantial
variations.” In addition, the attachment of bis-alkoxy
groups to an aromatic ring is known to exist in marketed
orally active kinase inhibitors such as Iressa® and Tarc-
eva®. Therefore, our initial strategy to improve the PK
profile of 2 was to replace one of its methoxy groups
with a different alkoxy moiety.'® During our study,
intraperitoneal (ip) dosing was the primary choice for
the initial PK screening in mice. As shown in Table 2,
although all the inhibitors (7-15) have potent inhibitory
activity, the plasma exposure of representative com-
pounds is low (AUC < 0.93 pg h/mL). The location of
the methoxy (6 or 7-position) and the nature of the ter-
minal groups on the longer alkoxy side chain have min-
imal impact on the AUC values. These findings led us to
investigate compounds with only one alkoxy substitu-
tion at the 7-position with elimination of the methoxy
group, a potential metabolic liability. A series of com-
pounds (18-28, Table 3) were prepared mostly with a
solubilizing group capping the alkoxy side chain. Inter-
estingly, the basicity of the side chain has a profound
impact on the cellular anti-proliferative activity (data
from the MTS assay) of the inhibitors. Non-basic side
chain moieties such as thiophene and thiazole (18 and
19) led to compounds with no cellular potency (combo
ECs0> 5.9 uM). On the other hand, basic functional

Table 2. Potency and PK evaluation of 6,7-substituted inhibitors

Rl N\{\l
\ \ N
R 6 s
Compound R; R, CHK-1 AUC*
ICsp (nM) (ug h/mL)

7 MeO @& oy 37 0.47

=

°N

8 McO (I)/\ N0 33 -~

( S (o) b
9 MeO \ v 25 0

NI\ >
10 MeO o %y 31 0.30

°N
13 é/\ N2 Meo 3.0 0.93
s
o
14 { s MeO 1.1 —
NI‘ >

15 Ho %y  MeO 2.6 —

# Intraperitoneal dosing in mouse (10 mg/kg) except for 9. Vehicle (for
all mouse PK study unless indicated otherwise): 2.5% EtOH, 5%
Tween 80, 25% PEG400, PBS.

® Oral dosing in rat (5 mg/kg).
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groups, such as piperidyl and homomorpholino, with
pKa values over 9 resulted in compounds (25-28) with
weak to fair potency in combination with doxorubicin.
However, these compounds exhibited some cytotoxicity
by themselves (single ECs, value between 2.7 and
6.2 uM). Only alkoxy side chains with pK, around 6-7
gave inhibitors (20-24) with desirable results in the
MTS assay, that is, weak or no single agent activity
but high potentiation effect (at least 24-fold) on doxoru-
bicin. More importantly, among this group of inhibi-
tors, compound 20 possesses an AUC value (via ip
dosing) in mice more than 6 times higher (5.7 vs
0.93 pg h/mL) than that of 13, which has an extra meth-

oxy at the 6-position. Therefore, compound 20 emerged
as a new lead for further PK optimizations.

Table 4 summarizes the modification efforts around 20.
The carbon bridge between the morpholino group and
the oxygen on the side chain of 20 was extended from
two carbons up to five. Compounds 29 (with a three-car-
bon bridge) and 30 (with a four-carbon bridge) dis-
played plasma exposure comparable to 20 when dosed
intraperitoneally in mice. Both compounds also pos-
sessed desirable cellular potency. Compound 29 was
not cytotoxic as a single agent and was able to potenti-
ate doxorubicin with an ECs, value at 1.6 pM. Mean-

Table 3. Evaluation of inhibitors with an ether linker at the 7-position

N-n
R/\/O \ N
|
Z >N
Compound R pK.? CHK-1 MTS ECs, AUC*®
ICso (nM) (uM) S/CP (pg h/mL)
N\
18 Q/\/ 1.6 52 >59/> 5.9 —
s\
19 < ]i 3.3 6.4 7.6/>59 —
N
20 d N\ 5.7 5.9 >59/1.5 5.7
/
N
21 Q o 6.1 1.8 29/1.2 1.7
\\/N\/\
22 o)_/N—‘\/ 6.1 1.0 >52/1.6 3.0
23 oyNCN’\/\ 6.9 1.5 33/0.51 22
Z NN\
24 (\ 7.2 1.1 >59/1.4 —
N=/ /
7\
25 N N 9.1 L5 6.2/>5.9 —
N /\/
S\
26 g N 9.1 0.92 5.4/1.1 0.031¢
S
27 O‘ / 9.1 2.6 4.0/13 -
28 O/\/ 11 1.0 2.712.9 —
HN

#Used PharmaAlgorithms protocol in calculation.

bs/C, Single/Combo.

Intraperitoneal dosing in mouse (10 mg/kg) except for 26.
90Oral dosing in mouse (10 mg/kg).
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Table 4. Optimizing 20

H
@)
X
6
Z>CcN
Compound R CHK-1 MTS ECsy AUCP

ICs5o (nM) (uM) S/C* (pg h/mL)

20 [ONT0( s

'S , >50/15 57
29 @‘%0\7 32 >59/1.6 2.6

30 o Nﬁ.;/o\7 0.75 21/0.54  10.4°

N O

31 @ TN, L4 8119  —
N/\/NH

37 C/)f; N, 70 >59/>5.9 —
(o]

7
38 //\N/\/ZKN/H’ 16 BRI
a2 NN, 12 eme

43 @/\/O\ , 65 >50/>59

44 o Nﬁn\:o\e 64 >50/>59

#S/C, Single/Combo.

® Intraperitoneal dosing in mouse (10 mg/kg).

®Vehicle, 10% NMP, 20% Solutol, 70% PBS to achieve better
solubility.

while, compound 30 had a slightly different profile with
weak single agent activity (ECso =21 uM) but stronger
anti-proliferative potency in the presence of doxorubicin
(combo ECsy = 0.54 uM). Like its close analogs, 20 and
29, compound 30 showed desired properties in the
mechanism-based cellular assay (FACS analysis) with
single-agent ECs, value more than 10 uM and combo
ECsq value at 0.58 uM. When the carbon bridge was ex-
tended to five carbons, the inhibitor (31) started to show
a deteriorated potentiation ratio (ECsq S/C) in the MTS
assay. The linker between the side chain and the tricyclic
core was also investigated. To this end, compounds with
an amino (37), an acetylamino (38), and a carbon (42)
linker were synthesized. Unfortunately, they showed
no or only marginal potentiation of doxorubicin. The
morpholino-capped alkoxy side chain was also moved
from the 7 to the 6-position. The resulting compounds
(43 and 44) showed no cellular activity at all, a dramatic
contrast to their corresponding analogs at the 7-position
(20 vs 43, and 29 vs 44).

Compounds 29 and 30 were chosen to be further evalu-
ated for their PK properties dosed via IV and PO in
mice (Table 5). They both showed reasonable oral
AUC values (3.0 pgh/mL for 29 and >3.3'! for 30)
and oral biovailability (F=44% and > 50% for 29
and 30, respectively). These numbers represented a sig-
nificant improvement from the earlier generation inhib-
itors with a bi-aryl phenol moiety at the 3-position® (oral
AUC =0-0.45 pg h/mL, F = 0-9%). The oral exposure
of compound 30 was also studied in the Nude/Nude
mice (Chart 1), a more appropriate model relevant to fu-
ture in vivo efficacy studies. Dosed in two different vehi-
cles (NMP and Phosal), the compound exhibited
significant plasma exposures with Cp,,x around 5 or 10
times the cellular ECs, values at 25 or 50 mkd dosage,
respectively.

In summary, we explored a newer series of 1,4-dihydr-
oindeno[1,2-c]pyrazole compounds with a cyanopyri-
dine moiety at the 3-position as potent CHK-I
inhibitors. Replacing the bi-aryl phenol in the earlier
series with the cyanopyridine not only retained the
good enzymatic potency'? for the inhibitors but also
provided a better foundation for the PK improvement.
The compounds with bis-alkoxy side chains failed to
enhance PK properties. However, installing mono-

Table 5. Further pharmacokinetic studies on 29 and 30

Compound Mouse IV* Mouse PO®
CL* V¢ Tip(h) AUCY Chad AUCS F (%)
29 38 76 14 2.0 0.66 3.0 44
30 34 69 14 2.1 0.77 >33 >50
3.0 mg/kg.
10 mg/kg.
“L/h kg.
4 L/kg.
¢ pg h/mL.
pr.
5_
1 H 10 mkd NMP AUC =6
i m]
4] B 25 mkd NMP AUC = 12
] B 25 mkd Phosal AUC =15
1 B 50 mkd NMP AUC =25
s ] [m]
R
c 37
K] .
B
]
8
5
o
EC,, (MTS) 1

05 1 3 6 9
Time (hr)

Chart 1. Plasma levels of 30 in Nu/Nu mice via oral dosing (vehicle:
NMP or Phosal).
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alkoxy with a morpholino terminal at the 7-position
led to compounds, such as, 20, 29, and 30, with much
improved plasma exposures upon ip dosing in mice as
well as desirable cellular anti-proliferative potentiation
of doxorubicin. The window for achieving balanced
properties appeared to be small since heterocyclic
groups other than morpholine at the end of the side
chains, extra alkoxy groups at the 6-position, linkers
other than the ether off the tricyclic core, and placing
the optimized side chains at the 6 instead of the 7-po-
sition all resulted in compounds with inferior overall
profiles. With compounds 29 and 30 having oral
biovailability at 44% or higher in mice, we have
achieved tricyclic pyrazole compounds with much im-
proved oral biovailability while maintaining good
potencies. These two molecules will be used as tool
compounds for in vivo evaluation of CHK-1 inhibi-
tors to sensitize DNA-damaging agents.
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(Synpep Catalog# 02-1-22-1-ABB). The reaction mixture
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Abstract—Different esters of 3-(4’-geranyloxy-3’-methoxyphenyl)-2-trans propenoic acid (1), an anti-inflammatory principle of Acr-
onychia baueri Schott (Rutaceae), were synthesized. Their topical anti-inflammatory activity was evaluated using the Croton oil ear
test in mice as a model of acute inflammation. The activity of the paracetamol, guaiacol and hydroquinone esters of (1) was higher
than that of the parent compound, being similar to that exerted by indomethacin, used as reference drug.

© 2007 Elsevier Ltd. All rights reserved.

3-(4'-Geranyloxy-3’-methoxyphenyl)-2-trans propenoic
acid (1) is a secondary metabolite biosynthetically
related to ferulic acid in which a geranyl chain is at-
tached to the phenolic group. It has been isolated in
1966 from the bark of Acronychia baueri Schott, an Aus-
tralian small plant belonging to the family of Rutaceae.!
Although known for four decades, only in the last 5
years this natural compound showed valuable pharma-
cological properties that have been recently reviewed.?
In particular, the ethyl ester of (1) showed valuable ton-
gue and colon cancer chemopreventive and anti-inflam-
matory effects, the latter consisting in suppressing
inducible nitric oxide synthase and the cyclooxygenase-
2 promoter activity.?
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Keywords: Anti-inflammatory activity; 3-(4’-Geranyloxy-3’-methoxy-
phenyl)-2-trans propenoic acid; Rutaceae; Prenyloxyphenypropanoids.
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Since inflammation is a universal and physiological
response closely related to the process of carcinogenesis,
the evaluation of topical anti-inflammatory properties of
novel natural and semi-synthetic derivatives of (1) is a
field of current and growing interest, in the search of
alternatives of steroids. Continuing our research aimed
to better define the pharmacological profile of 3-(4’-ger-
anyloxy-3'-methoxyphenyl)-2-trans propenoic acid (1)
and its derivatives, we evaluated the topical anti-inflam-
matory activity of compound (1) and of a series of its
semisynthetic esters with alcohols or phenols, already
known to possess in vivo anti-inflammatory actions or
related in vitro effects, such as umbelliferone (2),3 2-
hydroxynaphthoquinone (3) (also known as lawsone,*)
paracetamol (4), salicylic acid (5),° ferulic acid (6),°
vanillic acid (7),” guaiacol (8),% caffeic acid (9),” hydro-
quinone (10),'° anthraflavic acid (11)!! and naringenin
(12).'2 These esters were drawn in such a structure in or-
der to obtain a synergism of anti-inflammatory action,
once the two portions of the ester would be cleaved by
exo- or endocellular esterases.

3-(4’-Geranyloxy-3'-methoxyphenyl)-2-trans propenoic
acid was synthesized in 98% yield as already reported.'?
Esters of (1) were synthesized in two steps by conversion
of the acid into the corresponding acyl chloride by
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HO “I II
o

3

R? !
6 R' = -CH=CH-COOH; R2? = -OMe
7 R' =-COOH; R? = -OMe
8 R' =-H; R2 = -OMe
9 R! = -CH=CH-COOH; R? = -OH

reaction with oxalyl chloride in dry diethyl ether at rt,
followed by its reaction with the alcohol or phenol
and triethylamine in dry diethyl ether at rt (Scheme 1).'4

Yields of ester derivatives are reported in Table 1.

Crucial for the success of this synthetic scheme is the
reaction time to convert acid (1) into the corresponding
chloride that had to be rigorously of 5 min, while, for
longer reaction times, the acyl chloride went rapidly
through decomposition. Moreover, each attempt to syn-
thesize esters by direct condensation of the acid with
alcohols or phenol in the presence of different reagents,
like dicyclohexyl carbodiimide or 1,1-carbonyl diimidaz-
ole, was unsuccessful.

The topical anti-inflammatory activity of compound (1)
and its esters was evaluated as inhibition of the Croton
oil-induced ear oedema in mice.!> The main irritant
principle of Croton oil is 12-O-tetradecanoylphorbol-
13-acetate (TPA), which induces an acute inflammatory
response after single skin application. This in vivo
inflammatory model possesses the advantage of using
very small amounts of pure compounds under test,
being particularly suitable in the biological screening

N COOH N cocCl
_a .
GerO GerO

OMe OMe

N COOR(Ar)
GerO

OMe

Scheme 1. Reagents and conditions: (a) (COCl),, dry Et,O, rt 5 min;
(b) ROH (ArOH), Et;N, dry Et,0, rt 40 min.
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of natural and semi-synthetic compounds, often avail-
able only in limited amounts during their isolation or
semisynthesis.

Male CD-1 mice (28-32 g, Harlan Italy, Udine, Italy)
were anaesthetised with ketamine hydrochloride
(145 mg/kg, intraperitoneally; Virbac, Milan, Italy).
Inflammation was induced on the right ear (surface:
about 1cm?) by application of 80 ug of Croton oil
(Sigma Chemical Co., St. Louis, USA) dissolved in
acetone. Control mice received only the irritant solu-
tion, whereas the others received both the irritant
and the compounds under test dissolved in acetone.
Six hours later, mice were sacrificed and a plug
(6 mm ) was excised from both the treated and un-
treated ears to quantify oedema as weight difference
between the two plugs. The anti-inflammatory activity
was expressed as percent of oedema reduction in mice
treated with the compounds under test with regard to
control mice. Oedema values, expressed as means *
standard error of the mean, were analysed by one-
way analysis of variance by Dunnett’s test for multiple
comparison of unpaired data. A probability level low-
er than 0.05 was considered as significant. Experi-
ments complied with the Italian D.L. n. 116 of
January 1992 and associated guidelines in the Euro-
pean Communities Council Directive of 24 November
1986.

The results on the anti-inflammatory activity of
compounds (1)-(23), administered at the dose of
0.3 pmol/cm?, are reported in Table 2, in comparison
to that of the same dose of the nonsteroidal anti-inflam-
matory drug indomethacin, used as a reference. The
natural precursor 3-(4’-geranyloxy-3’-methoxyphenyl)-
2-trans propenoicacid (1) induced 41% oedema inhibition,
being slightly less active than indomethacin, which
reduced the oedematous response by 62% at the same
dose level (0.3 pmol/cm?). It is noteworthy that, at
0.3 umol/cm~, the activity of (1) is higher than that of
the well-known nonsteroidal anti-inflammatory drug
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Table 1 (continued)

Substrate Product

Yield® (%)

GerO
OMe

Xx_-COOMe

OGer
36

OMe

OGer

GerO

GerO

GerO

12 MeO =

GerO o)

MeO =

. W@

23

31

2Yields of pure isolated product fully characterized by IR, GC-MS, 'H NMR and '*C NMR.

paracetamol (4) (41% and no significant oedema reduc-
tion, respectively). Among the alcohol precursors of
esters (2)—(12), only compounds (2)—(7), (11) and (12)
provoked significant inhibition of oedema, which ranged
from 13% to 43%, while compounds (4), (8), (10) and
(12) were almost inactive in our in vivo model. Consid-
ering the semisynthetic esters, all the compounds
induced a significant oedema reduction, which ranged
from 29% to 57%. In particular, esters (15), (19) and
(21), whose alcoholic portion is represented by para-
cetamol (4), guaiacol (8) or hydroquinone (10),
showed an effect (49-57% oedema inhibition) signifi-
cantly higher than that of the parent acid (1) and
comparable to that of indomethacin, even though
their phenol precursors (4), (8) and (10) were inactive,
at the administered dose. The activity of the other
esters was not significantly different from that of the
parent acid (1), except that of ester (18), which was
significantly lower (29% oedema inhibition). Neverthe-
less, the anti-inflammatory effect of the semisynthetic
esters was slightly higher than that of the relevant
alcohol precursors.

From the data reported herein it could be concluded
that esterification of 3-(4’-geranyloxy-3’-methoxyphe-
nyl)-2-trans propenoic acid (1) with the phenol deriv-
atives paracetamol [ester (15)], guaiacol [ester (19)] or
hydroquinone [ester (21)] slightly increases its topical
anti-inflammatory effect to a level comparable to that
of the nonsteroidal anti-inflammatory drug indometh-
acin (Fig. 1). In contrast, the anti-inflammatory activ-
ity of (1) is not affected by its esterification with the
phenol derivative salicylic acid [ester (16)] or is signif-
icantly reduced by wvanillic acid esterification [ester
(18)]. Furthermore, no influence on the topical anti-
inflammatory activity of (1) is determined by its
esterification with the phenyl propanes ferulic and
caffeic acids [esters (17) and (20)] as well as with
the flavonoid naringenin [ester (23)] or the anthraqui-
none derivative anthraflavic acid [ester (22)]. It is
noteworthy that the esterification of a well-established
nonsteroidal anti-inflammatory drug such paraceta-
mol, inactive at the topically administered dose, ex-
erts an antioedematous effect similar to that of
indomethacin.





Table 2. Anti-inflammatory activity of compound 1 derivatives and of
their precursors (administered dose: 0.3 pmol/cm?)
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Substance N . an. Oedema (mg) % Reduction
mean + SE
Controls 30 69103 —
Compound 1 30 41402 41
Compound 2 10 53404 23
Compound 13 10 43+0.6" 38
Compound 3 10 53+05" 23
Compound 14 10 3.9+0.3" 43
Compound 4 10 6.0+04 13
Compound 15 10 3.4+04%" 51
Compound 5 10 6.0+02" 13
Compound 16 10 40+04" 42
Compound 6 10 58402 16
Compound 17 10 3.9+03" 43
Compound 7 10 55+0.3" 20
Compound 18 10 49+03%" 29
Compound 8 10 6.2+04 10
Compound 19 10 3.5+03"" 49
Compound 9 10 6.5+0.5 6
Compound 20 10 43402 38
Compound 10 10 6.6+04 4
Compound 21 10 3.0+03%" 57
Compound 11 10 54+0.5" 22
Compound 22 10 39405 43
Compound 12 10 3.9+0.3" 43
Compound 23 10 34+03" 51
Indomethacin 10 26%02" 62

*p <0.05 at the analysis of variance, as compared with controls.

*k

p <0.05 at the analysis of variance, as compared with compound 1.

% Oedema inhibition

Figure 1. Improvement of the topical anti-inflammatory activity of (1)
(0.3 umol/cm?®) by its esterification with paracetamol [(4) and (15)],
guaiacol [(8) and (19)] or hydroquinone [(10) and (21)]; IND,
indomethacin (*p < 0.05 at the analysis of variance, as compared with

controls).
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Experimental: Synthesis of esters of 3-(4'-geranyloxy-3'-
methoxyphenyl)-2-trans propenoic acid. General procedure.
To a solution of 3-(4’-geranyloxy-3’-methoxyphenyl)-2-
trans propenoic acid (N) (0.55 mmol) in anhydrous Et,O
(2.5 mL) oxalyl chloride (1.11 mmol) was added and the
resulting solution was stirred under N, for 5 min at room
temperature. The solvent was evaporated under vacuum,
the resulting syrup was dissolved in anhydrous Et,O
(3mL) and to this solution was added dropwise over a
period of 30min a solution of phenol derivative
(0.48 mmol) and Et;N (1.2 mmol) in anhydrous Et,O
(3 mL). The resulting mixture was stirred for 10 min and
the white precipitate formed was filtered under vacuum
and washed twice with Et,O (5 mL). The filtrate was then
extracted twice with a 1% solution of citric acid (10 mL),
the organic phase washed twice with a 1% solution of
NaHCOj; (5 mL), dried over anhydrous Na,SO,4 and the
solvent evaporated under vacuum to yield the desired
ester.

Umbelliferyl (2E)-3-(4-{[(2E)-2,7-dimethylocta-2,6-die-
nyl Joxy}-3-methoxyphenyl)prop-2-enoate  (13):  White
solid; yield 65%; mp: 186-188 °C; IR (KBr): 1687,
1684 cm™!; '"H NMR (200 MHz, CDCl; 6): 1.62 (s, 3H),
1.69 (s, 3H), 1.75 (s, 3H), 2.09-2.20 (m, 4H), 3.95 (s, 3H),
4.69-4.72 (m, 2H), 4.97-5.13 (m, 2H), 5.47-5.56 (m, 1H),
6.48 (d, 1H, J=9.9 Hz), 6.74 (d, 1H, J = 12.4 Hz), 6.92 (d,
IH, J=8.1Hz) 7.15-729 (m, 4H), 7.54 (d, 1H,
J=8.1Hz), 7.73 (d, 1H, J=99Hz), 7.86 (d, lH,
J=12.4 Hz); *C NMR (50 MHz, CDCl; ) 16.5, 17.6,
25.4, 26.0, 394, 559, 65.9, 110.1, 111.6, 114.3, 115.3,
115.9,116.7, 118.0, 119.4, 121.9, 123.6, 128.4, 130.1, 131.8,
141.6, 144.1, 1444, 146.2, 150.7, 156.1, 158.0, 161.7, 165.3;
Anal. Calcd for CyoH30O6: C, 73.40; H, 6.37; O, 20.23.
Found: C, 73.39, H, 6.34; O, 20.24.
1,4-Dioxo-1,4-dihydronaphthalen-2-yl  (2E)-3-(4-{[(2E)-
2,7-dimethylocta-2,6-dienyl Joxy}-3-methoxyphenyl) prop-
2-enoate (14): Yellowish solid; yield 95%; mp: 208-
209 °C; IR (KBr): 1705, 1695, 1685 cm™'; '"H NMR
(200 MHz, CDCl; 6): 1.62 (s, 3H), 1.69 (s, 3H), 1.73 (s,
3H), 2.08-2.21 (m, 4H), 3.97 (s, 3H), 4.71-4.73 (m, 2H),
4.98-5.11 (m, 2H), 5.51- 5.59 (m, 1H), 6.67 (d, 1H,
J=123Hz) 6.94-8.17 (m, 4H); '*C NMR (50 MHz,
CDCl; ¢) 16.2, 174, 25.1, 25.6, 26.2, 39.5, 55.9, 65.9,
107.5,111.6, 114.4, 119.8, 121.9, 123.9, 127.1, 127.3, 129.6,
131.2, 131.3, 132.8, 133.5, 134.1, 134.9, 141.6, 144.3, 147 4,
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146.9, 150.7, 152.2, 161.8, 176.7, 183.8; Anal. Calcd for
C30H300¢: C, 74.06; H, 6.21; O, 19.73. Found: C, 74.03, H,
6.19; O, 19.70.

4-( Acetylamino )phenyl (2E)-3-(4-{[(2E)-2,7-dimethyloc-
ta-2,6-dienyl Joxy}-3-methoxyphenyl) prop-2-enoate  (15):
White solid; yield 90%; mp: 223-224 °C; IR (KBr): 1685,
1630 cm™!; '"H NMR (200 MHz, CDCl; 6): 1.59 (s, 3H),
1.66 (s, 3H), 1.74 (s, 3H), 2.09-2.23 (m, 4H), 1.59 (s, 3H),
2.18 (s, 3H), 3.92 (s, 3H), 4.66-4.69 (m, 2H), 4.99-5.12 (m,
2H), 5.48-5.57 (m, 1H), 6.47 (d, 1H, J = 12.8 Hz), 6.88 (d,
IH, J=6.2Hz) 7.11-727 (m, 4H), 7.54 (d, IH,
J=62Hz), 780 (d, 2H, J=128Hz); "C NMR
(50 MHz, CDCl; d) 16.1, 17.5, 25.1, 25.6, 26.2, 39.4,
55.9, 65.8, 111.8, 114.1, 116.7, 119.8, 121.9, 122.4, 122.6,
123.8,128.4, 131.3, 134.7, 141.6, 144.4, 146.3, 146.9, 150.8,
165.7, 167.6; Anal. Calcd for C,3H3305: C, 72.55; H, 7.18;
O, 17.26. Found: C, 72.57, H, 7.17; O, 17.24.

Methyl  2-{[(2E)-3-(4-{[(2E)-2,7-dimethylocta-2,6-die-
nylJoxy}-3-methoxyphenyl)prop-2-enoyl Joxy}benzoate
(16): Yellow solid; yield 81%; mp: 182-183 °C; IR (KBr):
1698, 1695 cm™'; "TH NMR (200 MHz, CDCl; 6): 1.67 (s,
3H), 1.69 (s, 3H), 1.75 (s, 3H), 2.10-2.18 (m, 4H), 3.98 (s,
3H), 3.99 (s, 3H), 4.68-4.72 (m, 2H), 5.06-5.09 (m, 1H),
5.50-5.53 (m, 1H), 6.54-8.08 (m, 9H); '*C NMR (50 MHz,
CDCl; 9) 16.4, 17.7, 25.7, 26.6, 27.5, 39.6, 51.4, 56.1, 67.9,
111.7,114.2,116.7, 119.4, 121.0, 121.9, 123.3, 123.9, 127.8,
128.6, 131.9, 132.1, 133.2, 135.2, 144.8, 146.2, 150.9, 155.0,
168.2, 168.5; Anal. Calcd for C,3H3,06: C, 72.39; H, 6.94;
0, 20.66. Found: C, 72.40, H, 6.93; O, 20.68.
2-Methoxy-4-[ (1E)-3-methoxy-3-oxoprop-1-enyl Jphenyl
(2E)-3-(4-{[(2E)-2,7-dimethylocta-2,6-dienylJoxy}-3-
methoxyphenyl)prop-2-enoate (17): Yellowish solid; yield
63%; mp: 159-161°C; IR (KBr): 1695, 1692cm~'; 'H
NMR (200 MHz, CDCl; 6): 1.62 (s, 3H), 1.69 (s, 3H), 1.75
(s, 3H), 2.11-2.20 (m, 4H), 3.92 (s, 3H), 3.94 (s, 3H), 3.97
(s, 3H), 4.68-4.71 (m, 2H), 5.09-5.11 (m, 1H), 5.49-5.53
(m, 1H), 6.51-7.89 (m, 7H); '*C NMR (50 MHz, CDCl; )
16.2, 17.6, 25.8, 26.9, 27.2, 39.4, 55.7, 55.9, 67.9, 111.7,
112.9,114.0,117.7, 118.4, 121.5, 123.6, 123.8, 123.9, 127.8,
128.5, 131.5, 132.1, 132.6, 139.2, 144.2, 144.7, 146.4, 150.5,
152.9, 1649, 169.8; Anal. Calcd for C5H3¢07: C,
71.52; H, 6.97; O, 21.51. Found: C, 71.50, H, 6.98; O,
21.50.

Methyl  4-{[(2E)-3-(4-{[(2E)-2,7-dimethylocta-2,6-die-
nylJoxy}-3-methoxyphenyl)prop-2-enoyl]oxy}-3-meth-
oxybenzoate (18): Yellowish solid; yield 80%; mp: 162—
163 °C; IR (KBr): 1698, 1695 cm™!; 'H NMR (200 MHz,
CDCl39): 1.62 (s, 3H), 1.69 (s, 3H), 1.74 (s, 3H), 2.11-2.19
(m, 4H), 3.94 (s, 3H), 3.95 (s, 3H), 3.97 (s, 3H), 4.68-4.71
(m, 2H), 5.06-5.11 (m, 1H), 5.49-5.53 (m, 1H), 6.51-7.89
(m, 8H); '*C NMR (50 MHz, CDCl; d) 16.5, 17.6, 25.6,
26.9, 27.3, 39.6, 51.2, 55.9, 56.0, 67.9, 111.7, 112.8, 114.0,
117.7,121.9, 122.3, 123.6, 126.0, 127.7, 128.8, 131.5, 132.1,
144.8, 146.0, 146.2, 149.2, 150.4, 164.8, 166.2; Anal. Calcd
for CyoH3407: C, 70.43; H, 6.93; O, 22.64. Found: C,
70.41, H, 6.92; O, 22.65.

2-Methoxyphenyl (2E)-3-(4-{[(2E)-3,7-dimethylocta-2,6-
dienyl Joxy}-3-methoxyphenyl)prop-2-enoate (19): Orange
solid; yield 87%; mp: 145-147 °C; IR (KBr): 1696 cm™l;
"H NMR (200 MHz, CDCl; §): 1.62 (s, 3H), 1.69 (s, 3H),
1.72 (s, 3H), 2.11-2.20 (m, 4H), 3.91 (s, 3H), 3.94 (s, 3H),
4.68-4.71 (m, 2H), 5.07-5.12 (m, 1H), 5.50-5.53 (m, 1H),
6.53-7.86 (m, 9H); '*C NMR (50 MHz, CDCl; 6) 16.2,

15.

17.5, 25.4, 26.2, 39.4, 55.8, 55.9, 65.9, 111.6, 1144, 114.8,
117.7,119.9, 121.9, 123.8, 123.9, 125.0, 126.6, 128.8, 131.3,
141.7, 142.5, 144.4, 146.2, 150.8, 151.2, 165.0; Anal. Calcd
for C,7H3,05: C, 74.29; H, 7.39; O, 18.33. Found: C,
74.28, H, 7.37; O, 18.35.

Methyl (2E)-3-(3,4-bis{[(2E)-3-(4-{[(2E)-3,7-dimethyl-
octa-2,6- dienyl Joxy}-3-methoxyphenyl)prop-2-enoyl Jox-
yyphenyl)prop-2-enoate (20): Yellowish solid; yield 36%;
mp: 208-210 °C; IR (KBr): 1699, 1695cm™!; 'H NMR
(200 MHz, CDCl; 6): 1.64 (s, 6H), 1.68 (s, 6H), 1.72 (s,
6H), 2.11-2.20 (m, 8H), 3.97 (s, 6H), 3.99 (s, 3H), 4.65-
4.72 (m, 4H), 5.05-5.11 (m, 2H), 5.50-5.56 (m, 2H), 6.40—
7.82 (m, 16H); '3C NMR (50 MHz, CDCl; §) 16.5, 17.9,
25.4,26.0,39.3,51.4,55.9,659, 111.6, 114.3, 116.7, 117.8,
119.4,121.9, 122.0, 123.7, 126.6, 128.5, 129.5, 131.8, 134.8,
136.5, 141.3, 144.4, 144.6, 146.1, 146.4, 150.7, 164.8, 164.9,
168.2; Anal. Calcd for CsoHsgO,¢: C, 73.33; H, 7.14; O,
19.54. Found: C, 73.35, H, 7.11; O, 19.56.
4-{[(2E)-3-(4-{[(2E)-3,7-Dimethylocta-2,6-dienyl Joxy}-
3-methoxyphenyl)prop-2-enoyl Joxy}phenyl (2E)-3-(4-{[(2E)-
3,7-dimethylocta-2,6-dienyl Joxy}-3-ethylphenyl)prop-2-
enoate (21): Bright yellow solid; yield 69%; mp: 232-233
(d) °C; IR (KBr): 1693 cm™!; "H NMR (200 MHz, CDCl;
0): 1.61 (s, 6H), 1.67 (s, 6H), 1.70 (s, 6H), 2.09-2.17 (m,
8H), 3.93 (s, 6H), 4.67-4.72 (m, 4H), 5.08-5.12 (m, 4H),
5.52-5.56 (m, 2H), 6.53-7.67 (m, 14H); *C NMR
(50 MHz, CDCl; 6) 16.1, 17.4, 25.7, 26.3, 39.4, 55.8,
65.7, 111.8, 114.3, 116.8, 119.7, 119.8, 121.8, 123.8, 128.5,
131.5, 141.4, 144.2, 145.4, 146.2, 150.9, 165.8; Anal. Calcd
for C46Hs409: C, 77.02; H, 7.70; O, 15.28. Found: C,
77.01, H, 7.68; 0O,15.30.
6-{[(2E)-3-(4-{[(2E)-2,7-Dimethylocta-2,6-dienyl Joxy}-
3-methoxyphenyl)-1-methyleneprop-2-enylJoxy}-9,10-dim-
ethylene-9,10- dihydroanthracen-2-yl (2E)-3-(4-{[(2E)-
2,7-dimethylocta-2,6-dienyl Joxy}-3- methoxyphenyl)prop-
2-enoate (22): Yellowish solid; yield 44%; mp: 252-255
(d) °C; IR (KBr): 1695 cm™!; "H NMR (200 MHz, CDCl;
0): 1.63 (s, 6H), 1.67 (s, 6H), 1.70 (s, 6H), 2.07-2.20 (m,
8H), 3.97 (s, 6H), 4.67-4.71 (m, 4H), 5.08-5.11 (m, 2H),
5.51-5.54 (m, 2H), 6.50-8.43 (m, 16H); '*C NMR
(50 MHz, CDCl; §) 16.2, 17.6, 25.6, 26.1, 39.4, 55.9,
65.8, 111.6, 114.7, 116.7, 119.8, 120.3, 121.9, 123.8, 127.6,
128.4, 129.2, 131.3, 132.0, 137.6, 141.8, 144.4, 146.9,
150.7, 157.0, 165.7, 182.9; Anal. Calcd for Cs4Hs604¢: C,
74.98; H, 6.53; O, 18.50. Found: C, 74.95, H, 6.51; O,
18.46.
4-(5,7-Bis{[(2E)-3-(4-{[(2E)-3,7-dimethylocta-2,6-die-
nylJoxy}-3-methoxyphenyl)prop-2-enoylJoxy}-4-oxo-3,4-
dihydro-2 H-chromen-2-yl)phenyl ~ (2E)-3-(4-{[(2E)-3,7-
dimethylocta-2,6-dienylJoxy}-3-methoxyphenyl)prop-2-
enoate (23): Yellowish solid; yield 31%; mp: 262-264 (d)
°C; IR (KBr): 1695, 1693cm™'; '"H NMR (200 MHz,
CDCl; 0): 1.64 (s, 9H), 1.68 (s, 9H), 1.75 (s, 9H), 2.09-2.26
(m, 14H), 3.95 (s, 9H), 4.69-4.75 (m, 6H), 5.08-5.56 (m,
7H), 6.53-7.82 (m, 20H); '*C NMR (50 MHz, CDCl; §)
16.3, 17.5, 25.6, 26.4, 39.3, 55.6, 65.9,78.5, 106.1 108.3,
111.7, 113.1, 114.5, 116.6, 116.7, 119.8, 121.6, 121.8, 123.9,
128.7,130.0, 131.3, 135.9, 142.0, 144.4, 146.2, 150.1, 150.8,
153.5, 158.4, 165.2, 165.7, 169.3, 189.8; Anal. Calcd for
C;5sHg4014: C, 74.48; H, 7.00; O, 18.52. Found: C, 74.49,
H, 7.02; O, 18.51.

Tubaro, A.; Dri, P.; Del Bello, G.; Zilli, C.; Della Loggia, R.
Agents Actions. 1985, 17, 347.
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Abstract—ESR spin trapping allows detection of superoxide radicals. Novel spin traps forming more stable superoxide adducts (¢/,
ca. 12-55 min) were tested for their toxicity to cultured cells. The following toxicity ranking was obtained: 4,5-DPPO > 4-BEM-
PO ~ 3-BEMPO > trans-3,5-EDPO > 3,5-DPPO ~ 4,5-DiPPO ~ 4,5-EDPO > cis-3,5-EDPO ~ 3,5-DiPPO > DEPMPO. In conclu-
sion, 4,5-EDPO, cis-3,5-EDPO and 3,5-DiPPO can be recommended for further investigation of superoxide in biological systems.

© 2007 Elsevier Ltd. All rights reserved.

Atmospheric oxygen can be univalently reduced to
superoxide radicals in a number of enzymatic and
non-enzymatic reactions. Superoxide can dismutate
spontaneously or catalysed by SOD giving hydrogen
peroxide which, in turn, reacts with transition metals
or other redox equivalents producing hydroxyl radicals.
Thus, superoxide radicals play a special role and repre-
sent a precursor of other reactive oxygen species. For

Abbreviations: LDH, lactate dehydrogenase; MEM, Minimal Essential
Medium; DEPMPO, 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline
N-oxide; DMPO, 5,5-dimethylpyrroline N-oxide; EMPO, 5-(ethoxy-
carbonyl)-5-methyl-1-pyrroline N-oxide; 3,5-EDPO, 5-(ethoxycarbon-
yl)-3,5-dimethyl-1-pyrroline N-oxide; 4,5-EDPO, 5-(ethoxycarbonyl)-4,
5-dimethyl-1-pyrroline  N-oxide; 3,5-DiPPO, 3,5-dimethyl-5-(iso-prop-
oxycarbonyl)-1-pyrroline N-oxide; 4,5-DiPPO, 4,5-dimethyl-5-(iso-prop-
oxycarbonyl)-1-pyrroline  N-oxide;  3,5-DPPO,  3,5-dimethyl-5-
(propoxycarbonyl)-1-pyrroline N-oxide; 4,5-DPPO, 4,5-dimethyl-5-(pr-
opoxycarbonyl)-1-pyrroline N-oxide; 3-BEMPO, 5-butyl-5-(ethoxycar-
bonyl)-3-methyl-1-pyrroline  N-oxide; 4-BEMPO, 5-butyl-5-(ethoxy-
carbonyl)-4-methyl-1-pyrroline N-oxide; EPR, electron paramagnetic
resonance; O,"”, superoxide anion radical.

Keywords: Free radicals; ESR; Spin traps; Oxidative stress; Cytotox-
icity; Superoxide.
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this reason special attention of researchers has been
drawn to superoxide.!-

This radical has been shown to be involved in ageing®’
as well as in the onset and development of inflammation,
stroke, cancer, autoimmune and cardiovascular dis-
eases.> '3 Growing evidence supports the idea that
superoxide and/or hydrogen peroxide also possesses
important signalling functions regulating cell prolifera-
tion, differentiation and migration.'* Hydrogen peroxide
can also regulate the activity of signalling proteins such
as protein tyrosine kinases,!> protein tyrosine phospha-
tases'® and peroxiredoxins.!”

Direct or indirect methods enable the detection of
superoxide radicals.!®!° During indirect detection oxi-
dation or reduction of the detection molecule takes
place leading to fluorescence, chemiluminescence or
changes in visible absorbance spectra. A disadvantage
of indirect methods is often given due to the lack of
specificity as well as due to difficulties in the identifi-
cation of radicals. Direct detection of the unpaired
electrons from free radicals is enabled by the electron
spin resonance technique. Application of spin traps
stabilizes short lived radicals thus allowing the
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measurement of these species at biologically relevant
temperatures. Spin traps with specific properties are
necessary for this method.

Spin traps such as DMPO, EMPO, BMPO and DEP-
MPO are commercially available for superoxide detec-
tion. The half-life of their superoxide adducts is 45 s,?°
8.6 min,!?1> 23 min and about 15min, respec-
tively.?>2* Since superoxide formation rates in biological
systems are rather low, longer accumulation times of
superoxide adducts are required. Consequently, the
low stability of the superoxide adducts limits the sensi-
tivity of spin trap application.

The aim of the current experiments was to identify an
efficient novel spin trap(s) with high stability of superox-
ide adduct and with low toxicity to the cells.

A number of novel derivatives of the spin trap
EDPO with half-lives of superoxide adducts up to
55min have been synthesized in our laboratory .*°
Superoxide adduct half-lives as well as n-octanol/buf-
fer partition coefficients of the spin traps are summa-
rized in Table 1. Detection of superoxide radicals in
biological systems is of great interest. Thus, toxicity
of the spin traps represents an important factor of
their application. The current study aims to investi-
gate the toxicity of the novel EDPO derivatives in
cultured human cell lines and in primary rat
hepatocytes.

The structure of the investigated spin traps is shown in
Figure 1. First, the new spin traps were analysed with re-
spect to their toxicity to cultured human colon carci-
noma cells SW480. Their effect on the cell number is
shown in Figure 2. The concentration of the spin traps
was chosen between 10 and 100 mM, in accordance with
previous experiments where superoxide radicals were
successfully detected in enzymatic model systems such
as xanthine/xanthine oxidase.!”

As Figure 2a and b show, SW480 cell number decreased
in a dose-dependent manner for all spin traps tested.
However, the rate of decrease in cell number was depen-
dent on the nature of the spin trap. 4,5-DPPO was the

Table 1. Half-lives of superoxide adducts, n-octanol/buffer partition
carcinoma cells

3,5-EDPO: R!=C,H;,
4,5-EDPO: R'=C,H,

R2=CH, R3=CH, R*=H
R2=CH, R®=H R¢=CH,
3,5-DPPO: R'=CH,  R2=CH, R3=CH, R*=H
45DPPO: R'=CH, R®=CH, R3=H R*=CH,
3,5-DiPPO: R'=iso-C;H, R2=CH; R3=CH, Ré=H
4,5-DiPPO: R'=iso-C;H, R2=CH, R®=H R*=CH,
3-BEMPO: R'=C,H; R?=CH, R3=CH; R‘=H

4-BEMPO: R'=CH; Re=CH, RP%=H R*=CH,
R" R
R1OOC>Z_§
2 +
mo
o

Figure 1. The structure of investigated novel spin traps.

most toxic spin trap with considerable cell loss already
at 10mM and about 95% cell loss at 100 mM
(Fig. 2b). 3-BEMPO and 4-BEMPO exhibited strong
toxicity above 50 mM concentration. 3,5-DPPO, 3,5-
EDPO, 4,5-EDPO and 3,5-DiPPO were less toxic to
these cells. No significant cell loss was observed with
10 mM 3,5-EDPO and 3,5-DPPO. Only moderate cell
loss (<25%) was detected at 50 mM of 3,5-DPPO, 3,5-
EDPO, 4,5-EDPO and 3,5-DiPPO (Fig. 2a). LDs,
values for all investigated spin traps are summarized in
Table 1.

In order to identify the type of cell death (necrosis or
apoptosis) LDH release into the medium was measured
and apoptosis staining was performed. The results of
LDH measurements in cellular supernatants are repre-
sented in Figure 2c and d and confirmed the measure-
ments of cell numbers. Again, more toxic spin traps
caused higher LDH release.

Staining for apoptotic nuclei did not reveal any differ-
ence between controls and spin trap treated cultures
(data not shown). Thus, the toxic spin traps 3-BEMPO,
4-BEMPO and 4,5-DPPO caused cell death mostly by
necrosis.

coefficient and toxicity of investigated spin traps to human SW480 colon

Spin trap LDs,, mM t1/2, Min n-Octanol/buffer partition coefficient Ref.
EMPO 136 8.6 0.15 1
3-BEMPO 24 47.2 10.84 5
4-BEMPO 21 36.2 10.33 5
3,5-DPPO 78 47.3 1.66 4
4,5-EDPO 142 44.6 0.44 4
4,5-DiPPO 55 42.8 1.03 4
3,5-DiPPO 88 55.0 1.12 4
cis-3,5-EDPO 85% 11.5 0.45 4
trans-3,5-EDPO 44.2 0.46 4
DEPMPO 143 13 0.06 23,32

LDs of spin traps was determined from dose-response experiments as the concentration corresponding to 50% cell death after 24 h incubation. LDH
release per cell in % of non-treated control was measured after 24 h incubation with 50 mM of the spin trap as described in Materials and methods.

& A mixture of 30% cis-3,5-EDPO and 70% trans-3,5-EDPO.





5700

N. Rohr-Udilova et al. | Bioorg. Med. Chem. Lett. 17 (2007) 5698-5703

a 120 C 1000000
100
42100000
80 e
o
R B 'S 10000
@ ©
2 60 o
£ <
2 T 1000
3 401 =
(3]
I 3,5-DPPO 100
20 3 3,5-EDPO
4,5-EDPO
ol D35-DiPPO _
0 50 0 10 50 100
mM spin trap mM spin trap
b 120 d 1000000
100
52100000
80 1 I 8 L
3 E = 7
R . 9 10000 = 4
a [} e =
2 60 9 = =
€ $ = 2
2 T 1000 = 2
= 40 a 4 2
@ - - -]
o = &
. EE3-BEMPO 100 -~ =)
[m 4-BEMPO A 24
4,5-DPPO A
0 : [14,5-DIPPO 10 i
0 10 50 0 10 50
mM spin trap mM spin trap

Figure 2. Effect of spin trap on cell number and LDH release of SW480 colon carcinoma cells.

Fifty millimolar of 3,5-DPPO, 3,5-EDPO, 4,5-EDPO
and 3,5-DiPPO caused no significant differences of
LDH release with respect to the controls (Fig. 2c).
LDH increase remained moderate even at 100 mM 4,5-
EDPO and 3 ,5-DiPPO.

In order to identify cell type specific differences, toxico-
logical properties of the spin traps were also investigated
using cultured human hepatocarcinoma HepG2 cells
and primary rat hepatocytes.>

Because of their high toxicity 3-BEMPO, 4-BEMPO and
4,5-DPPO were not further investigated despite the high
stability of their superoxide adducts.

