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Abstract—The underlying principle of drug design in this paper is that the maximum retention of the functional groups that exist in
the marketed drug would provide a higher probability for comparable safety while the conformational changes in the newly created
analogs should not constitute a significant structural variation to adversely affect biological activity. Four individual isomers of
backbone re-organized ezetimibe analogs were designed and synthesized. Their effects on the cholesterol levels in rat serum were
evaluated by a high-cholesterol and high-fat diet feeding experiment. All the new analogs showed significant effect in lowering

the levels of total cholesterol in serum.
© 2006 Elsevier Ltd. All rights reserved.

Atherosclerotic coronary heart disease (CHD) remains a
major concern in healthcare due to its high morbidity
and mortality.! Lowering the level of cholesterol in blood
has been shown to be an effective way to treat and pre-
vent CHD.? There are two recognized sources of choles-
terol in the serum: biosynthesis in the liver and
absorption of dietary cholesterol in the small intestine.>*
Statins have been prescribed as the predominant class of
cholesterol-lowering agents since 1980s.”> They inhibit
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, the catalyst of the rate-limiting step of choles-
terol biosynthesis in liver.® Recently, ezetimibe (Fig. 1,
1), a blocker of intestinal sources of cholesterol, has
become an increasingly important choice for reducing
serum cholesterol level. It inhibits the absorption of
dietary or recycled cholesterol in the intestine and can
be used either alone or in combination with a statin.
Thus far, ezetimibe is the only marketed example of this
new class of anti-cholesterolemia drugs.””

Ezetimibe was discovered through in vivo screening uti-
lizing an animal-feeding model to identify active com-
pounds. Recently, many reports on the potential
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molecular target of ezetimibe have been disclosed. Evi-
dence suggests that the compound interacts with the
Niemann Pick Cl-like 1 (NPC1L1) protein which plays
a critical role in cholesterol transporting through the
intestine wall.'® Despite the absence of a molecular tar-
get the SAR studies on azetidinone structures have been
thoroughly investigated. Very recently, it has been dis-
closed that the azetidinone backbone possibly plays
the role of a structural scaffold to appropriately position
the required ring substituents since the mesylated azeti-
dine analog (Fig. 1, 2) showed comparable bioactivity
by an in vitro assay.!! This study could further encour-

Figure 1. The structures of ezetimibe 1, its azetidine analog 2, and re-
organized analogs 3.
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Scheme 1. Synthesis of trans-azetidinone fragments. Reagents and conditions: (a) toulene, reflux; (b) Et;N, toluene, 47% for 8a, 26% for 8b in two

steps; (c) CAN, 53% for 9a, 55% for 9b.

age the search for new cholesterol absorption inhibitors
away from the traditional azetidinone structures. We
have been interested in discovering compounds that
inhibit cholesterol absorption by exploring ezetimibe
analogs in which the substituents are regiochemically
rearranged on the azetidinone scaffold (Fig. 1, 3). This
paper discloses results of the design, synthesis, and in vi-
vo evaluation of cholesterol absorption inhibition.

As reported in the literature, the pharmacophore of
ezetimibe has the following requirements: (1) azetidi-
none as the required backbone; (2) N-phenyl is required,
but could tolerate a range of substituents; (3) the phenyl
tethered with three-carbon chain at 3-position is neces-
sary for activity; (4) p-hydroxyl or p-methoxyphenyl
at 4-position is a necessity; (5) unlike the chiral center
at C-4 which shows a clear preference for S configura-
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Scheme 2. Synthesis of alcohol fragments.

tion, both 35 and 3R forms often demonstrate compara-
ble activity without consistent preference. These SAR
results, in particular the last point regarding the stereo-
chemistry at 3-position prompted us to consider swap-
ping the substituents between the N-position and the
3-position. The underlying principle is that the maxi-
mum retention of the functional groups that exist in
the marketed drug would provide a higher probability
for comparable safety while the conformational changes
in the newly created backbone should not constitute a
significant structural variation to adversely affect biolog-
ical activity. As a result, the re-organized ezetimibe ana-
log 3 (Fig. 1) was devised.

Four individual isomers of 3 with trans configuration of
the azetidinone backbone were prepared according to
Schemes 1-3. Scheme 1 depicts the synthesis of trans-
azetidinone fragments in optically active forms. Com-
mercially available S-1-(4-methoxyphenyl) ethanamine
5 was treated with 4-(benzyloxy)benzaldehyde 6 in
refluxing toluene to give imine 7. Reactions of acid chlo-
ride 4 and imine 7 using Et;N as the base in refluxing
toluene led to diastereoisomers 8a and 8b with a ratio
of 2 to 1 in 73% combined yield over two steps. Diaste-
reoisomers 8a and 8b were readily separated by flash
chromatography. The oxidative removal of the chiral
benzylamine group by ceric ammonium nitrate (CAN)
gave more than 50% of the desired products 9.

The optically active alcohol fragments 13a and 13b were
prepared by a modified literature procedure'? as depict-
ed in Scheme 2. Both optically pure enantiomers of
CBS catalyst 11 were obtained by Corey’s procedure. '3
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Table 1. Physical properties of backbone re-organized ezetimibe analogs

3a

3b

3c

3d

"H NMR (300 MHz, CDCl;)

13C NMR (75 MHz, DMSO-d®)

Mp (°C)

MS [M+H-18]*
RT (min)

(X (c=1, MeOH)

1.85-1.92 (m, 2H), 2.93-3.02 (m, 1H),
3.70-3.80 (m, 1H), 4.14 (d, 1H,
J=2.1Hz), 441 (d, 1H, J= 2.1 Hz),
4.69-4.73 (m, 1H), 6.89 (d, 2H,

J = 8.4 Hz), 6.97-7.07 (m, 4H), 7.18—