Figure 3 shows LDs, (Fig. 3a) and LDH release
(Fig. 3b) in HepG2 cells determined from the dose-re-
sponse experiments performed in a similar way as de-
scribed for SW480 cells. LDs, was defined as the
concentration corresponding to 50% cell death after
24 h incubation. Only the spin traps shown to be less
toxic to the colon cells were tested. The concentration
of LDH released into the culture supernatants at
50 mM concentration of each spin trap confirmed toxic-
ity as shown by LDs, concentrations. In general, the
toxicity of the spin traps was moderate, LD5, values ly-
ing between 47 and 182 mM and resembling those ob-
tained with the colon cell line. However, a different
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3,5DPPO 4,5EDPO 4,5DiPPO 3,5DiPPO DEPMPO

Figure 3. Toxicity of different novel EDPO derivatives to human
HepG2 hepatocarcinoma cells.
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toxicity ranking was found. For instance, among the
spin traps tested, 4,5-EDPO possessed the lowest toxic-
ity to colon cells, but to liver cells it was more toxic than
4,5-DiPPO, 3,5-DiPPO and cis-3,5-EDPO. 3,5-DPPO
had the lowest LDsy in this experiment (47 mM)
whereas cis-3,5-EDPO was similarly well tolerated as
DEPMPO, exhibiting LDs, values of 110 mM.

cis- and trans-isomers of 3-5-EDPO were separated and
compared for their toxicity to HepG2 cells (Fig. 4). cis-
3,5-EDPO was found to be less toxic than trans-3,5-
EDPO, as could be judged from both, concentration
dependent decrease of the cell number and increase of
LDH release.

Trying to simulate in vivo exposition to the spin traps,
primary rat hepatocytes were also incubated with these
compounds (Fig. 5). In this experiment we tested only
the spin traps which were found to be less toxic in both
cultured colon and liver carcinoma cells: 4,5-EDPO, 3,5-
EDPO and 3,5-DiPPO. DEPMPO was investigated un-
der the same conditions, since its low toxicity to both
cultured cells and whole animals is well documented.?*
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Figure 4. Comparison of trans-3,5-EDPO and cis-3,5-EDPO toxicity
to human HepG2 hepatocarcinoma cells.

The number of viable primary hepatocytes decreased by
about 60% with 4,5-EDPO, 3,5-EDPO and 3,5-DiPPO,
but remained unchanged with DEPMPO (Fig. 5a). In-
creased LDH release was observed with 3,5-EDPO,
4,5-EDPO, 3,5-DiPPO and 3,5-EDPO (Fig. 5b) which
implicates cell death via necrosis.

The current study investigates cytotoxic effects of novel
derivatives of the spin trap 3,5-EDPO in three different
cell types. The ideal spin trap should be suitable for fu-
ture applications in vivo. Cancer is one of the most
important disorders in which radicals are involved. Can-
cer cells usually possess higher detoxification activity as
normal cells, but still have the metabolic competence
similar to that in the organ of origin. Metabolic compe-
tence is, in turn, responsible for the detoxification pro-
cess and determines the sensitivity of the cells to toxic
compounds. Thus, in our case we have tested the toxic-
ity to the cell lines stemming from colon and liver and
the information obtained could be used for an assess-
ment of the spin trap toxicity to the respective organ.
The fact that some novel spin traps are toxic to colon
carcinoma cells makes these compounds unsuitable for
detection of radical production in both cultured cells
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Figure 5. Influence of spin traps on cultured primary rat hepatocytes.
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(in vitro) or in animal models of colon cancer (in vivo).
Primary cells are closer to the situation in vivo than cul-
tured cancer cell lines. Primary liver cells were chosen
for verification of the results with the least toxic spin
traps since liver possesses the highest detoxification
activity in the body.

It has been shown that cytotoxicity strongly depends on
the structure of the spin trap. Our findings confirm re-
sults obtained by other authors 2¢. The spin traps DEP-
MPO and EMPO, having superoxide spin adducts with
half-lives around 14 and 8.6 min, respectively, had al-
ready been studied in different biological systems exhib-
iting relatively small toxic effects .2’ 3° The commonly
used spin traps DMPO and PBN are also showing low
or moderate toxicity in vivo,?! but are forming rather
unstable superoxide adducts.

Although the spin traps 3-BEMPO, 4-BEMPO and 4,5-
DPPO form very stable superoxide adducts ¢, = 30—
55min,*> , they exhibit high toxicity even at concentra-
tions as low as 10 mM. This fact makes them unsuitable
for radical detection in living cells. The novel spin traps
3,5-DPPO, 4,5-EDPO, 4,5-DiPPO, 3,5-DiPPO and 3,5-
EDPO were developed and synthesized by our group
45 and their toxic effects were investigated in this paper
for the first time.

An inverse correlation was observed between LDs, val-
ues of the spin trap and LDH release. In general, the
spin traps with higher lipophilicity are expected to be
more toxic, although our data show that the structure
of the spin trap is also important. Different toxicities
of cis- and trans-3,5-EDPO isomers found in the current
study confirm this thesis. Clarification of the reason for
such different toxicity was not the topic of the current
study, inhibition of detoxifying enzymes, however, could
be one of the mechanisms.

Primary rat hepatocytes were more sensitive to 4,5-
EDPO, 3,5-EDPO and 3,5-DiPPO than other cell lines
used in this study. Only DEPMPO was not toxic to these
cells. Since the new spin traps possess much higher
superoxide adduct half lives, they would provide more
quantitative measurements with higher sensitivity.
Shorter period of incubation time can compensate for
their slightly higher toxicity to the primary cells.

Shorter incubation times of the spin traps with cultured
cells are expected to exhibit lower toxicity. So, the spin
trap BMPO was found to be less toxic in a 6 h incuba-
tion?® than in a 24 h incubation.® Different cell types
were used in these studies, however.

The following ranking of the spin traps according to
their toxicity can be made (beginning with the highest):
4,5-DPPO > 4-BEMPO > 3-BEMPO > 4,5-DiPPO ~
3,5-DPPO > cis-3,5-EDPO > 4,5-EDPO ~ 3,5-DiPPO >
DEPMPO.

The least toxic spin traps were DEPMPO, 3,5-DiPPO,
4,5-EDPO and cis-3,5-EDPO. Low toxicity and high
stability of 3,5-DiPPO, 4,5-EDPO and cis-3,5-EDPO

superoxide adducts make these spin traps good candi-
dates for superoxide detection in living cells. Simpler
ESR-spectra of superoxide adducts and a threefold
higher adduct stability as compared to DEPMPO mark
the advantages of these novel spin traps.
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Abstract—A novel potent NMDA-NR2B selective antagonist (5b) without the reactive metabolites formation issue was identified.
Through this study, a close correlation between reactive metabolites formation and calculated HOMO energies of parent com-

pounds was found.
© 2007 Elsevier Ltd. All rights reserved.

Glutamate is an essential amino acid in the central ner-
vous system (CNS) and plays an important role as the
principal excitatory neurotransmitter. There are two
major classes of receptors, ionotropic and metabotropic.
Tonotropic receptors are classified into three major sub-
classes, N-methyl-aspratate (NMDA), 2-amino-3(methyl-
3-hydroxyisoxazol-4-yl)propionic acid (AMPA), and
kainate. Hyperalgesia and allodynia following periphe-
ral tissue or nerve injury were reported to depend on
NMDA receptor-mediated central changes in synaptic
excitability.! In fact, non-selective NMDA receptor
antagonists such as ketamine? and dextromethorphan?
have been found to decrease both pain perception and
sensitization in humans. However, many available
NMDA receptor antagonists are prone to cause
potentially serious CNS related side effects.*> NMDA
subunits are differentially distributed in the CNS. Espe-
cially, NR2B is believed to be restricted to the forebrain
and laminas I and II of the dorsal horn. This more
discrete distribution of NR2B subunit in the CNS may
support a reduced side-effect profile of agents that act
selectively at this site. For example, CP-101,606 (1,
Fig. 1) is a highly selective NR2B NMDA antagonist

Keywords: Reactive metabolite; Bioactivation; NR2B; NMDA; Met-
abolic stability.
* Corresponding author. E-mail: makoto.kawai@pfizer.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.033

with good in vivo potency in a variety of animal pain
models, and its effect to suppress pain intensity in
patients with spinal cord injury was confirmed without
serious side effects in an experimental clinical study.®
Therefore, there has been considerable interest in devel-
oping NR2B antagonists as analgesics.

Our efforts began with a high throughput screening
(HTS) of Pfizer compound collection by measurement
of Ca”?" influx in HEK (human embryonic kidney) 293
cells stably transfected with human NR1b/2B receptors.
The HTS provided 876 compounds with an ICsq less
than 10 uM. In our preceding paper, we reported that
removal of aliphatic basic nitrogen in the center of a
molecule is beneficial to reduce HERG current inhibi-
tory activity.” Therefore, compound 2 without a basic
amine center was selected among them, which showed
moderate binding activity for rat NR2B receptor

OH

Figure 1. Structure of CP-101,606 (1).
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Table 1. Biological data of lead compound 2 and advanced leads (3,
4a)

o}
(o}
~p R=
N~ R
HO
2
O\/\@
3
o}
4a©
Compound NR2B*K; Rat haloperidol catalepsy,
(nM) po MED® (mg/kg)°
2 15 >30
3 5.6 10
4a 6.8 3

#Measured as the K; value for displacement of tritiated racemic CP-
101,606 from the rat forebrain P2 membrane.

®MED, Minimum Effective Dose.

° Determining the latency to remove both forepaws from the bar.®

@*n %J*“Cu

(K;=15nM) and very weak HERG binding affinity
(ICsp > 30 uM). However, its in vivo activity was very
weak due to low CNS penetration. A preliminary struc-
ture—activity relationship (SAR) study indicated that
elimination of one of two amide groups was effective
to increase CNS penetration, leading to compounds 3
and 4a. (Table 1) Compound 4a especially showed better
in vivo activity to be selected as a lead compound. Here-
in, we wish to describe SAR around it.

Although efficacy of compound 4a was sufficient, meta-
bolic instability (z;» = 2.3 min) and formation of reac-
tive metabolites were major issues of this series. The
reactive metabolites resulting from bioactivation of
compounds by human liver microsomes (HLM) are elec-
trophilic presumably to cause toxicity by covalently
altering essential cellular macromolecules and can lead
to undesirable events such as cell death and carcinogen-
esis. Furthermore, adverse events in human caused by
reactive metabolites are not normally observed until
phase III or post-launch due to their sporadic nature.
The events generally lead to termination of development
or withdrawal of drugs from market. Therefore, forma-
tion of reactive metabolites has to be avoided to reduce
such risks.”!? The formation of reactive metabolites was

©

w%&w

glutathione (GSH)

Figure 2. Trapping reactive metabolites by glutathione.

o) o)
HO a) HO b h/\N h/\N
> ) OH
OH o Ph
6 ] 7 O

10 11
ENUS D @
L e oo
9m=1) Ba=1)
12(n=2) 14 (n=2)

12
m{ R /\%/
15n=1) 4(n=1)

16 (n=2) Sm=2)

Scheme 1. Reagents and conditions: (a) 1-—concd H,SO4, MeOH, reflux, 21 h; 2—Ba(OH),-8H,0, MeOH, H,O0, rt, 24 h, 75%; (b) Bn,NH, EDCI,
HOBt, Et;N, DMF, rt, 72 h, 77%; (c) LiAlH4, THF, reflux, 2 h; 89%; (d) 1—MsCl, Et;N, CH,Cl,, 50 °C; 2—NaCN, 15-crown-5, DMSO, 60 °C,
19 h, 68%; (e) concd H,SO,4, EtOH, reflux, 5 h, 63%; (f) LiAlH,, THF, 0 °C, 1 h, 73%; (g) DIAD, PhOH, PPhjs, toluene, 0 °C-rt, 18 h, 93%, (h)
HCO,NH,, 10%Pd/C, MeOH, reflux, 1 h, 60%; (i) RCOOH, EDCI, HOBt, Et;N, DMF, rt.





Table 2. Biological data for phenol bioisosteres
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Compound R NR2B HLM Reactive
K; (nM) ¢, min metabolites
screening®
4a 6.8 2.3 Positive
5a HO 20
4b //j}it 14 44 Negative
N
5b H\N I 4.2 44 Negative
4c (% >100
7
Sc IN 8.9 36 Positive
HN—
4d = | >100
5d Ho SN 5.6 20 Negative
de =z >100
-NH
Se (o) H 11 26 Positive
sf ng}i 15 20 Negative
N
H
5g 4 l 6.8 33 Positive
HN
4h F 213
5h HO 8.5 25 Positive
F
5i o H 5.9 8.4
HoN
4 >100
2
5j E‘N I 3.7 59 Positive
4k >100
2
N
5k H‘N >100

#This assay protocol is described in Ref. 11.

evaluated by trapping reactive metabolites using gluta-
thione (or glutathione ethyl ester) as a nucleophile.!!
MS analysis of the conjugates with glutathione obtained
from derivatives around compound 4a revealed that a
major activation site was the phenol ring (Fig. 2). There-
fore optimization to avoid the formation of reactive
metabolites was initiated by exploring phenol bioisoster-
es. Improvement of metabolic stability was also
expected by this modification since the phenol moiety
was the major metabolic site.

Analogs of 4a with phenol bioisosteres were synthesized
as shown in Scheme 1. Dimethyl ester of 6 was mono-
hydrolyzed by barium hydroxide,'? followed by amida-
tion with dibenzylamine to afford compound 8. The
amide and ester of this compound were simultaneously
reduced by lithium aluminum hydride to afford alcohol
9. To extend the carbon chain, compound 9 was treated
with methansulfonyl chloride and sodium cyanide sub-
sequently to afford compound 10. After esterification
using concentrated sulfuric acid and ethanol, reduction
by lithium aluminum hydride led to the alcohol 12.
Mitsunobu reaction with the alcohols (9, 12) yielded
compounds 13 and 14, followed by deprotection to af-
ford the key intermediates (15, 16) which were converted
to amides (4, 5) by a parallel synthesis method.

The results of an SAR study for representative phenol
bioisosteres are summarized in Table 2. Most of the
analogs were found to retain potent NR2B antagonist
activity. The NR2B activity was generally improved by
one-carbon prolongation of the spacer (n = 2) between
the cyclohexane and the terminal benzene ring. Replace-
ments with pyrazole (4b, 5b), pyridazine 5d, and inda-
zole 5f suppressed reactive metabolite formation.
However, metabolic stabilities of compound, 5d and 5f
were insufficient. A regioisomer (5¢) of 5b, other hetero-
cycles (Se, 5g), and a compound with phenol substituted
by a difluoro group (5h) were positive in reactive metab-
olites screening (RMS). Although 3,4-dihydro-2(1H)-
quinolinone derivatives (4i, 5i) were potent, they were
metabolized rapidly by HLM. Compounds 4b and 5b
were modified further with substituents on the pyrazole
moiety. However, all attempts resulted in loss of potency
(4j, 4k, 5k) or induction of reactive metabolites forma-
tion (5j).

A pharmacological profile of compound 5b,'* the most
favorable pyrazole derivative, is summarized in Table
3. Compound 5b exhibited potent analgesic activity in
the mouse partial sciatic nerve legation (PSL) model

Table 3. Pharmacological profile of compound 5b

NR2B binding (Kj) 4.2nM
HERG binding (ICsg) >30 uM
HERG current inhibition at 10 pM 36%

t1» in human liver microsomes 44 min
Reactive metabolites screening Negative
Bioavailability in rats 43%
Mouse in vivo model (PSL)* 3 mg/kg

Minimum Effective Dose (sc)

2The mouse partial sciatic nerve ligation (PSL) model.®
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Table 4. Results of RMS and calculated HOMO energies for phenol bioisosteres

1 0 o 2
H 0] 0]

R H RJ\N ¥ /U\ R ”

o H o R Nn /\/@ o

n H

19 O 0 L
A B C F
(racemate)

Compound R Amine (n) Reactive metabolites screening Calculated HOMO energy (eV)

4a /©>ﬁ I Positive —937
HO
/4 1 _
5b N\/ﬁ}i 2 Negative 9.43
HN
Sc¢ (/\”}714 2 Positive —-9.35

5d

5f N//@A 2 Negative -9.17
N
H
5g (/E}i 2 Positive -9.20
HN
F
5h 2 Positive —9.72 (—3.84)°
HO
F
H,N
5i N‘)E}g 2 Positive —8.68
HN

2 Negative —9.66

=
51 NG 2 Negative -9.70
OH
N
S5m 2 Negative -9.58
¢
N
Cl
5n | A 2 Negative -9.63
HO™ N7
N
50 o—ﬂ/ 2 Positive —8.92
N
H
N
S5p N:\ , 2 Negative -9.95
N
O
17° o—ﬂ/ A Positive —9.33
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Table 4 (continued)

Compound R Amine (n) Reactive metabolites screening Calculated HOMO energy (eV)
. = o
18° m B Positive -9.17
O~ °N
H
19° | N C Positive —9.27

Ho 2N

#The syntheses of these compounds are described in Ref. 8.
® An anion form.

Sh

Sie

5f

5b

HOMO energy (eV)
©
(3]

© ©
=)} S
oo o

Negative Positive
Reactive Metabolite Screening

Figure 3. Correlation between HOMO energy and RMS.

(Minimum Effective Dose = 3 mg/kg, sc) and showed
lower HERG current inhibitory activity (36% at
10 uM). In addition, this compound possesses a good
pharmacokinetic profile, high metabolic stability
(44 min), and bioavailability (43%).

The SAR for formation of reactive metabolites was ana-
lyzed using 16 different phenol bioisosteres (aromatic
rings) summarized in Table 4. From the result of the
structure of glutathione conjugate of reactive metabolite
(Fig. 2), a reaction between the heme oxygen in meta-
bolic enzyme(s) and HOMO (Highest Occupied Molec-
ular Orbital) of the compound is speculated to be the
first step for production of the reactive metabolite.!*
The correlation between reactive metabolite formation
and calculated HOMO values is shown in Figure 3.
Compounds with low HOMO energy (<—9.4 eV) tend
to be negative in RMS presumably due to low reactivity
to the oxygen of HEME. In fact, all compounds were
negative. On the other hand, 9 out of 10 compounds
with high HOMO energy (>—9.4 V) were positive. As
for compound 5h, the proton of the phenol was pre-
dicted to an anion form in this assay condition
(pH = 7.4), because its calculated pK, value is about
6.05. Therefore, its HOMO value (—3.84 ¢V) is calcu-
lated based on the anion form. (the phenol form;

—9.73 eV) Introduction of an amino group to the pyra-
zole (5j) enhanced its HOMO energy, which turned out
to be positive in RMS. Despite an exception (5f), the
results of RMS are significantly correlated with calcu-
lated HOMO energies. Specifically compounds with
high HOMO energy are prone to formation of reactive
metabolites. The tendency would be applicable to other
chemotypes.

In conclusion, we have explored bioisosteres for phenol
of the lead series to avoid reactive metabolite formation
and to improve metabolic stability. Replacement of phe-
nol with pyrazole was effective to prevent formation of
reactive metabolites, and pyrazolecarboxiamide 5b pos-
sessing analgesic activity and a good pharmacokinetic
profile was identified. The good correlation between
the formation of reactive metabolites and HOMO ener-
gies of parent compounds found in this study may be
applicable to other chemotypes.
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Abstract—A series of pyrrolidine based inhibitors of dipeptidyl peptidase IV were developed from a high throughput screening hit
for the treatment of type 2 diabetes. Potency, selectivity, and pharmacokinetic properties were optimized resulting in the identifica-

tion of a pre-clinical candidate for further profiling.
© 2007 Elsevier Ltd. All rights reserved.

Type 2 diabetes is a severe and increasingly prevalent dis-
ease.! Diabetics may suffer debilitating cardiovascular,
eye, kidney, and nerve damage and are at risk of prema-
ture handicap and death due to these and other diabetic
complications, which are the result of glucose toxicity
caused by their hyperglycemia. A progressive reduction
in insulin sensitivity and insulin secretion are hallmarks
of the disease, which eventually result in failure of the pan-
creatic islet cells and dependence on exogenous insulin.
The incretin hormone glucagon-like peptide 1 (GLP-1)
is a potent stimulator of endogenous insulin release.
GLP-1 has beneficial effects on islet B-cell function and
insulin sensitivity without induction of hypoglycemia.?
Studies in rodents have indicated that GLP-1 may stop
or reverse the loss of B-cell function.? Unfortunately,
GLP-1 is rapidly degraded in vivo by the serine protease
dipeptidyl peptidase IV (DPP4); therefore inhibition of
DPP4 has emerged as a promising approach for the treat-
ment of Type 2 diabetes.* This has been substantiated by
the results of clinical trials of several inhibitors,’ including
vildagliptin 1 (LAF-237),6 sitagliptin 2 (MK-0431),” and
saxagliptin 3 (BMS-477118).8

Keywords: DPPIV inhibitors; Diabetes; Structure-based design.
* Corresponding author. Tel. +1 860 441 5831; fax: +1 860 715
4483; e-mail: stephen.w.wright@pfizer.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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We have previously reported our studies with the
inhibitor 4 based on a cis-2,5-dicyanopyrrolidine tem-
plate.” The quinolone 5a, previously prepared as part
of an antibacterial program, was identified in a high
throughput screen of our corporate compound collec-
tion as an inhibitor of DPP4 (ICsq = 140 nM). We were
intrigued by the unusual structure of 5a and sought to
determine whether it could be parlayed into a novel
series of DPP4 inhibitors. This paper reports our dis-
covery of a series of 3-amino-4-phenyl pyrrolidine
inhibitors of DPP4.10

O CN
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Substructure searching and screening quickly revealed
key SAR information (Table 1): the trans-3,4-disub-
stituted pyrrolidine was more potent than the cis iso-
mer, and enzyme inhibitory potency was critically
dependent upon the substitution pattern of the phe-
nyl ring.

We hypothesized that the trans-3-amino-4-phenyl pyr-
rolidine was the key pharmacophore, and docking
experiments provided further support for this hypothe-
sis. Recognizing that the quinolone fragment of 5 was
undesirable,!! we screened a variety of heterocycles as
potential replacements for the quinolone fragment using
the trans-3-amino-4-phenyl pyrrolidine scaffold. These
compounds were prepared as racemates using the route
shown in Scheme 1.

Nitrostyrene 6 was treated with the azomethine ylide
generated from N-benzyl-N-(methoxy)methyl-N-trim-
ethylsilylmethylamine to provide pyrrolidine (+)7.12
Reduction of ()7 with hydrogen in the presence of
Raney nickel was followed by protection with BOC
anhydride to give (%)8. Subsequent debenzylation
with hydrogen and Pd/C in acetic acid afforded
(3)9, which was coupled with heteroaryl chlorides
using parallel synthesis to provide (£)10a—10m. This
effort identified the 6-phenylpyrimidine (+)10a as the
best replacement for the quinolone, albeit with some
loss of potency (Table 2).!> Pharmacokinetic evalua-
tion of (*)10a in the rat showed a correlation be-
tween clearance predicted from in vitro microsomal
screens and in vivo clearance, and acceptable bio-
availability (32%), suggesting that derivatives of
(3)10a could be found that had acceptable pharmaco-
kinetic properties.

Table 1. Aryl substitution, pyrrolidine stereochemistry, and DPP4
enzyme inhibition assay results for compounds 5a-5k

HoN

Af@\l NN
I

O OH
Compound Ar 3-NH,-4-Ar DPP4
stereochemistry 1Csp, nM*

Sa 4-FCgHy trans 140
5b 2-CH;0C¢H, cis 2000
Sc 2-CH;0C¢H,4 trans 200
5d CgHs trans 150

Se 4-H,NCgHy trans >3000
5f 4-iPrCqHy trans >3000
S5g 4-MeO,CCeHy trans >3000
5h 4-CH;0Cg¢H4 trans >3000
5i 3,4-C1,CsHy trans 1000
5j 4-Me,NC6H,4 trans >3000
5k 4-HOC¢H, trans >3000

Bn
N
A NO2 a ba Cc
o D
6 7
Bn
N

Scheme 1. Reagents and conditions: (a) N-benzyl-N-(methoxy)methyl-
N-trimethylsilylmethylamine, TFA, CH,Cl,, 0°C; (b) H,, RaNi,
MeOH-NH3;, 25°C; (c) Boc,O, Et;N, THF, 25°C; (d) H,, Pd/C,
EtOH, AcOH, 50 °C; (e) chloroheterocycle, i-Pr,NEt, r-BuOH, 110 °C
(microwave); (f) HCI, 1,4-dioxane, 25 °C.

Further improvement in potency was realized by the
introduction of a 2,4,5-trifluorophenyl substitution
pattern on the phenyl ring attached to the pyrrolidine
4-position.'* The necessary 2.4,5-trifluorophenyl tem-
plate ((£)12, Scheme 2) was prepared from 11 by the
same sequence of reactions presented in Scheme 1.

Further SAR development was focused on the phenyl
ring attached to the pyrimidine ring as shown in Scheme
3. Suzuki coupling of an appropriately substituted
boronic acid with 4,6-dichloropyrimidine afforded the

Table 2. Heterocycle and DPP4 enzyme inhibition assay results for
compounds 10a-10m

Het
N

H NSJ
= O

Compound  Heterocycle DPP4
ICs9, nM*
10a 6-Phenyl-pyrimidin-4-yl 790
10b 6-(3-Cyano)phenyl-pyrimidin-4-yl 1400
10c 6-(4-Methoxy)phenyl-pyrimidin-4-yl 2300
10d 6-(3-Chloro)phenyl-pyrimidin-4-yl 2900
10e (3-Cyano)pyridin-2-yl >3000
10f 6-(2-Chloro)phenyl-pyrimidin-4-yl >3000
10g 6-Chloro-2-phenyl-pyrimidin-4-yl >3000
10h 9-Methyl-9H-purin-6-yl >3000
10i 6-(4-Hydroxy)phenyl-pyrimidin-4-yl ~ >3000
10j 6-(4-Chloro)phenyl-pyrimidin-4-yl >3000
10k (5-Acetyl)pyridin-2-yl >3000
101 1-Quinoxalin-2-yl >3000
10m 1-Quinolin-2-yl >3000

#Recombinant wild type human enzyme. Means of at least three
experiments; standard deviations are £15%. An ICs, of >3000 indi-
cates that no curve was noted in the dose-response up to 3 pM; see
Ref. 9.

#Recombinant wild type human enzyme. Means of at least three
experiments; standard deviations are 15%. An ICs, of >3000 indi-
cates that no curve was noted in the dose-response up to 3 pM; see
Ref. 9.
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Scheme 2. Reagents and conditions: (a) N-benzyl-N-(methoxy)methyl-
N-trimethylsilylmethylamine, TFA, CH,Cl,, 0°C; (b) H,, RaNi,
MeOH-NHj3;, 25°C; (¢) Boc,O, Et;N, THF, 25°C; (d) H,, Pd/C,
EtOH, AcOH, 50 °C.

/‘R

N P
{
N._ClI — &
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N~ 57
c Ci N

d

13 14 ¢ F

Scheme 3. Reagents and conditions: (a) Boronic acid, Pd(PPhj)y,
Na,CO;, DME, H,0, 90 °C; (b) ()12, i-Pr,Net, +-BuOH, 110 °C; (c)
HCI, 1,4-dioxane, 25 °C.

4-chloro-6-(substituted)phenyl pyrimidines 13, which
were aminated with (£)12 and deprotected with HCI/
dioxane.

This effort revealed that potency was optimal with a sub-
stituent meta- to the biaryl bond, and further effort was
directed toward increasing the diversity of meta- substit-
uents and replacement of the meta- substituted benzene
ring by a 3-pyridyl group (Table 3).

Compounds 14a, 14j, and 15b emerged as compounds of
interest based on potency and in vitro microsomal sta-
bility. These compounds were prepared as single enanti-
omers from the Boc-protected pyrrolidine enantiomer
(+)12, which was obtained by classical resolution of
the racemate (£)12 using (S)-naproxen (See Table 4).!°

Compound (+)15b was selected for pharmacokinetic
study in the rat and dog (Table 5) ' based on its po-
tency, selectivity,!” in vivo activity,'® and lack of CYP
inhibition.

The co-crystal structure of (+)15b confirmed the ex-
pected binding mode (Fig. 1). The primary amine makes
hydrogen bonds to Y662, E205, and E206. The trifluor-
ophenyl ring occupies the S1 pocket (Y662, Y666, V656,
V711, Y631, and W659). The pyridine extends into a
pocket comprised of F357, R358, E206, and S209, and
the methoxy group forms a hydrogen bond to R358.
The pyrimidine ring is involved in a pi-stacking interac-
tion with F357.

In conclusion, a high throughput screening hit identified
a trans-3-amino-4-phenyl pyrrolidine as a template for a
novel series of DPP4 inhibitors. By use of structure-
based design and parallel synthesis, the series was
advanced with improvements in potency, ADME

Table 3. Aryl substitution and DPP4 enzyme inhibition assay results
for compounds 14a-14w, 15a, and 15b

14 ¢ F 15 ¢ F
Compound R DPP4 ICsy, nM*
14a HP 21
14b 2-Cl 260
14¢ 2-CN 93
14d 2-COCH; 230
14e 2-F 57
14f 2-OMe 180
14g 3-Cl 190
14h 3-CN 37
14i 3-COCH; 19
14 3-F 51
14k 3-OMe 47
141 4-Cl 470
14m 4-CN 130
14n 4-COCH;,4 160
140 4-F 51
14p 4-OMe 120
14q 3-CF; 71
14r 3-OCF; 1300
14s 3-CH,OH 32
14t 3-CO,H" 5.0
14u 3-NHCOCH; 14
14v 3-NO, 120
14w 3-OH 70
15a H 31
15b OMe 37

#Recombinant wild type human enzyme. Means of at least three
experiments; standard deviations are £15%. An ICs, of >3000 indi-
cates that no curve was noted in the dose-response up to 3 pM; see
Ref. 9.

®See also Ref. 10.

Table 4. DPP4, DPP2, DPP8 enzyme inhibition assay results and
predicted human extraction ratio for compounds 14a, 14j, and 15b

Compound DPP4 DPP2 DPP8 Predicted
ICso, nM*  ICsg, ptM®  ICsp, pM®  human CL
(+)14a 13 18 3.0 0.81
(+)14§ 14 15 1.6 <0.31
(+)15b 6.4 19 3.2 <0.31

#Recombinant wild type human enzyme. Means of at least three
experiments; standard deviations are +15%; see Ref. 9.

®Predicted hepatic clearance (CLh) from human liver microsomal
lability assay divided by human liver blood flow (20 mL/min/kg).

properties, and selectivity versus other DPP isoforms.
Compound (+)15b was identified as a compound for fur-
ther pre-clinical profiling due to its PK/PD profile in the
rat.

X-Ray crystal structures have been deposited in the
RCSB protein data bank with code 2QJR.
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Table 5. Pharmacokinetic parameters for compound 15b in rat and
dog

Species Unbound CL, Vss, ty, ti/2, F%
fraction (%) mL/min/kg L/kg h (i.v.) h (p.o.)

Rat 6 4.4 0.67 2.8 33 57

Dog 17 4.8 1.9 5.1 nd? nd?*

Human 6 1.3° 2.0° s0°

#Not determined.
® Projected values based on rat single-species allometric scaling (see
Ref. 19).

Figure 1. Compound (+)15b co-crystallized with human DPP4 show-
ing hydrogen bond from Arg 358 to methoxypyridine.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j-bmcl.2007.07.081.
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activity assay. PK and PD data for (+)15b are presented in
the Supporting information.

. Compound (+)15b had ICsq>30uM against DPP3,

DPP9, FAP, and POP.

Compound (+)15b was dosed in fasted, diabetic KK/H1J
mice and the response of the mice in an OGTT was

19.
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measured; see Ref. 9. See Supporting information for
in vivo glucose lowering data for (+)15b.

CLpredicted = (Bwhuman/BWrat)Ojs* (CLanimal* Bwanimal/
Fuanimal)* (Fuhuman/BWhuman)’ where BW, bOdy weight,
Fu, fraction unbound, CL, i.v. clearance, and 0.75,
allometric scaling factor.
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Abstract—In an effort to understand the effect of N-alkylation of triarylimidazoles on Tie2 inhibition, ortho-substituted C-2 aryl
analogs were synthesized to investigate the effect of different torsion angles on potency. This exercise resulted in the identification
of a potent and selective tetrasubstituted imidazole that was efficacious in an animal model of angiogenesis.

© 2007 Elsevier Ltd. All rights reserved.

Several receptor tyrosine kinases (VEGF, FGF, PDGF)
are known to be involved in the process of angiogene-
sis—the formation of new capillaries from established
blood vessels. Similar to VEGFR2, the Tie family of
receptors, Tiel and Tie2, are expressed predominately
on endothelial cells! and are essential for vessel forma-
tion. Interference of the Tie2 pathway with an extracel-
lular receptor domain results in a significant inhibition
of tumor growth.”? Furthermore, targeted disruption
of the tie2 gene results in malformed vasculature
in embryonic mice.> The recent approval of an anti-
VEGF monoclonal antibody (Avastin™; Genentech,
and Roche)?* for the treatment of metastatic colorectal
cancers has validated the earlier hypothesis that disrup-
tion of angiogenesis could be an effective strategy for the
treatment of cancer. The involvement of Tie2 kinase
in angiogenesis makes it an attractive target for
investigation.

Our group has been investigating a series of triarylimi-
dazoles as selective inhibitors of Tie2. As reported in
the accompanying manuscript,’ the incorporation of
an N-alkyl substituent on the triarylimidazole core was
found to improve Tie2 activity. The significant improve-
ment in Tie2 inhibition upon methylation of the imidaz-

Keywords: Tie2 kinase; Angiogenesis; Cancer.
* Corresponding author. Tel.: +1 610 917 6292; fax: +1 610 917
6020; e-mail: neil.w.johnson@gsk.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.052

ole (Fig. 1, compound 1 vs compound 2) has been
difficult to rationalize.

To gain insight into the effect of N-alkylation of the
imidazole, small molecule X-ray crystal structures were
obtained for compounds 1 and 2.° The torsion angles
of the aryl rings attached to the imidazole showed that
the C-2 aryl ring is slightly out of coplanarity with the
imidazole in compound 1, whereas in compound 2 it is
out of plane by almost 50°. When the methyl group is

>20000nM

Figure 1. Representative triaryl imidazoles and their torsion angles
with Tie2 ICS(;S.
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Figure 2. Docking model of Compound 1 in Tie2.

adjacent to the naphthyl ring (compound 2) this forces
the ring out of plane by 67° allowing the pyridine to
be nearly coplanar with the imidazole. According to
modeling studies, alkylating adjacent to the pyridine
ring, as in compound 3, would force the pyridine ring
to be 30° out of plane and all other torsion angles to
be almost equivalent. In our proposed binding mode’
(Fig. 2), the pyridine hydrogen bonds Ala905 in the
hinge region of the ATP pocket with the naphthyl ring
occupying a lipophilic back pocket. As shown above,
methylating adjacent to the naphthyl ring is allowed
and preferred for Tie2 activity. The increase in the tor-
sion angle of the naphthyl group along with the pyridine
ring reaching coplanarity appears to be an optimal
conformation for binding to Tie2. What remains unclear
from this assessment is whether modifying the torsion
angle of the C-2 aryl ring has any impact on Tie2
activity. In order to independently evaluate this torsion
angle an ortho-methyl aryl analog of compound 1 was
synthesized.

The requisite ortho-substituted benzaldehyde was syn-
thesized from commercially available 4-bromo-2-methyl
benzonitrile 4, as shown in Scheme 1. The bromide was
displaced with sodium thiomethoxide followed by
reduction of the nitrile with DIBAL-H to afford the de-
sired 2-methyl-4-thiomethyl benzaldehyde 5. Using stan-
dard conditions for the formation of imidazoles,?

A

1) NH,OH, 5
AcOH 90 °C

2) P(OMe)}
DMF, 90 °C

3) K,S,04

Scheme 1. Synthesis of triaryl imidazole 7.

1) NaSMe/DMF
2) Dibal-H/toluene

condensation of benzaldehyde 5 with keto-oxime 6° gave
the triarylimidazole N-oxide that was then reduced to
the imidazole by heating with trimethylphosphite in
DMF. The resulting sulfide was oxidized with potassium
persulfate to give the ortho-methyl C-2 aryl analog 7.
This compound was shown to inhibit Tie2 with an
ICso of 36 nM, an almost 2-fold improvement in po-
tency versus compound 2 and a 10-fold improvement
over compound 1. After separation of the sulfoxide
enantiomers via chiral HPLC, a small molecule X-ray
was determined for the S-enantiomer of compound 7.
While the S-enantiomer was not as active as the R
(95 nM vs 22 nM, respectively) it still showed similar
activity to compound 2 and thus a 3-fold improvement
over compound 1. The torsion angle of the C-2 aryl
group was found to be 45°. The pyridine (30°) and naph-
thyl (48°) torsion angles were similar to those seen for
compound 1. Hence, the increase in potency can be par-
tially attributed to the C-2 aryl group being forced out
of plane with the imidazole.

Imidazole condensations were then performed with a
series of benzaldehydes and the pyridinyl 6-methoxy-
naphthyl keto-oxime 6 to investigate the SAR for ortho
substituted phenyl rings. Results are shown in Table 1.
The ortho-methyl phenyl analog 9 is significantly more

Table 1. Tie2 ICsy’s for ortho-substituted C-2 phenyl triarylimidazoles

N= /
H
N N
0
N
SO
~o
Compound X Tie2 ICsy, nM
8 H 60% at 10 uM
9 Me 387
10 F 1600
11 Cl 157
12 Br 82
13 CF; 260
14 2,6-DiCl 78
15 Ethyl 346
16 i-Propyl 836

Values are means of at least two experiments.

H \

g ,/i

36nM
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1) a) MeNH, aq

X AcOH
) b) 6,90 °C N
S | \
H \ 2) P(OMe),
DMF, 90 °C OO
3) K,S,04

Scheme 2. Regioselective N-Methyl imidazoles.

potent than the unsubstituted phenyl analog 8 and still
has modest Tie2 inhibitory activity without the para-
methylsulfoxide. The ortho-fluoro analog 10 was much
less active, possibly due to its small size allowing a
conformation similar to the unsubstituted analog 8.
Potency was improved with ortho-chloro (compound
11) and even further with ortho-bromo and 2,6-di-
chloro (compounds 12 and 14) vs ortho-methyl (com-
pound 9). A modest improvement in Tie2 activity
was observed for the ortho-CF; (compound 13) while
the ortho-ethyl was equivalent in activity and the
ortho-isopropyl had a negative impact on activity (com-
pounds 13 and 15, respectively). Given the increase in
size and lipophilicity of adding a bromo or 2,6-dichloro
substituent, the chloro and methyl substituents were
chosen as the best compromise between potency and
size.

We then wanted to combine the para-methylsulfoxide
with the optimized ortho-methyl and ortho-chloro C-2
phenyl rings as well as examine the effect of these
changes in the N-methylated triarylimidazoles. A regio-
selective synthesis of the N-methyl analogs was devel-
oped to simplify the synthesis of these compounds.
The appropriate benzaldehydes were synthesized using
a route similar to that used in Scheme 1. The benzalde-
hyde was stirred in acetic acid and aqueous methyl
amine (Scheme 2) to generate the corresponding methyl
imine. The keto-oxime 6 was then added and the reac-
tion mixture was heated at 90 °C. This condensation
method resulted in a single regioisomer of the imidazole

Table 2. Combination of ortho and para-substituents

~o

Compound R X n Tie2 ICs9, nM

1 H H 2 250

2 Me H 1 60
17 H Me 0 1300

7 H Me 1 36
18 H Me 2 40
19 H Cl 0 1500
20 H Cl 1 51
21 H Cl 2 59
22 Me Me 0 335
23 Me Me 1 12
24 Me Me 2 114

Values are means of at least two experiments.

N-oxide. The remainder of the synthesis went forward as
performed previously.

The corresponding para-sulfide, sulfoxide and sulfone
analogs were tested along with the N-methylimidazole
analogs of the ortho-methylphenyl derivatives (Table 2).
For comparison, data for compounds 1, 2, and 7 are in-
cluded in the table. There was very little difference in po-
tency between the sulfones and sulfoxides (compound 7
vs 18 and 20 vs 21), except with compound 23 vs 24
where there was a nearly 10-fold difference. Compound
23, which possesses both the preferred ortho-methyl and
N-methyl imidazole, showed an additional 5-fold
increase in potency over the original N-methyl imidazole
2, and a 3-fold improvement in potency compared
to compound 7. Unlike the earlier result with mono-
substituted phenyls in Table 1, the ortho-chloro analogs
were not more potent than the ortho-methyl analogs
(i.e., compound 20 vs 7). The combined effect of increas-
ing the torsion angles of the naphthyl group and the
C-2 phenyl group is favorable for Tie2 inhibition.’

Compound 23, our most potent Tie2 inhibitor, was
examined against a panel of kinases. Representative
data are given in Table 3. Very high selectivity is shown
against both tyrosine kinases and serine/threonine Kki-
nases. Even for the most sensitive kinases in this panel,
c-fms and AlkS, selectivity remains good, being 25-fold
for AlkS and 50-fold for c-fms.

The in vivo efficacy of our optimized compound 23 was
tested in the matrigel model of angiogenesis in mice.!? In
this model, angiogenesis is stimulated with bFGF and
two doses of compound are given. The two control
groups are untreated mice and mice that are not given
bFGF. The mice are sacrificed after 6 days and the heme
content of the matrigel plug is measured. At two doses
of compound 23 (25 and 50 mg/kg p.o., b.i.d.) inhibition
of angiogenesis (35 and 80%, respectively) was observed
in this model.

In summary, we have successfully exploited a conforma-
tional hypothesis to optimize a series of triarylimidazoles

Table 3. Kinase selectivity data for compound 23

Kinase 1Cs9, nM
IGFI-R >30,000
INS-R >30,000
FLT3 >30,000
KIT >30,000
PDGFR-a >30,000
PDGFR-B >30,000
VEGFR-2 1500
FGF-R1 9700
MET >30,000
ABL >30,000
PKC-B1 >30,000
p38 4100
c-FMS 550
CDK2 >30,000
GSK3 >30,000
ALK5 296
AKTI1 >30,000






N. W. Johnson et al. | Bioorg. Med. Chem. Lett. 17 (2007) 5514-5517 5517

for Tie2 potency. The alkylation of the imidazole adja-
cent to the naphthyl ring and incorporation of a C-2
ortho-aryl substitution to increase its torsion angle
relative to the imidazole resulted in a potent and selec-
tive Tie2 inhibitor. The optimized compound 23 showed
efficacy in an in vivo model of angiogenesis.
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Abstract—A series of potent novel dihydroxypyridopyrazine-1,6-dione HIV-1 integrase inhibitors was identified. These compounds
inhibited the strand transfer process of HIV-1 integrase and viral replication in cells. Compound 6 is active against replication of
HIV with a CICys of 0.31 uM and exhibits no shift in potency in the presence of 50% normal human serum. It displays a good phar-
macokinetic profile when dosed in rats and no covalent binding with microsomal proteins in both in vitro and in vivo models.

© 2007 Elsevier Ltd. All rights reserved.

Human immunodeficiency virus-type 1 (HIV-1) is the
etiological agent of acquired immunodeficiency syn-
drome (AIDS). The unique nature of the replicative cy-
cle of HIV-1 provides many potential targets for
chemotherapeutic intervention. One of these, the viral
enzyme integrase, catalyzes the insertion of the proviral
DNA into the genome of host cells. Integration is a mul-
tistep process which includes three different biochemical
steps: assembly of the proviral DNA on integrase, endo-
nucleolytic processing of the proviral DNA, and strand
transfer of the proviral DNA to host cell DNA.!

1,3-Diketoacids 1 were reported to be effective integrase
inhibitors and prevent HIV-1 replication in cell culture.?
Recently, novel naphthyridines 2 and 3 were identified
to be suitable replacements for the diketoacid pharma-
cophore.> Furthermore, naphthyridine carboxamide 3
was found to be efficacious in rhesus macaques infected
with the simian-human immunodeficiency virus (SHIV)
89.6P.% In this communication, we describe the discov-

Keywords: HIV; Integrase; Strand transfer inhibitors; Dihydroxypyr-

idopyrazine-1, 6-dione.

*Corresponding ~ author. Tel.: +1 215 652  3020; e-mail:
john_wai@merck.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.092

ery, SAR, computer modeling, pharmacokinetic profile,
and synthesis of a novel series of dihydroxypyridopyr-
azine-1,6-diones HIV-1 integrase inhibitors.

Incorporation of the dihydroxycarbonyl pharmaco-
phore (in red) into a pyridinone scaffold led to the
dihydroxypyridinone’ moiety on the right-hand portion
of the bicyclic system 4. Addition of the benzyl amide
functionality (in blue) and imposing restrictions on the
rotation of the amide side chain via a cyclic constraint
(in magenta) led to the novel dihydroxypyridinone-car-
boxylic derivatives depicted as 4. Literature searches
revealed no precedent for the preparation of such struc-
ture (Fig. 1).

Among the three different ring constrained compounds
prepared, compounds 6 and 7 were found to be signifi-
cantly more active against HIV integrase than com-
pound 5 (Table 1). Molecular modeling (MMFF)” of
the bicyclic core suggests that the amide carbonyl group
in the constrained seven-membered ring compound 5 is
not coplanar relative to the remaining pharmacophore
(Fig. 2), while in both 6-membered ring constrained ana-
logs 6 and 7, the amide groups are coplanar with respect
to the dihydroxypyridinone core.
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Figure 1. Conception of dihydroxypyridopyrazine-1,6-diones inhibitors.

Table 1. Effect of different constraints

(0]
QL0
N NN OH
O OH
Compound X Inhibition
of strand transfer
ICso" (UM)
5 CH,CH,CH, 1.04 (£0.05)
6 CH,CH, 0.10 (£0.06)
7 CH=CH 0.04 (£0.02)

# Assays were performed with recombinant HIV-integrase (0.1 uM)
preassembled on immobilized oliogonucleotides.® Values are means
of three experiments, standard deviation is given in parentheses.

Figure 2. Molecular modeling of bicyclic core of inhibitors 5-7.

o)
F
N
@{(\\
OH
2 10 OH

Figure 3. Torsional search on compound 6.

It was anticipated that the cyclic constraint would also
bias the orientation of the benzyl side chain through ste-
ric interaction. Torsional search on compound 6 (vary-
ing the two bonds identified as 1 and 2 in Fig. 3)
revealed four low energy regions. Two of the minima
correspond to rotations about the 4-fluorophenyl ring

R
= X N7 X
O OH
2

- IO
o NT
= N7 X
Rli\ ‘ H A ‘ =
N
O OH 3

Figure 4. Two low energy conformers of compound 6.

Table 2. Effect of substitutions on benzyl group

o)
R
4 X N
3@\/1\(\ A ‘
OH
2 O OH

Compound R Inhibition Antiviral activity
of strand transfer in cell culture,
ICs0" (M) CIC95b (M)
6 4-F 0.10 (£0.06) 0.31 (£0.08)
8 H 0.23 (£0.06) 2.50 (£0.12)
9 2-Cl 0.37 (x£0.10) >1.00
10 3-Cl 0.04 (£0.01) 0.50 (£0.11)
11 4-Cl 0.38 (£0.07) 1.00 (£0.18)
12 4-F, 3-C1  0.04 (£0.02) 0.25 (£0.03)

# Assays were performed with recombinant HIV-integrase (0.1 uM)
preassembled on immobilized oliogonucleotides.® Values are means
of three experiments, standard deviation is given in parentheses.

®Cell culture inhibitory concentrations (CICys) are defined as those
which inhibited by > 95% the spread of HIV-1 infection in MT-4
human T-lymphoid cells maintained in RPMI 1640 medium con-
taining 10% heat-inactivated fetal bovine serum.® Cytotoxicity is not
observed in cell culture at concentrations up to 20 pM.

(bond 2). The two lower energy conformers differ only
by rotation about bond 1 and are depicted in Figure. 4.
This suggests that the bicyclic dihydroxypyrido-pyra-
zine-1,6-dione significantly limited conformation flexi-
bility of the 4-fluorobenzyl side chain in compound 6.

Compound 6 inhibits 95% of the replication of HIV-1 in
cell culture at 0.31 uM (Table 2). There is no shift in
potency when the compound is assayed in the presence of
50% normal human serum.® Removal of the 4-fluoro
substitution in compound 6 leads to a significant drop in
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potency (cf. compound 8). A chloro substitution walk
around the benzyl group shows that a 3-chloro substituent
improves integrase inhibition relative to the 2- and 4-posi-
tion isomers (compounds 10 vs 9 and 11). However, com-
bining both the 4-fluoro and 3-chloro substituents only
leads to a modest improvement in inhibitory potency in
the cell based assay (compound 12). These compounds
do not exhibit cytotoxicity in cell culture at concentrations
up to 20 uM.

In our attempt to attenuate the acidity of the 8-hydroxyl
group to mimic diketoacid 1, electron-withdrawing sub-
stituents were incorporated adjacent to the 8-hydroxyl
group on the bicyclic system. This led to a significant
improvement in their intrinsic potency (Table 3, com-
pounds 13, 14, 15 vs 6). However, this did not translate
into improvements in antiviral activity. One possible
explanation is that the equilibrium between neutral and
ionized inhibitor has shifted to an extent which adversely
affects the cell permeability of these analogs.

The bioavailability of compound 6 was 69% when dosed
orally in rats at 10 mg/Kg as a solution in 1% aq meth-

Table 3. Effect of substitutions on pyridopyrazine-1,6-dione core

Compound R’ Inhibition Antiviral activity
of strand transfer in cell culture,
ICs0" (M) CIC95b (M)
6 H 0.10 (£0.06) 0.31 (£0.08)
13 CN 0.02 (£0.006) >1.00
14 Br 0.03 (£0.01) 1.00 (£0.16)
15 1 0.02 (£0.02) >1.00

% Assays were performed with recombinant HIV-integrase (0.1 uM)
preassembled on immobilized oliogonucleotides.® Values are means
of three experiments, standard deviation is given in parentheses.

®Cell culture inhibitory concentrations (CICys) are defined as those
which inhibited by > 95% the spread of HIV-1 infection in MT-4
human T-lymphoid cells maintained in RPMI 1640 medium con-
taining 10% heat-inactivated fetal bovine serum.® Cytotoxicity is not
observed in cell culture at concentrations up to 20 uM.

Compound 6
100
—a— 0010
——— 0011
g —a— 0012
2 104 Average
c
k<]
s
T
(53
2 14
o
O —
0.1 + + + + +
0 5 10 15 20 25 30
Time (Hours)

Chart 1. Oral pharmacokinetic profile of compound 6 in rat.

ylcellulose (Chart 1). Plasma concentrations of com-
pound 6 were maintained between 0.64 and 0.50 uM
from the second to the twenty-fourth hour. This is well
above the concentration (0.31 uM) required for >95%
inhibition of HIV-1 replication in cell culture.

There was a general concern about the biological liability
of a dihydroxypyridinone core and its potential metabo-
lites. "*C Labeled compound 6 was prepared® to assess
whether this series of compounds would irreversibly inter-
act with liver microsomal proteins. Tables 4 and 5 depict
the findings. There is only a low level of covalent interac-
tion for radiolabeled 6 with liver microsomes derived from
rat and human, well within the <50 pmol equiv/mg/60 min
criteria (Table 4).'° Furthermore, there is no difference in
the results obtained with or without addition of NADPH.
Results obtained in vivo in rat are also consistent with the
observation made in vitro (Table 5).

The synthesis of compound 6 is depicted in Scheme 1.
Reductive alkylation of dimethoxyethylamine with 4-
fluorobenzaldehyde 16 in the presence of sodium boro-
hydride provided the corresponding benzylamine, which
was treated with a mixture of N-acetylglycine, EDC, and
HOBt in DMF to provide the bis amide 17. Acid cata-
lyzed cyclization!' of 17, followed by hydrogenation of
the resultant product 18 in the presence of 5% Pd/C in
ethanol, provided the acetyl piperazinone 19. Treatment
of 19 in anhydrous DMF with LiIHMDS, followed by
addition of diethyl oxalate, led to three oxalation prod-
ucts, one major and two minor ones, as indicated by LC-
MS analysis. Upon addition of more base, product 6
was generated from one of the minor oxalation prod-
ucts. The other two resisted cyclization and decomposed
upon further exposure to base. The crude product mix-
ture was purified by C-18 reverse phase HPLC eluting
with a water—acetonitrile gradient.

Table 4. In vitro covalent binding of ['*C] compound 6 with liver

microsomes
o)
F
N
T e
* OH
O OH
Species Irreversibly bound radioactivity
(pmol equiv/mg/60 min)
—NADPH +NADPH
Rat 24.7 24.2
Human 15.2 19.6

Table 5. In vivo covalent binding of [14C] Compound 6 in rats
Time (h)

Irreversibly bound radioactivity
(pmol equiv/mg protein)

Plasma Liver
2 <5 <5
6 <5 <5
24 <5 <5
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Scheme 1. Synthesis of compound 6. Reagents: (a) i—
H,NCH,CH(OMe),, NaBH,, MeOH (82%); ii—N-Acetyl-Gly, EDC,
HOB, i-Pr,NEt, DMF (95%); (b) MsOH, CH,Cl, (62%); (c) Hy, 5%
Pd/C, EtOH (95%); (d) i—LiHMDS, diethyl oxalate, DMF; ii—excess
LiIHMDS (15-20%).

NMR studies of the purified oxalation products led to the
identification of the major component as 20, and one of
the minor oxalation products as 22. Treatment of each
one of them independently with LIHMDS in DMF did
not lead to cyclization product 6. The third oxalation
product readily cyclized to compound 6 upon workup.
However, 20 was readily converted to the third oxalation
product when exposed to a mixture of acetonitrile, water,
and trifluoroacetic acid. NMR data of this material are
consistent with those of structure 21. Treatment of 21 in
DMF with LIHMDS led to the cyclization product 6.

: X
N

LiIHMDS, DMF l
diethyl oxalate
[0}
i J O OH
N N PN
N ﬁN CO.R
N xOH N xCO,R +
w £ %{N%
O CO.R O OH o
22 (minor)

21 (minor)

20 (major)

In summary, a series of potent dihydroxypyrido-pyra-
zine-1,6-dione HIV-1 integrase inhibitors which inhib-
ited replication of HIV-1 in cell culture has been

identified. The lead compound 6 inhibits replication of
HIV-1 in cell culture at CICys = 0.31 uM, and exhibits
no significant shift in potency when assayed with addi-
tion of 50% normal human serum. No cytotoxicity is ob-
served in cell culture at concentrations up to 20 pM.
When compound 6 was dosed orally in rat at 10 mg/kg
as a solution in 1% methylcellulose, it displayed good
pharmacokinetic profile and maintained excellent expo-
sure through 24 h of the study. No covalent binding of
compound 6 with microsomal proteins was observed
in both vitro and in vivo models. Further exploration
of this dihydroxypyridopyrazine-1,6-dione template
and analogous bicyclic systems is in progress.
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Abstract—A successful design of conformationally restricted novel quinazolinone derivatives linked via a cyclopentene moiety as
potent poly(ADP-ribose)polymerase-1 (PARP-1) inhibitors has been developed. One selected member of the new series, 8-
chloro-2-[(3S)-3-(4-phenylpiperidin-1-yl)cyclopent-1-en-1-yl]quinazolin-4(3H)-one (S-16d), was found to be highly potent with

ICs50 = 8.7 nM and good brain penetration.
© 2007 Elsevier Ltd. All rights reserved.

Poly(ADP-ribose)polymerase-1 (PARP-1: EC 2.4.2.30)
is a chromatin-bound nuclear enzyme involved in a vari-
ety of physiological functions related to genomic repair,
including DNA replication and repair, cellular prolifer-
ation and differentiation, and apoptosis.! PARP-1 func-
tions as a DNA damage sensor and signaling molecule.
Upon binding to DNA breaks, activated PARP cleaves
NAD" into nicotinamide and ADP-ribose and polymer-
izes the latter onto nuclear acceptor proteins including
histones, transcription factors, and PARP itself. A cellu-
lar suicide mechanism of both necrosis and apoptosis by
PARP activation has been implicated in the pathogene-
sis of brain injury and neurodegenerative disorders and
PARP inhibitors have been shown to be effective in ani-
mal models of stroke, traumatic brain injury, and Par-
kinson’s disease.>> And also, the use of PARP
inhibitors as potential adjuvant cancer therapy with
alkylating agents and/or radiation has been recently an
area of primary interest in this field.* Therefore, inhibi-
tion of PARP by pharmacological agents may prove
useful for the therapy of neurodegenerative disorders
and several other diseases involved in PARP activation.

Over the last two decades, extensive investigations have
been conducted in the identification of novel PARP-1
inhibitors. Various approaches to design the scaffolds
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for PARP inhibitors based on the prototypical PARP
inhibitor 3-aminobenzamide have been developed. Our
laboratory has previously reported the structure-based
design and synthesis of the series of quinazolinones
shown in Scheme 1.° We designed quinazolinone 3,
which is a structural hybrid of 1 and 2 based on molec-
ular modeling of the human active site of PARP-1, and
found that quinazolinone 4e shows strong potency
(ICso = 13 nM) and good oral bioavailability with a high
brain/plasma concentration ratio of approximately five.
Having identified a general template for the design of
PARP-1 inhibitors, we set out to further explore this ser-
ies by examining modification to the ubiquitous propyl-
ene side chain present in 4e. Accordingly, we have
designed a new series of analogues, in which the propyl-
ene linker unit has been replaced with a conformational-
ly restricted cyclic structure to reduce the number of
rotatable bonds. In this paper, we describe the SAR re-
sults of this novel series of modified cyclic linker of qui-
nazolinones against PARP-1.

Table 1 shows the SAR result of various cyclic struc-
tures in place of linear linker.® Cyclopentene ring com-
pound 6a displayed the same potency as the original
compound 4a, while cyclopentane ring analogues 7a
and 8a and pyrrolidine ring analogue 14a were appropri-
ately 20 times less potent than 6a. Cyclohexene ring 9a
and cyclohexane ring analogues 10a, 11a, and 12a were
10-fold and 100-fold less active, respectively. As these
results, we have selected the restricted cyclopentene lin-
ker as a new lead compound of quinazolinone analogue.
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Scheme 1. Design of quinazolinone PARP-1 inhibitors.

Table 1. SAR of cyclic-linker analogues®

o

R': A= -N )-ph
NH -

N/)\L/Fﬂ B= -N_)-Ph

Compound L R! PARP-1 ICs, (nM)
4a o_~_» A 16
5a B 46
6a° '\@/’ A 16
(cis or trans)-Ta® .\Q/. 435
(trans or cis)-8a® 555
9a° '\©/' 160
102" '\O/' A 1800
(cis)-11a o )e A 1600
(trans)-12a A 8400
13a N> A 504
142" .\NQ/. A 300
15a FN:>4 A 131

#Values are averages from at least two independent dose-response
curves, and standard errors for PARP inhibition assay is typically
5% of the mean or less.

® Racemic compounds.

¢ Compound was mixture of cis and trans.

Table 2 shows the results of quinazolinone analogues
linked via a cyclopentene linker. Regarding the chirality
of the cyclopentene ring, the (S)-enantiomer showed
more potent activity than the (R)-enantiomer, which
agrees with predictions based on the result of molecular
modeling of the human active site of PARP-1. It is note-
worthy that substitution of a fluoro group on the phenyl
ring did not improve activity for the cyclopentene linker

o R
Conformationally restricted
new PARP-1 Inhibitors NH A
] N/)\/\/N
R1

4e:R'=CI,R2=F
4f R'=Me, R2=F

in spite of a 2-fold improvement in activity for the linear
linker 4 and 5. The phenylpiperidine (S)-16d in particu-
lar showed 12-fold improved potency relative to the cor-
responding linear linker compound 5d and 4-fold more
potency than the fluorophenylpiperidine (S)-16e. Figure
1 displays an overlay of (S)-16e (green color) and 4f
(pink color). The conformation of 4f was based on the
structure in a X-ray co-crystal structure with the 4f/
PARP-1 complex (accession code of the PDB: 1
UKO).” Indeed, docking study suggested that both the
quinazolinone core and the terminal phenylpyridine unit
of (S)-16e could be occupied the similar space as an
important pharmacophore for PARP inhibitory activity.

Table 3 shows the brain/plasma concentrations after
oral administration in mice.® In general, the compounds
linked with cyclopentene showed improved plasma or
brain concentrations compared to the corresponding
compounds with a linear linker, which would be ex-
plained by metabolic stability in Table 4.° We have al-
ready confirmed the metabolic pathway of 3 and
identified the main metabolites which were produced
by oxidation of the linker unit in both rat and human
liver microsomes shown in Scheme 3.!1° Accordingly,
the cyclopentene linker was more efficacious to block
this primary site of metabolism. The tetrahydropyridine
type (S)-6d and 6e, and the piperazine type 17¢, had de-
creased brain penetration. The phenylpiperidine type
(S)-16d, however, showed good brain/plasma ratios over
two hours, an important prerequisite for treatment of
brain-related neurodegenerative disorders.

Compound (S)-16d was synthesized using the proce-
dures outlined in Scheme 2. Briefly, the racemate com-
pound was synthesized using the same procedure as in
our previous publication.’ Bromination of 18 with N-
bromosuccinimide gave 19 and its isomer in a 2:1 ratio.
After removal of isomer 20 by column chromatography,
hydrolysis of the methyl ester group gave the
corresponding carboxylic acid. Treatment with SOCI,,
followed by condensation with chloroanthranilamide,
gave amide derivative 21. Amination of 21 with
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Table 2. SAR of cyclopentene-linker analogues®

Compound PARP-1 IC5q (nM)
R! R?
6a H H 16
o R? 6b H F 18
@(‘NH | (S)-6d cl H 15
SNSOYN (R)-6d cl H 286
R . 6e cl F 36
6f Me F 25
we (S)-16d cl H 8.7

o O/O (S)-16e cl F 35
( :[ NH (R)-16e Cl F 257
¢ NN 16f Me F 30
16 16g Me Cl 46
17¢ H cl 25

2
2 <y R 17e a F 25
NH N
! 17 Me cl 12
NN *
R1

17
4a H H 16
, 4b H F 8.9
o (J/@R 4c H cl 23
NH 4d al H 26
b ]
NN de a F 13
4 af Me F 8.0
4g Me Cl 16
o R? 5a H H 46
NH O/O 5d Cl H 103
g NMN Se Cl F 47
R
5

#Values are the averages from at least two independent dose-response curves, and standard error for PARP inhibition assay is typically £5% of the
mean or less.

Table 3. Brain/plasma concentration in mice®

Brain (pg/g tissue) Plasma (pg/mL)

0.5h 2.0h 0.5h 2.0h
(S)-6d 2.0 3.0 17.1 18.1
6e 0.4 0.9 15.2 17.7
(S)-16d 19.8 18.1 8.7 4.4
(S)-16e 6.7 12.5 13.6 11.3
17¢ 1.3 22 >20.1 >20.4
4d 8.0 8.4 1.3 1.2
4e 8.4 2.8 1.9 1.2
5d 11.6 3.9 12.5 9.4

#The concentration is determined by ex vivo assay after po adminis-
tration, see Ref. 8.

Table 4. Metabolism by liver microsomes®
Clint (mL/min/kg)

Mouse Human
6e 1333 54
(S)-16d 1164 22
(S)-16e 686 17
4e 3910 156

Figure 1. Overlay of (S)-16e (green color) and 4f (pink color). #Results are average of two experiments, see Ref. 9.
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Scheme 2. Reagents and conditions: (a) N-bromosuccinimide, CCly, reflux; (b) 1 N NaOH, THF-MeOH, rt; (c) SOCl,, CH,Cl,, rt; (d)
chloroanthranilamide, TEA, CH,Cl,, rt; (e) phenylpiperidine, TEA, DMF, rt; (f) I N NaOH, dioxane, rt; (g) (L)-di-p-toluoyl-tartaric acid, EtOH; (h)

1 N NaOH, rt.
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Scheme 3. Metabolites pathway of 3.
phenylpiperidine in the presence of triethylamine gave Acknowledgments

22, which was treated with 1 N NaOH in dioxane at
room temperature to yield 16d as a racemic mixture.
The optical resolution of 16d by crystallization with
(L)-di-p-toluoyl-tartaric acid from ethanol (three times)
produced the optically pure (S)-16d with > 98% ee.!!
The preparation of the tetrahydropyridine type 6 and
the piperazine type 17 was synthesized using the similar
procedure in Scheme 2.

In conclusion, we have refined our previously described
PARP-1 inhibitor templates, replacing the propylene
linker unit found in 4 with a conformationally restricted
cyclopentene linker. This has led to a new series of
PARP-1 inhibitors described herein. The phenylpiperi-
dine type (S)-16d was found to be very potent with good
bioavailability and high brain penetration. These find-
ings suggest (S)-16d could be an attractive therapeutic
candidate for neurodegenerative disorders such as Par-
kinson’s disease.

We express our thanks to Dr. David Barrett for his crit-
ical reading of the manuscript and Mr. Akihiro Yokota
at University of Kyoto for docking study of (S)-16e and
4f.
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Abstract—Abrin is a highly potent and lethal type II ribosome inactivating toxin that may be used as a biological warfare agent. To
date, no human anti-Abrin antibodies have yet to be reported. Herein, we describe the selection and characterization of two human
monoclonal antibodies, termed E12 and RF12, which are capable of binding native Abrin with high affinity and specificity. Through
surface plasmon resonance studies, we have determined the association and dissociation rate constants and the cross-reactivity for
both antibodies. In our developed Biacore-based Abrin detection system, the limit of detection of antibodies E12 and RF12 is 35 and
75 ng/mL, respectively. These concentrations are about 5 x 10%-fold lower than the extrapolated Abrin human LDs. In sum, our
data demonstrated the power of human antibody phage display libraries and the promise of these antibodies as detection devices

for Abrin.
© 2007 Elsevier Ltd. All rights reserved.

Abrin is a ribosome inactivating protein (RIP) isolated
from the seeds of Abrus precatorius (jequirity pea), a
vine common to many tropical areas throughout the
world. It consists of an enzymatic A-chain and a binding
B-chain linked by a disulfide bond. The B-chain of
Abrin is a galactose-specific lectin that is responsible
for binding the toxin to appropriate galactosides dis-
played on the target cell surface.! The A-chain is an effi-
cient N-glycosidase and is transported across the plasma
membrane by the B-chain via endocytosis into the
cytoplasma of cells. Once internalized, the A-chain re-
moves an adenine from an exposed loop of 28S ribo-
somal RNA, thus inhibiting protein synthesis and
resulting in eventual cell death.””

Abrin is very similar to Ricin in structure® and biochem-
ical mechanism of action, but has been stated to be
approximately 75 times more toxic in mice.” The esti-
mated human fatal dose is 0.1-1 pg/kg.® Although Abrin

Abbreviations: 1PTG, Isopropyl-p-p-thiogalactoside; scFv, Single-

chain variable fragment; Fab, Antigen binding fragment; mAb,

Monoclonal antibody.

Keywords: Phage display; Abrin; Monoclonal antibody.
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2595; e-mail: kdjanda@scripps.edu
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is not known to have been used as a biological weapon,
its extreme toxicity and relatively simple production
make it a potential biological warfare agent or terrorist
weapon. Both Abrin and Ricin are acknowledged in the
latest version of The Biological and Toxin Weapons Con-
vention (BTWC) Procedural Report and Rolling Text:
Ad Hoc Group 23rd session (23 April-11 May 2001)
(http://www.brad.ac.uk/acad/sbtwc/ahg56/ahg56.htm).

The presence of Abrin has been determined most com-
monly using biosensing systems such as anti-Abrin anti-
bodies, a ribosome-inactivation assay,” and most
sensitively by direct antigen detection with antiserum
against Abrin.!® Although a rabbit anti-Abrin poly-
clonal antibody and a mouse monoclonal anti-Abrin
antibody have recently become commercially available,
there have been to our knowledge no literature reports
on anti-Abrin human antibodies. Thus, the development
and characterization of Abrin-specific monocolonal
antibodies would be useful for rapid detection and pos-
sibly protection from Abrin intoxication.

Compared with conventional hybridoma technology,
phage display is an efficient, cost-effective alternative
for monoclonal antibody generation in vitro. There are
two types of antibody libraries which can be used within
the phage display format: naive or immune. With an
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immune library there is a strong bias towards the anti-
gen used for immunization, and the antibodies screened
from an immune library typically have higher affinities.
However, a disadvantage of this type of library is that
lymphocytes from infected patients are difficult to ob-
tain, especially when a lethal toxin is involved. Addition-
ally, a new immune library is required for each
immunogen to be investigated. Although the affinities
of antibodies selected from naive libraries are usually
lower, they can be easily enhanced by affinity matura-
tion.!! Recently, naive libraries have been used to select
specific human antibodies against different toxins,
including Anthrax'? and Ricin.!*> Here we describe the
use of a human naive scFv phage display library'* in
search for human monoclonal antibodies (mAbs)
against Abrin.

Maxisorp® immunotubes (Nunc) were coated with
Abrin at 4 °C overnight, the immunotubes were then
washed with PBS and blocked (Blocker™ Casein in
PBS (Pierce)) for 1h. Approximately 10'>cfu of the
phage library was diluted in 4 mL Blocker™ Casein in
PBS and added to the Abrin-coated immunotubes. After
incubation with gentle shaking for 1 h at room temper-
ature, the tubes were washed with PBS to remove un-
bound phage. The bound phage were ecluted with
0.1 M Glycine-HCI (pH 2.7) and immediately neutral-
ized with 1 M Tris-base (pH 8.5). Titration of eluted
phage, their rescue and preparation were performed as
previously described.!?

After the fourth round of panning, 96 single colonies
were randomly picked for phage culture and ELISA.
Abrin was diluted to 1 pg/mL in PBS and immobilized
on Costar ELISA plates (Corning) at 4 °C overnight.
After blocking for 1 h at room temperature, the plates
were incubated with diluted phage, which were 1:1 in
the Blocker™ Casein. Upon washing with PBS, the
plates were incubated with 1:1000 diluted horseradish
peroxidase (HRP)-conjugated anti-M13 (Amersham)
and detected with TMB substrate (Pierce). The reaction
was quenched with an equal volume of 2 M H,SO,4 and
the optical density was determined using a UV-plate
reader at 450 nm. Sixteen positive clones were obtained,
of which five clones were unique in sequence. Ricin was
used to detect binding specificity; using this format
scFvs B8 and H6 showed cross-reactivity, whereas
E12, RF12 and D6 showed good specificity for Abrin
over Ricin (Fig. 1).

Because scFv molecules are prone to denaturation and
aggregation, we converted the selected scFvs into a more
stable Fab format for further assay analysis. Based on
the identified scFv sequences, the VH and VL genes of
the identified clones were amplified by PCR using their
corresponding primers and overlapped with Cy; region
and C,;/C, region, respectively. A His-tag was appended
to the C-terminus of C,/C, followed by a stop codon;
pelB and ompA leader sequences were fused at the N-
termini of VH and VL, respectively. The pelB-VH-
Cyi- STOP and ompA-VL- C,/C.- His6-STOP
fragments were assembled via overlapping PCR and
subcloned into pETHis expression vector via flanked

[—Ricin
E==3 Abrin
E=R Blank

0.5+

0 gL

E12 RF12

Figure 1. Phage ELISA of selected scFvs. Freshly prepared phage for
each clone were added to an ELISA plate coated with Abrin, Ricin, or
a blank control. Data shown are from one representative experiment
repeated a total of three times.

Sfi I restriction endonuclease sites. The vector contain-
ing Fabs RF12, E12 and D6 genes were transformed
into Rosetta2 (DE3) Escherichia coli (Novagen). Their
expression was induced by growth in superbroth con-
taining 0.1 mM IPTG overnight at 25 °C. The Fabs were
purified using immobilized metal affinity chromatogra-
phy (Ni-NTA, Qiagen) and ion exchange chromatogra-
phy (HiTrap SP, GE HealthCare). All purified Fabs
retained their binding activity and specificity when
checked by ELISA (Fig. 2).

Protein immobilized on an ELISA plate can be easily
denatured, thus, to verify that these selected antibodies
can still recognize native toxin, a dot blot assay was per-
formed with purified Fab samples. A set of boiled (dena-
tured, 5 min in a water bath) and non-boiled (native)
Abrin, Ricin and BSA (at a concentration of 0.1 ng)
were added onto nitrocellulose membrane strips. The
membrane strips were air-dried and blocked with 5%
skimmed milk in PBS for 1h at room temperature.
Anti-Abrin Fabs E12, RF12 and D6 were diluted with
0.05% Tween 20 in PBS (PBS-T) and incubated with
the membrane strips for 1 h. After washing with PBS—
T, the membrane strips were incubated with 1:1000
HRP-conjugated goat anti-Human Fab antibody (Sig-
ma). The signal was detected using WestDura substrate
(Pierce). In this format only Fab E12 and RF12 bound
to the native Abrin (Fig. 3), suggesting that they
recognize conformational epitopes rather than linear

0.54

[CRicin
041 ? =5 Abrin
::::é E=R Blank
0.5
0.2
0.1
0.0 :

D6 E12 RF12

Figure 2. Fab ELISA. Purified Fabs for each clone were added to an
ELISA plate coated with Abrin, Ricin, or a blank control. Data shown
are from one representative experiment repeated a total of three times.
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Figure 3. Dot blot assay. (1) Fab E12. (2) Fab RF12. 0.1 ug Abrin and
Ricin boiled 5 min or without boiling, together with BSA, was spotted
on nitrocellulose membrane strips. Individual Fabs were incubated
with the membrane strips and the bound Fabs were detected with an
anti-Fab HRP conjugate.

peptide sequences. For Fab D6, no significant signal
could be seen even at 1 ug Abrin (data not shown).
Interestingly, antibody D6 did not bind denatured
Abrin or Ricin, indicating that this antibody may recog-
nize a conformational epitope that is different when pre-
sented on ELISA plate in contrast to the nitrocellulose
membrane.

Binding kinetics were accomplished using surface plas-
mon resonance (SPR) on a BIAcore™ 3000 instrument
(Biosensor, Piscataway, NJ) at 25 °C. Thus, Fab E12
or RF12 was immobilized on CMS5 sensor chip and tar-
geted to 300 RU setting using standard NHS/EDC cou-
pling methodology. All measurements were conducted
in HBS-EP buffer with a flow rate of 30 uL/min. Abrin
was diluted so as to obtain a series of concentrations.
Each was injected into the flow cell for repeated analyses
and 4 M MgCl, was used to regenerate the chip. The
association and dissociation rate constants (k,, Mgt
and kg, s~') and affinity (Kp, M) were determined to be
1.37x10*° M 's7!,7.57x 10 "% s~ " and 55.2 nM for Fab
E12, and 3.58x10*M's™!, 398x107°s™' and
111.0 nM for Fab RF12, respectively, using a model fit
to a 1:1 binding assumption. These affinities we view
as moderate, however, such binding is reasonable when
panning a naive library, which is constructed from
“hosts” that were never exposed to a particular antigen.

To examine the ability of these antibodies to detect na-
tive Abrin in solution, Fab E12 or RF12 was immobi-
lized on a CMS5 sensor chip targeted to 8000 RU. The
injection was conducted at 30 pL/min for 5 min. Thirty
cycles of blank samples (buffer only) were injected,
and the standard deviation (SD) was calculated for each
antibody. We used 10x SD as the limit of detection
(LOD), which is the cutoff value for determining a posi-
tive sample (Biacore Concentration Analysis Hand-
book, Version AA). To determine the lowest limit of
quantitation (LLOQ) for each antibody, thirty cycles
of Abrin samples were injected through the antibody
immobilized flow cells; we note that the lowest Abrin

concentration within all responses was equal to or great-
er than the LOD, which was thus defined as the LLOQ.
The LLOQ for Fab E12 and RF12 were determined to
be 35 ng/mL (or 0.56 nM) and 75 ng/mL (or 1.17 nM),
which translates to approximately 5 x 10%-fold lower
than the extrapolated human LDs,. Injection of Ricin
and its agglutinin (RCA|,) at a concentration of 100-
fold greater than the LLOQ under the same assay con-
ditions revealed that the cross-reactivity to these closely
related toxins (Ricin and RCA ,0) was lower than 0.5%
for both antibodies.

In conclusion, we have demonstrated that human mAbs
that specifically bind to Abrin can be discovered from
naive phage display libraries. The data we have pre-
sented suggest that mAb E12 and RF12 may prove to
be valuable starting points for the development of bio-
sensors for Abrin detection. Further affinity maturation
and IgG production of these two mAbs may provide en-
hanced sensitivity and stability for future real-time
Abrin detection as well as possible therapeutics for
Abrin intoxication.
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Abstract—Inspired by previous efforts in the pyrazolobenzoxazine class of KSP inhibitors, the design and synthesis of 1,4-diaryl-4,5-
dihydropyrazole inhibitors of KSP are described. Crystallographic evidence of binding mode and in vivo potency data is also

highlighted.
© 2007 Elsevier Ltd. All rights reserved.

In the preceding communications, several classes of KSP
inhibitors, including dihydropyrazoles, dihydropyrroles,
and pyrazolobenzoxazines, have been described.! Sev-
eral members of each of these classes of compounds
have demonstrated excellent biochemical and cellular
potencies against KSP, aqueous solubility, limited
susceptibility to P-glycoprotein-mediated efflux, and
potency in a xenograft mouse model of cancer. Inspired
from the recent forays into the dihydropyrazolobenzox-
azine class of compounds (1, Fig. 1), herein we describe
the design and synthesis of a novel class of KSP inhibi-
tors, namely the 1,4-diaryl-4,5-dihydropyrazoles.? This
novel class of KSP inhibitors maintained the aforemen-
tioned properties of the previous classes of KSP inhibi-
tors as well as comparable potency in vivo.
Crystallographic evidence of the similarities in binding
mode of the dihydropyrazolobenzoxazine and 1,4-dia-

Keywords: KSP inhibitors; Antimitotics; Pgp; Kinesins; 1,4-Diaryl-4,5-

dihydropyrazoles; Copper-mediated N-arylation; Kinesin spindle pro-

tein; Cancer.
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KSP IC5o = 1.6 nM

excise
constraint QO

copper-mediated
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Figure 1. Potent dihydropyrazolobenzoxazine KSP inhibitor (1)
inspired efforts to synthesize and study its 1,4-diaryl-4,5-dihydropy-
razole analog (2).
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ryl-4,5-dihydropyrazole class of inhibitors to an alloste-
ric site of the KSP enzyme will also be demonstrated.

Chemistry. Inspiration for the synthesis of 1,4-diaryl-4,5-
dihydropyrazoles as KSP inhibitors was derived from
compound 1 as shown in Figure 1. Compound 1 is a
highly potent member of the dihydropyrazolobenzox-
azine class of KSP inhibitors (ICsq = 1.6 nM), the details
of which are covered in the preceding publication.'s
Excision of the central methyleneoxy constraint affords
a target 1,4-diaryl-4,5-dihydropyrazole (2) containing
only a single stereocenter. This seemingly simplified
structure could not be easily synthesized in a manner
analogous to compound 1. Compound 1 was synthesized
through an intramolecular [3 + 2] cycloaddition utilizing
the methyleneoxy subunit as a linker.'# The application
of an intermolecular version of this cycloaddition pro-
cess to the synthesis of 2 was daunting,® thus an alterna-
tive synthetic approach was sought.

One novel approach relied on a copper-mediated N-ary-
lation using pyrazolines and boronic acids for the for-
mation of the key pyrazoline-aryl bond. First disclosed
by Lam, Chan, and Evans, this methodology allows a
variety of heterocyclic nucleophiles including anilines,
anilides, imidazoles, pyrazoles, triazoles, and indazoles
to be arylated by boronic acids in good to excellent
yields.* However, the use of pyrazolines as nucleophiles
in these copper-mediated reactions has been scarce and
only recently has progress been made utilizing di- and
triarylbismuth reagents.> With this concept in mind we
began an effort to synthesize the 1,4-diaryl-4,5-dihydro-
pyrazole targets such as 2.

The implementation of our strategy is shown in Scheme
1. The synthesis in racemic form begins with the addi-
tion of diazomethane to methyl cinnamate (3) to afford
pyrazoline 4 in near quantitative yield and as a single
regioisomer as precedented in the literature.® The pyrazo-
line (4) was then exposed to the requisite boronic acid,
copper (II) acetate, and triethylamine in dichlorometh-
ane in air overnight to yield arylated products 5.
Although the yields were low, the only byproduct was
retro-cycloaddition resulting in re-isolation of methyl-
cinnamate which was readily separated from N-arylpy-
razoline products (5). Compound 5 was then allylated
(LHMDS, allyl bromide)’ in good yield to afford 6
and subsequently transformed into the Weinreb amide
(7) in a two-step procedure. Compound 7 was treated
with 9-BBN followed by oxidation to afford regioselec-
tive hydroboration product 8. Compounds of type 8
were then advanced to the final targets (10) through
transformation of the Weinreb amide to a methyl ketone
(MeLi), oxidation of the primary alcohol (Dess—Martin
periodinane), and reductive amination with various
amines.

In vitro SAR and X-ray crystallographic analysis. Our
investigations into the effect of the amine on the intrin-
sic® and cellular potency’ of 1,4-diaryl-4,5-dihydropy-
razoles are shown in Table 1. In general, the intrinsic
potency of the compounds did not vary greatly with
modulation of the amine. It is notable that compound

3 4 COsMe
(b)
IS X,
X N © X N
N [{]\
6 5
CO,Me COMe
‘ @ X =F, Cl, Br, CFg, H

N
N= Me
7 _Me 8 N’
N
OMe
‘ ()
R1
U
/©: (@ X N
X l\"l\l\ - N=
+10 Me
o

Scheme 1. General synthesis of 1,4-diaryl-4,5-dihydropyrazole KSP
inhibitors. Reagents and reaction conditions: (a) CH,N,, Et0,
0-25°C, 12 h, 98%; (b) ArB(OH),, Cu(OAc),, Et;N, CH,Cl,, 24 h,
5-27%; (c) LHMDS, allyl bromide, —78 to —5 °C, THF, 2 h, 50-72%;
(d 1.0M NaOH, 25°C, THF, 24h, aqueous workup, then
MeN(OMe)HCI, EDC, HOAt, Et;N, THF:DMF (1:1), 16h,
80-94%; (e) 9-BBN, THF, 55 °C, then H,O,, NaOH, 25°C, 1 h, 58—
72%; (f) MeLi, THF, 0 °C, 1 h, 38-67%; (g) Dess—Martin periodinane,
NaHCO;, CH,CL, 1h, then R'R®*NH, NaBH(OAc);, Et;N, 1,2-
dichloroethane, 2 h, 54-80%.

2 bearing the same amine as dihydropyrazolobenzox-
azine 1 maintains excellent intrinsic potency (3.8 nM)
while suffering a 16-fold loss in cellular potency
(78 nM). Modulation of the amine to a tertiary hetero-
cyclic amine (11) or thiomorpholine dioxide (12) affor-
ded compounds with diminished cellular potency as
compared to 2. Potency in cells was regained when the
acetylpiperazine was replaced with various tertiary
amines such as morpholine 12 (53 nM), 3-fluoroazeti-
dine 14 (40 nM), pyrrolidine 15 (15 nM), and bridged
morpholine 16 (11 nM). The best substituent in the sub-
set tested was dimethylamine (17) having biochemical
potency of 2.1 nM and cellular potency of 9.4 nM.

From previous work in the 3,5-diaryl-4,5-dihydropyraz-
ole series,'® it was shown that the 5-position of the aro-
matic ring could have a significant effect on KSP potency.
The results of a similar investigation in the 1,4-diaryl-
4,5-dihydropyrazole series are shown in Table 2.
Compounds containing a halogen at the 5-position (2,
18, and 19) showed good intrinsic potency and up to a
twofold improvement in cellular activity as shown for
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Table 1. Sidechain amine SAR

Z-31

~

()

Compound Amine KSP ICso* (nM) Cell ECs4* (nM)

2 4N NAc 3.8 78

1 /—Q\/IK 40 567
N

12 4N 50, 165 138

13 N o) 4.2 53

14 -%-Ni>—F 52 40
15 -g.NC\ 338 15
16° -§-N®o 1.2 11

17 4N 2.1 9.4

#See Refs. 8,9 for the details of these assays. All compounds listed were
assayed as racemates.
® Approximately 1:1 mixture of diastereomers.

compound 19 (38 nM). Deletion of the 5-position substi-
tuent afforded a sixfold decrease in intrinsic potency
concomitant with a fivefold decrease in cell potency.
Incorporation of a trifluoromethyl (21) group was also
deleterious with respect to potency. Finally, changing
the 5-position fluorine to a methyl group afforded com-
pound 22 which gave a twofold and threefold improve-
ment in intrinsic (2.0 nM) and cellular (27 nM) potency
as compared to 2.

With these results in hand, a more advanced target
was sought containing the optimal substituents in both
the western aryl ring and the amine substituent. The
synthesis of such a compound is shown in Scheme 2.
Advanced intermediate 23 (see compound 8, Scheme
1) was treated under Stille coupling conditions [tetram-
ethyltin, LiCl, and Pd(PPhs),], and the Weinreb amide
was subsequently transformed into the methyl ketone
via the action of methyllithium affording 24 in accept-
able yield. Oxidation of the primary alcohol in 24 with
Dess—Martin reagent and reductive amination with
dimethylamine gave 25. Compound 25 was then
separated into its enantiomers using a ChiralPak AD
column to afford the active enantiomer shown as
R-(+)-25.1°

Table 2. SAR of the 5-position of the western aryl ring

()

Compound X KSP ICse* (nM)  Cell ECso® (nM)

2 F 3.8 78
18 Cl 39 46
19 Br 4.7 38
20 H 21.8 368
21 CF; 10.1 208
22 CH; 2.0 27

#See Refs. 8,9 for the details of these assays. All compounds listed were
assayed as racemates.

The determination of the stereochemistry of 25 was
aided by the high resolution crystal structure of com-
pound 22 (synthesized in an analogous fashion to 25,
Scheme 2) in an allosteric binding site of KSP.!! Com-
pound 22 in racemic form was co-crystallized with
KSP as shown in Figure 2, and only the R-antipode
docks in the allosteric binding site. As expected, com-
pound 1 and compound 22 show many similar interac-

/©:F OH
Br ll\l
N~
-Me
23 g N
OMe
(a), (b)

H

o )
Me l}l
N<
24
Me
(0]

Scheme 2. Synthesis of the 5-methyl derivative on the western aryl ring
(25). Reagents and reaction conditions: (a) MesSn, LiCl, Pd(PPhs)g,
DMF, 105°C, 1h, 93%; (b) MeLi, THF, 0 °C, 1h, 64%; (c) Dess—
Martin periodinane, NaHCO;, CH,Cl,, 1 h, then dimethylamine,
NaBH(OACc)s, Et3N, 1,2-dichloroethane, 2 h, 53%; (d) ChiralPak AD
separation.
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tions with the allosteric binding site of the enzyme: (1)
the key hydrophobic interactions of both aryl rings;
(2) the projection of the methyl ketone moiety into a sol-
vent exposed area of the enzyme; and (3) the use of the
unoccupied space above the plane of the core of the
compounds by a tethered amine. By analogy with com-
pound 22 as well as many other Merck KSP inhibitors,
compound 25 was assigned the stereochemistry of R.
With enantiomerically pure 25 in hand we sought to
study its in vitro and in vivo properties.

In vitro and in vivo comparison of 1 and 25. The key data
for the comparison of compounds 1 and 25 are shown in
Table 3. Compared to compound 1, compound 25 dem-
onstrated excellent activity giving an eightfold increase
in intrinsic potency. Moreover, the KSP ICsq of
0.2 nM represents significant additivity of the amine
and western aryl ring SAR. Compound 25 was particu-
larly potent in cells (3.2 nM) showing approximately
equivalent potency to dihydropyrrolobenoxazine 1
(5.0 nM). The cellular activity also shows additivity with
respect to compounds 17 and 22. Compound 25 main-
tained adequate aqueous solubility at moderate pH.
Next, we studied the hERG inhibition properties, Pgp
susceptibility, and in vivo efficacy of compound 25 as
compared with compound 1.

As discussed in the two preceding letters, we have cho-
sen to target compounds that are similarly potent in
Pgp-overexpressing cell lines and normal KB cell lines
with the hope of avoiding resistance due to Pgp-medi-
ated efflux. A detailed analysis of Pgp and KSP inhibi-
tors has been published from our group.'® Compound
25 showed an MDR ratio of 1.6 which compares very
favorably to compound 1 (1.0).!?> A second important
design criterion of KSP inhibitors has been to minimize
affinity for hERG with the hope of diminishing the pos-
sibility of cardiotoxicity. Although compound 25 has
approximately a threefold increase in binding affinity
for hERG as compared to compound 1, the eightfold
increase in KSP ICs, actually increases the off-target
window (hERG ICs5¢/KSP ICsy) from approximately
6000 to 15,000.'* Finally, the in vivo potency of com-

Figure 2. Overlay of X-ray structures of R-22-ADP (cyan) and 1-ADP
(green) in the allosteric KSP binding site.

Table 3. Comparison of key data for compounds 1 and 25

Property 1 25
KSP ICs* (nM) 1.6 02
Cell ECs* (nM) 5.0 3.2
Solubility (pH 4, mg/mL) >4 >4
MDR ratio® 1.0 1.6
hERG ICs° (nM) 10,000 3036
M2B (~ECy9; nM)* 100 67

#See Refs. 8,9 for the details of these assays.

®See Ref. 12 for a more detailed discussion of this assay.

©See Ref. 13 for an assay description and relevant references therein.
4 See Ref. 14 for a discussion of this assay.

pound 25 was measured in a nude mouse model contain-
ing a human xenograft from an A2780 cell line (in vivo
mitotic arrest assay).'* Compound 25, dosed as a solu-
tion in pH 4 buffer, provides maximum induction of
phospho-histone H3 with a dose of 3.5mpk and
67 nM plasma concentrations. This level of in vivo po-
tency may translate well in humans as compound 25
has similar protein binding in mouse (93%) and human
(96%) plasma. This result also represents comparable
potency with respect to compound 1 which demon-
strated a similar in vivo effect with a plasma concentra-
tion of 100 nM.

In conclusion, we have described a novel series of 1,4-
diaryl-4,5-dihydropyrazole KSP inhibitors designed
from the dihydropyrazolobenzoxazine class of KSP
inhibitors. These compounds were synthesized using a
novel approach through a copper-mediated arylation
reaction between pyrazolines and aryl boronic acids.
The SAR between the western aryl ring and sidechain
amine was additive and prompted the synthesis of com-
pound 25 in enantiopure form. Compound 25 was
exceptionally potent with good cellular activity, demon-
strated aqueous solubility at moderate pH, showed good
potency in Pgp-overexpressing cells, and demonstrated
full mitotic arrest in a mouse xenograft model of cancer
with low plasma exposure. Taken together, the last three
letters have described three distinct classes of KSP inhib-
itors that possess good to excellent intrinsic potency,
aqueous solubility, low MDR ratios, limited hERG
affinity, and excellent in vivo potency. Additional series
of KSP inhibitors will be the topic of future publications
and will be described in due course.
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inhibitor of Pgp, restores the activity of Taxol and our
KSP inhibitors in the KB-V-1 cell line to nearly that
observed in the parental KB-3-1 line, confirming that Pgp
efflux is responsible for the observed resistance to drug-
mediated mitotic arrest. All compounds presented in this
manuscript have MDR ratios of less than 4.4.
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The hERG ICs, values are reported as averages of at least
two independent determinations and were acquired by
radioligand binding competition experiments using mem-
brane preparations from human embryonic kidney cells
that stably express hERG. For assay details, see: Bilodeau,
M. T. et al. J. Med. Chem. 2004, 47, 6363 and references
therein. It should be noted that the ratios of hRERG ICsy/
KSP ECsq or hERG IC5¢/KSP ECyg could also be used to
determine off-target window. Compound 1 has approxi-
mately a twofold better ratio than compound 25 via this
analysis.

Athymic nude mice (nu/nu) were xenografted subcutane-
ously with the human ovarian carcinoma cell line A2780 and
the resulting tumors were allowed to reach 200-300 mm?>
before mice were surgically implanted with Alzet mini-
pumps (Durect Corporation) filled with the appropriate
KSP inhibitors according to manufacturer’s recommenda-
tions. Prior to the implant, pumps containing KSP inhib-
itors were primed by incubation in 37 °C water bath for 3 h,
so that the pumps would discharge KSP inhibitors at a

constant rate of 8 uL/h after subcutaneous implantation.
Mice were euthanized 22 h post pump implant and blood
and tumors were harvested. Blood was collected in EDTA
Vacutainers and processed for plasma to determine phar-
macokinetics. Tumors were fixed in 10% neutral buffered
formalin and then processed and embedded in paraffin.
Paraffin embedded tumors were sectioned 5 um thick and
used in a phospho-histone H3 immunohistochemistry assay
designed to determine the percentage of cells blocked in
mitosis compared to control treated tumors. After paraffin
removal, re-hydration, and antigen retrieval, sections were
incubated with anti-phospho-histone H3 (ser10; Upstate).
Following incubation with a biotinylated secondary anti-
body, staining of antigen positive nuclei was accomplished
using avidin:biotin complexed horseradish peroxidase and
diaminobenzidine reagent. Sections were imaged using an
Olympus BX51 microscope with a motorized stage and
Image-Pro Analysis software. Quantization of the sections
was accomplished by measuring the percentage of positively
stained nuclei (black) per unit area.
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Abstract—An extraordinarily potent and hepatoselective class of HMG-CoA reductase inhibitors containing a pyrazole core was
recently reported; however, its development was hampered by a long and difficult synthetic route. We attempted to circumvent this
obstacle by preparing closely related analogs wherein the key dihydroxyheptanoic acid sidechain was tethered to the pyrazole core
via an oxygen linker (‘oxypyrazoles’). This minor change reduced the total number of synthetic steps from 14 to 7. Although the
resulting analogs maintained much of the in vitro and cell activity of the pyrazoles, inferior in vivo activity precluded further devel-
opment. Caco-2 cell permeability data suggest that enhanced cellular efflux of the oxypyrazoles relative to the pyrazoles may be

responsible for the poor in vivo activity.
© 2007 Elsevier Ltd. All rights reserved.

Hydroxymethylglutaryl-Coenzyme A (HMG-CoA)
reductase catalyzes the rate-limiting step in cholesterol
biosynthesis. Inhibitors of this enzyme (statins, e.g.,
atorvastatin (1) and rosuvastatin (2)) are highly effective
therapeutic agents for the treatment of hypercholesterol-
emia and have become the standard of care in the man-
agement and prevention of coronary heart disease.!
Recent data from several large clinical trials suggest that
more aggressive LDL-lowering beyond current target
guidelines will have additional benefits?>; however,
achieving these reductions with marketed agents re-
quires higher doses or combination therapy. There is
now substantial evidence that elevated doses of statins
are associated with mild to moderate myalgia,® a type
of muscle pain or weakness that negatively impacts
quality of life and can erode patient compliance. Low
tolerance to statin therapy is particularly evident in indi-
viduals who exercise vigorously.* Consequently there ex-

Keywords: HMG-CoA reductase; Cholesterol; Atherosclerosis; Statin.
* Corresponding author. Tel.: +1 734 323 1187; e-mail: sdlarsen
@umich.edu

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.004

ists a need for new statins that are better tolerated at
higher doses and by physically active individuals.

The mechanism(s) responsible for statin-induced myal-
gia remain unclear, but likely entail disruption of mev-
alonate metabolism in muscle.’ Myalgia can be
exacerbated by factors that inadvertently increase
blood levels of the statin or render patients more sen-
sitive to treatment, for example, drug—drug interactions
or genetic polymorphisms.® A logical strategy for
avoiding statin biochemical effects in muscle is to de-
sign agents that are more effective in hepatic tissue
than non-hepatic tissue. At the cellular level, this has
been successfully achieved through simple reduction
in statin lipophilicity.” Hydrophilic statins do not pas-
sively diffuse well into cells, requiring some level of ac-
tive transport to achieve good efficacy. Hepatic cells
possess organic anion transporting polypeptides (OAT-
Ps), for which statins are known to be viable sub-
strates.® Muscle cells, on the other hand, are devoid
of OATPs, so they should be less susceptible to the ef-
fects of hydrophilic statins, an attribute that has been
confirmed experimentally.’
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We recently reported the discovery of a potent and
hepatoselective new class of pyrazole-based statins 3
(Fig. 1).'°9 Extensive SAR work led to the eventual selec-
tion of PF-3052334 (3f, Table 1) for progression into ad-
vanced pre-clinical studies. Despite their highly
favorable PK profiles and in vivo efficacy, development
of this class of compounds was impeded by a lengthy
and challenging synthetic route (total of 14 steps).!® It
occurred to us that the synthesis of such pyrazole-based
statins could be simplified by the replacement of the
methylene unit linking the dihydroxy acid sidechain to
the heterocyclic core with an ether oxygen. It was antic-
ipated that the resulting ‘oxypyrazoles’ 4 would main-
tain most, if not all, of the closely related pyrazoles’
biological activity due to the minimal structural change
and to favorable literature precedent for ether-linked
statins with good biological activity.!!

We planned to limit our SAR investigation of the oxy-
pyrazoles to variations of the carboxamide substituent,
as it had been well established that the dihydroxyacid
sidechain, the iso-propyl group, and the 4-fluorophenyl
group of 4 are optimal in heterocycle-based statins.
The preparation of oxypyrazole carboxamides 4 is sum-
marized in Scheme 1. Deprotonation of ester 5 with
LDA, followed by acylation with dibenzyl oxalate, pro-
vided the keto diester 6. Condensation of 6 with 4-fluor-
ophenyl hydrazine at elevated temperature then
regioselectively afforded the desired hydroxypyrazole es-
ter 7 in good yield. The key attachment of the dihydr-
oxyacid sidechain was accomplished under Mitsunobu
conditions, using the commercially available ketal-pro-
tected trihydroxy ester 11. After hydrogenolysis of the

O\_oH O\_oH
HO, HO,
HO HO,
—
N - _ F
| O /
// N?/N

NH —N
@ Q *SO,CH,4
1 2
HO, *y-on

Ho))j
o]
o N
R1N‘R2 R1N‘R2
3 4

Figure 1. Atorvastatin (1), rosuvastatin (2), and pyrazole (3) and
oxypyrazole (4) HMG-CoA reductase inhibitors.

resulting benzyl ester 8, carboxylic acid 9 was converted
to various amide analogs 10 using EDCI-mediated cou-
pling conditions. Final analogs 4 were obtained as so-
dium salts following removal of the diol protecting
group with methanolic HCI and subsequent saponifica-
tion of the fert-butyl ester. The total number of linear
steps in this sequence is seven, a significant improvement
over the 13 linear steps required for the corresponding
pyrazole analogs 3.!° Furthermore, the sidechain could
be installed using the commercially available alcohol
11, whereas the pyrazole synthesis requires conversion
of 11 to the corresponding aldehyde. Thus we were suc-
cessful in dramatically facilitating the preparation of
analogs in the pyrazole series by altering the design of
the sidechain linker and truncating the overall synthesis.

New analogs were evaluated in a rat liver microsomal
assay for HMG-CoA reductase activity, followed by
two rat cellular assays for inhibition of cholesterol syn-
thesis.!® Both hepatic and non-hepatic (L6 myocyte)
cells were employed to provide an estimate of the ability
of the compounds to inhibit cholesterol synthesis selec-
tively in the liver. Results are summarized in Table 1.
Data for rosuvastatin and selected pyrazoles 3 are in-
cluded for comparison.

Compounds were selected for synthesis based largely on
the SAR of the related pyrazole series.!® Thus, emphasis
was placed on substituted benzyl amides and alkyl
amides that had performed well in that series. The first
prototype oxypyrazole prepared was simple benzyl
amide 4a, which did not meet our criteria for hepatose-
lectivity [L6 myocyte ICso > 1000 nM and/or (L6 1Cs/
hepatocyte ICso) > 1000]. To our surprise, simple N-
methylation of the benzyl amide (to give 4b) effected a
significant improvement in hepatocyte activity. This
trend proved to be fairly general, as illustrated with
the following compound pairs: 4c/4d, 4j/4u, 4m/4r. In
some cases, N-methylation also attenuated the activity
in myocytes, dramatically improving the hepatoselectiv-
ity (e.g., 4b). A quick survey of substituents at the 2-, 3-,
and 4-positions of the primary benzyl amide (4f—4n) re-
vealed that 3-substitution produced the best level of
activity in the microsomal and/or hepatocyte assays,
and that simple methyl proved more effective than meth-
oxy or halogen in hepatocytes. Among the other substit-
uents examined at that position, methoxymethyl (4fj)
also possessed superior hepatocyte activity.

Within a series of 3-substituted N-methylbenzyl amides
(40—4u), the nature of the substitution did not seem to
significantly impact the hepatocyte activity. In this ser-
ies, halogen appeared to be among the best, so it was ex-
plored further with analogs 4v—4x. Homologation of the
unsubstituted benzyl amide (4z), a-methyl substitution
(4y), and increasing the size of the N-methyl group to
ethyl (4aa) all were detrimental to microsomal activity
relative to prototypes 4a and 4b. Alkyl amides in general
performed poorly (three examples shown: 4bb, 4cc, 4hh)
except for selected tertiary alkyl amides (e.g., N-methyl
cyclohexylmethyl analog 4dd). Conformational restric-
tion of the benzyl amide was investigated with analogs
4ee-4gg. (R)-3-Phenylpiperidine analog 4gg was of par-
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Table 1. In vitro biological activity of oxypyrazoles 4 and selected pyrazoles 3

Compound R! R? HMGR? ICs Hepato® ICs, L6 myo® ICsq
4a PhCH, H 3.8 14 880
4b PhCH, Me 5.2 1.1 6720
4c 2,3-DiF-PhCH, H 2.0 19 120
4d 2,3-DiF-PhCH, Me 14 2.8 860
4e 4-Me-PhCH, Me 37 1.2 1250
4f 4-Me-PhCH, H 15 1.8 2110
4g 3-Me-PhCH, H 4.9 0.99 280
4h 2-Me-PhCH, H 17 0.88 2850
4i 4-MeO-PhCH, H 12 37 nd
4j 3-MeO-PhCH, H 16 8.4 8750
4k 2-MeO-PhCH, H 22 83 nd
41 4-CI-PhCH, H 6.7 44 nd
4m 3-CI-PhCH, H 5.4 9.9 nd
4n 2-Cl-PhCH, H 9.5 76 8450
40 3-EtO-PhCH, Me 16 2.8 3550
4p 3,5-DiMeO-PhCH, Me 43 7.1 nd
4q 3-F-PhCH, Me 14 1.9 2470
4r 3-CI-PhCH, Me 8.3 1.8 2120
4s 3-Me-PhCH, Me 37 2.5 18500
4t 3-F;C-PhCH, Me 31 12 nd
4u 3-MeO-PhCH, Me 21 1.6 9460
4v 3,4-DiF-PhCH, Me 5.7 8.0 4570
4w 2-F-PhCH, Me 8.7 32 11600
4x 4-F-PhCH, Me 18 3.8 2800
4y (R)-PhCH(CH,;) Me 21 11 nd
4z PhCH,CH, H 15 14 760
4aa PhCH, Et 14 4.7 2660
4bb ¢-CsH11—-CH, H 17 56 nd
4cc n-Bu H 76 39 nd
4dd ¢-CsH;1—-CH, Me 6.2 1.3 2510
4ee 2-Ph-Pyrrolidine 14 8 4340
a4ff Tetrahydroisoquinoline 10 2.5 1720
4gg (R)-3-Ph-Piperidine 4.8 1.5 1110
4hh Piperidine 47 3.8 32200
4ii 2-Pyr-CH, H 25 7.5 nd
4jj 3-(MeOCH,)-PhCH, H 31 1.1 3600
Rosuvastatin 2.1 0.23 210
3b PhCH, Me 6.2 0.31 2870
3f 4-Me-PhCH, H 2.5 1.1 800
3q 3-F-PhCH, Me 4.1 0.16 1900
3gg (R)-3-Ph-Piperidine 2.1 0.28 310

nd, not determined.

# Inhibition of HMG-CoA reductase in rat liver microsomes (nM).
® Inhibition of cholesterol synthesis in rat hepatocytes (nM).

¢ Inhibition of cholesterol synthesis in L6 myocytes (nM).

ticular interest, as the corresponding pyrazole analog
3gg was among the most active within that series. Final-
ly, an attempt to replace the phenyl ring of the benzyl
amide with a heterocycle (4ii) was detrimental to micro-
somal activity.

A direct comparison of oxypyrazoles 4b, 4f, 4q, and 4gg
with the corresponding pyrazoles 3b, 3f, 3q, and 3gg
indicates that overall the oxypyrazoles, while clearly
being potent inhibitors of HMG-CoA reductase, were
nevertheless somewhat less active in both the micro-
somal and hepatocyte assays relative to their pyrazole
counterparts.

Selected compounds were tested in vivo for their ability
to acutely inhibit cholesterol synthesis in male Syrian
Golden hamsters.!° Animals were administered a single

10 mg/kg po dose of the test compound, followed by a
bolus of sodium *C-acetate at one of three time points:
2, 3 or 4h after the test compound dosing. After an
ensuing 2-h time period, the amount of label incorpo-
rated into plasma cholesterol was determined. Results
are summarized in Table 2 as percent change in label
incorporation relative to vehicle. Measuring cholesterol
synthetic rate over time provides an estimate of each
compound’s duration of action after an acute dose,
which we considered a good predictor of chronic
LDL-lowering activity. Among marketed statins, long
half-lives in vivo are associated with the greatest degree
of chronic efficacy.'? Data for rosuvastatin and selected
pyrazoles are provided in the table for comparison.

It is immediately apparent from Table 2 that the oxypy-
razoles were distinctly less active in vivo than their pyr-
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Scheme 1. Reagents and conditions: (i) 1.1 equiv LDA, THF, —78 °C; (ii) dibenzyl oxalate; (iii) 4-F-Ph—-NHNH, - HCI, AcOH/toluene, 50-90 °C, 32—
37% overall for steps iiii; (iv) PhsP, DEAD, THF, —5 °C — rt, 88%; (v) Hy, Pd/C, MeOH, rt, >95%; (vi) R'R*NH, EDC, HOBt, DCM, 18 h, rt,
>88%; (vil) HCl, MeOH, rt, 82-90%; (viii)) NaOH, MeOH, rt, 75-90%. Detailed experimental procedures are provided in Ref. 16.

Table 2. In vivo biological activity of oxypyrazoles 4 and selected pyrazoles 3

Compound R! R HAICS* (2-4 h) HAICS (3-5h) HAICS (4-6h)
4a PhCH, H +41%
4b PhCH, Me —49% +26%
4f 4-Me-PhCH, H —30% +9%
4h 2-Me-PhCH, H +39%
4j 3-MeO-PhCH, H +37%
4q 3-F-PhCH, Me —41% —1%
4r 3-CI-PhCH, Me 0%

4u 3-MeO-PhCH, Me +53%
4v 3,4-DiF-PhCH, Me —5%

4w 2-F-PhCH, Me —4%

4x 4-F-PhCH, Me +91%
4dd C-C6H11 Me +23%

4gg (R)-3-Ph-Piperidine —15%

4jj 3-(MeOCH,)-PhCH, H —6%

Rosuvastatin —76% —46%
3b PhCH, Me —61% —16%
3f 4-Me-PhCH, H —74% —15%
3q 3-F-PhCH, Me —66% —12%
3gg (R)-3-Ph-Piperidine —78% —57%

# Acute inhibition of cholesterol synthesis in hamsters following a single oral dose (10 mg/kg) during the indicated 2-h period (2-4 h) post-dose.

azole counterparts. Each of the four pyrazole compara-
tor examples in the table maintained their ability to in-
hibit cholesterol synthesis in vivo for at least 5 h post-
dose. On the other hand, none of the oxypyrazoles were
active beyond 4 h post-dose. Short term activity in vivo

was observed with several oxypyrazole analogs (2-4 h),
but none of these could maintain efficacy past 4 h. It is
interesting to note the apparent increases in cholesterol
synthetic rate at some of the longer timepoints. These
data suggest the compounds were working acutely and
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Figure 2. Spotfire® plots of Caco-2 permeability data for oxypyrazoles
4 and pyrazoles 3.

then getting cleared rapidly, followed by a ‘rebound’ of
HMG-CoA reductase activity above baseline levels.
While this phenomenon has not been an issue with stat-
ins clinically, there is precedent for a supernormal excur-
sion of HMG-CoA reductase activity in rats within 6 h
of a single dose of statin.!> This suggests that we were
indeed observing the effects of short-lived statins rather
than an experimental anomaly.

Although the lower intrinsic activity of the oxypyrazoles
relative to the corresponding pyrazoles may have ac-
counted at least in part for their inferior in vivo activity,
we observed a striking divergence in their Caco-2 perme-
ability properties that could be an additional contribut-
ing factor. As a class, the oxypyrazoles had far higher
ratios of P,,, BA/P,,, AB than the pyrazoles (Fig. 2).
This is often indicative of active efflux,!* which could
present a significant impediment to intestinal absorp-
tion. Furthermore, since several of the efflux transport-
ers in the small intestine are also expressed at the
canalicular membrane of the liver,!> the greater efflux
rate of oxypyrazoles from intestinal cells relative to the
pyrazoles might also indicate a greater tendency to be
excreted actively into the bile from the liver, thereby
shortening their liver residence times and leading to
the observed rapid rebound of cholesterol synthesis
rates. Unfortunately, due to the poor performance of

this class of compounds in vivo, no detailed PK studies
were undertaken to confirm this hypothesis.

In summary, we were successful in designing a greatly
simplified synthesis of pyrazole-centered statins by
incorporating a minor change in the sidechain linkage.
While the resulting oxypyrazoles retained much of the
pyrazoles’ in vitro activity, they were distinctly inferior
in vivo, possibly due to a greater susceptibility to active
efflux from the gut and/or liver.
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Abstract—(—)-6-[2-[4-(3-Fluorophenyl)-4-hydroxy-1-piperidinyl]-1-hydroxyethyl]-3,4-dihydro-2(1 H)-quinolinone was identified as
an orally active NR2B-subunit selective N-methyl-p-aspartate (NMDA) receptor antagonist. It has very high selectivity for
NR2B subunits containing NMDA receptors versus the HERG-channel inhibition (therapeutic index = 4200 vs NR2B binding

1Csp). This compound has improved pharmacokinetic properties compared to the prototype CP-101,606.

© 2007 Elsevier Ltd. All rights reserved.

The N-methyl-p-aspartate (NMDA) receptor is a gluta-
mate-gated ion channel playing important roles in a
variety of neuronal processes including learning, mem-
ory, and pain transmission.! For treatment of pain,
there is considerable preclinical evidence that hyperalge-
sia and allodynia following peripheral tissue or nerve in-
jury are not only due to an increase in activity of
primary afferent nociceptors at the site of injury but also
depend on NMDA receptor-mediated central changes in
synaptic excitability.>> In humans, NMDA receptor
antagonists, such as ketamine and dextramethorphan,
have also been found to decrease both pain perception
and sensitization.®'> However, while NMDA receptor
antagonists may have therapeutic utility for the treat-
ment of pain, there are significant hurdles to a wide-
spread clinical use. Notably, new approaches need to
be explored to overcome the potentially serious side ef-

Keywords: NMDA; NR2B antagonist; PK variability; CYP2D6;
HERG.
* Corresponding author. E-mail: makoto.kawai@pfizer.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.014

fects such as psychotomimetic effects and cognitive
disruption.”-1%-11

One approach to developing novel NMDA antagonists
is to target specific receptor subtypes. NMDA receptors
are heteromers consisting of NR1 and NR2A, NR2B,
NR2C, and NR2D subunits. Among them, the NMDA
receptors with NR2B subunits are distributed predomi-
nantly in forebrain and laminas I and II of the dorsal
horn, which are responsible for pain transmission. The
more discrete distribution of NR2B subunits in the cen-
tral nerve system (CNS) may support a reduced side-ef-
fect profile of agents that act selectively at this site. For
example, lack of expression in the cerebellum may sug-
gest a reduced propensity for causing ataxia. In fact,
Boyce et al. reported that CP-101,606 (1) (Fig. 1), an
NR2B-selective NMDA antagonist, demonstrated a
wider safety profile than existing nonselective NMDA
antagonists.'* More significantly, it was recently re-
ported that 1 significantly suppressed pain intensity in
patients with spinal cord injury and monoradiculopathy
compared to placebo with an acceptable tolerance.'”
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Figure 1. Structure of CP-101,606 (1).

Compound 1 is a highly selective NR2B NMDA antag-
onist discovered by Pfizer !¢ and is being developed for
stroke in the clinic. However, a chronic and safe use
of compound 1 for nonlife-threatening indications such
as pain is hampered by (1) its significant Pharmacoki-
netic (PK) variability and (2) QT prolongation issues.?®
The cause of this PK variability is predominant metab-
olism by cytochrome P450 (CYP) 2D6.!7-!° This enzyme
is a polymorphic member of the CYP superfamily and is
absent in 7% (poor metabolizers: PM) of the Caucasian
population.!” ! Thus, variation in expression of
CYP2D6 results in variability in the metabolic inactiva-

5559

tion of 1 in human studies. For this reason, it is essential
to improve the metabolic profile of 1 for a chronic use.
QT prolongation induced by CP-101,606 increases the
likelihood of a polymorphous ventricular arrhythmia
(torsades de pointes, TdP), which may cause syncope
and degenerate into ventricular fibrillation and sudden
death.?® The QT prolongation is attributed to human
ether-a-go-go-related gene (HERG) K" channel current
inhibitory activity of compound 1. Therefore, the
HERG current inhibitory activity needed to be mini-
mized to increase safety.

To identify a safer NR2B-selective NMDA antagonist
for the chronic pain therapy, further modification of
CP-101,606 was carried out with focus on alleviating
those two issues. First, improvement of the metabolic
profile of CP-101,606 by structural modification was
performed. Most of the drugs metabolized by CYP2D6
contain a basic nitrogen atom and a flat hydrophobic re-
gion coplanar to the oxidation site which is either 5 or 7
angstroms away from the basic nitrogen atom.?!?? In

Table 1. NR2B ICsy, CYP2D6 contribution (+CYP2D6 ratio), and CYP2D6 inhibition of substituted phenols

F

Compound® R NR2B ICs,® (nM) +CYP2D6 ¢y, ratio® 2D6 inhibition ICs5? (M)
1 CP-101606 14 >10 >10

2 2-Me 26 2.1 <0.3

3 3-Me 16 >4.5 3.9

4 2-Cl 5.6 1.6 3.5

5 2-Bu >5000 NT® NT®

6 2-Ph 570 NT® 8.4

# All compounds are racemate. The synthetic schemes for them are showed in Supplementary materials.
® Measured as the ICs value for displacement of tritiated racemic CP-101,606 from the rat forebrain P2 membrane.
€ +CYP2D6 1), ratio = 1,, (HHMO168 (1 mg) + control vector (0.3 mg))/t;,, (HHMO0168 (1 mg) + CYP2D6 (0.3 mg)): HHMO0168 = PM-human liver

microsomes.

9 Measured as the ICs, value for displacement of tritiated bufuralol from CYP2D6 supersomes® (Gentest, 0.1 mg/ml) added NADPH-regenerating

cofactor.
¢NT, not tested.

Table 2. NR2B ICsy, CYP2D6 contribution (+CYP2D6 t,,, ratio), CYP2D6 inhibition, and HERG affinity of aniline derivatives

F
OH
OH
R R2:©)\./N
o%“N i
H

Compound® R! R? NR2B ICsg (nM) £CYP2D6 ratio  2D6 inhibition ICso (uM) HERG ICso? (M)  HERG/NR2B ratio
7 (0] 41 1 11 2.6 63
8 (@) CH, 18 1 >30 2.4 133
9 CH, O 8.7 1 >30 1.6 184

10 NH CH, 9.1 1 >30 7.4 813

11 NMe CH, 14 1 >30 3.1 221

12 CH, CH, 11 1 >30 8.6 782

& All compounds are racemate. The synthetic scheme for them is showed in Supplementary materials.

® Measured as the ICs, value for displacement of tritiated dofetilide from human HERG channel expressed in HEK293 cells.
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fact, MS analysis of the metabolites of CP-101,606 indi-
cated that the ortho position of the phenol ring and the
para position of the right benzene ring were mainly oxi-
dized by human liver microsomes (HLM).?* Thus, ef-
forts were put into introducing substituents at the sites
on the two aromatic rings, which are located around
5-7 angstroms away from the basic nitrogen on the
piperidine ring. Introduction of a metabolically stable
substituent at the ortho position of the phenol ring, how-
ever, unexpectedly resulted in increase of CYP2D6 inhi-
bition (Table 1), although this modification was effective
to reduce contribution of CYP2D6 metabolism.

16 17

Based on the result, attempts were made to replace the
phenol moiety with its isosteres to diminish the CYP2D6
metabolism and inhibition. Replacement with carboxani-
lides dramatically reduced contribution of CYP2D6
metabolism with weak CYP2D6 inhibition (Table 2).
Especially, 3,4-dihydroquinolinon-2(1H)-one deriva-
tives, represented by 12, were active in the haloperidol-in-
duced rat catalepsy model (MED = 10 mg/kg, po), with
which in vivo NR2B antagonism of compounds in the
CNS was evaluated. A 3,4-dihydroquinazolinon-2(1H)-
one derivative (10) was the best in terms of weak HERG
current inhibition, but not active in vivo probably due

/I
o OH| R

Scheme 1. Synthetic route of 18. Reagents and conditions: (a) AICls;, 2-chloropropionylchloride, CS,, 2h, 50 °C, quant.; (b) 1,4-dioxa-8-
azaspiro[4.5]decane, Et;N, ethanol, reflux, 82%; (c) NaBHy, ethanol; 43%; (d) 6 N HCI aq, acetone, reflux, 57%; (¢) ArBr, n-BuLi, THF (the

procedure was shown in Supplementary materials).

Table 3. NR2B ICsy, HERG affinity, potency in rat haloperidol catalepsy model, and clog P of analogs

o
0 H :

Compound® R NR2B HERG HERG/NR2B Rat halodol catalepsy®, clogP
1Cs5o (nM) 1Cso (LM) ratio po MED® (mg/kg)
18a \m 15 16 1067 >30 1.09
18b }{©/ 9.1 3.3 323 NT¢ 2.12
18¢c \{©\F 10 10 1000 10 1.76
18d 1{©\/oph 6.3 <l1.5 <238 NT¢ 3.31
Cl
18e \(@l 6.6 <1 <151 10 2.33
18f \’<©\0/ 8.3 11 1325 30 1.41

# All compounds are racemate.

® This assay is described in Supplementary materials.
¢ MED, minimum effective dose.

9NT, not tested.
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Figure 2. Correlation between HERG binding and clog P.

Table 4. NR2B ICsy, HERG affinity, and clog P of analogs
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H

to its low CNS penetration. Therefore, further optimiza-
tion around the right aromatic portion for minimizing
the HER G current inhibitory activity was conducted with
a 3,4-dihydroquinolinon-2(1 H)-one series.

A library of 4-aryl-4-hydroxypiperidines with physico-
chemical diversity was built in order to conduct an SAR
study of this series on HERG current inhibitory activity.
Instead of evaluating HERG current inhibitory activity,
a binding assay using [*H]dofetilide, a potent HERG cur-
rent inhibitor, was employed, because of its high assay
throughput and a sufficient correlation between the HER G
current inhibitory activity and the binding activity. Target
compounds were prepared according to Scheme 1.

Friedel-Crafts reaction®* of 3,4-dihydroquinolin-2(1 H)-
one 13 with 2-chloropropionyl chloride yielded
o-chloroketone 14, which was subsequently aminated
to aminoketone 15. After reduction of 15 by sodium
borohydride, threo-alcohol 16 was isolated by crystalli-
zation. The key intermediate 17 was synthesized by
deprotection with aq HCI. Treatment with various aryl
lithiums (3 equiv) led to a compound library of 4-aryl-
4-hydroxypiperidines 18 (see Table 3).

Analysis of the HERG binding data of the compound li-
brary revealed that there was a good correlation between
HERG binding and lipophilicity as shown in Figure 2.
Especially, compounds with clog P of 1.5-2.5 are likely
to keep potent in vivo activity (MED < 10 mg/kg, po)
with reduced HERG binding (<50% inhibition at
10 uM). The weak in vivo activity of less lipophilic
(clog P < 1.5) compounds was attributed to poor CNS

OH

N

Compound® Linker NR2B ICsq (nM) HERG ICsy (uM) HERG/NR2B ratio clogP iHERG?® IC,q (M)
OH
(+)-18c % 10 10 1000 1.77
OH
(+)-19 E{K}% 45 13 2889 1.47
OH
(+)-19 151)\}771 6.8 9.8 1441 1.47
OH
(-)-19 1{% 5 21 4200 1.47 1.1
(+)-1 CP-101,606 14 10 714 1.80 0.15

#The synthetic scheme for them is showed in Supplementary materials.

®Measured as the degree of blockade by compounds on HERG potassium channels stably expressed in HEK-293 cells by an electrophysiological

method.
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penetration according to PK studies. Several individual
data are shown in Table 2. Compounds with clog P of
>2.5 in this table showed potent HERG binding activity
(18d, HERG ICsy < 1.5 uM). On the other hand, com-
pounds with clog P of <1.5 showed weaker HERG bind-
ing (HERG ICsy = 18f: 11 uM, 18a: <16 uM) but weaker
in vivo activity (MED > 30 mg/kg, po). Among the syn-
thesized compounds, 18¢ had the best profile although the
safety index between NR2B activity and HERG activity
was still insufficient.

After thorough investigation of the SAR study around the
two aromatic rings, our attention was turned to the linker
moiety of 18c connecting the two aromatic rings (Table 4).
Removal of a methyl group from 18c¢ afforded 19 with re-
duced clog P and HERG affinity (ICso = 13 uM) as well
as a slight enhancement of NR2B affinity (ICs¢ =
4.5 nM). Compound (—)-19 turned out to exhibit the
better profile than the antipode (+)-19%° and exhibited
lower current inhibitory activity to HERG channel
compared to CP-101,606.

In summary, replacement of the phenol group by 3,4-
dihydroquinolinon-2(1 H)-one solved the PK variability
issue of CP-101,606 (1). Finding a correlation between
HERG activity and clog P provided us with a clue to
reducing the HER G activity, leading to (—)-6-[2-[4-(3-flu-
orophenyl)-4-hydroxy-1-piperidinyl]-1-hydroxyethyl]-
3, 4-dihydro-2(1 H)-quinolinone (—)-19%° as a potential
development candidate for the pain therapy.
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Abstract—Based on the unique property of sulfoximine and the homodimeric C, structural symmetry of HIV-1 protease, a novel
class of sulfoximine-based pseudosymmetric HIV-1 protease inhibitors was designed and synthesized. The sulfoximine moiety
was demonstrated to be important for HIV-1 protease inhibitor potency. The most active stereoisomer (2.5,2'S) displays a potency
of 2.5 nM (ICs) against HIV-1 protease and an anti-HIV-1 activity of 408 nM (ICsq). A possible mode of action is proposed.

© 2007 Elsevier Ltd. All rights reserved.

Human immunodeficiency virus type 1 (HIV-1) is the
etiological agent of acquired immunodeficiency syn-
drome (AIDS).! HIV-1 protease plays a vital role in
the HIV-1 life cycle and its inhibition results in imma-
ture virons which are incapable of replication. The com-
bination of HIV-1 protease inhibitors (PIs) and reverse
transcriptase inhibitors (RTIs), known as highly affec-
tive antiretroviral therapy (HAART), has dramatically
improved the life quality of HIV infected patients.?
However, since HIV can easily generate mutants with
diminished sensitivity to the known Pls,? there is an ur-
gent need to identify new structural types of inhibitors.

The sulfoximine functional group has the potential for
useful incorporation into enzyme inhibitors as it is
chemically stable and tetrahedrally hybridized.* It was
first discovered in late 1940s as a key structure of methi-
onine sulfoximine, a toxic substance found in wheat
flour treated with nitrogen trichloride.> Although this
compound was identified as a potent mechanism-based
inhibitor of glutamine synthetase, most early work
focused on the utilization of sulfoximines and their
derivatives as valuable reagents for asymmetric synthe-
sis.® Recently, more attention has been directed toward
exploring this functionality as an amide replacement in

Keywords: HIV-1 protease inhibitor; C, symmetry; Sulfoximine; Tra-

nsition state mimic.

* Corresponding author. Tel.: +1 612 6249911; fax: +1 612 6240139;
e-mail: vince00l @umn.edu

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.095

peptide chemistry. Sulfoximine has been successfully
incorporated in designing inhibitors of metalloprotein-
ase such as carboxypeptidase A7 and ATP-dependent
ligases such as asparagine synthetase A.% It has also been
used in the design of pseudopeptides to alter conforma-
tion, polarity, and metabolic stability in drug discovery.’
To our knowledge, there has been no report on applying
sulfoximine in HIV-1 protease inhibitor design.

During our continuous efforts to develop potent HIV-1
PIs, we have designed and synthesized sulfoximine-
based symmetric molecules as possible scaffolds for
HIV-1 PIs. We reasoned that the tetrahedron structural
feature of sulfoximine and its role as a potential hydro-
gen bond donor/acceptor would render it an ideal candi-
date for a transition state mimic (TSM) for HIV-1 PIL.
Currently there are 10 HIV-1 PIs approved by the US
FDA.!"" All carry a free hydroxyl group that interacts
with the catalytic aspartic acids in the active site to mi-
mic the hydrated amide of the substrate. Since HIV-1
protease functions as a homodimer which has a C,-sym-
metric active site, it may be desirable to include approx-
imate C, symmetry through the center of the inhibitor.
In fact, the Merck compound, L700,417 (1, Fig. 1)!!
which is a carbinol analog, is a very potent pseudosym-
metric HIV-1 PI with an ICsq value of 0.6 nM against
the enzyme. Other functional groups that have been
studied as effective isosteres of TSMs include silanediol'?
and phosphinate.'® To assess the effect of sulfoximine in
HIV-1 PIs, we constructed our target molecule 4 shown
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1, L700,417

5615

H o OH -
N, A u/?\
Coz=ValN™ P~ >N-vaiCBz
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Figure 1. Examples of symmetric HIV-1 PIs and designed target molecule.

in Figure. 1. In this structure, there are two unassigned
stereogenic carbons (C2/C2’). Our initial approach was
to find a convenient and quick way to obtain the target
molecules and verify our hypothesis, thus we synthesized
compound 4 as a mixture of diastereomers and tested
them for HIV-1 protease activity. Since the resulting sul-
foximine mixture was shown to be potent against HIV-1
protease, we subsequently prepared each stereoisomer
separately and identified the most potent isomer to be
(25,2'S) in configuration (Fig. 1).

We pursued our initial strategy to obtain sulfoximine
compounds as a mixture of four diastereomers
(Scheme 1). Briefly, Acrylic acid 6, obtained from ben-

o]
O O \
60
Ph _Ph
oH H (u) H QH
N S N,
o) o)
13
ji
Ph._ _Ph
o H 9 H QH
N S
NH
o) o)

Scheme 1. Reagents and conditions: (a) formalin, Et,NH, reflux, 82%

zylmalonic acid 5 via a Mannich reaction,'* was con-
verted to intermediate 7 by refluxing with thioacetic
acid and methyl acrylate 8 by reacting with
TMSCHN,. Michael addition between 7 and 8 affor-
ded intermediate 9 as a mixture of diastereomers.
Hydrolysis of the resulting esters with LiOH in aque-
ous THF afforded the corresponding diacid 10, which
was then coupled with (1S,2R)-(—)-cis-1-amino-2-inda-
nol using BOP reagent!> to generate diamide com-
pound 11. Subsequent oxidation of 11 by mCPBA
produced sulfoxide 13, while the sulfone analog 12
was obtained with oxone.!® Finally, sulfoxide 13 was
converted into the desired sulfoximine 4 using O-mes-
itysulfonylhydroxylamine (MSH).!”

Ph._ Ph
OH HO S\/Q(OMe
(o4 (0] 9 (0]
j )
OMe Ph_ Ph
o 8 HO S OH
(o} 10 (e}
Af/
Ph _Ph
™y q o
h N S N,,
(0] (6]
l 9
Ph Ph
N <
o H 9 H QH
N § N,
(0] © (6]
12

; (b) AcSH, benzene, reflux, 77%; (c) TMSCHN,, 89%; (d) NaOMe, 70%; (e)

LiOH, THF/H,0, 86%; (f) (1S,2R)-(—)-cis-1-amino 2-indaol, BOP reagent, Et;N, 50%; (g) oxone, 80%; (h) mCPBA, quantitative; (i) MSH, 35%.
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Evaluation of these sulfoximine compounds and their
precursors in the recombinant HIV-1 protease enzyme
assay indicated that both sulfoximine and sulfoxide
compounds are potent inhibitors while the sulfone and
sulfide compounds exhibit much less activity (Table 1).
As a diastereomeric mixture, 13 showed 75% inhibition
at 10 pM, while sulfoxide containing C,-symmetric pep-
tide analogs'® were previously shown to be inactive
against HIV-1 protease within the limit of detection.
On the other hand, the target sulfoximine compound 4
showed 87% inhibition at 10 uM. These preliminary
results suggest that the sulfoxide/sulfoximine moiety

Table 1. Evaluation of compounds 11, 12, 13, and 4 as HIV-1 protease

inhibitors

Compound % Inhibition at 10 uM

11 S 15
Q

12 /g\ 30
0}

13 I 75

PN

Q

4 PN 87
NH

2
4@ 8;

15 + 14a — T(\/ )
16a (25,2'S), 35%
16c (2R,2'R), 36% 8

H
N
15 + 14b _>

Scheme 2. Reagents: (a) BOP reagent, Et;N; (b) NaOMe/MeOH.

could serve as an effective isostere of TSM for HIV-1
PIs. The activity data from sulfoxide and sulfoximine
compounds indicate that sulfur containing C,-symmet-
ric analogs could be used in designing potent HIV-1 pro-
tease inhibitors, which is contrary to the previous report
that sulfide and its oxidative derivatives are not good
TSM in C,-symmetric HIV-1 PlIs. The major difference
between the literature!® molecules and ours is the inser-
tion of one methylene unit between the sulfur and benzyl
groups. This extra carbon boosts the activity of 13 and 4
significantly against the HIV-1 protease suggesting that
the proper length between P, /P (as defined by Schech-
ter and Berger’s nomenclature)!® is an important
requirement for high inhibitory potency. This promising
result encouraged us to determine the relationship
between stereochemistry and bioactivity of the diaste-
reomeric sulfoximine compounds.

The synthetic strategy leading to each stereoisomer of 4
is outlined in Scheme 2. A modified approach to control
the stereochemistry of the central diacid unit was evalu-
ated. Thus, optically pure amides from each side of the
target molecules were prepared. The number of diaste-
reomers produced by the subsequent Michael Addition
was minimized. Amide coupling of 7 with (15,2R)-(—)-
cis-1-amino-2-indanol using BOP reagent afforded 14
as a mixture of two diastereomers which were well
separated in an equal ratio by flash chromatography.
Coupling between acrylic acid 6 and (1S,2R)-(—)-cis-1-
amino-2-indanol provided 15 in good yield. Michael
addition between 15 and 14a afforded a mixture of
two diastereomers 16a/16b. The two isomers were sepa-
rated by reverse phase HPLC?® in equal amount indicat-

OH /@

H & z
N/,, + AcS ~ N,
T \/ﬁor
14a, 38% 14b, 40%
o o
N,

15, 89%

R

16b (25,2'R), 37%

MO

WV\W

16b (25,2'R), 35%

OH
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)

HO H ( g) n H QH a
C; (o

e} n=0 le} n=1
16a (25,2'S) 17a (25,2'S)
16b (25,2'R) 17b (25,2'R)
16¢ (2R,2'R) 17¢ (2R2'R)

Scheme 3. Reagents: (a) mCPBA; (b) MSH.

ing lack of diastereoselectivity in this reaction. The same
procedure was applied to 15 and 14b to yield another
two diastereomers 16b/16c. Because of the structural
symmetry, three diastereomers of sulfide compounds
(16a, 16b, and 16¢) were obtained. All isomers were
individually oxidized to sulfoxide by mCPBA. While
16a(2S,2’S) and 16¢(2R,2’'R) afforded corresponding
sulfoxide as a single diastereomer, 16b(2R,2’S) yielded
sulfoxide 17b as a mixture of two epimers. Since HPLC
separation was not satisfactory for 17b, further reaction
was carried out without separation. Each sulfoxide was
then treated with MSH to produce the corresponding
sulfoximines 18a/18b/18¢ (Scheme 3).

The absolute stereochemistry was examined in detail by
means of 2D NMR correlation experiments and X-ray

Table 2. Key chemical shift

Compound  H integration Chemical shift H
in aromatic (shielding from integration
region aromatic region)
ppm
14a(2S) 9 —
14b(2R) 8 6.43 (d,J =7.8 Hz)

16b(2S,2'R) 17 6.27 (d, J= 7.5 Hz)

0
1
16a(25,2’S) 18 — 0
1
16c2R2'R) 16 6.20(d, J=75Hz) 2

b HQ Q H o OH
N S N,
C4 K‘H C,

o] o]
18a (25,2'S)
18b (2S.2'R)
18c (2R.2'R)

crystallography studies. COSY spectra of 14a(2S) and
14b(2R) revealed that the chemical shifts from benzyl
and indanol groups are within 6.9-7.4 ppm for 14a,
while for 14b an extra peak at 6.4 ppm was observed.
It was identified from HMQC that the extra peak corre-
sponds to an aromatic proton. This chemical shift pat-
tern reflects an anti-(2S) or syn-(2R) configuration
between benzyl and indanol groups. In the X-ray crystal
structure of 14b,?! one H from amino indanol is situated
in close proximity to the benzyl group and well within
the range of the shielding zone. The corresponding H
of diastereomer 14a is presumably positioned away from
the benzyl group. Given the fact that the absolute
stereochemistry of amino indanol is known, this
observation could be used to determine the absolute ste-
reochemistry of pseudosymmetric sulfur-containing tar-
gets. Similar COSY and HMQC experiments were
carried out on each diasterecomer of 16 and the chemical
shift variations associated with changes in absolute con-
figurations of these groups were easily observed. Thus,
in the "H NMR spectrum of 16b(2S,2’R), one H corre-
sponding to an aromatic group with a shielding of about
0.8 ppm from the aromatic region was observed when
compared to 16a(25,2’S). In 16¢(2R,2’'R) there are two
such peaks (Table 2). By counting the number of proton
peaks close to 6.3 ppm, the absolute configuration of the
pseudosymmetric sulfide compound could be deter-
mined. The oxidation of 16 to 17 and the imination!’

Figure 2. X-ray structure of 19a.
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of 17 to 18 should all occur with retention of the chiral-
ity of intermediate 16. Similar chemical shift scattering
patterns were indeed observed for all the described mol-
ecules, which led to the assignment of the stereochemis-
try of each isomer as shown in Schemes 2 and 3.
Acetonide derivative 19a was prepared from 17a and
the crystal structure®? was obtained (Fig. 2) which con-
firms the stereochemical assignment.

Each sulfoximine as well as sulfoxide compound was
evaluated against the HIV-1 protease (Table 3). In each
class, the order of activity is (25,2’S) > (2R,2'S) >
(2R,2'R). Configuration switching of either C2 or C2’
from S to R resulted in a loss of potency, while switching
of both carbons led to a significant drop in activity. This
is exemplified in the case of sulfoxide analogs, where the
1Csy of 17a(2S,2'S) is 21.1 nM while 17b(2R,2'S) is
53.1 nM, and 17¢ (2R,2'R) has significantly less activity
(ICso > 10 uM). It can be concluded that the stereo-
chemistry at C2 and C2’ appears to be crucial for
HIV-1 protease inhibition. The importance of the ste-
reochemistry for inhibitory activity observed in this
study is in agreement with that of Merck 1.-700,417 in
which an anti-relationship between benzyl and amino
indanol moiety is observed. The protease activity data
also indicate that sulfoximine is more potent than sulf-
oxide as exemplified by 17a and 18a. They both have
the same configuration at C2 and C2’, but the sulfoxi-
mine analog 18a is 8-fold more potent than the sulfoxide
analog 17a. The same relationship can also be identified
between 17b and 18b as well as 17¢ and 18c. The most
active compound 18a(2S,2'S) was determined to have

The X-ray structure of Merck L700,417 complexed with
the HIV-1 protease indicated that the benzyl groups oc-
cupy S;/S| pockets while amino indanol occupies S,/S)
pockets in the active site.>> We anticipated that the sul-
foximine moiety would form hydrogen bonds with the
catalytic aspartic acids 25 and 25’, while the carbonyl
groups would interact with backbone amide groups of
ILe 50 and 50’ on the flaps of the enzyme via an H,O
molecule (Fig. 3). The presence of a hydrogen bond do-
nor is essential for the inhibitory potency where the NH
might be engaged in similar hydrogen bond interaction
as an OH. It has been shown that in the active pH range
one aspartic acid in the active site is deprotonated®* to
serve as a good hydrogen bond acceptor. In the sulfox-
ide case, oxygen might function as a hydrogen bond
acceptor to accommodate one aspartic acid which is
intact. For the sulfone derivative, two oxygen atoms
may cause some negative impact to abolish or
drastically decrease the preferred interactions with either
aspartic acid residue in the active site.

Asp25 Asp25'

\FO 0% 51'

8 8

.o . s '
an ICsy value of 2.5nM. These results indicate that le50  lle50" 2
the sulfoximine group plays a significant role in the
binding to the enzyme. Figure 3. Proposed mode of action of 18a.
Table 3. Evaluation of sulfoxide and sulfoximine analogs against the HIV-1 protease
Compound 1C5o (nM) Compound 1Cs5¢ (nM)
HQ <Hj\ Q ; OH HQ <Hj\ 0 OH
N AS N, A 21.1 N AL_S N, A 25
ACOMERE Exgha®
(0] (0] (0] (0]
17a 18a
HO ) o VIR HO ) 0 i OH
N S N, A 53.1 N S N, A 373
(R) (©) A7 NH (S
0 ) o) o)
17b 18b°
HQ o - : OH HO o - : OH
N S AN, < >10,000 N S N, < 153.9
® Al ’ Caingl) g '
(0] (0] (0]
17c 18¢

*Mixture of 2 diastereomers.
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The in vitro antiviral activity of the most potent inhibi-
tor 18a was assessed using a cell viability assay. It dis-
played a clear dose response with an antiviral ICs
value of 408 nM and no toxicity was observed at 10
puM, the highest concentration tested.

In summary, we have demonstrated for the first time
that sulfoximine is a novel moiety potentially function-
ing as a transition state mimic in HIV-1 PIs. We also
confirmed the importance of proper stereochemistry
and identified 18a(2S,2’S) to be the most potent stereo-
isomer with activity comparable to indinavir against
HIV-1 protease. The sulfoximine-based compounds are
of great interest in designing more potent HIV-1 prote-
ase inhibitors. Further studies on asymmetric synthesis,
SAR, and mechanism of inhibition are underway and
will be reported in future accounts.
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Abstract—A series of 5-alkyl pyrazole-3-carboxylic acids were prepared and found to act as potent and selective agonists of the
human GPCR, GPR109a, the high affinity nicotinic acid receptor. No activity was observed at the highly homologous low affinity
niacin receptor, GPR109b. A further series of 4-fluoro-5-alkyl pyrazole-3-carboxylic acids were shown to display similar potency.
One example from the series was shown to have improved properties in vivo compared to niacin.

© 2007 Elsevier Ltd. All rights reserved.

Niacin (1) (Fig. 1) has long been used for the treatment
of lipid disorders and for the prevention of cardiovascu-
lar disease, the leading cause of death in the U.S., as a
result of its ability to raise high-density lipoprotein
(HDL) levels.! Recent mechanistic investigations have
shown that niacin may exert its beneficial action through
activation of a G-protein-coupled receptor (GPCR)
located on adipocytes.> The consequent decrease in
intracellular cAMP is believed to result in inhibition of
lipolysis by negative modulation of lipase activity and
perilipin phosphorylation, thereby decreasing plasma
free fatty acid (FFA) levels which has been postulated
to result in increased HDL.? Two closely related human
orphan G;-protein coupled receptors, both of which are
expressed in human adipocytes (termed GPR109b, or
HM74 and GPR109a, or HM74A; 95% identity), have
recently been identified as possible molecular targets
for niacin.*>

GPR109a is the human ortholog of the previously de-
scribed rodent receptor (PUMA-G),® whereas GPR109b

Keywords: Niacin; GPR109a; GPR109b; GPCRs; Lipolysis; Free fatty
acids; Selectfluor; Cutaneous flushing; Pyrazole carboxylic acids;
HM74; HM74a; PUMA-G.

* Corresponding author. Tel.: +1 858 453 7200; fax: +1 858 4537210;

appears to have arisen from evolutionary late gene
duplication. It differs from GPR109a and PUMA-G
mainly in the C-terminal region and a search of avail-
able genomic databases reveals it is found only in chim-
panzees and humans. Niacin has been shown to activate
GPR109a with an ECsy of 250 nM in a GTPyS assay
and displaces *H-niacin from GPR109a expressing Chi-
nese hamster ovary (CHO) cell membranes with an ICs
of 81 nM.* It is a much weaker ligand for GPR109b
with an ECso in the millimolar range. The lack of a
GPR109b ortholog in rodents suggests that GPR109a
is sufficient for the antilipolytic activity of niacin
in vivo.” Recent evidence shows that the cutaneous
flushing side effect in mice requires the presence of
PUMA-G,? and thus suggests that the human flushing
response, observed in the majority of patients, most
likely occurs via GPR109a.

o o) o
i o
N N”
o o

M @ 3)

e-mail: pskinner@arenapharm.com Figure 1. Known ligands for GPR109a.

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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In addition to Niacin (1) two other agents that interact
with GPR109a have been shown to elevate HDL in ro-
dents and humans. Acipimox (2, ECsy = 2.0 uM) was
launched in 1985 by Pharmacia (now Pfizer) for the
treatment of hyperlipidemia and cutaneous flushing is
reported as a side effect with this compound.® Acifran'®
(3) also raises HDL in humans; however, it lacks
selectivity for GPR109a (ECsy = 2.1 uM) over GPR109b
(ECsp = 20 uM)* and also induces cutaneous flushing.'!
Additional agents have been shown to mediate lipid
levels in rats and to bind or activate GPR109a
in vitro. 5-n-Propyl- (4d), 5-i-propyl- (4e) and 5-n-bu-
tyl-pyrazole-3-carboxylic acid (4g) have been shown to
induce hypolipidemia in rats.!> An extension of the alkyl
pyrazole series also recently incorporated functionalized
5-benzyl-pyrazole-3-carboxylic acids which were pro-
posed as partial agonists of GPR109a.'3 Recent investi-
gations have also extended the scope of the acifran
series, however, selectivity for GPR109b remains an
issue.'*!> As a part of our ongoing studies to develop
selective agonists of GPR109a, we investigated a series
of 4-functionalized-5-alkyl-pyrazole-3-carboxylic acids
(4-8).

5-Alkyl-pyrazole-3-carboxylic acids (4) were readily syn-
thesized via Claisen condensation of diethyl oxalate with
alkyl methyl ketones to give the corresponding a,y-dike-
to esters (Scheme 1). Cyclization with hydrazine hydro-
chloride afforded the pyrazole-3-carboxylic acid ethyl
esters (9), which upon hydrolysis provided the desired
5-alkyl-pyrazole-3-carboxylic acids (4). 5-Ethyl-4-meth-
ylpyrazole-3-carboxylic acid (5) was prepared in a simi-
lar manner from 3-pentanone (Scheme 2). Synthesis of
5-alkyl-4-fluoro-pyrazole-3-carboxylic acids (6) was
achieved via Selectfluor™ fluorination of the pyrazole-
3-carboxylic acid ethyl esters (9) in acetonitrile to
give 5-alkyl-4-fluoro-pyrazole-3-carboxylic acid ethyl
esters (10) and subsequent hydrolysis. Chlorination of
4-methylpyrazole-3-carboxylic acid ethyl ester (9b) with
N-chlorosuccinimide in CCly smoothly gave 3-chloro-4-
methylpyrazole-3-carboxylic acid ethyl ester which was
hydrolyzed to give 3-chloro-4-methylpyrazole-3-carbox-
ylic acid (7). 4-Butylpyrazole-3-carboxylic acid (4g) was
also readily brominated with bromine in acetic acid to
provide 3-bromo-4-butylpyrazole-3-carboxylic acid (7).

The biological activity at GPR109a of each of the 4-
functionalized-5-alkyl-pyrazole-3-carboxylic acids (4-8)

It i 2 9 i R _CO,E
R”Lk R1M‘COQE1 Hﬁm/ ?

(C)

Scheme 1. Reagents and conditions: (i) EtO,CCO,Et, KOz-Bu, EtOH,
25°C, 3 h; (ii) N,H4HCI, EtOH, H,0, 80°; (iii) LiOH (aq), MeOH,
THF, 25°C, 3 h.
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Scheme 2. Reagents and conditions: (i) EtO,CCO,Et, KO#-Bu, EtOH,
25°C, 3 h; (ii) N,H4-HCI, EtOH, H,0, 80°; (iii) LiOH (aq), MeOH,
THEF, 25 °C, 3 h; (iv) Selectfluor™, MeCN, 65 °C, 18 h; (v) NCS, CCly;
(vi) NaOH (aq); (vii) Br,, AcOH.

was measured using a cAMP whole cell Dynamic2
Homogenous Time-Resolved Fluorescence (HTRF) as-
say (Table 1). Twelve compounds were found to exhibit
an ECso below 1 uM, and of these seven exhibited ECs,
values of 100 nM or lower. All of the compounds pre-
pared, which had measurable activity and complete
dose-response curves, displayed efficacy values of 95—
100% relative to niacin (1) suggesting that they are all
full agonists. Niacin (1) has previously been shown to
be equally efficacious with B-hydroxybutyrate, which
has been proposed as a physiologically relevant ligand
for the receptor.!” Optimum activity was found for small
alkyl substituents at C(5)-R', namely methyl, ethyl,
cyclopropyl, and butyl. Fluorination at C(4)-R~ was well
tolerated, resulting in compounds that were equipotent
with the non-functionalized analogs. Bromination, chlo-
rination, and insertion of a methyl group at C(4)-R?
however, resulted in significant loss of activity in the
HTRF assay. None of the compounds displayed any
activity on GPR109b at concentrations up to 50 uM
with the exception of 4e, 4g, and 4i, which displayed
activities two to three orders of magnitude less potent
than at GPR109a.

The effect of replacing the carboxylic acid moiety with
the commonly used tetrazole isostere was also investi-
gated. Formation of 5-functionalized-1H-pyrazol-3-yl-
1H-tetrazoles (11a, b, e) was achieved in three steps from
the related ethyl carboxylic ester (9) (Scheme 3). Ami-
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Table 1. GPR109a and GPR109b agonist activity of selected 4,5-
disubstituted pyrazole-3-carboxylic acids and 4,5-disubstituted pyra-
zole-3-tetrazoles®

R? R2 ,}I_N
1 1 “
v A con b L
HN-N HN-N H
4-8) (11-12)
Compound C(5)-R' C(4)-R*> GPR109a GPR109b
PECso (1) pECs (1)

1 — — 8.06+0.19 (17) 4.12%0.35 (8)
4a® H H 6.11+0.10(2) NA (2)
4pcd Me H 7.61 £0.26 (5) NA (2)
4c? Et H 7.10+0.17 (5) NA (2)
44> Pr H 6.74+0.15(5) NA(2)
4ebed i-Pr H 6.96+0.19 (5) 4.38+0.33 (2
41 ¢-Pr H 7.00£0.18 (5) NA (2)
4gbed Bu H 7.07£0.18 (5) 4.93+0.19 (4)
4hd ¢-Bu H 5.65+0.14 (4) NA (2)
4icd Pentyl H 6.96 022 (5 4.73+0.08 (4)
5 Et Me 553+0.19 3) NA (2)
6B Me F 738+0.27(5) NA (2)
6C Et F 7244028 (5) NA ()
6F ¢-Pr F 6.57+0.30 (5) NA (2
6G Bu F 7.10+0.25(5) NA ()
7 Me Cl 560022 (5 NA (2)
8 Bu Br 536+0.17 (3) NA (2)
11a H H 477+0.07(2) NT
11b Me H 582+0.11 (2 NT
11d Pr H 5112031 (5) 6.14+0.18 (5)
11e i-Pr H 439+0.56(2) NT
11f ¢-Pr H 474%049 (5) 5.49%0.08 (5)
11g Bu H 473+027(6) 5121021 (5)
12b Me F 5.82%0.07 (7) NA (3)
12¢ Et F 6.12+0.19(7) 491 £0.18 (2)
12f ¢-Pr F 523+0.78 (4) NA (2)
12g Bu F 546+0.18 (5) NA (3)

# Activities were measured from 30 pM to 100 puM and are provided as
the negative log of the molar value of ECsy. Errors are * log SD.
Compounds that showed no response are designated NA (not active).
Compounds that were untested are designated NT. Efficacies were
observed as 95-100% relative to niacin where accurately measurable.

® Previously described by van Herk et al.'®

°Previously described by Seki et al.'?

4 Previously described by Gharbaoui et al.'®

nolysis provided the primary amide which was reduced
to the nitrile using phosphorus oxychloride allowing for-
mation of the desired tetrazole by cyclization with
sodium azide. Yields for the reduction step however,
were low, hence preparation of further tetrazoles (11d,
11f, 11g, 12b, 12¢, 12f, 12g) was achieved in five steps
via a benzyl protected pyrazole. Benzyl protection of
the primary amide, reduction and cyclization with azi-
dotrimethylsilane or sodium azide gave the intermediate
benzyl protected tetrazole. Debenzylation in aerated
DMSO gave the desired pyrazole-tetrazoles (17 and
18). However, only moderate activity on GPR109a
was observed; all of the examples, with the exception
of 12¢, having ECs, values of greater than 1 pM. In
addition, all the tetrazoles were significantly less potent
than the analogous carboxylic acids. As the pK, values
of the tetrazole and carboxylic acids are similar, this is
highly suggestive that the acid binding region of the
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B R2=H; 11)
(R*=F;12)

Scheme 3. Reagents and conditions: (i) NH;, MeOH, 50 °C, 18 h;
(ii)) POCl3, MeCN, NaCl, 80 °C, 18 h; (iii) NaN3, ZnBr, DMF, 175 °C,
20 mins; (iv) BnBr, K,CO5;, DMF, 55 °C, 18 h; (v) SOClL,, DMF, tt,
18 h; (vi) N3SiMes, DMF, 175 °C, 20 mins, pW; (vii) DMSO, THF,
0,, 2h.

receptor is sterically constrained and thus highly selec-
tive in this region. Weak activity at GPR109b was ob-
served for 12¢ and 11g, and moderate activity for 11d
(ECs0=860nM) and 11f (ECsp=3.6 uM) with an
accompanying reversal of selectivity over GPR109a.
Increasing activity at GPR109b with larger substituents
is consistent with a predicted increase in the size of the
binding region of GPR109b over GPR109a.'® The
remaining tetrazoles (11 and 12) displayed no activity
at GPR109b.

The reduction of free fatty acid (FFA) levels induced by
oral administration of 4-fluoro-5-methyl-pyrazole-3-car-
boxylic acid (6b) was measured in fasted male Sprague-
Dawley rats (Fig. 2). Significant reductions in plasma
FFA levels were observed upon administration of both
1 and 10 mg/kg 6b that were essentially equivalent in
magnitude to the response elicited by a 10 mg/kg dose
of niacin, but the effects were significantly longer lasting.
Only a very modest reduction of FFA levels was ob-
served following oral administration of 0.1 mg/kg of
6b which was not statistically significant. Cutaneous
vasodilation was also measured in male C57 Bl/6 mice
as a surrogate for the flushing side effect (Fig. 3). 6b,
administered at 100 mg/kg, elicited a cutaneous vasodi-
lation response that appeared notably less than that

—a— Vehicle (PBS)
=0 6b (0.1 mg/kg)
—+—6b (1 mg/kg)
—o—6b (10 mg/kg)
—e— Niacin (10 mg/kg)

[FFA] (mM)

—o— Niacin (1 mg/kg)

Time (Min)

Figure 2. Free fatty acid reduction in male Sprague-Dawley rats with
niacin (1) and (6b).
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—=— Niacin (100 mg/kg; n=28)
=o—=6b (100 mg/kg; n=5)
757 ——Vehicle (PBS; n=3)

3 6 9 12 15
Time (Min)

w
o4

Figure 3. Cutaneous flushing response in male C57 BL/6 mice with
niacin (1) and (6b).

elicited by an equivalent dose of niacin (1) (p = 0.07 at
6 min).

In summary, a series of 5-alkyl-pyrazole-3-carboxylic
acids were prepared and assessed for their activity at
the human GPCR GPR109a. Functionalization at the
4-position with either chlorine, bromine, or methyl sub-
stituents led to significant loss in potency relative to the
unsubstituted analogs. Compounds functionalized with
4-fluoro substituents retained activity, however. The
most potent compound from this series, 4-fluoro-5-
methyl-pyrazole-3-carboxylic acid (6b, ECsy = 42 nM),
was shown to effectively decrease plasma free fatty acid
levels in male Sprague—Dawley rats, an effect that was
much longer lasting than acute treatment with niacin
at 10 mg/kg. Although some cutaneous flushing was also
observed, flushing was notably lower than for a high
(100 mg/kg) dose of niacin, suggesting that there may
be a window of separation between the flushing and
antilipolytic effects of compounds of this type in rodents.

Supplementary data

Synthetic methods, spectroscopic data and assay condi-
tions. Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j.bmcl.2007.07.101.
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Abstract—Protease activated receptor 2 (PAR,) is a G protein-coupled receptor implicated in inflammation and cancer. Only a few
peptide agonists are known with greater potency than the native agonist SLIGRL-NH,. Here we report 52 peptide agonists of
PAR,, 26 with activity at sub-micromolar concentrations, and one being iodinated for radioligand experiments. Potency was highest
when the N- or C-termini of SLIGRL-NH, were modified, pointing to a new ligand pharmacophore model that may aid develop-

ment of drug-like PAR, modulators.
© 2007 Elsevier Ltd. All rights reserved.

Protease activated receptor-2 (PAR,) belongs to an unu-
sual family of G protein-coupled receptors (GPCRs)
consisting of PAR 1 through 4 distinguished by their un-
ique mechanism of activation. PARs are not yet known
to be directly activated by any extracellular endogenous
ligands, but are cleaved by (mainly serine) proteases at a
specific site in the extracellular amino terminus which
exposes a new N-terminus. Intramolecular binding of
this newly formed N-terminus back onto conserved re-
gions of the receptor adjacent to extracellular loops
(and possibly to transmembrane helices) results in acti-
vation of PAR,. Among proteases known to activate
PAR, are trypsin, tryptase, cathepsin G, factor Xa,
but not thrombin.!

PAR; is widely expressed on many cell types and has
pro-inflammatory and proliferative functions.>* In
endothelial cells PAR, is upregulated in response to
inflammatory mediators such as interleukin-1 and
TNFo.> Increased PAR, expression in proliferating
myofibroblasts and smooth muscle cells has been associ-
ated with tissue injury.® PAR, appears to be involved in
nociception,” and neuroinflammation,® has been linked
to tumor progression and fibrosis via upregulation of
IL-8 in pancreatic cancer,” and contributes to migratory
and invasive functions in breast cancer cells.!’"!3 Para-
doxically, PAR; is also thought to be anti-inflammatory

Keywords: PAR,; Agonist; PAR; Fluorescence; Inflammation.
* Corresponding author. Tel.: +61 7 3346 1989; fax: +61 7 3346
1990; e-mail: d.fairlie@imb.uq.edu.au

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.026

in some cases, being bronchoprotective in the respira-
tory tract via the PAR,-prostaglandin E,-prostanoid
EP receptor axis,!'! and anti-inflammatory in mouse
models of pancreatitis where it suppresses pancreatitis-
related abdominal hyperalgesia.'*

Regulation of PAR, in various disease models is gener-
ally accomplished by one or more of the following meth-
ods; the use of PAR, knockout mice,!” serine
proteases,'® or more commonly the application of fairly
weak peptide agonists'”!° which, although selective for
PAR, over PAR |, are now known to be promiscuous in
their recognition of other receptors.?®>> Thus results
implicating PAR, in mammalian physiology need to
be interpreted carefully, since such peptides at high con-
centrations may be acting through non-PAR receptors.
An example where caution is needed in interpreting
PAR; involvement is the report of a very weak (mM)
nonpeptide PAR, antagonist’® that dose-dependently
attenuated joint inflammation in a mouse model of
arthritis. There is clearly a need for new agonists and
antagonists with much higher potency and selectivity.

To date most agonists developed for PAR, have relied
upon modifications to short peptides corresponding to
the newly exposed N-terminus of the receptor created
following cleavage by serine proteases. These PAR,—
Activating Peptides (PAR,-APs) include the human
(SLIGKV-NH,) and murine (SLIGRL-NH,) sequences
(ECsg 1-12 uM). There have been relatively few SAR
studies leading to agonists with improved potency or
selectivity for PAR, over PAR.?* The most potent ago-
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nist reported for PAR, has a furoyl moiety replacing
serine at the N-terminus (2-furoyl-LIGRL-NH,)?® and
is ~10-fold more potent than SLIGRL-NH, for PAR,
and selective over PAR . Herein we report a series of po-
tent PAR, agonists derived through different modifica-
tions within SLIGRL-NH, but all amidated at the C-
terminus.

Peptides were synthesized via standard Fmoc chemistry
on Rink-amide MBHA resin. Amino acids were ob-
tained commercially except 4-nitrophenoxy-alanine,
synthesized from serine on resin via a Mitsunobu reac-
tion with p-nitro phenol using triphenyl phosphine and
diisopropyl azo-dicarboxylate in anhydrous THF. Pep-
tides were cleaved from resin (TFA) and purified by
rpHPLC to >95% purity. All compounds gave satisfac-
tory '"H NMR and electrospray mass spectral data. Cal-
cium release was monitored from intact human
embryonic kidney cells (HEK-293) or colon carcinoma
cells (HT-29), incubated overnight in a 96-well clear-
bottomed black-walled assay plate (Corning). Adhered
cells were pre-treated 1h before assay by incubating
with fluorescent calcium indicator Fluo-3-AM (Biosci-
entific), washed with buffer before adding 100 uL. HBBS
buffer (probenecid, Hepes, pH 7.4). Calcium efflux was
measured (excitation 495 nm, emission 520 nm) from
the bottom of the plate for 60s using a Polarstar
(BMG LABTECH) fluorescent plate reader, with ago-
nist delivered after 10s.2¢

In studies on structure—activity relationships of SLI-
GRL-NH, (ECsy 4.2 uM), we found that adding a sev-
enth residue to the C-terminus increased agonist
potency as measured by intracellular calcium efflux.
Notably, aromatic side-chains like tyrosine (1, ECsg
1.2 uM), homophenylalanine (2, ECsq 1.0 pM), 1-naph-
thylalanine, (3, ECsq 1.1 pM), 4-fluorophenylalanine, (4,
ECsg 2.0 uM), and homotyrosine (5, ECsy 0.6 pM) im-
proved activity by 2- to 6-fold. Replacing aromatic
side-chains with the small aliphatic substituent of leu-
cine (6, ECs, 1.2 uM) maintained potency, isoleucine in-
creased potency further (7, ECsq 0.7 uM), and the
positive charged ornithine (8, ECsy 1.2 uM) had little
further influence. In contrast, the bulkier cyclohexylala-
nine (9, ECsq 3.6 uM) led to a several fold decrease in
potency. These results indicated that addition of a sev-
enth residue at the C-terminus of SLIGRL-NH5; is ben-
eficial, producing agonists with sub-micromolar agonist
potency (Fig. 1).

We hypothesized that PAR, might similarly tolerate
bulkier residues at position 6 of the C-terminus of se-
ven-residue peptides. A small compound library de-
signed to probe electronic versus steric effects of aryl
and alkyl substitutions in the active heptapeptide 7 (Ta-
ble 1) shows this to be the case, even for the different cell
line, HT-29 (human carcinoma cells). Substitution of
leucine at position 6 in compound 7 with phenylalanine
(10), homophenylalanine (11), 4-pyridylalanine (12) or
3-pyridylalanine (13) had only a marginal effect on activ-
ity. But both electron-rich (tyrosine 14) and electron-
poor (4-nitro-phenylalanine 15) substitutions increased
potency (ECsq 0.3-0.4 pM), suggesting that steric rather

~ 100] ¢ SLIGRL-NH,
S v SLIGRLI-NH,
é 75-
&
= 504
o
)
< 254
2
0_

T T T T

Log |agonist]|

Figure 1. Concentration curves derived from calcium release assays
performed on whole HEK-293 cells. Each data point represents
mean + SEM. ¢SLIGRL-NH, n =7, YVSLIGRLI-NH, n = 5.

Table 1. Intracellular Ca®* release in HT-29 cells by C-terminal
amidated heptapeptides SLIGR-X-I-NH,, with a varying residue X

O H O H O H O
v AN A LA H
H z H = H =
HO™ (¢} <\ o é (0] C
HN
=NH
H,N

Compound X ECsy" (uM)

7 Leu 0.7 £0.06 (3)
10 Phe 1.0 £0.03 (2)
11 HomoPhe 1.8£0.4 (3)
12 4-Pyridyl-Ala 1.9
13 3-Pyridyl-Ala 1.1+£0.2(2)
14 Tyr 04£0.1(2)
15 4-Nitro-Phe 0.4%0.1 (3)
16 4-Cyano-Phe 0.9 +0.05 (3)
17 4-Chloro-Phe 0.5%£0.1 (2)
18 4-t-Butyl-Phe 0.6 £0.03 (3)
19 4-Todo-Phe 0.6 £0.05 (3)
20 4-Azido-Phe 2.5
21 4-Diethylphosphonomethyl-Phe 1.3
22 4-COOH-Phe 5.0
23 Homo-Tyr 3.0
24 4-Nitrophenox-Ala 2.8
25 3-Nitro-Tyr 1.4+0.3(2)
26 3,4-Dichloro-Phe 0.3£0.03(3)
27 3,4-Dimethoxy-Phe 1.3£0.01 (2)
28 3,5-Dinitro-Tyr 1.4 £0.01 (2)
29 3-Methoxy Phe 3.3
30 3-Cyano-Phe 1.7
31 3-Benzothienyl-Ala 0.3£0.05(2)

2 Data from Ca®" release assay. SEM is shown with 7 in parentheses.

than electronic effects may be important determinants of
agonist activity. The potencies of 14 and 15 are compa-
rable to that of the most active reported PAR, agonist,
the furan capped PAR,—AP. Other structurally diverse
substitutions at the para position of phenylalanine,
including cyano, chloro, tert-butyl, and iodo, resulted
in good agonist potency (16-19).

Space filling or charge modifying substituents in Table 1
like 4-azido (20), 4-diethylphosphonomethyl (21), 4-car-
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boxy (22) reduced potency and rendered the compounds
only as effective as SLIGRL-NH,. Extending the aro-
matic side chain with a methylene bridge (23) or a phen-
oxy group (24) had a negative impact on potency (14 vs
23; 15 vs 24), conceivably due to steric restraints within
the binding pocket. Unlike the para position, meta sub-
stituents were not particularly favorable for agonist
activity. Apart from the 3,4-dichloro derivative (26),
meta-substituted aromatic side chains were 2- to 10-fold
less potent than Tyr or p-nitro-Phe congeners, with the
3-methoxy (29) or 3-cyano rather than 4-cyano (30 vs
16) being less active. Results support the hypothesis that
the most important role of these side-chains is to fill an
implied space in the binding pocket of the receptor for
these activating peptides, with steric factors being dom-
inant over electronic factors in determining binding
affinity. Consistent with this notion, both aliphatic leu-
cine 7 and bicyclic benzothienyl 31 were effective side
chains on the sixth residue, yielding agonists with nano-
molar potency. The most active compounds (14, 15, 26,
31) in this series were equipotent with the best agonist
reported to date (2-furoyl-LIGRL-NH,).

Turning to the N-terminus, where serine has been shown
to be important for agonist potency, and substitution
with other amino acids or acetylation of the N-terminus
reportedly results in decreased activity.?” Among few re-
ported changes at this position have been unnatural
amino acids, a trans-cinnamoyl moiety that was found
to be equipotent to serine, and a furoyl group that im-
proved potency by a factor of ten.?®?® No structure—

Table 2. Intracellular Ca®* release in HT-29 cells by N-terminal
capped heptapeptides, X-LIGRLI-NH,

H (0]
1A,
(0] r\

H
=NH

HoN
Compound X ECso" (uM)
32 2-Furanyl 0.16 £0.03 (2)
33 2-Benzofuranyl 0.25
34 2-Naphthyl 0.36
35 2-Benzothienyl 0.37
36 2-Indolyl 0.59
37 1-Isoquinolyl 14.9
38 4-Biphenyl 15.8
39 Cyclohexyl 4.8
40 Isobutyl 10.3
41 Phenyl 0.80
42 2-Pyridyl 0.26
43 3-Pyridyl 0.22
44 2-Pyrazyl 0.29 £ 0.01 (2)
45 2-Hydroxy-phenyl 1.6
46 S-Isoxazolyl 0.22£0.02 (3)
47 4-(2-Methyloxazolyl) 0.18 £0.004 (2)
48 3-[5-(4-Methylphenyl)isoxazolyl] 4.3

2 Results from Ca®* release assay. SEM is shown with n in parentheses.

activity relationship studies have been reported in which
systematic substitutions of 2-furoyl or cinnamoyl groups
have been made. To investigate requirements of the
likely binding pocket for 2-furoyl or cinnamoyl moieties,
we constructed a library of agonist peptides based on 7
with nonpeptidic aromatic and aliphatic groups replac-
ing serine (Table 2). This study revealed a number of
substitutions capable of eliciting similar results to the
furan moiety, with bulky bicyclic moieties such as ben-
zofuran (33), naphthalene (34), benzothiophene (35),
and indole (36) all tolerated and displaying activity com-
parable to substitution with furan. However, the simi-
larly bulky 1-isoquinoline (37) and biphenyl (38)
substituents were poorly tolerated, perhaps because of
the ortho-orientation of the aromatic group in the for-
mer and the size of the latter. Simple aliphatic substitu-
ents like the bulky cyclohexyl (39) or the smaller
isobutyl (40) were ineffective replacements for serine at
position 1, whereas the phenyl substituent in a benzoyl
cap (41) was tolerated.

0N
o) e Lo R
~~ ON NQLN/}(NJN NH
No " o <\H o< H o
49R =1Ile “N>:NH
50R=H HoN
O,N

o b0 b0
H2N\)J\N NQLNAWNQKN NH,
2 I O O I
HO~ <\ g

HN

51 J=NH

HoN

52 )=NH
H,N

Figure 2. Compound 49 features substitution of both serine and
leucine 6 with furoyl and 4-nitro phenylalanine, respectively, (ECsg
0.2 uM). 50, 51: Truncation of seventh residue isoleucine of 49 and 15,
respectively (50: ECsq 0.17 uM; 51: ECs 0.6 pM). 52: Substitution of
serine for 4-(2-methyloxazole) and Leu® for 4-iodo phenylalanine
yields ECsg 0.32 £ 0.04 uM.
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Generally, most other monocyclic aromatic substituents
were well tolerated (42-44, 46, 47), possibly because aro-
matic functionality is important for participating in 7-
stacking interactions in the receptor. Addition of a het-
eroatom to the aromatic ring improved potency; with
little difference irrespective of whether the nitrogen was
ortho (42) or meta (43) or both (44). Retaining the hy-
droxy substituent of serine and adding aromaticity, as
in the 2-hydroxybenzoic acid (45) did not bring any sig-
nificant advantage over serine. Maintaining the ring size
of furan while adding an additional H-bond acceptor
through 5-isoxazole carboxylic acid (46) and 4-(2-meth-
yloxazole) carboxylic acid (47) gave ligands of equal po-
tency to the furoyl substituent. Addition of further bulk
to isoxazole with a 4-methylphenyl (48) was, similar to
the biphenyl derivative (38), detrimental for agonist
potency.

Finally, we report the concurrent replacement of the first
(Ser) and sixth (Leu) residues of compound 7 with furoyl
and 4-nitro phenylalanine, respectively, but there was no
additive effect in 49 (Fig. 2), which was equipotent (ECs,
0.2 £ 0.03 uM) to 32. Interestingly, truncating the C-ter-
minal Ile residue of 49 to the N-capped pentapeptide
(50) did not change agonist activity, whereas similar
truncation of 15 led to a 2-fold decrease of potency
(51). When serine in 19 was replaced by 4-(2-methylox-
azole) carboxylic acid, activity was improved 2-fold,
while truncating the C-terminal Ile was tolerated (52,
ECso 0.32 uM). The latter compound could potentially
be used for a ligand affinity assay by radiolabeling with
iodine.

We were able to correlate the above inductions of intra-
cellular Ca** (Fig. 3) in HEK-293 and HT-29 cells with

a

% A-23187 (Emszu)
3

Log [agonist]

R

s 47

-

o
1
>

B

% A-23187 (Emsy)
2

10 9 8 -7 6 -5
Log [agonist]

e

PAR, agonist activity using desensitization experiments.
For example, Figure 4 shows desensitization experi-
ments performed for compound 15. On HT-29 cells,
which have been shown to express both PAR; and
PAR; receptors, peptides that have previously been re-
ported to be selective for either PAR; or PAR, were
used to desensitize the receptor, in that successive
administration of either compound to the cells fails to
cause Ca®* release after the first addition and there is
no cross-reaction. Thus Figure 4a demonstrates that
5 min after treating cells with 133 uM of PAR| selective
TFLLR-NH,, no further response can be gained from
PAR| activation by retreating the cells with additional
PAR; selective agonist. However, treatment of the cells
after a 5-min interval with the PAR, selective agonist 2-
furoyl-LIGRLI-NH, elicits a secondary, PAR, medi-
ated, calcium response (Fig. 4b). Like 2-furoyl-LIG-
RLI-NH,, compound 15 (Fig. 4c) is also capable of
eliciting a response at 5 min. Furthermore, when the
procedure is reversed and the cells are first treated and
desensitized with the PAR, selective 2-furoyl-LIGRLI-
NH, (Fig. 4d), compound 15 was incapable of produc-
ing a secondary calcium response (Fig. 4f), unlike the
PAR,; selective TFLLR-NH, (Fig. 4e). These results
support selectivity for PAR, over PAR;. It is worth not-
ing that other GPCR agonists also cause calcium re-
sponses after pre-treatment with pM concentrations of
either TFLLR-NH,, 2-furoyl-LIGRLI-NH,, or our
new peptide agonists, supporting our assertion that the
latter are PAR, agonists at sub-micromolar
concentrations.

In conclusion, we have demonstrated that there are sev-

eral means of improving activity for the PAR activating
peptide, SLIGRL-NH,. Addition of a seventh residue at

b
1004 ¢ 32 Y

0 9 8 7 6 5 4 3

Log [agonist]

-0 9 8 -7 6 -5 4 3

Log [agonist]

Figure 3. Concentration curves of 15, 32, 47, and 52 derived from calcium release assays performed on whole HT-29 cells. Each data point represents

mean £ SEM.





5556

G. D. Barry et al. | Bioorg. Med. Chem. Lett. 17 (2007) 5552-5557

d TFLLR b TFLLR C TFLLR
133 uM 133 uM 2.£-LIGRLI 133 uM
1004 100- 4 uM 1004
§ 754 751 - SLIGR-(p-NOz2)Phe-I
] 4 uM ,l,
w
£ s TFLLR s0n
g 150 uM ]
< 254 25+ 251
o= T T T L T L) L) 1 v T T T 1
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time (sec) time (sec) time (sec)
d e f
2-f-LIGRLI 2-f-LIGRLI 2-f-LIGRLI
15 uM l5uM l5L'M
100+ 100+ 100+
g 759 TFLLR 75
]
§ 504 2-f-LIGRLI 50 120 uM 50+ SLIGR-(p-NOz)Phe-I
& 8 uM 6 uM
< 25« l 25+ 254 l
OJ Ll L] c L] L] 1 c I LJ L] L]
0 100 200 300 400 0 100 300 400 0 100 200 300 400

time (sec)

time (sec)

time (sec)

Figure 4. Desensitization curves for compound 15. Cells were first treated with the selective PAR | agonist TFLLR-NH, (a—c) then either additional
TFLLR-NH, (a) the selective PAR; agonist 2-furoyl-LIGRLI-NH, (b) or compound 15 (c) at 5 min. Conversely the cells were first treated with the
PAR; agonist 2-furoyl-LIGRLI-NH, then with either additional 2-furoyl-LIGRLI-NH, (d) the PAR agonist TFLLR-NH, (e) or compound 15 (f).

the C-terminus can enhance agonist activity via PAR,
by at least 5- to 10-fold, with sub-micromolar potencies
being observed in a calcium mobilization assay. Certain
substituted aromatic residues at position 6 in the C-ter-
minus of SLIGRLI-NH, confer substantial PAR, ago-
nist activity, with nanomolar potencies for PAR, and
selectivity over PAR; being obtained (e.g. 15, 26, 31)
without the need for capping the N-terminus with a fur-
oyl or other ring. The results suggest that C-terminal
residues at positions 6 and 7 of SLIGRLI-NH, may
bind in a large hydrophobic pocket of the PAR, recep-
tor, and that receptor-agonist interactions are predomi-
nantly steric in nature. We also found that steric fit and
aromaticity are important characteristics of an N-termi-
nal capping group used in place of the first residue serine
to confer agonist potency. Apart from the already re-
ported furoyl cap, other small aromatic moieties like
isoxazole, oxazole, and pyridine are found to be excel-
lent alternatives to serine at the N-terminus and can
confer 10- to 20-fold increases in agonist potency of
PAR, activating peptides. Combining these advances,
one can introduce 4-iodo-phenylalanine at position 6
and a small heterocyclic substitute for serine at position
1 to produce a potent PAR, activating peptide that is
suitable for radiolabeling with iodine for binding assays.
Compounds described herein are among the most potent
and selective PAR, agonists known (ECsq~ 160—
200 nM), and importantly provide valuable new infor-
mation for development of potent, more drug-like mod-
ulators of PAR,.
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Abstract—Lead optimization of CH4892280 (4), an androgen receptor (AR) pure antagonist, was investigated. Compounds 6 and 7,
which have a carboxylic acid at the end of the side chain at the position 7a of dihydrotestosterone (DHT), showed partial agonistic
activities in reporter gene assay (RGA). Conversion of the steroidal core structure to 17a-methyltestosterone gave compound 14,
which showed weak pure antagonistic activity. Optimization of the side chain by the insertion of a phenyl ring led to compounds
22 and 28-30, which showed pure antagonistic activities at submicromolar concentrations. The structure—activity relationships were

clarified.
© 2007 Elsevier Ltd. All rights reserved.

Prostate cancer is the most common cancer amongst
men in the USA and the second most common malig-
nant cause of male death worldwide after lung cancer.!
Since the growth of prostate cancer is dependent on
androgen, androgen receptor (AR) antagonists such as
flutamide (1) and bicalutamide (3) (Chart 1) are cur-
rently used as hormone therapy.? These antiandrogens
exhibit good efficacy in many cases and comprise an
important part of effective therapeutics.>® However,
the most considerable problem with these antiandrogens
is that recurrence occurs after a short period of re-
sponse.” Since they have partial agonistic activities at
high concentration in vitro,® this may be attributed to
recurrence. Therefore, the search for new antiandrogen-
ic agents that exhibit no agonistic activities, so-called
‘AR pure antagonists’, has been conducted.®!°

We previously reported that CH4892280 (4) (Chart 1)
exhibited AR pure antagonistic activities using reporter
gene assay (RGA).!' However, it showed no in vivo
activities because of metabolic instability. In the lead
optimization we decided to convert a scaffold to 17a-

Keywords: Androgen receptor; Pure antagonist; Prostate cancer.
*Corresponding  author. Tel: +81 0550 87 6726; e-mail:
tachibanakzt@chugai-pharm.co.jp

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.090

methyltestosterone which is known to possess oral activ-
ity. Recently our laboratory discovered that estradiol
derivatives bearing a carboxy-containing side chain were
pure antiestrogens and found that the carboxy moiety is
effective for oral absorption.!?!? These results encour-
aged us to investigate the effects of a carboxylic group
in our AR pure antagonists.

We here report the discovery of new steroidal com-
pounds bearing a carboxy-containing side chain in the
position 7o of 17a-methyltestosterone as AR pure
antagonists and their structure—activity relationships.

The 7a-substituted dihydrotestosterone (DHT) deriva-
tives 5-7 in Table 1 were prepared by the procedures de-
scribed in the patent'* and a previous report.!! Synthesis
of the 7a-substituted 17a-methyltestosterone derivatives
14 and 21-30, outlined in Schemes 1 and 2, was per-
formed according to the procedures described in the
patent.!>

The synthesized compounds were evaluated for their
in vitro binding affinities and agonist/antagonist activi-
ties for AR using the same procedures as described in
the previous report.!! The binding affinity for AR was
determined by displacement of [PH]-mibolerone with
the test compound utilizing CHO-K1/hAR cells. The
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Chart 1. Structures of AR antagonists.

agonistic and antagonistic activities of the compounds
for AR were determined by RGA using hAR-transfec-
ted Hela cells. Antagonistic activity was described as
the ICs, value, the concentration of a compound that
inhibits the transcriptional activity of 0.1 nM of DHT
by 50%. To determine agonistic activity, we calculated
the value of ‘FIs’, the concentration of a compound-
treated group in which the transcriptional activity is five
times the transcriptional activity of a group without the
addition of a compound. A ‘pure antagonist’ was de-
fined to have an FI5 value greater than 10,000 nM.

Initially, we introduced a carboxy-containing side chain
in position 7o of DHT to compare the effect on AR ago-
nistic and antagonistic activities with that of the side
chain of CH4892280 (Table 1). Compound 5, which
has a side chain similar to the pure antiestrogens of
our laboratory,!? exhibited full agonistic activity
(FIs = 13 nM) with no antagonistic activity. The unex-
pected discrepancy of results between AR antagonists
and ER antagonists was also found in the compounds
with a side chain containing a perfluoroalkyl-sulfoxide
moiety in our previous report.!! Such a long hydropho-
bic moiety might cause full agonistic activities in AR,
although the mode of interaction is unknown. This spec-
ulation is supported by the results of compounds 6 and
7, in which the hydrophobic termini were removed,
showed antagonistic activities. However, these com-
pounds still retained partial agonistic activities.

For the next step, the DHT scaffold of 6 was replaced
with 17a-methyltestosterone to give compound 14 (Ta-
ble 2). This compound showed no agonistic activity
(FIs > 10,000 nM) although compound 6 exhibited ago-
nistic activity with FIs of 120 nM. To investigate this
remarkable change in agonistic activity by the conver-
sion of the steroidal core structure, a 3D model of these
compounds bound to AR was constructed as shown in
Figure 1. This model was built based on the X-ray crys-
tal structure of human AR in complex with the ligand

Table 1. Binding and agonistic/antagonistic activities of 7a-substituted DHT derivatives®

OH
14
o "R
Compound R Binding affinity ICsy (nM) RGA
FIs (nM) ICso (nM)

5 (CH,)sCH(COOH)(CH,);C,Fs 410 13 >10,000
6 (CH,)o-COOH 350 120 920
7 (CH,),-COOH 660 110 730
4 (CH4892280) (CH,);-CONMe, 260 >10,000 190
2 (hydroxyflutamide) — 200 1000 31
3 (bicalutamide) — 200 770 140

# All data are mean values of duplicate experiments.

Z(CH)sCOOMe |
12 13

.~ (CH2)6COOMe

“(CHg)gCOOH

14

Scheme 1. Reagents and conditions: (a) NaBH;, MeOH, rt; (b) PivCl, NEt;, CH,Cl,, rt; (¢) 2N-HCI, acetone, rt; (d) nPryNRuO,4, N-
methylmorpholine, MS4A, CH,Cl,, rt; (¢) MeLi, THF, —78 °C; (f) Cl,(Cy3;P),Ru=CHPh (cat.), CH,Cl,, reflux; (g) H,, 10% Pd/C (cat.), AcOEt, rt;

(h) MnO,, acetone, rt; (i) 2N-NaOH, H,O, MeOH, rt.
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HO

[0)

., — OAc
N /f(on)m@ H

15

1"

— O(CH,),COOEt
8l CHIns )
18

OH

OH OH
& Lo
b, c f
J y —\ OR 5 — 0
HO '//\"’“‘\@m o "(on)m@ o "(c;Hz)m@ (CH_),COOH
19 [R=(CH,),COOE(] = 20 [R=(CH,),COOEH] 21~30

Scheme 2. Reagents and conditions: (a) Cl,(Cy3;P),Ru=CHPh (cat.), CH,Cl,, reflux; (b) H,, 10% Pd/C (cat.), AcOEt, rt; (c) MnO,, acetone, rt;
(d) 2N-NaOH, H,0, MeOH rt; (¢) Br(CH,),,COOEt, K,COs, 18-crown-6-ether, N,N-dimethylacetamide, rt; (f) 2N-NaOH, THF, rt.

Figure 1. Binding models of compounds 6 (white) and 14 (cyan) to
AR. Helix 12 of AR was removed in the model.

R1881 (PDB ID: le3g).!® Compounds 6 and 14 were
docked into AR manually. C terminal residues from
Gl1u893 to Thr918 of AR were deleted because these res-
idues collide significantly with the compounds. The
model suggests that the 17a-methyl group of compound
14 is located in a position where Helix 12 would be
folded to express the agonistic activity. Therefore, it
could have the additional effect on a side chain in posi-
tion 7a of preventing the folding of Helix 12.

Although compound 14 exhibited pure antagonistic
activity, its potency was relatively low (ICsy=
2000 nM). Therefore, compounds 21-30 were synthe-
sized for optimization of the side chain by the insertion
of a phenyl ring (Table 2). A phenyl ring could increase
antagonistic activities by decreasing the flexibility of the
side chain. Furthermore, it is expected to interact with

Table 2. Binding and agonistic/antagonistic activities of 17o-methyltestosterone derivatives®

OH

R
Compound R Binding affinity ICsy (nM) RGA
FIs (nM) ICso (nM)
14 —~(CH,)o—COOH 600 >10,000 2000
m

g 2O (GHy),—COOH

”(CHz)m@p (CHar

m Position n
21 3 P 2 300 2500 170
22 3 P 3 430 >10,000 660
23 3 P 4 660 3200 300
24 3 m 3 NT® 1500 5800
25 4 P 3 NT® 170 850
26 4 P 4 96 2000 250
27 4 P 5 NT® 100 420
28 4 m 3 670 >10,000 920
29 4 m 4 350 >10,000 330
30 4 m 5 120 >10,000 530

# All data are mean values of duplicate experiments unless otherwise noted.

® Not tested.
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Trp741, which exists in the proximity of the region
where Helix 12 would be folded to express agonistic
activity, resulting in potent antagonistic activity (Fig. 2).

For compounds 21-23 (m = 3, position = para), antago-
nistic activities increased 3- to 12-fold compared to that
of compound 14. In the case of compound 24 (m =3,
position = meta), the antagonistic activity was lower
than that of compound 14.

Although compounds 25-27 (m =4, position = para)
exhibited antagonistic activities with ICsos of 250-
850 nM, they tend to show higher partial agonistic activ-
ities compared to other types of compounds. On the
contrary, compounds 28-30 (m =4, position = meta)
exhibited no agonistic activities even at 10,000 nM,
retaining the antagonistic activities with ICsps of 330—
920 nM. These results may suggest that the substitution
position of the terminal carboxyalkyloxy group corre-
lates with the antagonistic activity of compounds 21—
24 (m =3) and with agonistic activity of compounds
25-30 (m = 4).

Furthermore, the number of methylene groups (n) has
been found to be strongly related to agonistic activities
rather than antagonistic activities in compounds 21-23
(m = 3, position = para) and 25-27 (m =4, position =
para) since agonistic activity changed considerably by
changing » in an identical type (same m, same position).

Compound 22, one of the pure antagonists discovered in
this investigation, exhibited only slight improvement of
in vitro metabolic stability against CH4892280 and
showed almost no in vivo antiandrogenic activities on
seminal vesicle wet weight in castrated mice (Table 3).!7

Figure 2. Binding model of compound 29 (white) to AR. This model
was built in the same manner as for compounds 6 and 14 (Fig. 1). Helix
12 of AR was removed in the model.

Table 3. Antiandrogenic activities of compound 22

Dose (mg/body)

Inhibition* (%)

1 6.7
3 0.8
10 6.4

#Inhibition of TP (testosterone propionate)-stimulated seminal vesicle
weight gain by subcutaneous administration of compound 22 (n = 4).

Further optimization would be necessary to acquire
sufficient metabolic stability for in vivo activity.

In summary, we have discovered new steroidal com-
pounds bearing a carboxy-containing side chain that ex-
hibit AR pure antagonistic activities at submicromolar
concentrations. The structure—activity relationships of
the compounds were also clarified. It appears that their
agonistic/antagonistic activities depend on the structure
of the side chain. These findings could be helpful for fur-
ther investigations in the future.
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Abstract—Novel NR2B antagonists with an amide tether were found by an approach to avoid pharmacophoric similarity to dof-
etilide. Structure-activity relationship investigation led to N-[cis-4-hydroxy-4-(5-hydroxypyridin-2-yl)cyclohexyl]-3-henylpropana-
mide 14e as an orally active NR2B-subtype selective N-methyl-p-aspartate (NMDA) receptor antagonist with very weak HERG
(human ether-a-go-go related gene) binding (ICso > 30 uM). This compound exhibited potent in vivo anti-allodynic activity in the
mouse partial sciatic nerve ligation (PSL) model (minimum effective dose = 10 mg/kg, po).

© 2007 Elsevier Ltd. All rights reserved.

N-Methyl-p-aspartate (NMDA)-type glutamate recep-
tors are widely distributed in the brain and spinal cord
and play critical roles in learning, memory, motor con-
trol, and pain transmission.! Non-selective NMDA
receptor antagonists have shown pain relief in various
clinical and animal studies.>* However, the clinical
development of non-selective antagonists has been ham-
pered by unfavorable side-effects due to non-specific ac-
tions at analgesic doses.””’

Functional NMDA receptors consist of heteromeric
combinations of the NR1 subunits and one or more
subunits designated as NR2A, 2B, 2C, and 2D. Vari-
ous heteromeric NMDA receptor channels formed by
combinations of NR1 and NR2 subunits are known
to differ in neuronal function. NR2B-containing
NMDA receptors are expressed predominantly in the
forebrain and spinal cord.! Therefore NR2B selective
antagonists are believed to have improved safety pro-
file. In fact, CP-101,606 (1), an NR2B-selective
NMDA antagonist, demonstrated wider safety profile

Keywords: HERG; NMDA; NR2B; Pain; Solubility.
* Corresponding author. E-mail: makoto.kawai@pfizer.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.08.039

than non-selective NMDA antagonists in animal mod-
els.® Moreover, it was recently reported that com-
pound 1 is significantly effective to reduce pain
intensity in patients with spinal cord injury and mono-
radiculopathy without significant adverse events °

(Fig. 1).

We had already reported identification of compound 2,
a novel NR2B selective NMDA antagonist, starting
from CP-101,606 as a lead compound.'® Compound 2
has an improved profile over CP-101,606 (1) in terms
of pharmacokinetic (PK) variability and QT prolonga-
tion. Nevertheless, QT prolongation, which is believed
to cause lethal arrhythmia, was still a concern for com-
pound 2 because of its moderate HERG (human ether-
a-go-go related gene) current inhibitory activity
((HERG IC, = 1.1 uM). Potential risk of structure-re-
lated toxicity was another concern due to the anilide!!
and hydroxyphenylpiperidine'? moieties. Thus, further
research was conducted to find structurally distinct
back-up development candidates with minimal HERG
activity.

Most of the NR2B antagonists including 1 and 2 were
derived from ifenprodil (3). The pharmacophore of
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CP-101,606

~S5 .
H
dofetilide

m*@/@ SO

m:nprodll
(a mixture of 4 isomers)

. (e N Q»VW Q,OWC

6a

Figure 1. Structures of NR2B selective antagonists, dofetilide (4) and a nonbasic ifenprodil derivative 5.

2
S .
ay b)
—

0
HO'

HO HO
10

Scheme 1. Reagents and conditions: (a) BnBr, K,COs, acetone, reflux 95%; (b) i—BnNH,, Ti(O'Pr),, THF, rt; ii—NaBH,, methanol, 0 °C-rt;
ili—column chromatography, 43%; (c) 20% Pd(OH),-C, methanol, H, (4 atm), rt, 85%; (d) RCOOH, EDCI, HOBt, CH,Cl,, rt.

these NR2B antagonists consists of a basic aliphatic
amine at the center of the molecule and two aromatic
rings.'> HERG channel blockers represented by dof-
etilide (4) also have a similar pharmacophore consist-
ing of a basic nitrogen and lipophilic sites located at
a certain distance from the basic nitrogen.'*!> Espe-
cially the basic amine enhances affinity for the
HERG potassium channel. For example, compound
5 without a basic amine exhibited significantly weaker
HERG activity (>30 uM) than the (S,S)-isomer of
ifenprodil (3) (<l pM). Therefore, we revisited non-
basic compounds previously synthesized in our
NR2B programs. Among them, compound 6a exhib-
ited extremely low HERG activity (ICsy > 30 uM)
and then was selected as a lead. Due to insufficient
NR2B activity (ICso=30nM) and poor solubility
(<5ug/ml at pH of the small intestine) of
compound 6a, our efforts were focused on solving
two issues.

To improve the aqueous solubility, the first attempt
was made to replace the benzene ring with various
heteroaromatics and to introduce a basic moiety at
the position away from the center of the molecule
by parallel synthesis. (Scheme 1) Benzylation of 4-
(4-hydroxyphenyl)cyclohexanone (7) with benzyl bro-
mide and potassium carbonate yielded ketone 8.
Reductive amination of 8 followed by chromato-
graphic purification to remove a cis-isomer afforded
amine 9. Deprotection of 9 afforded a key intermedi-
ate 10 which was coupled with various carboxylic

acids to build a compound library of cyclohexyla-
mides 6.

Data of representative examples are summarized in
Table 1. As expected, HERG activities of all the com-
pounds were very low (>30 uM). However, replacement
of the benzene ring with heterocycles led to moderate or
complete loss of the affinity to the NR2B receptor.
Introduction of an amine moiety also had a deleterious
effect on the NR2B binding (6f and 6g). Therefore, the
dihydrocinnamic acid moiety was fixed for further
modification.

Next we shifted our efforts onto the phenol moiety. A
divergent synthetic route was developed to expedite ana-
logue synthesis (Scheme 2). Amidation of dihydrocin-
namic acid with trans-aminocyclohexanol 11 afforded
alcohol 12. Swern oxidation of 12 yielded ketone 13,
which was subsequently treated with dianions generated
from 4-bromophenol derivatives to provide cyclohexa-
nol derivatives 14 as a desired isomer by chromato-
graphic purification. Compounds 15 were finally
obtained by dehydration followed by hydrogenation.
This procedure worked well not only for phenols but
also for heterocycles.

Table 2 summarizes the SAR results around cyclohex-
ane and cyclohexanol derivatives. This modification
did not affect the HERG activity as well. It was revealed
that intermediates 14(a—d) generally showed better solu-
bility and NR2B activity than the corresponding cyclo-
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Table 1. NR2B ICsy, HERG ICs, and solubility of heterocycles

H
“NYR
/[jo 0]
HO
Compound R NR2B HERG Solubility
IC50“ IC50b at pH 6.5¢
(oM) (M) (pg/ml)
6a %\/J@ 30 >3 <5
| ~
6b _N >1000 >30 NTY
~
6¢ I N 856 >30 92

N
6d H{\/Q} 9% >10° 9

N d d
6e N >1000 NT®  NT

of >1000 >30 18

6g >1000 NT¢ NT¢

# Measured as the ICs, value for displacement of tritiated racemic CP-
101,606 from the rat forebrain P2 membrane.

®Measured as the ICs value for displacement of tritiated dofetilide
from human HERG channel expressed in HEK(human embryonic
kidney)293 cells.

“Not measured due to low solubility at 30 uM in the assay.

4NT, not tested.

¢ Using a KH,PO4Na,HPO, buffer adjusted by KOH.

hexane derivatives 6a and 15(b-d). Thus, instead of
cyclohexane derivatives, SAR around -cyclohexanol
derivatives 14 was pursued further with other heterocy-
cles to improve solubility. Replacement with heterocy-
cles resulted in loss of potency except for 3-pyridinol
14e. Introduction of methyl group to 14e also led to

Table 2. NR2B ICsy, HERG ICs, and solubility of phenols

: e}
R”:

Compound R X NR2B HERG Solubility
1Csp 1Csp (at pH 6.5,
oM) (M) pg/ml)

g

14a OH 19 >30 20
6a HO H 30 >30 <5
14b ﬁ OH 189 >10° <5
15b HO H >5000 ND° <5
14c /EJ;]/\ OH 25 >10° 22
15¢ HO H 722 >30 <5
F
14d :©>\ OH 13 >3 17
15d HO H 59 >10° NT®

#Not measured due to low solubility at 30 uM in the assay.
®Not detected due to low solubility at 10 uM in the assay.
°NT, not tested.

weaker NR2B activity probably due to its steric hin-
drance. Compound 14e with 3-pyridinol moiety did em-
body the best compound with desired profiles of both
potency and solubility (Table 3).

Compound 14e'® exhibited potent analgesic activity in
the mouse partial sciatic nerve legation (PSL) model
(minimum effective dose = 10 mg/kg, po) and exhibited
much lower HERG current inhibitory activity (9% at
30 uM). In addition, this compound possesses a good
PK profile, high metabolic stability (>60 min), and bio-
availability (27%) (Table 4).

In summary, we identified a new lead NR2B antago-
nist by taking a strategy to avoid pharmacophoric
similarity to dofetilide in order to minimize HERG
current inhibitory activity. Further efforts to improve
solubility and NR2B activity of the lead have yielded
14e with potent analgesic activity and very weak
HERG current inhibitory activity.

H H
—_— —_—
HO o //JQ/ o]
11 12 S 13

HO
=
PP n
- M)
e e O
o)
= Ar
A on
14 15

Scheme 2. Reagents and conditions: (a) PhCH,CH,COOH, EDCI, HOBt, CH,Cl,, rt, 85%; (b) Swern oxidation, 93%, —60 °C ~ rt; (c) ArLi (3
equiv), THF, —78 °C; (d) i—CF3;COOH, CH,Cl,, rt; ii—10% Pd/C, MeOH, H», rt.
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Table 3. NR2B ICsg, HERG ICsy, and solubility of heterocyclic

analogues

. o}
OH
Compound R NR2B Solubility
IC50 (HM) (at pH 65,
pg/ml)
14e | = 10 130
Ho” ~N
o]
14f o= | J * 85 69
N N/
H
14g ‘ = 116 NT
Ho >N
14h % fj}x >5000 NT
“°N N
H
14i | >5000 NT
HN™ N7
14j (NJ}A >5000 NT
HN

14k N//E}\ 2440 NT
HN
N

141 ¢ ;©>i 4960 NT
N
H

Table 4. Pharmacological profile of compound 14e

NR2B binding (ICsp) 10 nM
HERG binding (ICs) >30 uM
HERG current inhibition at 30 uM 9%
Solubility at pH 6.5 130 pg/ml
t1» in human liver microsomes >60 min
Bioavailability in mice 27%
Mouse in vivo model (PSL)* 10 mg/kg
Minimum effective dose (po)

2The mouse partial sciatic nerve ligation (PSL) model."”
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Abstract—A series of novel cyclic analogues of curcumin were synthesized and analyzed for in vitro cytostatic activity. Condensa-
tion of 2-acetylcycloalkanones with a variety of aromatic aldehydes resulted in the formation of 2-arylidene-6-(3-arylacryoyl)-cyclo-
alkanone derivatives. A number of these analogues were found to have significant anticancer activity against representative murine
and human cancer cell lines during in vitro bioassays. This corroborated with in vitro cytostatic activity against a panel of 60 cell

lines studied at the National Cancer Institute (USA).
© 2007 Elsevier Ltd. All rights reserved.

Curcumin (1a,b) is a phytochemical obtained from the
dried rhizomes of Curcuma longa LINN.! This yellow
pigment is the main constituent of turmeric powder, a
widely used spice in Southeast Asia.! Curcumin is also
used in traditional medicine to treat a wide variety of ail-
ments such as indigestion, urinary tract infections, liver
disease, and rheumatoid arthritis (Fig. 1).2

This phytochemical has gained interest due to its anti-
inflammatory, anti-oxidant, anti-proliferative, anti-
angiogenic, and anti-tumorigenic properties.>® In re-
gard of its anticancer properties, curcumin has demon-
strated growth inhibition” and apoptosis induction®1°
in a wide variety of cancer cell lines. The anti-angiogenic
effects of curcumin include the inhibition of vascular
endothelial cell proliferation in vitro and capillary tube
formation and growth in vivo.!""!? Because of its excel-
lent pharmacodynamic profile, curcumin proceeded
onto clinical trials;'*!4 however, due to its low potency
and poor bioavailability, it has not become a successful
drug.'> Curcumin’s significant anti-neoplastic activity,
along with its low molecular weight and lack of toxicity,
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makes this molecule an ideal lead molecule for develop-
ment of potential chemotherapeutic agents.'®!”

Curcumin’s vast array of biological properties and their
molecular mechanisms have been the subject of much
scientific investigation. It is widely accepted that curc-
uminoids are capable of inducing apoptosis by their
ability to up-regulate the proapoptotic BAX proteins
and their ability to down-regulate the anti-apoptotic
Bcl-2 proteins.®~!19 Curcumin has been found to modu-
late protein function and expression;® !9 however, its
molecular interaction with proteins is not yet fully
understood. Since curcumin is essentially an electro-
philic molecule, more precisely a Michael acceptor, it
is capable of protein thiolation. Such compounds are
known to covalently bind with sulfhydryl-rich proteins
such as topoisomerase-2 which in turn renders the en-
zyme inactive.'® Michael acceptors are not known to
conjugate with genetic material due to their reduced
affinity for hydroxyl- or amino-functionalities located
in nucleic acids.'® This feature is likely responsible for
its reduced mutagenicity and carcinogenicity in compar-
ison to other anticancer drugs.?’

There are some reports of biological evaluation of cur-
cumin analogues. These studies focused mainly on alter-
ing the aryl substitution, I,3-diketone structure, and
simplification of the dicinnamoylmethane pharmaco-
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Figure 1. Tautomeric structure of curcumin (1a,b).

phore.”!1-21-23 In an attempt to better understand the
curcumin pharmacophore and to improve its pharmaco-
dynamic profile, we designed molecules retaining the
E E-1,7-diarylhepta-1,6-diene-3,5-dione backbone while
introducing a ring structure to increase rigidity as well
asto create molecules which are more lipophilic. Increased
lipophilicity will enable molecules to potentially
penetrate through cell membrane more effectively lead-
ing to improved absorption. It has previously been
reported that curcumin is primarily metabolized by
sequential reduction and glucuronidation.’*?” The
rapid metabolism of curcumin by glucuronidation of
the phenolic hydroxyl group can be prevented or
retarded by O-methylation of the phenolic group or by
replacement of the phenolic group with a metabolically
resistant functional group such as Cl (obstructive halo-
genation) or CH3.2® Two series of designed curcumin
analogues for current investigation are indicated in
Figure 2.

Various substitutions on the aromatic ring were intro-
duced in the design in order to evaluate the dependence
of biological activity and bioavailability on electronic,
steric, and solubility factors due to these substituents
as well as to retard first-pass metabolism. Fifteen cyclic
curcumin analogues were successfully synthesized using
boron trioxide-mediated aldol condensation using con-
ventional heating and microwave irradiation (Scheme
1). The full details of the synthesis and characterization
of compounds 2a-h and 3a—g have been described previ-
ously.?” Microwave synthesis provided expedited reac-
tion time, increased yield, and simpler purification
compared to conventional boron trioxide-mediated pro-
cedure previously reported.?®

X-ray crystallography was undertaken for compound 3c
(R =Me, n=1)>! to unambiguously establish the dou-
ble bond geometries which are difficult to ascertain for
two of the three alkene bonds one of which is enolic.
The crystal structure (Fig. 3) showed the molecule to
exist as two enolic tautomers. The stereochemistries at
the exocyclic and cinnamoyl double bonds were conclu-
sively established as E; the enolic double bond showed
expected Z geometry owing to the 6-membered cyclic
transition state between the two enolic forms involving
the H-bond between the carbonyl group and the enolic

O OH a. R=H
b. R=4-Cl
N | A NS | N e Ro4CH,
X > d. R=4-OH
n e. R=4-OCHj4
f. R=3,4-(OCHz),
2a-h; n=0 g. R=3-OCHg, 4-OH
3a-g; n=1 h. R=4-NO,

Figure 2. Chemical structures of compounds investigated.
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hydroxyl functionality (H-bond distance 1.29-1.36 A).
This corroborates with the "H NMR results where a
peak (~16 ppm downfield to TMS) for the chelated hy-
droxyl group was observed.?

All compounds were assayed in the murine leukemia
L1210 and the human lymphoblast Molt 4C/8 and
CEM systems using a reported procedure.?? Murine
L1210 cytotoxicity assay is valued as a preliminary
predictor of clinical suitability of anticancer drugs.?
Human Molt 4/C8 and CEM T-lymphocyte cell lines
were chosen to evaluate the cytostatic potential of
compounds under investigation toward human mu-
tated cells. The ICsy values and their standard devia-
tions are reported in Table 1. The clinically used
cytoxic drug Alkeran® and curcumin were used as ref-
erence drugs.

It becomes obvious from the examination of the data
presented in Table 1 that, like curcumin itself, an oxy-
genated aromatic ring is important for cytostatic activ-
ity. With the exception of compound 2e, all
compounds bearing oxygen on aromatic rings in series
2 displayed moderate to pronounced cytostatic activity.
Among the two series of compounds tested, compound
2f displayed best cytostatic profile with potency higher
than those for curcumin and Alkeran® against all the
cell lines assayed. Interestingly, compound 3f, the 6-
membered cyclic analogue of 2f, was only weakly cyto-
static. This appears unusual but could be due to the
ability or lack thereof of the two molecules to interact
with the receptor. A 3D comparison of the molecular
framework of the two compounds was accomplished
by CAChe® molecular modeling software,>* where they
were superimposed through the cinnamoyl enone group.
The divergence in the topology of the two is highlighted
in Figure 4. Substantial divergence was noted in the po-
sition of the arylmethylene groups. Thus it can be ar-
gued that owing to cyclic structure and olefinic groups
imparting considerable rigidity, the divergence in 3D
topology becomes detrimental for compound 3f to bind
favorably with the receptor, which, in turn, leads to
weaker cytostatic activity.

Introduction of groups such as —Cl or —CHj; rather than
—OH or —~OCHj3; on the aromatic ring to retard metabo-
lism led to loss of cytostatic activity against all three cell
lines. It is well documented that phenolic compounds
demonstrate anti-oxidant properties owing to their abil-
ity to scavenge free radicals.®> The anti-oxidant activity
translates into cancer chemopreventive activity as it
obliterates the reactive oxygen and nitrogen species
which are involved in the tumorigenesis process. Curcu-
min possesses superb anti-oxidant activity due to its
phenolic and enolic functionalities.?> This corroborates
with our findings in this study that compounds with oxy-
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Scheme 1. Synthetic scheme for the production of tautomeric 2a-h (n =

2a-h, 3a-g

0) and 3a-g (n = 1). Refer to Figure 2 for R substituents.

Figure 3. ORTEP diagram of the X-ray crystal structure of compound 3¢ (a) and its 2D structural representation (b).

Table 1. Cytostatic activity of curcumin analogues against represen-
tative cell lines

Compound 1Cs (LM)

L1210 Molt4C/8 CEM
2a 65+6 48%9 55+ 11
2b 436 + 145 >500 >500
2c 58+ 14 80+ 11 74t4
2d 10+1 9.0+ 1.6 11£0
2e 340 + 104 462 £ 53 527 35
2f 1.4+0.3 1.2+0.2 1.3+0.3
2g 83%0 7.3+0.7 83+1.5
2h 71+29 44£5 4312
3a 50 £ 29 49+%0 38+ 12
3b 304 £ 132 257+ 21 299 £ 55
3c 300 + 73 276 + 32 285+ 26
3d 9.5%+0.6 46+04 89+24
3e 120 £ 63 47 %38 62+29
3f 55145 50+4 47+2
3g 8.6+73 8.8%£0.7 8.1%£2.0
1# 9.0%0.5 9.0+1.9 8.7%1.1
Alkeran®® 2.13£0.03 3.24£0.79 2.47%0.03

# Commercial 70% curcumin from Aldrich.
°The data for Alkeran® are reproduced from the Eur. J. Med. Chem.
35, 970 (2000).

genated aromatic rings showed cytostatic activity. This
was also observed in a related work on curcumin ana-
logues published recently.3¢

In order to verify whether the cytostatic activity corre-
lated with one or more physicochemical properties of
the aryl substituents®’ in both series of molecules, linear
and semi-logarithmic correlations were obtained®® be-
tween Hammett o values, the Hansch n values, and mo-
lar refractivity (MR) constants (reflecting the electronic,
hydrophobic, and steric properties of the aryl group,
respectively), and the activity data presented in Table
1. Two other calculated®® parameters for the whole mol-
ecule, viz. cLogP (octanol/water partition coefficient)
and dipole (polarity), were also correlated with ICsq val-
ues. Only the significant correlations obtained for both
the series of molecules are presented in Table 2. The
value of P in the range 0.05-0.1 indicates a trend toward
significance, while values <0.05 suggest significant corre-
lation. The magnitude of coefficient r shows the extent
(the closer the values to 1, the better) and the nature
(sign positive or negative) of the correlation.

Intriguingly, correlations were established between
parameters Hansch 7 values, cLogP, and dipole with
cytostatic 1Csq values (Table 1) for both the series of
molecules, albeit to different extents (Table 2). For com-
pounds in series 2, slight positive linear correlation was
established between the © values and cytostatic potential
against all three cell lines (P values < 0.18). Calculated
partition coefficient cLogP correlated positively and
more significantly (P values < 0.07) with the ICs, values
of compounds in series 2. For the same series of com-
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Figure 4. Superimposed structures of compounds 2f (magenta) and 3f (blue) in two orientations.

pounds, negative trends toward significant correlations
were observed for dipole and ICsq values in all the three
cell lines studied (P values < 0.1). Similar results were
obtained for compounds in series 3 except that the
semi-logarithmic correlation of cytostatic potential with
parameters Hansch « values and cLog P was almost per-
fect (P < 107°) while dipole correlated less significantly.

Positive correlation of both Hansch © and cLog P with
cytostatic activity infers that when lipophilicity de-
creases, the ICsy decreases leading to improved cytotox-
icity. This is clearly evident from the notable cytostatic
activity in oxygenated polar compounds presumably
because of their ability to act as anti-oxidants. This is

further strengthened by the negative correlation between
dipole and cytostatic activity values which also means
that increase in polarity of the compounds leads to de-
creased ICsq values resulting in increased cytostatic po-
tency. No meaningful correlations were noted between
Hammett ¢ and MR values versus the cytostatic data.

Three representative compounds 2f, 3d, and 3g were
also evaluated against 57 human tumor cell lines rep-
resenting nine different neoplastic conditions, namely
leukemia, melanoma, non-small cell lung, colon, cen-
tral nervous system, ovarian, renal, prostate, and
breast cancers. The data generated are summarized
in Table 3.

Table 2. Correlation constants between ICs, values of curcumin analogues 2 and 3 and certain physicochemical parameters

Series Independent Dependent Type Correlation coefficient r P value
Series 2 Hansch ©t L1210 ICs Linear 0.599 0.116
Molt4 1Cs, Linear 0.574 0.135
CEM Linear 0.535 0.172
cLogP L1210 ICsg Semi-log 0.678 0.064
Molt4 1Cs, Semi-log 0.706 0.050
CEM ICs, Semi-log 0.684 0.061
Dipole L1210 ICs, Semi-log —0.623 0.099
Molt4 1Cs, Semi-log —-0.679 0.064
CEM ICs Semi-log —0.679 0.064
Series 3 Hansch © L1210 ICsq Semi-log 0.973 0.000
Molt4 1Cs, Semi-log 0.985 0.000
CEM ICs Semi-log 0.991 0.000
cLogP L1210 ICsq Semi-log 0.950 0.001
Molt4 1Cs, Semi-log 0.947 0.001
CEM ICs Semi-log 0.967 0.000
Dipole L1210 ICsg Semi-log —0.623 0.135
Molt4 1Cs, Semi-log —0.486 0.268
CEM ICs Semi-log —0.582 0.170
Table 3. Evaluation of 2f, 3d, 3g and reference compounds against a panel of human tumor cell lines
Cell lines 2f 3d 3g Alkeran®*®
All cell lines Glso (uM)* 2.60 10.26 3.98 16.97
SI® 31.42 79.54 1560 38
Leukemia Glso (UM) 1.38 1.69 1.52 12.55
Lung cancer Glso (LM) 3.28 12.01 5.29 19.50
Colon cancer Glsp (UM) 2.31 7.62 2.97 23.36
CNS Cancer Glso (LM) 2.10 12.33 3.90 13.90
Melanoma Glso (UM) 3.50 14.06 5.55 15.84
Ovarian cancer Glso (UM) 2.99 13.02 5.35 17.00
Renal cancer Glso (UM) 3.88 11.77 5.05 19.30
Prostate cancer Glso (UM) 1.40 8.60 2.71 Not available
Breast cancer Glsp (UM) 2.56 11.28 345 18.67

4 Glsg refers to the compound concentrations required to inhibit the growth of the cells by 50%.
®SI refers to the selectivity index. The SI figures for all cell lines were obtained by dividing the Gls, values of the least and most sensitive cells.
©Gls values for Alkeran® were obtained from online NCI database (COMPARE data vector search, compound ID NSC 8806).
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The results summarized in Table 3 demonstrate that
when all cell lines are considered, 2f, 3d, and 3g are more
cytotoxic than Alkeran®. An important characteristic of
a candidate anticancer drug is selective toxicity for cer-
tain cells rather than their being indiscriminately cyto-
toxic. The selectivity index (SI) figures for all cell lines
divulge a wide differential sensitivity of the human
tumors to 2f, 3d, and 3g; compound 3g in particular dis-
played impressive selectivity. A review of the mean
graphs® revealed that 2f, 3d, and 3g exerted greater tox-
icity to leukemic cell lines than those representing other
neoplastic diseases. Alkeran® is used in combination
chemotherapy to treat chronic leukemias.*! The results
in Table 3 reveal that 2f, 3d, and 3g are considerably
more potent against leukemic cell lines than Alkeran®.
The revelation that the compounds possess significant
potencies and preferential cytotoxicity for certain tumor
cells suggests that 2-arylidene-5-(-1-hydroxy-3-arylally-
lidene)cyclopentanone (series 2) and 2-arylidene-5-(-1-
hydroxy-3-arylallylidene)-cyclohexanone (series 3) are
candidate anticancer agents which may display selective
toxicity.

In conclusion, 15 curcumin analogues were synthesized
under microwave conditions and bio-evaluated for their
possible cytostatic activity in pursuit of non-toxic and
anti-neoplastic agents. Five products displayed similar
or superior activity compared to curcumin. Properties
relating to solubility and polarity of the molecule gener-
ally correlated very well with the biological activity.
Quantitative structure—activity relationship studies indi-
cated that increased polarity with oxygenation in the
aromatic ring is vital for cytostatic activity of this type
of molecules. This information will be used to further
amplify this project.
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Abstract—Benzopyrans are selective estrogen receptor (ER) B agonists (SERBAs), which bind the ER subtypes o and  in opposite
orientations. Here we describe the synthesis of a late stage intermediate that allowed us to combine A-ring and C-ring modifications
and carry out simultaneous SAR studies at both positions. Modification of both positions proved additive, maintaining affinity and
improving ERB selectivity up to 83-fold. An X-ray cocrystal structure confirms the previously observed binding mode in ERf.

© 2007 Elsevier Ltd. All rights reserved.

ERa and ER are ligand activated transcription factors
that belong to the steroid nuclear hormone receptor
family. They mediate the activity of estrogen, a hormone
important for the development, maintenance, and regu-
lation of the female reproductive system. The classical
receptor, now known as ERa, is expressed in nearly all
tissues of both sexes. ERB was discovered in 1996.! It
is expressed in the ovaries, uterus, and oviduct of the
female reproductive tract but not in breast tissue; while
in males, it is expressed in the prostate and epididymis
but not in the testes.? It is possible to develop selective
ER modulators (SERMs), such as raloxifene. These
compounds demonstrate tissue type functional selectiv-
ity with agonist activity in bone, liver, and cardiovascu-
lar tissues and antagonist activity in the uterus and
breast.? This selectivity is most likely due to the interac-
tion of ligand bound receptor with cofactors that either
promote the formation of gene transcription complexes
or inhibit gene transcription.

Over the last decade several groups have reported ER
selective ligands.* Our own efforts focused on the benz-
opyran scaffold resulting in the development of benzo-
pyran la as a selective estrogen receptor [ agonist
(SERBA-1).°> Recently we reported structural modifica-

Keywords: Estrogen receptor; ERb selective ligands; Benzopyrans.
* Corresponding author. Tel.: +1 317 433 2372; fax: +1 317 433
0552; e-mail: t_richardson@lilly.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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tions of the C-ring (2a)® and A-ring (3a)’ of the benzo-
pyran scaffold (Fig. 1). Modifications at either of these
positions resulted in significant increases in binding
selectivity for ERB. Data from X-ray crystal structures
indicate that benzopyran la binds to both ERa and
ER with the D-ring phenol interacting with the hydro-
gen bond network of the Glu-Arg-H,O triad. The
A-ring phenol interacts with His-524 in ERa or the
corresponding His-475 in ERB. Although the two phe-
nols bind in the same places within the binding pocket,
the orientation of the benzopyran scaffold is rotated by
180° on the bisphenol axis. In addition the A-ring phe-
nol is found to the left of His-524 in ERa as drawn in
Figure 1, while in ERB the A-ring phenol is shifted to
the right of the corresponding His-475. These same
rotated and shifted binding orientations were found in
crystal structures of both the C-ring and A-ring modi-
fied benzopyrans. In all cases the C-ring is pointed
toward Leu-384 in ERa, but in ERp this ring is pointed
toward Ile-373 on the other side of the pocket. In a sim-
ilar fashion, A-ring modifications place functional
groups in the vicinity of Met-421 in ERoa, while in
ER these functional groups end up on the opposite side
of the binding pocket near Met-336. It was not clear to
us if combining C-ring and A-ring modifications to give
compounds 4a would be beneficial. Here we describe the
synthesis of a late stage intermediate that allowed us to
combine A-ring and C-ring modifications and carry out
simultaneous SAR studies in both positions.
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Figure 1. Diagram of the X-ray crystal structures of SERBA-1 1a bound to ER (green), SERBA-1 1a bound ERa (gray), and the C-ring 2a, A-ring
3a, and A/C-ring 4a modifications of SERBA-I.

The synthesis of a common intermediate for combined ene)-triphenyl-phosphorane, was used to prepare
C-ring and A-ring modifications is described in Scheme 1.2 (E)-ethyl cinnamate 7 from 3-bromo-2-hydroxy-5-meth-
The stabilized phosphorus ylide, (carbethoxymethyl- oxy-benzaldehyde (6).° Ethyl cinnamate 7 was treated
o}
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Scheme 1. Synthesis of 4a and 4b. Reagents and conditions: (a) Ph;P = CHCO,Et, toluene; (b) BBr3;, CH,Cl,, 60 °C; (c) K,CO;, MOMCI, DMF; (d)
10, Pd(OAc),, P(OEt);, THF, 60 °C; (e) LIHMDS, Comins’ reagent, THF, —78 — 0 °C; (f) i—Compound 13, ZnCl,, THF, 0 °C; ii—Compound 12,
Pd(PPh;),, THF, 50 °C; (g) TFA, Et;SiH, CH,Cl,; (h) NMM, NMO, OsO,, H,O, THF; NalOy; (i) DAST, CICH,CH,Cl, 40 °C; (j) i—n-BuLi, THF,
—78 °C; DMF; ii—NaBH,, MeOH, THF; iii—NaH, Mel, THF; (k) HCIl, H,O, THF; (1) Chiralpak AD, heptane-isopropanol.
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with boron tribromide to remove the methyl group and
promote cyclization to 8-bromo-6-hydroxycoumarin
(8), which was then protected as its MOM-ether to give
9. The Trost transition metal-catalyzed [3 + 2] trimethy-
lenemethane (TMM) cycloaddition'® was used to install
a cyclopentane ring containing an exo-methylene group,
which served as a latent ketone, to give lactone 11. The
lactone in 11 was deprotonated with LIHMDS and the
resulting lactone enolate was reacted with Comins’
reagent!! to give lactone enol triflate 12. Negishi’s palla-
dium catalyzed coupling'? conditions were used to cou-
ple the lactone enol triflate 12 with the aryl zinc
reagent generated from aryl lithium 13 to give the
MOM-protected 4-(4H-chromen-2-yl)phenol 14. We
found that this coupling was completely selective for
the enol triflate over the aryl bromide. The enol ether
of 14 was reduced with complete stereoselectivity using
triethylsilane-trifluoroacetic acid to the all cis-stereoiso-
mer of flavanol analog 15. The latent ketone was
revealed by dihydroxylating the exo-methylene of 15
with osmium tetroxide and then cleaving the diol with
sodium periodate. We found it was best to carry material
from lactone 11 all the way through the oxidation step to
provide MOM-protected bromo-cyclopentanone 16,
without extensive purification or handling of intermedi-
ates because compound 14 is prone to air oxidation.
The overall yield from 11 to 16, which served as a
common, late-stage intermediate for the synthesis of
A/C-ring functionalized benzopyrans (4), was 29%.
Treatment of 16 with DAST!3 gave the difluoromethylene
derivative 17. Lithium halogen exchange was used to
convert 17 into an aryl lithium that was reacted with
DMF to give an aldehyde. The aldehyde was reduced
to the corresponding alcohol using sodium borohydride
followed by deprotonation with sodium hydride and
then alkylation with methyl iodide to give methyl ether
18. The penultimate 18 was deprotected under acidic
conditions to give the A/C-ring functionalized benzopy-
ran 4. The enantiomers 4a and 4b were separated by
chiral chromatography.

The A-ring, C-ring, and A/C-ring derivatives of SER-
BA-1 (1a) were evaluated for their ability to bind estro-
gen receptors alpha and beta (Table 1). As can be seen,
Table 1. A/C-ring modifications: ERa and ER binding data

X

—

HO L8
Tl
OH

the addition of a methoxymethyl group to the A-ring
gives a compound (2a) with equal binding affinity to
ERP compared to la, but with significantly increased
selectivity (43-fold compared to 14-fold). The difluorom-
ethylene group in the C-ring of compound 3a also main-
tains binding affinity to ER 3, but increases selectively by
only a marginal amount (19-fold compared to 14-fold).
The combination of these two modifications in com-
pound 4a maintains affinity to ERB and results in an
increase in selectivity (83-fold) to nearly twice that of
2a and four times that of 3a. Interestingly the enantio-
mer of 4a, compound 4b, possesses 220-fold less binding
affinity for ERP and is almost completely non-selective.
This is significantly different from the enantiomer of 1a,
compound 1b, which loses only 8-fold binding affinity
and maintains 11-fold selectivity.

The cocrystal structure of benzopyran 4a is shown in
Figure 2.!* As can be seen, the same binding orientation
is observed in this structure as was seen in the structures
of ERP with benzopyran 1a° as well as the C-ring® and
A-ring’ modified benzopyrans. The D-ring phenol
interacts with the hydrogen bond network of the Glu-
Arg-H,O triad, while the A-ring phenol interacts with

—

/ lle-a73

!
Arg-aae His-a75

Glu-30s U
\

J - / Met-33s

/

Figure 2. Diagram of the X-ray crystal structure of the A/C-ring
functionalized benzopyran 4a bound to ER. The fluorine atoms are
colored green while the oxygens are red.

R
1a, 2a, 3a, 4a 1b, 4b
Compound® X R ERp (nM)° ERo (nM)° Ratio
1a H, H 0.19 £ 0.09 270 £ 1.5 14
2a H, CH,OMe 0.28 £ 0.02 11.9£5.6 43
3a F, H 0.44 £0.28 84+23 19
4a F, CH,OMe 0.53 £0.04 438+9.1 83
4b F, CH,OMe 118 198 1.7
1b H, H 1.54 £0.45 145+ 64 11

#All compounds are from the more potent enantiomeric series except 4b and 1b which are from the less potent enantiomeric series.

® K; values are means of at least two determinations +SD.
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His-475. The difluoromethylene group of the C-ring is
pointed toward Ile 373, while the methymethoxy group
is pointed toward Met-336.

In conclusion, we were able to increase the binding selec-
tivity of the benzopyran scaffold by combining modifica-
tions of the C- and A-rings of benzopyran la.
Fluorination of the C-ring gave a compound with 19-
fold selectivity, while addition of a methoxymethyl
group to the A-ring gave a compound with 43-fold
selectivity. The combination of these two modifications
gave a compound that was equipotent at ERP and
83-fold selective for ERPB over ERa. The cocrystal
structures of this A/C-ring analog 4a in ERf demon-
strated similar binding orientations compared to the
C-ring modified, A-ring modified, and unfunctionalized
benzopyrans.
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Abstract—Ciyclic peptides were obtained, on-resin, by the copper (I) catalysed 1,3-dipolar cycloaddition of azides and alkynes. The
reaction led exclusively to the formation of the expected cyclomonomeric products which acted as ligands of the Vascular Endothe-

lial Growth Factor receptor 1.
© 2007 Elsevier Ltd. All rights reserved.

In the few years since its discovery, copper (I)-promoted
[3+2] Huisgen cycloaddition of azides with terminal
alkynes has proved to be one of the most efficient ‘click
reactions’ with widespread applications in organic
chemistry and drug discovery.! It has been notably used
with interest in the field of peptide chemistry to produce
1,2,3-triazoles as peptide bond isosteres>* and to syn-
thesize cyclic peptides. Up to now, two strategies have
emerged to perform cyclization of such peptides. The
first one was the solution phase method which led to
monomeric,> dimeric’> or mixtures of monomeric and
dimeric cyclic peptides depending on the nature of ami-
no acids introduced® and substrate concentrations.® The
second strategy was the on-resin cyclization of peptides,
as performed by Punna et al.” Unexpectedly, this meth-
od led to the formation of cyclodimeric products despite
the pseudo-dilution effect of the resin.

Keywords: Click chemistry; Huisgen reaction; VEGF receptors; Anta-

gonist; Resin supported synthesis; Cyclic peptide.

* Corresponding authors. Tel.: +33 01 42 86 21 26; fax: +33 01 42 86 40
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Herein, we describe the application of copper(I)-cata-
lyzed 1,3-dipolar azide-alkyne cycloaddition to the
solid-phase synthesis of cyclic peptides targeting the
Vascular Endothelial Growth Factor Receptor 1 (VEG-
FR1). Interestingly, this method specifically allowed the
formation of monomeric peptides.

An increasing number of reports tend to indicate that
VEGFRI1 isstrongly implicated in pathological angiogen-
esis, a biomarker of cancer, and that its inhibition may
constitute an attractive strategy for stopping tumour
growth and metastasis.> ' VEGFRI is stimulated by
the binding of its pro-angiogenic ligands, the Vascular
Endothelial Growth Factor (VEGF) and the Placenta
Growth Factor (PIGF). An interesting approach for
inhibiting the receptor activation consists in developing
peptides, or small molecules, that act as ligands of the
receptor extra-cellular domain and therefore are able to
displace VEGF/PIGF binding to VEGFR1.!! Based on
the structural'>'? and mutagenesis'*!> data available,
several amino acids of the VEGF, essentials for VEGF-
VEGFRI interaction were identified (Fig. 1). Considering
the spatial proximity existing between some of these
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Peptides 3b-9b

Figure 1. Surface rendering of VEGF 45 based on the crystal structure
of VEGF-VEGFR 14, complex.12 Residues involved in VEGF-VEG-
FRI1 interaction are colored and labeled. The encircled areas were
mimicked by the different synthesized peptides.

residues at the surface of the VEGF, we designed small
VEGF mimics as peptides containing these amino acids.

These peptides were cyclised in order to obtain the de-
sired circular arrangements of amino acids. Following
this approach, three families of peptides were synthe-
sized (Table 1).

The cyclic peptide 1b mimics the VEGF residues H27,
Q22, M18, F17, Y21, and Y25 (Fig. 1, green line).

The cyclopeptide 2b mimics L66, D63, N62, K48, MS81,
191, F17, W21 and Y25 amino acids (Fig. 1, red line).

A series of peptides (3b, 4b, 5b, 6b, 7b, 8b, 9b) imitates
the area covered by the VEGF residues Y21, Y25,
D63, E64, G65, L66 and E67 (Fig. 1, blue line).

For each cyclic peptide, the corresponding linear prod-
uct was prepared.

First, the linear peptide 1a (N;-GHQMFYY Pra-NH,)
was synthesized by standard N®-Fmoc chemistry on
Rink amide MBHA resin'® (substitution: 0.62 mmol/g)
in 0.25 mmol scale. Couplings were carried out with
in situ-activating reagents (HBTU, HOBt in the pres-
ence of DIPEA) to generate HOBt esters.

The N-terminal a-azido glycine was synthesized accord-
ing to the method developed by Lundquist et al.!” and
the alkyne moiety was introduced as a L-propargylgly-
cine introduced in the C-terminal position. This amino
acid, commercially available, presents the same stereo-
chemistry as natural amino acids and permits the side-
chain cyclization of the peptide. After the elongation
completed, a third of the resin was removed, cleaved
and deprotected with triisopropylsilane as scavenger,
leading to the linear azido-peptide 1a. The remaining
peptidyl-resin was cyclized by exposure to 0.5 equiva-
lents of copper (I) iodide, in presence of sodium ascor-
bate and 2,6-lutidine in NMP/DCM (Scheme 1,
method A). The reaction progress was monitored every
24 h by analyzing a sample of the resin by IR-spectros-
copy (disappearance of the 2100 cm ™' band characteris-
tic of the azide) and by the modified Kaiser test
described by Punna et al.'®

After 48 h at room temperature, the conversion of the
azide and terminal alkyne in 1,2,3-triazole was complete.
The B-(1H-[1,2,3]triazol-4-yl)alanine amino acid gener-
ated from the propargylglycine is abbreviated as ftA
in the following cyclopeptides. The peptide was then
cleaved from the resin, deprotected and purified by
HPLC to a purity of 95%. After these treatments, the
cyclomonomeric peptide 1b (cycloflGHQMFYY BtA]-
NH,) was exclusively isolated. The linear and cyclic
peptides 2-6 were synthesized according to the same

Table 1.
Compound Peptide sequence® Activity at 100 uM (%)° 1C50 (uM)
la N3;-GHQMFYYPra-NH, 67 194+£22
1b Cyclo[GHQMFYY tA]-NH, 35 121 £29
2a N3;-GLDNKMIFWYPra-NH, 95 229+42
2b Cyclo(GLDNKMIFWY BtA]-NH, 83 31.1+£1.2
3a N;3;-GhFDEGLEPra-NH, 0 ND
3b Cyclo[GhFDEGLEPtA]-NH, 10 ND
4a N3;-GhFDEPLEPra-NH, 0 ND
4b Cyclo[GhFDEPLERtA]-NH, 29 ND
5a N;3-YYDEPLEPra-NH, 0 ND
Sb Cyclo[YYDEPLEPra]-NH, 0 ND
6a N;-FYDEPLEPra-NH, 55 96 + 14
6b Cyclo[FYDEPLEftA]-NH, 61 93+18
Ta N3;-QYDEPLEPra-NH, 0 ND
b Cyclo[QYDEPLEPtA]-NH, 0 ND
8a N;-EYDEPLEPra-NH, 6 ND
8b Cyclo[EYDEPLEftA]-NH, 7 ND
9a N;3;-KYDEPLEPra-NH, 27 151 £29
9b Cyclo[KYDEPLERtA]-NH, 28 162 +24
SP5.2 NGYEIEWYSWVTHGMY-NH, 99 28+7

ND, not determined; In this set of experiments, recombinant human VEGF 45 displayed an ICs, of 387 £+ 60 pM.
#hF, homophenylalanine; Pra, propargylglycine; BtA, B-(1H-[1,2,3]triazol-4-yl)alanine.
®The inhibitory activity corresponds to the percentage of biotinylated VEGF 45 displaced by 100 uM of peptide on VEGFR1.
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Scheme 1. Synthesis of peptide Sb. Method A: Azido-acid coupling followed by Cu(I)-promoted on-resin cyclization. Method B: Direct solid-phase

conversion of the N-terminal amine into azide by diazo-tranfer followed by the cyclization of the peptide.

protocol. For all of the studied peptides, the comparison
of the IR spectra in KBr tablets allowed clearly to distin-
guish the linear peptides, which exhibited a strong
absorption at 2100 cm™', from the cyclic peptide in
which such band was absent. Furthermore all the pep-
tides were purified by HPLC to a purity of at least
95% and their structure confirmed by ESI-mass and
NMR spectroscopy. Comparison of the IH NMR spec-
tra of the linear and cyclic forms for the compounds 1-9
allowed the characterization of the triazole system. In-
deed all the cyclic peptides spectra show a particular res-
onance around 8 ppm corresponding to the HA proton
of the triazole. Furthermore the a-proton Ha of the ami-
no acid engaged in the triazole ring resonates at 5.5 ppm
and is low field shiefted by around 1.5 ppm when com-
pared to the same proton in the linear form. The assign-
ment of these signals was accomplished after 2D NMR
experiments performed on compounds 8a and 8b. The
observed NOE interaction between the triazole hydro-
gen HA and the proton Ha of the peptide sequence
attested for the ring closure. Moreover, many inter-res-
idue NOE were observed between residues 1 and 8, in
particular between proton Hb of residue 8 and protons
HB* and Hy" of residue 1 (See: supporting information).

The first peptide produced to mimic the VEGF residues
Y21, Y25, D63, E64, G65, L66 and E67 was the peptide
3b (cyclofGhFDEGLE BtA]-NH,. The homophenyl-ala-
nine (hF) was introduced in the sequence in order to al-
low its aromatic ring to mimic the position occupied by
the tyrosine 25 aromatic ring. Compared to the previous
peptides, 1b and 2b, cyclization of 3b proved to be slug-
gish (96 h) and gave raise to unidentified by-products
observed by HPLC analysis of the crude reaction
mixture. Thus, we attempted to replace the glycine
contained in this peptide by a proline (peptide 4b) to

facilitate the cyclization which, indeed, appeared easier
with a shortening of the reaction time (72 h) and a crude
product with higher purity. Therefore, we chose to con-
serve the proline in the following peptides mimicking
this sequence of amino acids.

Subsequently, we proceeded to a structure-activity study
by evaluating the influence of the nature of the N-termi-
nal residue on both cyclization efficiency and VEGFRI1
binding affinity of the peptides. First, the peptides 5b
(cyclo[YYDEPLE BtA]-NH,) and 6b (cyclo[FYDEPLE
BtA]-NH,) were synthesized. For these experiments,
N,;*-Tyr(O-tBu)-OH and N,*-Phe-OH were prepared in
respectively 90% and 77% yields following the Lundquist
method. In the peptide 5b the tyrosine are expected to mi-
mic the Y21 and Y25, present in the VEGF while, in 6b,
the first tyrosine was replaced by a phenylalanine. These
two peptides were obtained, respectively, in 8.4% and
7.0% yields and only compound 6b behaved as a VEGFR
antagonist. Furthermore, the cyclization did not lead to
the expected increase of activity when compared to the
linear compound 6a.

Alternatively, we used a more direct method for synthe-
sizing the peptide 5b, i.e. the direct, on-resin, conversion
of the N-terminal amine into azide by diazo-transfer,'®
followed by the Cu(I)-promoted cyclization of the pep-
tide (Scheme 1, method B). After the solid-phase elonga-
tion of the peptide, the N-terminal Fmoc protecting
group was cleaved by 20% piperidine in NMP. Then,
an excess of trifluoromethanesulfonic azide in DCM
was added to the resin and the suspension was stirred
overnight at room temperature, leading to the complete
conversion of the amine in the corresponding azide.
Finally, the cyclization was realized following the meth-
od described previously and the peptide was deprotected
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and cleaved by acidic treatment. This direct method
proved to be as efficient as the previous one leading to
the formation of the crude peptide with the same yield
and level of purity.

The second method was applied to the synthesis of the
linear peptides 7a-9a and of their corresponding cyclic
peptides. Overall, the cyclic peptides were obtained after
RP-HPLC purification with 4-9% yields while linear
peptides were recovered with 10-30% yields. The elonga-
tion, cyclization and deprotection steps allowed the for-
mation of the peptides in crude form with a yield of 50%
and a purity of 70%. The cyclization reaction was quan-
titative, as confirmed by IR spectroscopy and the mod-
ified Kaiser test. In order to dispose of pure peptides for
biological studies, a RP-HPLC purification was per-
formed. This purification step was low yielding and ex-
plains the low quantity of the isolated cyclic peptides.
The most interesting aspect of this study is that this so-
lid-phase cyclization approach led exclusively to the for-
mation of cyclomonomeric products, as observed by
HPLC and mass spectroscopy.

In order to experimentally confirm the exclusive forma-
tion of monomeric cyclic peptides, we proceeded to the
cyclization of two peptides differing by the nature of
their N-terminal azido-acid N;FYDEPLEPra-NH, 6a
and N3;GYDEPLEPra-NH, bound on a same resin.
Briefly, the first seven amino acids were coupled on a
rink amide resin and the last residue was introduced as
an equimolar mixture of tyrosine and glycine whose
amine moieties were converted to an azide by on-resin
diazo-transfer. Then we performed as previously the
on resin cyclization by exposure to 0.5 equivalent of
Cu(I). After cleavage and deprotection of a sample of re-
sin, an HPLC analysis pursued before or after cycliza-
tion showed a relatively clean profile presenting two
major peaks corresponding respectively to the two linear
azido-peptides synthesized or to the cyclic ones (Fig. 2).

Therefore, as revealed by HPLC traces and MS analysis
the major products formed correspond to the
cyclomonomeric products and no other significant peak

cyclo[GYDEPLERA]-NH, ~—
_~Ny-GYDEPLEPra-NH,

- cyclo[FYDEPLEGIA]-NH, 6b

N,-FYDEPLEPra-NH, 6a
/

_ B.Aftercyclization A L \

<2 |
A. Before cyclization N b
! : i el Y| VP o g2 e
I
2 4 6 8 0 12 14 16 18 20 22 24 26 28 30
Minutes

Figure 2. RP-HPLC analysis of crude products before (A) and after
(B) cyclization of the peptide 6a and its analogue bearing an N-
terminal glycine residue, supported on a same resin.

that might correspond to the formation of a cyclohete-
rodimeric product has been detected. Given the fact that
we used almost the same reaction conditions than Punna
et al. for performing the on-resin cyclization of peptides,
we suggest that the difference of reactivity observed
might be explained by the peptide sequences. Indeed,
the linear peptides synthesized by Punna et al.” were
characterized by the presence of an amino acid residue
separating the propargylglycine from the resin, and an
azide moiety supported by a relatively long alkyl chain.
As a result, the linear peptide may be sufficiently long
and flexible to allow the preferential formation of
cyclodimeric products following the mechanism they
proposed. By contrast, in our sequences, the propargyl-
glycine was directly linked to the resin and the azide was
supported by the N-terminal carbon-o. Thus, in this
case, the cyclization process may truly benefit from the
pseudo-dilution effect of the resin, and consequently
promote efficiently the formation of cyclomonomeric
products. In addition, the introduction of a proline in
the peptide sequence may facilitate the intramolecular
triazole formation by bringing the azide and alkyne moi-
eties in close proximity.

The peptides affinity for VEGFR1 was determined
thanks to a competition assay previously described.?’
Briefly, biotinylated VEGF 45 (131 pM) was incubated
with the tested compound in presence of recombinant
human VEGFRI1 adsorbed on a microtiterplate. The
biotinylated VEGF 45 remaining after wash steps was
detected by chemiluminescence thanks to HRP-conju-
gated streptavidin. Table 1 summarizes the obtained re-
sults. As an internal control, we tested the peptide
SP5.2, identified by phage-display screening and de-
scribed as a VEGFR 1-specific antagonist able to inhibit
a broad-range of VEGF-mediated events.?! Evaluated in
our assay, SP5.2 presented an ICsy of 28 pM. The linear
peptides 1a and 2a proved to be potent ligands of the
receptor 1 with respectively, an ICsq of 19 and 23 uM.
The series of linear peptides mimicking the VEGF resi-
dues Y21, Y25, D63, E64, G65, L66 and E67 displayed
strong differences of activity depending on the nature of
the N-terminal azido-acids introduced. Indeed, only
peptides containing a phenylalanine (6a) or a lysine
(9a) exhibited significant activity at 100 uM.

Unfortunately, the corresponding cyclic peptides ap-
peared either as active (2b, 6b, 9b), or less active (1b)
than the corresponding linear peptides. We assume that
the cyclization of these short peptides limited strongly
their backbone flexibility and therefore, prevented the
peptides from adapting to the VEGFRI1 surface or that
the selected sequence did not allow a proper alignment
on the receptor surface.

In summary, the similar activities on VEGFR1 of the
peptides 1a and 2a compared to SP5.2 is encouraging
and they could be useful as a template for designing
new VEGF antagonist. The evaluation of their biologi-
cal activities will be investigated. Furthermore, we have
demonstrated, for the first time, that Cul-catalysed
1,3-dipolar cycloaddition of azides and alkynes can be
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applied to the specific synthesis of cyclomonomeric
peptides.
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Abstract—A clear and powerful chromatographic approach to purify polyethylene glycol derivatives at a preparative scale was
reported, which was based on the polystyrene-divinylbenzene beads with ethanol/water as eluants. The validity of this method
was verified with the reaction mixture of mPEG-Glu and mPEG propionaldehyde diethylacetal (ALD-PEG) as the model. The tar-
get products were one-step achieved with the purity of >99% on the polymer resins column at gram scale. The method developed
was free from such disadvantages as utility of toxic solvent and narrow application scope, which was combined with conventional
approaches. The method developed provided an appealing and attractive alternative methods for purification of PEG derivatives at

a preparative scale.
© 2007 Elsevier Ltd. All rights reserved.

Over the last three decades, there has been growing
interest in the conjugation of therapeutic proteins, pep-
tides and antibodies with polyethylene glycol (referred
as PEGylation).! Up to now, seven PEGylated protein
pharmaceuticals have been approved by FDA for the
treatment of several diseases and many other PEGylated
proteins and antibodies are currently under develop-
ment and evaluation.>* Correspondingly, various
PEG derivatives (PEGs) were also developed in order
to render the pharmaceuticals more appealing proper-
ties, including branched PEG,> forked PEG,° star-like
PEG’, degradable PEG,? etc. Like any chemical reac-
tion, the derivatization reaction of PEG often produces
a mixture of products. PEG is large molecule and the
variation of end group does not bring about much
changes in molecular weights and properties, which
causes great difficulty in purification of the target poly-
mer.® Conventionally, the preparative purification of
PEGs mainly employs two chromatographic
approaches: ion exchange chromatography on the basis
of charge,'®!! and normal phase chromatography on

Keywords: Polystyrene-divinylbenzene beads; Purification of polyeth-

ylene glycol derivatives; Preparative reversed-phase chromatography.
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the basis of polarity.!>!> However, the ion exchange

chromatography is impotent when the target products
and PEG impurities have the similar charges or all of
them are non-charged.'* Although the normal phase
chromatography on silica gel resins can give significant
fractionations of PEGs,!” it suffers from the marked
drawbacks such as utilization of toxic solvent and com-
plicated eluant system. The demerits become especially
conspicuous when the product is prepared at an indus-
trial scale. To obtain the target PEG with satisfied pur-
ity, optimization of eluants usually requires considerable
trial and errors. In some instances, it was still difficult to
obtain the highly pure product from the reaction mix-
ture in good yield.!® At present, the chromatographic
approaches are greatly restricted by either narrow appli-
cation scope or utilization of toxic reagents and opti-
mum of eluants. Therefore, it is of significance to
develop a clear chromatography with extensive applica-
tion scope for purification of PEGs. Polystyrene-divinyl-
benzene beads (PS/DVB) are polymeric resins and can
be operated under low pressure with high resolution
due to its rigid, macroporous-structure and high hydro-
phobic groups on the surface. The columns packed with
the polymer could be well applied for the separation of
polar and non-polar samples.!” The polymeric resins
were expected to work at the purification of PEGs,
and the chromatographic method based on it was
investigated.
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All reagent-grade chemicals were purchased from Bei-
jing Chemical Reagents Co. (Beijing, China) except for
those specified. HPLC grade acetonitrile was from Fish-
er Scientific (Leics, UK) and HPLC grade water was
prepared by Milli-Q systems (Millipore, USA). Mono-
methoxyl PEG (mPEG, Mw 5000 Da) was acquired
from Fluka Chemicals (Ronkonkoma, NY) and the car-
boxymethylated mPEG (CM-PEG) was synthesized
according to Li et al.'® PS/DVB resins (particle diameter
of 30 um, average pore size of 147 A, specific surface
area of 745.2 m°/g) were prepared by employing mem-
brane emulsification as uniform porous microsphere.'’

In this work, we chose the reaction mixture of mPEG-
Glu and mPEG propionaldehyde diethylacetal (ALD-
PEG), two important reagents in PEGylation chemistry,
for the purification studies. The mPEG-Glu is a ‘forked’
polymer and its terminus has two functional groups,
which may render the conjugate more favorable proper-
ties when attached to pharmaceutics, such as the
improved affinities with dimerised cell surface reporters
and increased specificity to target location.?? The hydro-
lyzed product of ALD-PEG is well known to specifically
react with the N-terminus of proteins at slight acid con-
ditions. The derivatives cannot be purified from reaction
mixture using ion exchange chromatography due to
their similar charge properties to the macromolecular
impurities. For mPEG-Glu, its purification by chroma-
tography on silica gel resins also failed to achieve the

A
CH,-O-(CH,-CH,-0), ,-CH,-COOH + O—N=C=N—O —H CH3-0-(CHZ-CH,-O)"J—CHl-CO-€|3=NH*-< >

(CM-PEG) oce)

(Side reaction II)

licm-O-(CHz-CHz-O)..I-CHz-cooNb + (O
Hydrolysis (CM-PEG-0OSu, active ester) o (DCU)

CH,-0-(CH,-CH,-0), ,-CH,-COOH
TEA
(CM-PEG, by-product IT)
Glu-(OEt), HC1

o}
(mPEG N-acryurea, by-product I) O .

product with satisfied purity in our over-and-over trials
(data not shown). Therefore, they were meaningful and
representative as model for purification studies at a pre-
parative scale.

The synthesis of mPEG-Glu was described in an earlier
publication.?! Brieflyy, CM-PEG was activated into
hydroxysuccinimidylester (CM-PEG-OSu) under N-
hydroxysuccinimide (NHS) and N-dicyclohexylcarbodii-
mide (DCC), then reacted with L-glutamic acid diethyl
ester hydrochloride to give the mPEG-Glu. In the whole
reaction, two PEG by-products were produced due to
the side reactions of hydrolysis and rearrangement of
intermediates as shown in Figure 1a,??> which was clearly
shown on the chromatogram of RP-HPLC (Fig. 2,
Graph a).2> ALD-PEG was synthesized by reaction of
mPEG with 3-chloropropionaldehyde diethylacetal un-
der basic conditions (Fig. 1b). However, its conversion
ratio was about 50% due to the nature of heterogeneous
phase reaction,?* and the unreacted mPEG was mixed in
target product as major impurities (Fig. 3, Graph a).

The purification of target PEG derivative was per-
formed on the column (2.6 x40 cm i.d.) packed with
200 ml of PS/DVB resins equipped with a peristaltic
pump, using ethanol/water as eluants. Initially, 30% eth-
anol was used to adsorb all PEGs, and the ethanol of
increased concentration was applied to elute the species
in step-wise manner. The fractions were collected and

o)
CH,-O—(CHZ-CHz-O)n_l-CHz-({‘-ll\J-C\;N H( )

Rearrangement

(Side reaction I)

o

O-NH

(Unstable mPEG O-acryurea intermediate) NHS

o]

Remove by filtration

o}
o}
CH,—O-(CH:-CHZ-O)n_l-CHz-C?;NH-CH<CH’_CH’_(?OC’H" (yo
SCoC,H, Glu-(OEt), HCl: C,H,0C-CH,-CH,-GH-NH,CI
o C,H,0-
(mPEG-Glu)
NaOH

CH3-0~{CH,-CH;-0),1-CH;CHOH + CI-CH,-CH,-CH{O-C,H;), ——— = CH;-0{CH,-CH,-0), ;~CH,-CH,-0-CH,-CH,-CH-{0-C,Hj),

(mPEG propionaldehyde diethylacetal)

Figure 1. Synthesis scheme of mPEG-Glu and ALD-PEG, along with their side reaction. (a) mPEG-Glu; (b) ALD-PEG.
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Figure 2. RP-HPLC analysis of mPEG-Glu reaction mixture and
chromatographic fractions. RP-HPLC was conducted on a Symmetry
Shield RP18 column (3.9 x 150 mm i.d., silica-based octadecyl phase,
particle diameter 10 pum, Waters, USA). Solvent A was purified water
containing 0.1% TFA and solvent B was acetonitrile containing 0.1%
TFA. The elution program was set up as 20-35% B in 5 min, 35-50% B
in 15 min, 50-100% B over 5 min. Detector: ELSD. Graph a: mPEG-
Glu reaction mixture; Graph b: line a, fraction I (CM-PEG, impurity
and traced amount of mPEG-Glu); line b, fraction II (pure mPEG-
Glu); line ¢, fraction III (pure PEG N-acryurea).

the purity was analyzed by RP-HPLC, which guided us
to adjust and optimize the ratio of ethanol in eluants
(data not shown). For mPEG-Glu mixture, the best sep-
aration profile was achieved as such that 42.5% ethanol
for fraction I, 50% ethanol for fraction II, and 90% eth-
anol for fraction II1.>3 In the optimized conditions, the
fractions II and III were achieved with high purity,
showing the single and symmetric peaks on the chro-
matograms of RP-HPLC (Fig. 2, Graph b, lines b and
¢). The fraction II was identified to be target mPEG-
Glu and faction III to PEG N-acryurea by NMR spec-
tra.?%27 The fraction I presented three peaks, two of
which, respectively, corresponded to CM-PEG and
mPEG-Glu and the rest peak was presumed to be impu-
rity from PS/DVB resins. Under the employed chro-
matographic conditions, the target polymer was
absorbed to maximum extent on resins and only trace
amount of mPEG-Glu was co-eluted in fraction I
(Fig. 2, Graph b, line a). The target mPEG-Glu achieved
was free from the by-product mPEG N-acryurea or CM-
PEG. A 0.56 g of pure mPEG-Glu was obtained from
1 g of mixture by one-step chromatography and the
recovery of PEGs reached 69.8%.
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Figure 3. RP-HPLC analysis of ALD-PEG reaction mixture and
chromatographic fractions. RP-HPLC was conducted on a Symmetry
Shield RP18 column (3.9 x 150 mm i.d., silica-based octadecyl phase,
particle diameter 10 um, Waters, USA). Solvent A was purified water
containing 0.1% TFA and solvent B was acetonitrile containing 0.1%
TFA. The elution program was set up as 20-35% B in 5 min, 35-50% B
in 15 min, 50-100% B over 5 min. Detector: ELSD. Graph a: ALD-
PEG mixture; Graph b: line a, fraction I (pure unreacted mPEG); line
b, fraction II (pure ALD-PEG).

To test the general application of this method, the
purification of ALD-PEG mixture was also conducted
on the chromatographic setup mentioned above. Simi-
larly, ALD-PEG was well separated from unreacted
mPEG when 45% ethanol was applied for fraction I
and 90% ethanol for fraction II,>® both of which pre-
sented the single and symmetric peak on the chromato-
grams of RP-HPLC (Fig. 3, Graph b, lines a and b).
NMR spectra indicated that fraction I was unreacted
mPEG and fraction I was pure ALD-PEG.?>3° A
0.52 g of target product was obtained from 1 g of reac-
tion mixture, and the recovery of PEGs was calculated
to be 90.5%.

Most of the advantages of this purification procedure
were clear and simple, where non-toxic ethanol and
water were used as eluants and a low-pressure instru-
ment such as peristaltic pump was required. Only
0.02 MPa pressure drop was produced when run at a
flow rate of 4 ml/min on the setup investigated.’! The
chromatographic procedure also shared the advantages
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of reliability. The purification of PEGs was also per-
formed on different volume of PS/DVB resins (20—
1000 ml) and the batches showed high reproducibility.
Furthermore, the chromatography had high resolution
for PEGs, which was similar to that of RP-HPLC. These
appealing properties allow us to conveniently perform
the purification of PEGs on a preparative scale, espe-
cially at an industrial scale.

We demonstrated PS/DVB resins powerful and efficient
as separation packing of PEGs, which may result from
the following aspects: (i) PS/DVB resins have rich aro-
matic groups on the surface and may provide much
powerful selectivity to varying PEGs; (ii) The optimum
of eluants can be easily obtained by subtly adjusting
the ratio of ethanol and water; (iii) the PS/DVB medium
has much small particle (30 pm) and larger specific sur-
face area (745.2 m*/g), which renders it high separation
performance.

In summary, the PS/DVB resins was first-time used to
purify the PEGs under low pressure on a preparative
scale and showed promising properties. The target
mPEG-Glu and ALD-PEG were favorably achieved
with the purity of >99% at gram scale. The studies of-
fered a novel, clear, and powerful alternative approach
for the purification of PEGs.
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24. The conversion ratio was calculated based on the area
under the curve by integrating chromatogram of RP-
HPLC with the elution program mentioned at Ref. 23.

25. The column (2.6 X 40 cm i.d.) packed with PS/DVB resins
was fully equilibrated with 30% (v/v) ethanol and then
loaded with 1 g of mixture (dissolved in 30% ethanol). The
column was washed at a flow rate of 4.0 ml/min using a
peristaltic pump about three column volumes. The column
was developed with 42.5% ethanol to elute fraction I till no
PEG ingredient was detected with iodine assay. This
fraction was assigned to fraction I. Subsequently, 50%
ethanol was applied for fraction II and 90% ethanol for
fraction III in a step-wise manner. The eluted fractions
were evaporated to dryness and then redissolved in 80 ml
of pure water following the extraction with three portions
(20x 3 ml) of CH,Cl,. The extracts were pooled, dried over
Na,SO,, concentrated, and finally precipitated by cold
ether. Recovery (69.8%), fraction 1, 0.087 g; fraction 2,
0.59 g; fraction 3, 0.021 g.

26. '"H NMR (DCCly), § (ppm): 1.30 (t, 6H, ~OCH,CHxof
ester), 2.3-2.5 (m, 4H of glutamic acid, -CH,-CH»-), 3.38
(s, 3H, CH;-O-CH,-CH,-), 3.5-3.6 (s, multi H, —-O-
CH,-CH>— of PEG backbone), 4.0-4.1 (m, 4 H, CH3—
CH,-O- of ester), 5.3 (m, 1 H, -CH-), 7.3 (d, 1H, -NH-).

27. '"H NMR (DCCly), 6 (ppm): 3.40 (s, 3H, CH;~O-CH,—
CH,-), 3.59 (s, multi H, PEG backbone, -O-CH,-CH,-),
4.26 (s, 2H, -O-CH,—CO-N(Phe)-), 6.0 (s, 1H, -CO-NH-
Phe), 3.58 (2H, overlapped by the signal of PEG
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backbone, -N-CH-CH,-CH,-CH,~CH,-CH»-), 1.51 (m,
8H, -N-CH-CH,—CH,-CH,-CH,—CH>»-), 1.29 (m, 12H,
-N-CH-CH,-CH,-CH,-CH>,—CH»>-).

ALD-PEG mixture (1.0 g) was dissolved in 30% (v/v)
ethanol and purified on the column (26 x40 cm 1i.d.)
packed with PS/DVB previously equilibrated with 30%
ethanol. The column was washed with 30% ethanol until
no PEG was detected by iodine assay. Ethanol (45%) was
then applied to the column and washed till no PEG
ingredient was detected in eluant to get fraction 1. The
desired polymer was achieved in fraction II by 90%
ethanol in a step-wise manner. The eluted fraction was
evaporated to dryness and then dissolved in 80 ml of pure
water following the extraction with three portions (20x
3ml) of CH,Cl,. The extracts were pooled, dried over

29.

30.

31.

5609

Na,SO,4, concentrated, and finally precipitated by cold
ether. Recovery (90.5%), fraction 1: 0.43 g; fraction 2:
0.475 g.

'"H NMR (DCCls), é (ppm): 3.60 (s, PEG backbone —O—
CH,-CH>), 3.38 (s, 3H, CH;-0O-).

'"H NMR (DCCl3), & (ppm): 3.60 (s, PEG backbone —O-
CH,-CH>-), 3.38 (s, 3H, CH3-0-), 4.64 (t, 1H, -CH—(O-
C,Hs),), 1.90 (m, 2H, -CH,—CH—(0O-C,H5),), 1.20 (t, 6H,
~(O-CH,-CHs)y).

The column pressure was measured at room temperature
in the column (2.6 x 40 cm i.d.) packed with 200 ml of PS/
DVB and 30% ethanol as mobile phase, using an AKTA
Purifier 10 Protein Purification Systems (GE Healthcare,
USA). The flow rate was set up as 4.0 ml/min. The
pressure drop was read from the instrument curve.
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Design and synthesis of 7-hydroxy-1H-benzoimidazole
derivatives as novel inhibitors of glycogen synthase kinase-3
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Abstract—A hydroxy functional group was introduced as the hydrogen bond donor and acceptor at the hinge region of protein
kinase in order to develop novel ATP-competitive inhibitors. Several derivatives of 7-hydroxyl-1H-benzoimidazole were designed
as inhibitors of glycogen synthase kinase-3p with the help of ab initio calculations and a docking study. Enzymatic assay and an
X-ray complex study showed that these designed compounds were highly potent ATP-competitive inhibitors.

© 2007 Elsevier Ltd. All rights reserved.

Glycogen synthase kinase-3p (GSK-3p) is a serine/thre-
onine protein kinase that inhibits the activity of glyco-
gen synthase (GS), tau, and numerous other substrates
by means of phosphorylation.! On the basis of such bio-
chemical actions, there is much evidence that it may be a
good target for diabetes and several central nervous sys-
tem diseases, such as dementia and bipolar disease. For
example, in the fatty tissue of mice suffering from fatty
diabetes, the GSK-3f activity has been observed to be
twice that of normal mice.”> Transgenic mice pro-
grammed to express GSK-3 in the brain have abnor-
mal neurons caused by the hyperphosphorylating tau
of the neurofibrillary tangle, which plays an important
role in dementia.? Moreover, patients with type II diabe-
tes* and dementia® show a higher level of GSK-3p
expression than normal controls. Bipolar disorder has
been treated with lithium and valproic acid, well-known
GSK-3B inhibitors.® Thus, we have designed novel
GSK-3B inhibitors using proprietary structure-based
technologies.

Keywords: Kinase inhibitor; Drug design; Glycogen synthase kinase;

GSK; 7-Hydroxy-1H-benzoimidazole.

* Corresponding author. Tel.: +82 2 3010 8618; fax: +82 2 3010
8601; e-mail: sgro@cgxinc.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.056

As was done for other known kinase inhibitors,”® we

targeted the adenosine triphosphate (ATP) binding site,

a Hinge b Hinge
H O H HO H
SN NS SNy NS
¢ Y —» 9 HO
HBD HBA HBD H H
N. 9
d Hinge c Hinge
SN SN N
Q H O
P < Q HO
H CI)H EH’
H O
1 N
R{\j? R1®
N0 R?
R2

Figure 1. Scheme for designing new kinase inhibitors. (a) Pharmaco-
phore representation of inhibitor at the hinge region in protein kinase,
HBD represents hydrogen bond donor and HBA represents hydrogen
bond acceptor. (b) A secondary amine group is adopted as the HBD
and an hydroxy group is adopted as the HBD and HBA. (c) 7-
Hydroxy indole is designed as a skeleton. (d) For synthetic feasibility,
7-hydroxy benzoimidazole is selected as a scaffold.
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Figure 2. Four possible conformers a, b, ¢, and d of designed scaffold.

specifically the hydrogen bond network at the hinge re-
gion of the kinase. To bind to this region, most known
kinase inhibitors include a hydrogen bond acceptor
flanked by two hydrogen bond donors on the basis of
pharmacophoric analysis (Fig. 1).° In our design, a hy-
droxy functional group (—OH) is expected to act as both
a hydrogen bond donor and an acceptor at the same
time. A secondary amine (—NH—) is considered as an-
other hydrogen bond donor. Initially, we adopted 7-hy-
droxyl indole as a skeleton, but changed to 7-hydroxy
benzimidazole because of synthetic difficulties. More-
over, to facilitate the derivatization, we decided to intro-
duce an amide into the para-position of the phenyl ring
of the skeleton.

Considering the internal hydrogen bond of the designed
scaffold, only four conformers are possible as summa-
rized in Figure 2. Structural optimization was performed
for each conformer using the DFT method with B3LYP

Table 1. Ab initio optimization results of conformers a, b, ¢ and d

Conformer Energy difference Torsion angle
(Kcal/mol) (degree)

d 0.0 176

a 4.1 0

c 6.0 25

b 13.9 140

Figure 3. Docking result of compound 6a. The key interaction
between GSK-3f and compound 6a is the hydrogen bond network
in the hinge region depicted by a white dotted line. The carbon atom in
the ligand is colored white, the carbon atom in the protein is green,
oxygen is red, and nitrogen is blue.

and 6-31G” basis sets in the Gaussian 03 package'?
the Linux system. The results are summarized in Table
1. However, conformers ¢ and d cannot make a multiple
hydrogen bond network properly at the hinge region of
the kinase. Thus, conformer a is the lowest-energy con-
former for a new scaffold, considering the hydrogen
bond network.

A docking study was performed with the published
structure (PDB code: 1109)!! using the Affinity module
of InsightII'? employing the cvff force field. All solvent
molecules were removed and explicit hydrogen atoms
were generated at pH 7.4. The binding site atoms were
defined as the residue atoms within 5 A from the initial
position of the ligand. During the docking process, the
binding site atoms and the ligand atoms were flexible.
The Monte Carlo and the Simulated Annealing methods
were applied to generate and minimize the possible
poses. A representative result is depicted in Figure 3
using the structure of compound 6a (Scheme 1 and Ta-
ble 2). The compound fits well in the GSK-3p protein
structure with a reasonable conformation like con-
former a. It binds to the hinge region to make hydrogen
bonds. As expected, the hydrogen bond distance was
measured to be 2.88 A between the Vall35 C=O and
imidazole NH of the compound, 2.83 A between the
Vall35 NH and the oxygen of the hydroxy group and
2.54 A between the Aspl33 C=O and the oxygen of
OH. Additionally, the corresponding hydrogen bond
angles are 172°, 148° and 137°, respectively. These re-
sults indicate that the designed scaffold can bind to the
ATP binding site like most other kinase inhibitors.

The designed inhibitors were synthesized using the meth-
odsin Scheme 1. 3-Amino-4-methoxybenzoic acid (1) was
reacted with MeOH under acidic conditions to give

| —
0O, OH OTO H1Q cN
P 1
E ® 5
NH, i, fii
O.
2
I |
|\|j 1 =N v
O (P R
N \CL YN
O-\ H H1 O.\
4
RZ
|
O._OH O, _NH 1
) >_O RENH, N T
- vi, vii Z =N
oH H
6a~6h

Scheme 1. Reagents and conditions: (i) SOC;,/MeOH, reflux, 2 h
(yield: 98%); (ii) p-TSA, 180 °C; (iii) NaOCl, 50% aq MeOH, 0.5h
(yield: 30-70%); (iv) Na,COj solution, 60 °C, 1 h (yield: 70-95%); (v)
LiOH-H,O, THF/MeOH/H,O0 (3:1:1), reflux, 4 h (yield: 90-98%); (vi)
EDC, HOBt, DMAP, DMF, rt, 8 h (yield: 30-60%); (vii) AlCl;,
toluene, reflux, 5 h (yield: 20-60%).
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Table 2. GSK-3f inhibition results for synthesized compounds

OH
R1Q—<
HN"~O
RZ
Compound R! R? % inhibition at 5 uM (%) ICso (nM)
oxNw0
Ref. OwN 99 70
N
\
6a H ]@ 86
6b H ﬂ@ 93 870
6c H ]w 91 580
Q
6d H ] O\‘sf 100 25
P< }NH
6e al ]@ 64
6f Cl f”i@ 64
6g Cl ]1@ 87 1000
Q
0: 99 15

6h cl ] KON?—F

methyl 3-amino-4-methoxybenzoate (2). Amidine inter-
mediates (3) were prepared by treating p-TSA and NaOCl
at 180 °C and rt, respectively. These amidines were cyc-
lized with sodium carbonate solution to give methyl 7-
methoxy-2-0-, p-substituted phenyl-1H-benzimidazole-
4-carboxylate (4) and hydroxylated by LIOH-H,O to give
a benzimidazole-4-carboxylic acid (5) in good yield. Var-
ious final compounds (6) were prepared by treating R*-
amine with EDC coupling reagents. We incorporated
phenyl, benzyl, phenethyl and p-methanesulfoneamide-
phenethyl amine as summarized in Table 2.

The inhibitory activities of the synthesized compounds
were determined using the published method.!? We used
3-(1-methylindol-3-yl)-4-[3-(2-aminoethoxy)phenyl]-1 H-
pyrrole-2,5-dione as a reference compound, of which
ICs, value was reported as 20 nM in the patent'* and
was determined as 70 nM in this system. Compound
6a, the first synthesized basic structure, was evaluated
as giving 86% inhibition at 5 uM concentration. To in-
crease the steric attraction, two chlorides were intro-
duced at R' but had no effect on the inhibitory
activity. As the size of R? increased, the potency of the
inhibitor was improved in compounds 6b-6h. In partic-

ular, compound 6h was evaluated as having an ICs, va-
lue of 15nM, probably due to the hydrophilic
interaction between two oxygens of the methanesulfo-
neamide and three NHs in the side chains of Argl4l,
GInl185 and Arg220.

To confirm the calculated binding mode of the designed
scaffold, the X-ray structure of GSK-3B bound with
compound 6h was determined at 3.2 A resolution.'> This
showed that the designed hydrogen bond network in the
hinge region is realized (Fig. 4a). The hydrogen bond
distances are measured to be 3.31 A between the
Vall35 C=0 and imidazole NH of compound 6h,
3.36 A between the Vall35 NH and oxygen of the hy-
droxy group and 2.55 A between the Aspl33 C=O0O
and oxygen of OH. Additionally, the corresponding
hydrogen bond angles between GSK-33 and compound
6h are 130°, 129° and 132°, respectively. Moreover, the
torsion angle between the benzimidazole ring and amide
is in concordance with our expectation based on ab initio
calculations. When the two structures from X-ray stud-
ies and calculations are superimposed along the back-
bone of the kinase hinge region, the benzimidazole
rings almost overlap (Fig. 4b).
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Figure 4. (a) X-ray complex structure of GSK-3f and compound 6 h.
The hydrogen bond network in the hinge region is depicted by a white
dotted line. The carbon atom in the ligand is colored white, the carbon
atom in the protein is green, oxygen is red, and nitrogen is blue. (b)
Comparison between X-ray and docking structures. The docking
structure with 6a is colored red, the corresponding protein is purple,
the X-ray complex structure 6 h is white and the corresponding protein
is cyan.

In summary, we have designed new kinase inhibitors by
considering the hydrogen bond network between the ki-
nase protein and ligands. The binding conformation and
positioning of the designed inhibitors were predicted
using ab initio calculation and a molecular docking
study and confirmed through enzymatic assay and X-
ray crystallography.
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Abstract—A series of amino-pyridines were synthesized and evaluated for androgen antagonist activities. Among these compounds,
(R)-(+)-6-[methyl-(1-phenyl-ethyl)-amino]-4-trifluoromethyl-nicotinonitrile was the most active example of this class. This com-
pound displayed potent androgen receptor antagonist activity as well as favorable pharmacokinetic characteristics for a potential
topical agent. It also demonstrated remarkable potency for stimulating hair growth in a male C3H mouse model as well as reducing

sebum production in the male Syrian hamster ear model.
© 2007 Elsevier Ltd. All rights reserved.

The androgen receptor (AR) is an important member of
the superfamily of nuclear hormone receptors that func-
tion as ligand-dependent regulators of transcription. AR
is responsible for mediating the physiological actions of
the androgens testosterone (T) and 5a-dihydrotestoster-
one (DHT)."? The testosterone and DHT are thought to
govern specific biological functions in different tissues.
The AR is responsible for the activation of genes in-
volved in the pathogenesis of acne and androgenetic alo-
pecia in humans.> In addition, over-production of
androgens during puberty has been shown to play a crit-
ical role in the excess sebum production and hair loss.?
We were particularly interested in topical, non-steroidal
AR antagonists, that would possess the desired biologi-
cal local effects without unwanted systemic side effects,
such as feminization and interference with male sexual
function and the undesirable attributes of their steroidal
counterparts.

Keywords: Hair growth; Sebum reduction; Androgen antagonist;

Amino-pyridine.

* Corresponding author. Tel.: +1 860 686 9362; e-mail: lain-yen.hu@
pfizer.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2007.07.059

During the last two decades, non-steroidal AR antago-
nists have been extensively investigated.>* Several repre-
sentative AR antagonists include flutamide (1, for the
treatment of prostate cancer and hirsutism)> nilutamide
(2, a prostate cancer therapy),’ bicalutamide (3, another
therapy for prostate cancer),® and RU-58841 (4).” For
the topical skin therapeutic program, we were looking
for agents possessing superb in vivo efficacy and rapid
clearance. AR antagonists with these characteristics
are expected to demonstrate excellent efficacy for stimu-
lating hair growth and reducing oily skin and result in
low systemic exposures (Fig. 1).

We constructed a hybrid of the structures of flutamide
(1) and bicalutamide (3) and inserted a nitrogen into
the phenyl ring to generate a new series of amino-pyri-
dines (Table 1). The SAR trends of this series were
explored. First, several N,N-disubstituted amino-pyri-
dines were evaluated. Compounds with floppy alkyl
side-chains (5-8) showed reasonable AR binding affini-
ties® but low antagonism activity.® Tethering the N,N-
di-alkyl chains into a ring resulted in several conforma-
tionally restricted analog. These compounds (9-11)
exhibited slightly reduced AR binding affinities but
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Figure 1. Non-steroidal AR modulators.
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Table 1. The in vitro activity AR binding affinity (AR binding) and AR antagonist activity (AR cell antagonism) of amino-pyridines

FiC

gy
NC N
' ke

Compound —-NR'R? ICs, (nM)
AR binding® AR cell®
5 —N/\:\/ 78° >1000°
6 —N’\/\j 0.8 + 0.465 >1000°
7 _,L~<_ 7 +0.595 >1000°
8 | f/ 3.8+ 1.46 >1000°
9 —N ) 209 + 62.4 422+ 14
10 —N/\:>— 73£12.5 136 66
1 _N/\:§:> 169 +15.2 260 + 64.8
12 _’}_@ 123+22.6 2294173
\
13 _N\_Q 20 £5.44 45£19.9
\
14 _,\?—@ 1700 + 595 NA
\
15 \—Q 4926 + 367 NA
—NH

#n =3, RU-58841 (4) as the positive control (ICso = 15.9 + 8.33); NA, not available.

®n =3, RU-58841 (4) as the positive control (ICsq = 31.1 £21.7).
¢ Errors are not available.
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Scheme 1. Reagents and conditions: (a) amine (1.1 equiv), K,COj3 (5 equiv), DMF, 91 °C; (b) Pd/C, H,.

significantly improved antagonism activities. To en-
hance both AR binding and antagonism activity, we fur-
ther modified the structure of 11 by breaking its
piperidine ring, adding a methyl group to the o-methy-
lene position for retaining rigidity, and replacing the
cyclohexyl group with a phenyl group. Therefore, we
generated other type of conformational restricted ana-
logs for this series, such as 12. After the chiral resolution
of N-methyl-a-methylbenzylic analog (12), we discov-
ered that its R-isomer (13) was the most active AR
antagonists found in this series. In contrast, its S-isomer
(14) exhibited very weak activity. The importance of the
methyl group on the amine was sequentially examined.
The N-methyl compound (13, a more conformationally
restricted structure) was more potent than its N-H ana-
log (15, ARB ICsy = 4926 nM).

The general synthesis of amino-pyridine compounds 5-
15 is illustrated in Scheme 1.'° We started from the com-
mercially available 16 and prepared the N-alkyl amino-
pyridines 5-15 by an efficient synthetic route developed
in our laboratory: a mixture of 16 and the corresponding
alkyl amines was heated at 91 °C with K,CO3 in DMF
for 1-3 h to yield the desired 6-chloro-amino-pyridines
5a—15a. It is noteworthy that under these conditions,
the predominant coupling took place at the 2-position
to provide compounds 5a-15a as the major products.
These intermediates were further de-chlorinated by
hydrogenation in the presence of catalytic 20% palla-
dium on carbon. This rapid hydrogenation step (~2—
5min) produced the amino-pyridine 5-15 with high

yields. And the overall yield was greater than 90% in
two steps. The enantiomeric pure compound 13 could
be obtained from either of the two methods: (1) chiral
resolution of 12, or (2) using (R)-(+)-N,a-dimethylben-
zylamine—-amine as the starting material for the synthe-
sis. We have successfully delivered a large batch of 13
at the scale of 50 g by the latter method. The stereo-
chemistry of 13 was determined from a crystal structure
of the intermediate 13a, prepared via chiral synthesis.
While the crystal structure for 13 does prove the regio-
chemistry of the structure, it does not prove absolute
configuration. The asymmetric units of both 13 and
13a are shown in Figure 2.'1:12

Compound 13 demonstrated excellent in vivo activity in
preclinical models for both hair growth and sebum
reduction. This agent was applied topically in a vehicle
containing 30% propylene glycol and 70% ethanol. In
a male C3H mouse hair growth model,'* this novel
AR antagonist (13, at 3% concentration) stimulated
the hair growth, and its effect was dose dependent.
(Fig. 3). Compared to a known AR antagonist, RU-
58841 (4), AR antagonist 13 showed a similar level of
in vivo activity for promoting hair growth. Further-
more, compound 13 was evaluated in the male Syrian
hamster ear model; a widely used animal model to test
drug effects on sebaceous glands. Efficacy was measured
as reductions in the sebum specific lipid wax esters.!*
Impressively, following topical application for four
weeks, compound 13 reduced sebum production signifi-
cantly. A 3% formulation of 13 reduced wax ester

Figure 2. Compound 13a (left) and Compound 13 (right).
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Figure 3. Dose-response relationship of compound 13 tested twice in the male C3H mouse model for hair growth activity.

production by 83%, nearly equivalent to the 92% reduc-
tion in wax esters observed with a 3% formulation of
RU-58841.

The pharmacokinetic characteristics of compound 13
were favorable for a topical agent. Ideally, topical drugs
exert their desired effects locally but are rapidly inacti-
vated via metabolism once they reach the systemic circu-
lation, thereby reducing unwanted systemic effects.
Toward this end, compound 13 was rapidly metabolized
in rat, dog, and human hepatocytes.!> Predicted hepatic
extraction ratios (Ep) from these in vitro data ap-
proached liver blood flow in all three species, with pre-
dicted Ey values of 0.97, 0.99, and 0.91, respectively.
In vivo clearance data in dogs were consistent with the
high clearance predicted in vitro. Following intravenous
administration of 13, mean systemic plasma clearance
was 40 mL/min/kg. This value was similar to hepatic
blood flow in this species, indicating that 13 is a high
clearance compound in dogs.'°

In summary, the amino-pyridine series was discovered
as AR antagonists. In our laboratory, a facile synthesis
was developed to facilitate the rapid synthesis for the
SAR comparison. Compound 13 showed remarkable
in vivo activity for both stimulating hair growth and
reducing sebum production and possessed desirable
pharmacokinetic profiles for topical applications.
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Androgen receptor binding assays: All of the described
new amino-pyridine compounds showed affinity for the
androgen receptor. The competitive radio-ligand binding
analysis was performed on human AR extracts from
trasfected baculovirus/Sf9 cells in the presence or absence
of differing concentrations of test agent and a fixed
concentration of >H-dihydrotestosterone (‘H-DHT) as
tracer. Progressively decreasing concentrations of com-
pounds are incubated in the presence of human AR
extracts, hydroxylapatite and, 1 nM *H-DHT for 1h at
4 °C. Subsequently, the binding reaction mixtures are
washed three times to completely remove excess unbound
SH-DHT. AR bound *H-DHT levels are determined in the
presence of compounds and compared to levels of receptor
specific binding when no competitor is present. Com-
pound binding affinity to the human AR is expressed as
the concentration of compound at which 50% of the
maximum specific binding is inhibited (ICs).

Androgen receptor cell assays. Compounds, with AR
binding affinity 1Csy < 200 nM, were selected for further
testing in a whole cell functional assay (AR cell assay) for
their ability to antagonize the effects of DHT on the
androgen receptor. The androgen receptor cellular func-
tional assay was conducted in a human breast tumor cell
line expressing androgen receptor (MDA-MB453-MMTV
clone 54-19). The cell line is a stably transfected cell line
with MDA-MB453 cell background. A MMTV minimal
promoter containing Androgen Response Element (ARE)
was first cloned in front of a firefly luciferase receptor
gene. Then the cascade was cloned into a transfection
vector pUV120puro. Electroporation was used for trans-
fecting MDA-MB-453cells and a puromycin resistant
stable cell line was selected. Results of in vitro assays for
the compounds are summarized in Table 1.
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General Procedure for preparing compounds 5-15. Step 1:
The starting material 16 was dissolved in dry DMF
(10 mL per 0.5 g of 16), and 1.1 equiv of the appropriate
amines, large excess (at least 5 equiv) of K,COj3 was added
to the reaction mixture. This reaction mixture was stirred
at 90 °C for 2-3 h. Afterwards, the K,CO3swas removed by
a filtration, and the DMF was evaporated to dryness.
Then the crude product was purified on a silica gel column
to yield the desired intermediate Sa—15a. The intermediate
was dissolved in dry THF, then 5% TEA and 10%Pd/C
were added. The reaction mixture was allowed shaking
under a high pressure of hydrogen gas for 2-5 min. The
catalyst was filtered out, the solvent was removed, and the
desired product 5a-15a was purified by re-crystallization
or silica gel chromatography. Step 2: A hydrogenation on
5a-15a with 20% palladium on carbon produced 5-15
within 5 min (overall yield 91% in two steps). (R)-(+)-6-
[methyl-(1-phenyl-ethyl)-amino]-4-trifluoromethyl-nicoti-
nonitrile(13): '"H NMR (400 MHz, CDCl5): é 8.55 (s, 1H),
7.20-7.40 (m, SH), 6.73 (s, 1H), 6.30 (br, s, 1H), 2.81 (s,
3H), 1.61 (t, 3H, J=4.0Hz). MS: 306.1 (M+1 for
C16H14N3F3), LC-MS: C-18 Column (SO%Hzo/SO(VO
CH;CN), Ret. time: 1.74 min; purity: 99.8%, mp = 47.2-
47.7 °C. Anal. Calced: C, 62.95 %; H, 4.62%; N, 13.76%;
Found: C, 62.68%; H, 4.52%; N, 13.69%. [o] +84.79
(EtOH).

The crystal structure of 13a: Structure solved and refined
in the orthorhombic space group P2,2;2;. The refined
structure fits well to the data with a final R1 index of
4.98% and no missing or misplaced electron density
observed in the final difference Fourier. The structure is
proof of absolute configuration R with the flack X
parameter = 0.09(8).

The crystal structure of 13: Structure solved and refined in
the orthorhombic space group P2,2,2;. The refined
structure fits well to the data with a final R1 index of
7.24% with no missing or misplaced electron density
observed in the final difference Fourier. The structure is
proof of connectivity between atoms, the flack parameter
being unstable.

Male C3H/HeN mice (~6 weeks old with same date of
birth) were purchased from Charles River Laboratory
(Raleigh, NC). After one week of acclimation, the mice
were shaved under isoflurane anesthesia on the lower back
using an electric shaver. Only mice in the telogen phase
(pink skin) were used in studies. Twenty microliters of test
articles at various concentrations in propylene glycol/
ethanol (30:70, w/v) or the vehicle control was topically
applied to the shaved lower back of the mice to cover an
area of approximately 1 cm? (20 pL/cm?). Ten mice were
used in each experimental group. The treatment regimen
was twice daily (BID) application for 4 weeks, 5 days/week
from Monday to Friday. Local irritation was recorded
before each application and hair growth scores were
recorded every other day. After 4 weeks of treatment, mice
were further observed for one more week during which

14.

15.

16.
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hair growth and skin irritation were scored every other
day. The scale used for scoring hair growth was: 0 = no
hair growth, pink skin; 1 = skin color changes from pink
to gray or black without visible hair growth, indicating the
onset of anagen; 2 = sparse or diffuse short hair growth;
3 = dense, normal coat hair. A reference androgen recep-
tor antagonist (RU-58841, 4) was included in every study.
Male Syrian hamster ear model: Male Syrian hamsters
aged 9-10 weeks were introduced into the laboratory
environment and acclimated for 2 weeks prior to use in
each study. Each experimental group consisted of 5
animals. Vehicle control and a reference AR antagonist
(RU-58841, 4) were included in each experiment. Pfizer
PGRD Pharmaceutical Science group at Ann Arbor,
Michigan, formulated the test articles. Animals were
topically dosed twice daily (BID) for 2 weeks, 5 days a
week (Monday to Friday) unless noted otherwise. Each
dose consisted of 25 pL of vehicle control or formulated
test article, which was evenly applied to ~3 cm?® of the
ventral surfaces of both the right and left ears. Animals
were sacrificed approximately 18-24 h after the final dose.
The ears were collected from each animal for sebum
analysis. The ear samples were prepared for sebum
analysis as follows. One 8 mm distal biopsy punch was
taken just above the anatomical “V”’ mark in the aural
cartilage to normalize sample area. The punch was then
split into ventral and dorsal layers. The ventral layer,
where the topical dose was applied, was retained for
sebum analysis. Each ventral side sample was placed in a
I-dram glass vial, blown with nitrogen gas (N,), sealed,
and stored at —80 °C until for sample lipid extraction and
HPLC lipid analysis. [Plewig, G.; Lunderschmidt C. J.
Invest. Dermatol. 1977, 68, 171].

Metabolic stability in hepatocytes: Cryopreserved rat
(Sprague-Dawley), dog (beagle), and human hepatocytes
were incubated with 13 (1 uM) in Leibovitz’s L-15 media
at 37°C. The target cell density and viability were
0.5x 10%mL and >80%, respectively. Control incuba-
tions consisted of substrate in media without hepatocytes.
Sample aliquots were collected at various time intervals up
to 180 min and quenched with two volumes of cold
acetonitrile. Concentrations of 13 were determined using a
LC/MS/MS method. Half-life values were determined
from a semi-log plot of time vs. concentration and were
scaled to Ey ratios as reviewed by Thomas et al. [Expert
Opin. Drug Metab. Toxicol. 2006, 2, 591].
Pharmacokinetics in dog: Male beagle dogs (n = 3) were
administered a 0.5 mg/kg intravenous dose of 13 as a
5 min infusion at a dose volume of 0.5 mL/kg. Compound
13 was formulated as a solution in a vehicle consisting of
20% ethanol, 30% PEG 400, and 50% saline. Serial blood
samples were collected from each dog over a 24 h period
postdose. Plasma concentrations of 13 were determined
using a LC/MS/MS method, and pharmacokinetic param-
eters of 13 were determined from the plasma concentra-
tion-time data using noncompartmental methods.
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Thiazole-diamides as potent y-secretase inhibitors pp 5518-5522

Yuhpyng L. Chen,” Kevin Cherry, Michael L. Corman, Charles F. Ebbinghaus, Chandra B. Gamlath,
Dane Liston, Barbara-Anne Martin, Christine E. Oborski and Barbara G. Sahagan

HJL NYS
HO ( 3/
The thiazole-diamide series has been identified as highly potent y-secretase inhibitors. Several representative compounds showed
ICs¢ values of <0.3 nM. The synthesis and SAR, as well as [3H]-2a, are described.

Synthesis of 3-O-methylviridicatin analogues with improved anti-TNF-a properties pp 5523-5524

Nigel Ribeiro, Helena Tabaka, Jean Peluso, Ludivine Fetzer,
Can Nebigil, Serge Dumont, Christian D. Muller and Laurent Désaubry*
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Replacement of the methoxy moiety of 3-O-methylviridicatin 1 by a thiomethyl dramatically enhances its ability to inhibit TNF-o
secretion.

Pyrazole-based cathepsin S inhibitors with improved cellular potency pp 5525-5528

Jianmei Wei, Barbara A. Pio, Hui Cai, Steven P. Meduna, Siquan Sun, Yin Gu,
Wen Jiang, Robin L. Thurmond, Lars Karlsson and James P. Edwards”

N S0,Me

Noncovalent, pyrazole-based cathepsin S inhibitors are reported. Significant improvements in cellular potency were achieved
through modification of a 4-(indol-3-yl)piperidine head group.

Preparation of 4-aryl-2-trifluoromethylbenzonitrile derivatives as androgen receptor antagonists pp 5529-5532
for topical suppression of sebum production

Jennifer A. Van Camp,” Lain-Yen Hu, Catherine Kostlan, Bruce Lefker, Jie Li, Lorna Mitchell, Zhi Wang,
Wen-Song Yue, Matthew Carroll, Danielle Dettling, Daniel Du, David Pocalyko and Kimberly Wade

CF3

NCO OH

4e Cellular IC5¢ = 0.02 nM

The synthesis and SAR of a series of androgen receptor antagonists is described. The in vivo efficacy of compound 4e is highlighted.
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Discovery of novel and orally active NR2B-selective N-methyl-p-aspartate (NMDA) antagonists, pp 5533-5536
pyridinol derivatives with reduced HERG binding affinity

Makoto Kawai,” Hiroshi Nakamura, Isao Sakurada, Hirohisa Shimokawa, Hirotaka Tanaka,

Miyako Matsumizu, Kazuo Ando, Kazunari Hattori, Atsuko Ohta, Seiji Nukui,

Atsushi Omura and Mitsuhiro Kawamura
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Structure—activity relationship investigation led to N-[cis-4-hydroxy-4-(5-hydroxypyridin-2-yl)cyclohexyl]-3-phenylpropanamide 14e
as an orally active NR2B-subtype selective N-methyl-p-aspartate (NMDA) receptor antagonist with very weak HERG binding
(ICsp > 30 uM).

Structure-activity relationship study of novel NR2B-selective antagonists with arylamides pp 5537-5542
to avoid reactive metabolites formation

Makoto Kawai,* Isao Sakurada, Asato Morita, Yuko Iwamuro, Kazuo Ando, Hirofumi Omura,

Sachiko Sakakibara, Tsutomu Masuda, Hiroki Koike, Teruki Honma, Kazunari Hattori,

Tadayuki Takashima, Kunihiko Mizuno, Mayumi Mizutani and Mitsuhiro Kawamura
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HO HN o)
4a \© 5b

Replacement of the phenol moiety with pyrazole led to a novel potent NMDA-NR2B selective antagonist (Sb) with an improved
metabolic profile. Through this study, a close correlation between reactive metabolites formation and calculated HOMO energies of
parent compounds was found.

Novel steroidal saponins, Sch 725737 and Sch 725739, from a marine starfish, Novodinia antillensis pp 5543-5547

Shu-Wei Yang,” Tze-Ming Chan, Alexei Buevich, Tony Priestley, James Crona, John Reed,
Amy E. Wright, Mahesh Patel, Vincent Gullo, Guodong Chen, Birendra Pramanik and Min Chu

Bioassay-guided fractionation of an active OH Qui-lll Xyl or Qui-IV Qui-l

. . o) R o
fraction from an extract of a marine starfish, Hom/omowomm 0-6
on HO o~ HO OH

Novodinia antillensis, led to the identification

o
of two new saponins, Sch 725737 (1) and Sch Ara o Ton a
725739 (2). Compound 1 was identified as the O OHQ - -0480 2
Fuc ul-
HO™" on
oHOH

O-sugar

NaV1.8 inhibitor with ICsq of ~9 uM.

Sch 725737 (1), R=H
Sch 725739 (2), R = CH,

Evaluation of protein farnesyltransferase substrate specificity using synthetic peptide libraries pp 5548-5551
Amanda J. Krzysiak, Sarah A. Scott, Katherine A. Hicks, Carol A. Fierke and Richard A. Gibbs*
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A refined agonist pharmacophore for protease activated receptor 2 pp 5552-5557

Grant D. Barry, Jacky Y. Suen, Heng Boon Low, Bernhard Pfeiffer, Bernadine Flanagan,
Maria Halili, Giang T. Le and David P. Fairlie*
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Discovery of (—)-6-[2-[4-(3-fluorophenyl)-4-hydroxy-1-piperidinyl]-1-hydroxyethyl]- pp 5558-5562

3,4-dihydro-2(1H)-quinolinone—A potent NR2B-selective /N-methyl p-aspartate
(NMDA) antagonist for the treatment of pain

Makoto Kawai,* Kazuo Ando, Yukari Matsumoto, Isao Sakurada, Masako Hirota,
Hiroshi Nakamura, Atsuko Ohta, Masaki Sudo, Kazunari Hattori,

Tadashi Takashima, Masanori Hizue, Shuzo Watanabe, Isami Fujita,

Mayumi Mizutani and Mitsuhiro Kawamura

OH OH
Compound (-)-19 was identified by structure-activity OH Q/C OH F
relationship around CP-101,606 (1) in order to alleviate ~_N — ID/'VN
Ho/©/\r 07N

its significant PK variability and QT prolongation issues.
1
CP-101,606 @"'

Benzopyrans as selective estrogen receptor B agonists (SERBAs). Part 5: Combined A- pp 5563-5566
and C-ring structure—activity relationship studies

Timothy I. Richardson,” Jeffrey A. Dodge, Yong Wang, Jim D. Durbin,

Venkatesh Krishnan and Bryan H. Norman

R1

—> _\.R
o
=71 L
OH

Combined A/C-ring structure—activity relationship studies on the benzopyran scaffold.

Pyrazole inhibitors of HMG-CoA reductase: An attempt to dramatically reduce pp 5567-5572
synthetic complexity through minimal analog re-design

Scott D. Larsen,” Toni-Jo Poel, Kevin J. Filipski, Jeffrey T. Kohrt, Jeffrey A. Pfefferkorn, Roderick J. Sorenson,
Bradley D. Tait, Valerie Askew, Lisa Dillon, Jeffrey C. Hanselman, Gina H. Lu, Andrew Robertson,

Catherine Sekerke, Mark C. Kowala and Bruce J. Auerbach
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F
A highly effective new series of pyrazole statins 3 was transformed by a single atom change to the oxypyrazoles 4, reducing a

complex synthetic route from 14 to 7 steps. Although the new analogs retained most of the in vitro activity of the pyrazoles, they had
inferior in vivo activity.
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Discovery and structure-activity relationships of new steroidal compounds bearing pp 5573-5576
a carboxy-terminal side chain as androgen receptor pure antagonists

Kazutaka Tachibana,” Tkuhiro Imaoka, Hitoshi Yoshino, Nobuaki Kato, Mitsuaki Nakamura, Masateru Ohta,
Hiromitsu Kawata, Kenji Taniguchi, Nobuyuki Ishikura, Masahiro Nagamuta, Etsuro Onuma and Haruhiko Sato
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New steroidal compounds were synthesized and showed AR antagonistic activities without agonistic activities in reporter gene
assay. SARs of the compounds are also presented in this report.

Rational design of conformationally restricted quinazolinone inhibitors pp 5577-5581
of poly(ADP-ribose)polymerase

Kouji Hattori,” Yoshiyuki Kido, Hirofumi Yamamoto, Junya Ishida, Akinori Iwashita and Kayoko Mihara
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Cytostatic evaluations of nucleoside analogs related to unnatural base pairs for a genetic pp 5582-5585
expansion system

Michiko Kimoto, Kei Moriyama, Shigeyuki Yokoyama* and Ichiro Hirao®
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Design, synthesis and antitubercular activity of diarylmethylnaphthol derivatives pPp 55865589
Sajal Kumar Das, Gautam Panda,” Vinita Chaturvedi, Y. S. Manju, Anil K. Gaikwad and Sudhir Sinha
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On-resin cyclization of peptide ligands of the Vascular Endothelial Growth Factor Receptor 1 pp 5590-5594
by copper(I)-catalyzed 1,3-dipolar azide—alkyne cycloaddition

Victor Goncalves, Benoit Gautier, Anne Regazzetti, Pascale Coric,

Serge Bouaziz, Christiane Garbay, Michel Vidal* and Nicolas Inguimbert®
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1) Diazo-transfer
2) Cu-catalyzed 1,3-dipolar cycloaddition
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Dihydroxypyridopyrazine-1,6-dione HIV-1 integrase inhibitors pp 5595-5599

John S. Wai,” Boyoung Kim, Thorsten E. Fisher, Linghang Zhuang, Mark W. Embrey,
Peter D. Williams, Donnette D. Staas, Chris Culberson, Terry A. Lyle, Joseph P. Vacca,
Daria J. Hazuda, Peter J. Felock, William A. Schleif, Lori J. Gabryelski, Lixia Jin,
I-Wu Chen, Joan D. Ellis, Rama Mallai and Steven D. Young
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A series of potent novel dihydroxypyridopyrazine-1,6-dione HIV-1 integrase inhibitors was identified. These compounds inhibited
the strand transfer process of HIV-1 integrase and viral replication in cells.

Indoloxypropanolamine analogues as 5-HT, receptor antagonists pp 5600-5604

Joseph H. Krushinski, Jr.,* John M. Schaus, Dennis C. Thompson, David O. Calligaro,
David L. Nelson, Susan H. Luecke, David B. Wainscott and David T. Wong
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13a Ki=1.33nM @ 5-HT, receptor

The discovery and synthesis of the 5-HT; 5 receptor antagonist 13a is reported.

Preparative purification of polyethylene glycol derivatives with polystyrene-divinylbenzene pp 5605-5609

beads as chromatographic packing

Pengzhan Yu, Xingqi Li, Xiunan Li, Xiuling Lu, Guanghui Ma and Zhiguo Su” 8 amemdoon, ( )
CH,0-(CH,CH,0),,,-CH,C-NH-CH__ oo, (MPEG-Glu

A clear and powerful purification approach of PEG derivatives was developed on 4

polystyrene-divinylbenzene beads with ethanol/water as eluants and gave the highly CHOIEEROL Emeoon e

pure target products. The novel methods shared the advantages of clearness, reliability o O-CH,OH O CH 0N o P Nacryren)

and high-performance. The studies suggested that polystyrene-divinylbenzene beads ‘

were potent to serve as medium for the purification of PEG derivatives on a preparative
scale.

CH,0-CH,CH,0),,-CH,CH,OH (MPEG)

CH,0-(CH,CH,0),,-CH,CH,0-CH,-CH,-CH-(0-C,H,), (ALD-PEG)
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Pyrrolidinones as potent functional antagonists of the human melanocortin-4 receptor pp 5610-5613

Wanlong Jiang, Fabio C. Tucci,” Joe A. Tran, Beth A. Fleck, Jenny Wen, Stacy Markison, Dragan Marinkovic,
Caroline W. Chen, Melissa Arellano, Sam R. Hoare, Michael Johns, Alan C. Foster, John Saunders and Chen Chen”
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12a: Kj=0.94 nM, IC5y =21 nM

Discovery of potent HIV-1 protease inhibitors incorporating sulfoximine functionality pp 5614-5619
Ding Lu and Robert Vince*

C2O

A novel class of sulfoximine-based pseudosymmetric HIV-1 protease inhibitors were designed and synthesized. The most active
isomer (2S,2'S) displays potent activity against HIV-1 protease as well as virus.

Fluorinated pyrazole acids are agonists of the high affinity niacin receptor GPR109a pp 5620-5623

Philip J. Skinner,” Martin C. Cherrier, Peter J. Webb, Young-Jun Shin, Tawfik Gharbaoui,
Andrew Lindstrom, Vu Hong, Susan Y. Tamura, Huong T. Dang, Cameron C. Pride,
Ruoping Chen, Jeremy G. Richman, Daniel T. Connolly and Graeme Semple
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A series of 4-fluoro-5-functionalized pyrazole-3 carboxylic acids were shown to be potent, selective agonists of @+
GPR109a. Improved free fatty acid reduction was observed when compared to niacin.

Design, synthesis, and cytostatic activity of novel cyclic curcumin analogues Pp 5624-5629
Dani Youssef, Christie E. Nichols, T. Stanley Cameron, Jan Balzarini, Erik De Clercq and Amitabh Jha*
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Curcumin n=0 1

A number of curcumin analogues were prepared and evaluated for their cytostatic activity. Some of these analogues were found to
have significant activity against three representative cancer cell lines.
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5’-Phenyl-3'H-spiro[indoline-3,2'-[1,3,4|thiadiazol]-2-one inhibitors of ADAMTS-5 (Aggrecanase-2) pp 5630-5633
Matthew G. Bursavich,” Adam M. Gilbert, Sabrina Lombardi, Katy E. Georgiadis,
Erica Reifenberg, Carl R. Flannery and Elisabeth A. Morris

ADAMTS-5 IC5: 0.64 uM
ADAMTS-4 ICy > 22 uM
MMP12 ICs > 100 uM
MMP13 IC5 > 22 uM

Synthesis of 2,3-diaryl-1,3-thiazolidine-4-one derivatives as selective cyclooxygenase pp 5634-5637
(COX-2) inhibitors
Afshin Zarghi,* Leila Najafnia, Bahram Daraee, Orkideh G. Dadrass and Mehdi Hedayati

MeO,S

The design, synthesis, and evaluation of a series of 2,3-diaryl-1,3-thiazolidine-4-ones, possessing a methylsulfonyl pharmacophore,
as potent and selective COX-2 inhibitors are described.

(3R,4S)-4-(2,4,5-Trifluorophenyl)-pyrrolidin-3-ylamine inhibitors of dipeptidyl peptidase IV: pp 5638-5642
Synthesis, in vitro, in vivo, and X-ray crystallographic characterization

Stephen W. Wright,” Mark J. Ammirati, Kim M. Andrews, Anne M. Brodeur, AN

Dennis E. Danley, Shawn D. Doran, Jay S. Lillquist, Shenping Liu, Lester D. McClure, No SN
R. Kirk McPherson, Thanh V. Olson, Stephen J. Orena, Janice C. Parker, M
Benjamin N. Rocke, Walter C. Soeller, Carolyn B. Soglia, Judith L. Treadway,
Maria A. VanVolkenburg, Zhengrong Zhao and Eric D. Cox

N
N o . J
Potency, selectivity, and pharmacokinetic properties of DPP-IV inhibitors developed NH
from a HTS hit were optimized resulting in the identification of a pre-clinical candidate

for further profiling. =
F

(+)15b IC50 =7 nM ®+

Synthesis and biological evaluation of a C5-biphenyl thiolactomycin library pp 5643-5646
Veemal Bhowruth, Alistair K. Brown, Suzanne J. Senior, John S. Snaith and Gurdyal S. Besra*

jopte
R HO

Fifteen novel C5 analogues of thiolactomycin have been synthesised and assessed for their in vitro m¢FabH and in vivo
Mycobacterium bovis BCG activity, respectively. The biological analysis of this library reaffirms the requirement for a linear n-rich
system containing hydrogen bond accepting substituents attached to the para-position of the C5 biphenyl analogue to generate
compounds with enhanced activity.
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Conformationally restricted homotryptamines. Part 4: Heterocyclic and naphthyl analogs pp 5647-5651
of a potent selective serotonin reuptake inhibitor

H. Dalton King,” Derek J. Denhart, Jeffrey A. Deskus, Jonathan L. Ditta, James R. Epperson, Mendi A. Higgins,
Joyce E. Kung, Lawrence R. Marcin, Charles P. Sloan, Gail K. Mattson, Thaddeus F. Molski, Rudolph G. Krause,
Robert L. Bertekap, Jr., Nicholas J. Lodge, Ronald J. Mattson and John E. Macor
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Hybrid molecules containing the cyclopropylmethylamino side cham found in the parent homotryptamine system and an isosteric
heteroaryl or naphthyl core were prepared and their binding affinities for the human serotonin transporter determined.

—-Z

Novel anti-infection agents: Small-molecule inhibitors of bacterial transcription factors pp 5652-5655

Todd E. Bowser,” Victoria J. Bartlett, Mark C. Grier, Atul K. Verma,
Taduesz Warchol, Stuart B. Levy and Michael N. Alekshun

Inhibitors of AraC bacterial transcription factors are shown to limit infections by reducing virulence rather than halting growth of
the organisms. This therapeutic approach is intended to prevent infection and minimize the development of bacterial resistance.

Synthesis and characterization of a pegylated derivative of 3-(1,2,3,6-tetrahydro-pyridin-4yl)- Pp 5656-5660
1H-indole (IDT199): A high affinity SERT ligand for conjugation to quantum dots
Ian D. Tomlinson, Michael R. Warnerment, John N. Mason, Matthew J. Vergne,
David M. Hercules, Randy D. Blakely and Sandra J. Rosenthal”

(i) 3-(1,2,3,6-Tetrahydro-pyridin-4yl)-1 H-indole, cesium carbonate, FNGN

37.5%; (ii) hydrazine monohydrate, 34.6%; (iii) Boc-NH-PEG-NHS- !

3400, 100%; (iv) TFA, 100%. i
s

(iv)

IDT199
(10)

Synthesis and antitubercular activity of lipophilic moxifloxacin and gatifloxacin derivatives pp 5661-5664

Mauro V. de Almeida,” Mauricio F. Saraiva, Marcus V. N. de Souza,
Cristiane F. da Costa, Felipe R. C. Vicente and Maria C. S. Lourengo

COOH

CH4(CH,), CH(R)CH,NH(CH,),,NH N

m=2or3 ()Me
n=3,57.911

+
Twelve lipophilic moxifloxacin or gatifloxacin new derivatives were synthetized, seven of them having MIC < 1.25 pug/mL. @
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Cyanopyridyl containing 1,4-dihydroindeno[1,2-c]pyrazoles as potent checkpoint pp 5665-5670
kinase 1 inhibitors: Improving oral biovailability

Yunsong Tong,” Magdalena Przytulinska, Zhi-Fu Tao, Jennifer Bouska, Kent D. Stewart,

Chang Park, Gaoquan Li, Akiyo Claiborne, Peter Kovar, Zehan Chen, Philip J. Merta,

Mai-Ha Bui, Amanda Olson, Donald Osterling, Haiying Zhang, Hing L. Sham,

Saul H. Rosenberg, Thomas J. Sowin and Nan-horng Lin

H
N-N

Q/\/\/O\,:N %

CN

SAR studies leading to potent CHK-1 inhibitors with much improved oral biovailability are reported.

Kinesin spindle protein (KSP) inhibitors. Part 7: Design and synthesis of 3,3-disubstituted pp 5671-5676
dihydropyrazolobenzoxazines as potent inhibitors of the mitotic kinesin KSP o)
Robert M. Garbaccio,” Edward S. Tasber, Lou Anne Neilson, Paul J. Coleman, (\NJ\
Mark E. Fraley, Christy Olson, Jeff Bergman, Maricel Torrent, Carolyn A. Buser, N \)

Keith Rickert, Eileen S. Walsh, Kelly Hamilton, Robert B. Lobell, Weikang Tao, o )/

Vicki J. South, Ronald E. Diehl, Joseph P. Davide, Youwei Yan, Lawrence C. Kuo, /@: E
Chunze Li, Thomayant Prueksaritanont, Carmen Fernandez-Metzler, F N™
Elizabeth A. Mahan, Donald E. Slaughter, Joseph J. Salata, Nancy E. Kohl, N
Hans E. Huber and George D. Hartman

20
O

KSP ICsp = 1.6 nM
Cell EC50 =5.0nM

®+

Kinesin spindle protein (KSP) inhibitors. Part 8: Design and synthesis of 1,4-diaryl-4,5- pp 5677-5682
dihydropyrazoles as potent inhibitors of the mitotic kinesin KSP

Anthony J. Roecker,” Paul J. Coleman, Swati P. Mercer, John D. Schreier, Carolyn A. Buser, Eileen S. Walsh,

Kelly Hamilton, Robert B. Lobell, Weikang Tao, Ronald E. Diehl, Vicki J. South, Joseph P. Davide,
Nancy E. Kohl, Youwei Yan, Lawrence C. Kuo, Chunze Li, Carmen Fernandez-Metzler,

Elizabeth A. Mahan, Thomayant Prueksaritanont and George D. Hartman

Dihydropyrazolobenzoxazines (i.e., 20) are reported as potent inhibitors of the mitotic
kinesin KSP.

1,4-Diaryl-4,5-dihydropyrazoles (i.e., 25) are reported as potent inhibitors of the mitotic v /@[
Kinesin KSP. °

KSP ICs, (NM) = 0.2 nM
Cell ECgo (nM) = 3.2 nM

Synthesis of new 7-chloroquinolinyl thioureas and their biological investigation as potential pp 5683-5685
antimalarial and anticancer agents

Aman Mahajan, Susan Yeh, Margo Nell, Constance E. J. van Rensburg and Kelly Chibale”

s X
.C* R
N HN N
X R dry acetone N R
+ NH A >
P i stirring 3-4 hrs _
of N R o] N
1 2 3

Novel 7-chloroquinolinyl thiourea derivatives derived from the corresponding 4,7-dichloroquinoline isothiocyanate were
synthesized and evaluated for in vitro antimalarial and anticancer activity. The most active compound from the series displayed
an inhibitory ICsy value of 1.2 uM against the D10 strain of Plasmodium falciparum.
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Design and synthesis of 7-hydroxy-1H-benzoimidazole derivatives as novel inhibitors pp 5686-5689
of glycogen synthase kinase-3f

Dongkyu Shin, Seung-Chul Lee, Yong-Seok Heo, Woon-Young Lee, Yong-Soon Cho, Yong Eun Kim,
Young-Lan Hyun, Joong Myung Cho, Yoon Sup Lee and Seonggu Ro”

(0]
Hinge region of Kianse H\/J H
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NI~ N —= @ 19
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We have designed new kinase inhibitors by considering the hydrogen bond network in the hinge region and confirmed through the
enzymatic assay and X-ray crystallography.

Selection and characterization of human monoclonal antibodies against Abrin by phage display pp 5690-5692
Heyue Zhou, Bin Zhou, Hongzheng Ma, Charlotte Carney and Kim D. Janda®
BSA
Ricin
Ricin Boiled
° ® Abrin

Abrin Boiled
1 2

Human antibodies were selected from a phage display library that bind the potential biological warfare agent Abrin. The utility of
these antibodies is envisaged as detection devices or therapeutics.

Synthesis and biological evaluation of amino-pyridines as androgen receptor antagonists pp 5693-5697
for stimulating hair growth and reducing sebum production

Lain-Yen Hu,” Huangshu John Lei, Daniel Du, Theodore R. Johnson, Victor Fedij,

Catherine Kostlan, Wen Song Yue, Mark Lovdahl, Jie Jack Li, Mathew Carroll,

Danielle Dettling, Jeffrey Asbill, Conglin Fan, Kimberly Wade, David Pocalyko,

Kimberly Lapham, Radhika Yalamanchili, Brian Samas, Derek Vrieze, Susan Ciotti,

Teresa Krieger-Burke, Drago Sliskovic and Howard Welgus

FsC
CN@N\‘\\©
- N

A series of amino-pyridines were synthesized and evaluated for androgen antagonist activities. Among these compounds, (R)-(+)-6-
[methyl-(1-phenyl-ethyl)-amino]-4-trifluoromethyl-nicotinonitrile was the most active example of this class.

Cytotoxicity of the novel spin trapping compound S-ethoxycarbonyl-3,5-dimethyl-pyrroline pp 5698-5703
N-oxide (3,5-EDPO) and its derivatives

Nataliya Rohr-Udilova,” Klaus Stolze, Sandra Sagmeister, Wolfram Parzefall,

Brigitte Marian, Hans Nohl, Rolf Schulte-Hermann and Bettina Grasl-Kraupp

R R
R'00C D e
+, CJ Commercially available spin traps (low toxicity
R’ 3 Novel spin tr’;ps low toxﬁ:iw) Ps )
1 Novel spin traps (intermediate toxicity)
o = Novel spin traps (high toxicity)
3,5-DiPPO —

3,5DPPO —|
4,5DPPO
3-BEMPO

—
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2-Benzenesulfonyl-8a-benzyl-hexahydro-2H-isoquinolin-6-ones as selective glucocorticoid pp 5704-5708
receptor antagonists

Robin D. Clark,* Nicholas C. Ray, Paul Blaney, Peter H. Crackett, Christopher Hurley, Karen Williams,
Hazel J. Dyke, David E. Clark, Peter M. Lockey, Rene Devos, Melanie Wong, Anne White and Joseph K. Belanoff

QL o
@ ©¥

(R)-37

The synthesis and glucocorticoid receptor (GR) binding and functional antagonist activity of a series of substituted 2-azadecalins is
reported. (R)-37 was found to be a selective high GR affinity ligand (4 nM) with moderate functional activity (200 nM) in a GR
reporter gene assay.

o)

Synthesis and anti-inflammatory activity of 3-(4'-geranyloxy-3'-methoxyphenyl)-2-trans pp 5709-5714
propenoic acid and its ester derivatives

Francesco Epifano,” Salvatore Genovese, Silvio Sosa, Aurelia Tubaro and Massimo Curini

X _~COOR
)\/\/K/\
(o}
OMe
@
The synthesis of ester derivatives of the title acid and their anti-inflammatory activity are reported.
Antinociceptive activity of furan-containing congeners of improgan and ranitidine pp 5715-5719

L. B. Hough,” W. M. P. B. Menge, A. C. van de Stolpe, J. W. Nalwalk, R. Leurs and I. J. P. de Esch
o
HNVS/\/H\WH\ Cimetidine

=N N,
CN

HoH
HNWNYN\ Burimamide
=N s
CN

.
s

HN] N

N R
0 s > Ranitidine
< \
N NO,

N~ Improgan
H

Melanocortin subtype 4 receptor agonists: Structure—activity relationships about the 4-alkyl pp 5720-5723
piperidine core

Iyassu K. Sebhat,” Yingjie Lai, Khaled Barakat, Zhixiong Ye, Rui Tang, Rubana N. Kalyani,

Aurawan Vongs, Tanya MacNeil, David H. Weinberg, M. Angeles Cabello, Marta Maroto, N~
Ana Teran, Tung M. Fong, Lex H. T. Van der Ploeg, Arthur A. Patchett and Ravi P. Nargund HNr

R
SAR about the piperidine core in a series of MC4R agonists is described. A number of alkyl Q N o
substituents that furnish compounds with good affinity and functional potency are reported. N?-l—b

N
b
0
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Antinociceptive activity of furan-containing congeners
of improgan and ranitidine
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Abstract—Furan-containing congeners of the histamine H, receptor antagonist ranitidine were synthesized and tested for improgan-
like antinociceptive activity. The most potent ligand of the series, VUF5498, is the most potent improgan-like agent described to
date (EDsg = 25 nmol, icv). This compound is approximately equal in potency with morphine. These non-imidazole, improgan-like
pain relievers further define the structural requirements for analgesics of this class and are important tools for ongoing mechanism-

based studies.
© 2007 Elsevier Ltd. All rights reserved.

Cimetidine, burimamide, and ranitidine (Fig. 1) are his-
tamine H, receptor antagonists which do not signifi-
cantly penetrate the blood-brain barrier under
physiological conditions.!> When injected directly into
the brain, however, these compounds are highly effective
pain relievers.>* Studies of cimetidine congeners led to
the discovery of improgan (Fig. 1), an analgesic which
lacks H, receptor (H,R) antagonist properties and does
not act on any of the four known histamine recep-
tors.>>® Improgan acts in the brain stem to stimulate
descending, non-opioid circuits,” and cannabinoid
mechanisms may be involved,® but the molecular tar-
get(s) for improgan remain unknown.’

Even in the absence of a specific in vitro target for imp-
rogan, structure—activity relationship (SAR) studies can
help to find the relevant analgesic mechanisms and lead
to development of more potent derivatives of this class
of analgesics. Among imidazole-containing compounds,
it has been described that the analgesic potency differs
from the H,R, H3R, and H4R activity profile.>® For
example, burimamide (Fig. 1), an imidazole-containing
histaminergic ligand with weak H,R and potent H3R
and H4R activity,!? is a potent analgesic, although other

Keywords: Ranitidine; Improgan; Pain; Analgesia; H, receptor.
* Corresponding author. Tel.: +1 518 262 5786; fax +1 518 262 5799;
e-mail: houghl@mail.amc.edu

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.07.060

imidazole-containing H3;R and H4R ligands (e.g., thio-
peramide) are not.>!! Studies of burimamide congeners
in which the spacer length (Fig. 1) was varied confirmed
activity in compounds containing spacers of two-, three-,

hetero- polar -
=~

H H
ASNNC Gimetidine

=N cN
H H
HNWN\H/N\ Burimamide
\=N S
_CN
1
7
B N~ N Improgan
HN/\,/\/\
=N H H
NN
0 s ~  Ranitidine
_ N\ |
N NO,

Figure 1. Structures of improgan and related congeners which have
antinociceptive properties. The general schematic formula for impro-
gan-like compounds is given at the top.
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four-, and six-methylene units.®> Recently, systematic
variation in the length of improgan’s spacer led to new
congeners with increased antinociceptive potency.!?

The H,R antagonist ranitidine (Fig. 1) also produces
antinociception when given into the brain.> However,
no antinociceptive structure—activity relationships of
furan-containing compounds related to improgan or
ranitidine have been previously described. Because the
imidazole moiety can hamper clinical development of a
compound!® and may also limit brain penetration,'#
the present studies describe the synthesis and antinoci-
ceptive activity of a series of furan-containing, impro-
gan-like compounds.

Ligands containing a methyl ethyl thioether spacer (as in
ranitidine, VUF8294, VUF5401, Table 1) were obtained
as previously described.!> Compounds containing sim-
ple alkyl spacers were synthesized as illustrated in
Scheme 1. Furan (1) was reacted with n-butyllithium
and l,o-dibromoalkanes to give intermediates 2 that
were converted to the phthalimido-derivatives 3. A
Mannich reaction via a modification of the method de-
scribed by Price,'® using paraformaldehyde and dime-
thylammonium chloride in ethanol, gave compounds 4
in moderate yield. Deprotection of the phthalimido moi-
ety under basic conditions gave the 2-(w-aminoalkyl)-5-
(dimethylaminomethyl)furanes 5. Subsequent treatment
of these key intermediates 5 with different electrophiles
gave the desired compounds in moderate to good yields.
Thus, nitroethenylguanidines 6 were prepared by addi-
tion of 1,1-bis(methylthio)-2-nitroethene and methyl-
amine. Cyanoguanidines 7 were prepared by addition
of dimethyl cyano-carbonodithioimidate and subse-
quent treatment with methylamine. Ureas 8 were made
by reaction with the corresponding isocyanate. Amide
coupling by reaction of key intermediates 5 with the cor-
responding acid chlorides gave amides 9 in only moder-
ate (isolated) yields. Reductive amination using
intermediates 5 with the corresponding aldehydes and
sodium borohydride gave secondary amines 10 in excel-
lent yields. VUF 5500 (Table 1) was synthesized as de-
scribed for 2, wusing furan and 1-bromo-4-
phenylbutane. The product was isolated as an oxalate
salt in low yield (17%).

Compounds in Table 1 were assessed for antinocicep-
tive activity in male Sprague-Dawley rats (200-320 g,
Taconic Farms, Inc., Germantown, NY). Subjects were
maintained on a reverse 12 L:12 D cycle (lights on
19:00, lights off 07:00). All experiments were reviewed
and approved by the Albany Medical College Institu-
tional Animal Care and Use Committee. Salts were dis-
solved in isotonic saline. Bases were dissolved in HCI
(1.0-1.2 N), titrated to a pH between 5.5 and 6.5,
and diluted with saline. Vehicle injections consisted of
either saline, or neutralized, diluted HCI. Subjects were
surgically fitted with a chronically implanted guide can-
nula along with a stylet under general anesthesia ex-
actly as previously described.!! Coordinates (in mm
from bregma!”’) for the guide cannulas were: AP
—0.8, ML +1.5, DV —3.3, 0° angle. Injection cannulas
extended 1 mm ventrally beyond the tip of the guides

such that injections were made into the left lateral ven-
tricle. Two nociceptive tests were used, the radiant heat
tail flick test'® and the hot plate test.'® For the tail flick
test, the heat source was set to produce baseline laten-
cies between 3 and 45, with a 15s cutoff, exactly as
recently described.!”> For the hot plate test, animals
were placed on a 52 °C surface and the latency to a
hind lift or lick was recorded, with a maximal exposure
of 60s. Baseline latencies were 8-14s. At least one
week after surgery, animals were baseline tested, in-
jected with drug (5 pl over 5 min), and then re-tested
with single hot plate and tail flick tests at 5, 10, and
30 min after the replacement of the stylet exactly as de-
scribed previously.!! Cannula placement was verified
after each experiment. As described previously,!? data
were fitted by use of iterative non-linear regression
methods (GraphPad Prism, San Diego, CA) to the fol-
lowing equation:

(Top — BL)

(1 + E]gso)n

where E is latency (s), D is the dose of drug injected
(nmol), BL is the baseline latency (s), Top is the cutoff
latency (s), n is the slope function, and EDsq is the
dose of drug inducing a 50% of maximum effect
(nmol). Robust fits were obtained to estimate EDs,
by constraint of the following variables as indicated:
Top: 15 and 60s for tail flick and hot plate results,
respectively; BL: 3.5 and 11.0s, respectively. All fits
converged with statistically significant (P < 0.01)
regression parameters, and EDsy values and 95% con-
fidence intervals were obtained.

E=BL+ (Top—BL) —

Fourteen newly synthesized compounds which retain the
hetero-aromatic nucleus of ranitidine were tested for
antinociceptive activity (shaded cells in Table 1). Except
where indicated, all compounds produced maximal,
dose-dependent, antinociceptive activity with no obser-
vable motor or behavioral side effects. Many of these
compounds retained the antinociceptive properties of
improgan. The drugs can be divided into three potency
groups, high (EDsg < 70 nmol, bold in Table 1), inter-
mediate (EDsy = 111-284 nmol), and low (below line
in Table 1).

All improgan-like analgesic drugs described to date con-
sist of a hetero-aromatic nucleus, a spacer, a polar
group, and tail®? (Fig. 1). Previous studies have shown
that congeners of improgan and cimetidine can retain
antinociceptive activity with several kinds of variations
in the spacer, the polar group, or the tail, as long as
an imidazole moiety was retained as the hetero-aromatic
nucleus (Table 1). However, replacement of the 4-
methyl-5-imidazolyl group in cimetidine with either phe-
nyl (VUF8299) or 2- pyridinyl (VUF8298) nuclei led to
loss of activity.

Interestingly, ranitidine, the first non-imidazole H,
antagonist, was reported to produce antinociception
after intracerebroventricular administration.®> Here,
we describe the first SAR studies of furan-containing
antinociceptive compounds and compare the results
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Table 1. Chemical structures and antinociceptive activity of congeners of improgan and ranitidine

5717

Compound Ar-Y-P-Z EDso*

Ar Y P Z
VUF 5498 2-DMAF —(CH,)6— NH-C(=CH-NO,)-NH- Methyl 25 (15-36)
VUF 8294 2-DMAF —CH,-S—(CHy)»— NH-C(=N-CN)-NH- Methyl 67 (18-117)°
VUF 5407 4(5)-IM —(CH,)4— NH-C(=0)-NH- Phenyl 71 (49-93)°
VUF 4687 4(5)-IM —(CHy)4— NH-C(=S)-NH- Phenylethyl 80 + 94
VUF 4685 4(5)-IM —(CHy)4— NH-C(=S)-NH- Phenyl 81 +7¢
VUF 5420 4(5)-IM —(CHy)4— NH-C(=N-CN)-NH- Methyl 82 (74-90)°
VUF 6914 4(5)-IM —(CHy)s— NH-C(=N-CN)-NH- Methyl 82 (70-94)°
VUF 4740 4(5)-IM ~(CHa)s— NH-C(=S)-NH- Methyl 87 + 159
VUF 4582 4(5)-IM —(CH,)o— NH-C(=S)-NH- Phenyl 89 (64-114)°
VUF 5405 4(5)-IM —(CHy)4— NH-C(=CH-NO,)-NH- Methyl 104 (78-130)°
VUF 4686 4(5)-IM —(CHy)4— NH-C(=S)-NH- Benzyl 105 (est)®
VUF 5651 4-Me-5-IM —(CHy)4— NH-C(=N-CN)-NH- Methyl 105 (92-119)°
VUF 6913 4(5)-IM —(CHy)s— NH-C(=N-CN)-NH- Methyl 106 (90-121)°
CC10 4(5)-IM trans-Cyclopropyl NH-C(=N-CN)-NH- Methyl 106 (87-125)°
Ranitidine 2-DMAF —CH,-S—(CH,),— NH-C(=CH-NO,)-NH- Methyl 109 * 16¢
VUF 5497 2-DMAF —(CH,)4— NH-C(=CH-NO,)-NH- Methyl 111 (54-168)
VUF 4577 4(5)-IM —(CHy)>— NH-C(=S)-NH- Methyl 117 (90-144)°
VUF 5401 2-DMAF ~CH,-S—(CH,)>— NH-C(=S)-NH- Methyl 117 (41-194)°
VUF 5550 2-DMAF —(CHy)6— NH-C(=N-CN)-NH- Methyl 120 (59-181)
VUF 5499 2-DMAF —(CHy)4— NH-C(=0)- Methyl 126 (79-174)
VUF 5509 2-DMAF —~(CH,)4— NH- Phenyl 131 (31-232)"
VUF 5733 4(5)-IM —(CH,)>— NH-C(=N-CN)-NH- Methyl 137 (121-153)°
VUF 5500 2-DMAF —(CH,);— CH,— Phenyl 143 (103-255)
VUF 5496 2-DMAF —(CHy)4— NH-C(=N-CN)-NH- Methyl 159 (36-283)"
Burimamide 4(5)-IM —(CHy)4— NH-C(=S)-NH- Methyl 184 + 169
VUF 5261 4(5)-IM 1,4-Piperidinyl ~C(=S)-NH- Methyl 201 + 8¢
VUF 5520 2-DMAF —(CHy)4— NH-C(=0)- Phenyl 203 (154-252)
Norburimamide 4(5)-IM —(CHy)5— NH-C(=S)-NH- Methyl 217 + 294
Improgan 4(5)-IM —(CHy)5— NH-C(=N-CN)-NH- Methyl 276 (193-359)f
VUF 5554 2-DMAF —(CHy)s— NH-C(=0)-NH- Phenyl 284 (243-324)
VUF 4684 4(5)-IM —(CHy)4— NH-C(=S)-NH- Cyclohexyl 285 +21¢
Metiamide 4-Me-5-IM ~CH,-S—(CH,)>— NH-C(=S)-NH- Methyl 370 + 39¢
Cimetidine 4-Me-5-IM ~CH,-S—(CH,)>— NH-C(=N-CN)-NH- Methyl 464 + 89¢
VUF 5495 2-DMAF —(CHy)4— -NH, — 689 (316-1062)"
VUF 5547 2-DMAF —(CHy)s— NH-C(=0)-NH- 4-Todophenyl >149
VUF 5548 2-DMAF —(CHy)4— NH-C(=0)-NH- 4-Iodophenyl >226
Thioperamide 4(5)-IM 1,4-Piperidinyl ~C(=S)-NH- Cyclohexyl >3424
VUF 8299 Phenyl ~CH,-S—(CH,)>— NH-C(=N-CN)-NH- Methyl >403¢
VUF 5394 1-IM —(CH,);5— NH-C(=S)-NH- Methyl >504°
VUF 8298 2-Pyridinyl ~CH,-S—(CH,)>— NH-C(=N-CN)-NH- Methyl >602¢
VUF 4741 4(5)-IM —(CHy)¢— NH-C(=S)-NH- Phenyl Partial agonist?
VUF 5262 4(5)-IM 1,4-Piperidinyl —C(=S)-NH- Phenyl Partial agonist?
VUF 6912 4(5)-IM —(CHy)6— NH-C(=N-CN)-NH- Methyl Partial agonist®
VUF 5393 I-IM —(CHy)5— NH-C(=CH-NO,)-NH- Methyl Toxic™®

Fourteen new furan derivatives (in shaded cells) were synthesized and tested presently. Two compounds (in bold) showed very high antinociceptive
potency. Compounds are arranged in order of decreasing potency. Derivatives below the solid line were either inactive or had low potency. Structures
for the Ar substituent abbreviations and spacer Y abbreviations are given below.
“Hot plate EDs, values (nmol, 10 min after drug) were estimated by non-linear regression following intracerebroventricular injection. Data from the

present study (shaded cells) were derived from at least three doses of each drug (n = 6-12). Error estimates are specified as either 95% confidence

intervals (in parentheses) or as ZSEM. Results from the tail flick test (not shown) were virtually identical with hot plate data.

®Preliminary report of these results.'>
1

Literature value.

. 3
dLiterature value.’
°Literature value.'?

fAverage of two studies.*'?
#Toxicity observed below antinociceptive doses.
"Dose-response curve had a steep slope, yielding large confidence intervals.
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Scheme 1. Reagents and conditions: (a) i—BuLi, THF, 45 °C; ii—Br(CH,)4Br, THF, H,0, —30 °C — rt, 67%; (b) KNPht, DMF, rt, 98%; (c)
HCHO, (CH3),NH,Cl, EtOH, reflux, 16 h, 48%; (d) N,H4, NaOH, EtOH, reflux, 16 h, 98%; (e) i—1,1-bis(methylthio)-2-nitroethylene, MeCN, A,
16 h, 81%; ii—MeNH,, EtOH, reflux, 16 h, 83%; (f) i—dimethyl cyanocarbonodithioimidate, EtOH, reflux, 16 h, 76%; ii—MeNH,, EtOH, reflux,
16 h, 88%; (g) RNCO, CH3CN, rt, 16 h, 43%; (h) RCOCI, TEA, DCM, rt, 16 h, 33%; (i) RCHO, MeOH, NaBHy,, 5 h, 95%.

with the SAR that was previously described for the
imidazole-containing improgan analogues. Presently,
many of the furan-containing compounds in Table 1
are more potent than improgan, which might suggest
that replacement of imidazole by dimethylamino-
methylfuran increases antinociceptive potency. How-
ever, a more careful comparison of the activities of
some of these compounds with previous results shows
that this is not uniformly the case. For example, furan
VUF5497 (EDsp = 111 nmol, Table 1) has the same
potency as the imidazole-containing equivalent com-
pound (VUF5405, EDsy = 104 nmol). The furan-con-
taining VUF5550 showed full antinociceptive agonist
activity (EDso = 120 nmol), whereas the imidazole
equivalent of this drug (VUF6912) behaved as a par-
tial agonist. Most notably, the furan-containing
VUF5496 (EDsg = 159 nmol) has only one-half the po-
tency of its imidazole equivalent VUF5420
(EDsp = 86 nmol). These findings illustrate subtle dif-
ferences in the SARs of the two series of hetero-aro-
matic compounds.

Because compounds combining an imidazole heterocy-
cle with a urea polar group and an aromatic tail have
been previously reported to have antinociceptive activity
(VUF5407), furan-containing congeners with these
characteristics were synthesized and tested presently.
Table 1 shows that when 4 or 6 carbon spacers were
combined with phenyl or iodophenyl tails, little or no
activity was found (VUFS5547, VUF5548, and
VUF5554). Although a urea polar group does not seem
to be allowed for activity in the furan series, a thiourea
polar group 1is tolerated (compare ranitidine and
VUF5401). The intermediate-to-low potency of congen-
ers containing carbamate (VUF5520, VUF5499) and
amine (VUF5509, VUF5495) polar groups was some-
what unexpected, and requires further study.

VUF5498 and VUF8294 are the two most potent impro-
gan-like antinociceptive agents described to date.
VUF5498, (EDsq = 25 nmol, Table 1) is fourfold more
potent than ranitidine, and more than 10-fold more
potent than improgan. When administered by the icv

route, VUF5498 has the approximate analgesic potency
of morphine.'> Both the nitroethenylguanidine polar
group and the extended alkyl spacer in VUF5498 seem
to contribute to this high potency. Both the furan-con-
taining VUF5497 and its imidazole equivalent
(VUF5405) contain the nitroethenylguanidine polar
group and both are about three times as potent as imp-
rogan. Extension of the spacer from four carbons
(VUF5497) to six carbons (VUF5498) seems to result
in a further fourfold increase in potency. Consistent
with this finding, we recently reported that extension
of the spacer length in improgan from three to four car-
bons (i.e., VUF5420) more than doubles its potency,'?
although further lengthening of the spacer did not fur-
ther increase potency (see VUF6913 and VUF6914).
VUF8294 (EDsy = 67 nmol), the other high potency
compound discovered presently, bears a strong resem-
blance to the structure of cimetidine, except that the lat-
ter’s 4-methylimidazole ring has been replaced by the
aminofuran nucleus. Cimetidine (EDsy = 464 nmol,
Table 1) has a very low antinociceptive potency,
and the reasons for the high potency of VUF8294 are
not clear.

In conclusion, the present results demonstrate the pain-
relieving properties of several compounds possessing the
dimethylaminomethylfuran nucleus of ranitidine. Antin-
ociceptive activity was retained in furan-containing
compounds possessing alkyl spacers, polar groups, and
tails similar to those of previously found in improgan-
like drugs. Replacement of the methyl ethyl thioether
chain in ranitidine with an extended hexyl chain resulted
in VUF5498, a drug ten times more potent than impro-
gan, and the most potent compound in this series
described to date. The mechanism of action of neither
improgan nor VUF5498 is presently known, but similar-
ities in the SARs suggest that they may act by similar
means. The discovery of high potency, imidazole-free
improgan-like analgesics further defines the improgan
receptor pharmacophore, will facilitate the search for
the relevant pain-relieving mechanism(s), and may lead
to the development of clinically useful non-opioid
analgesics.
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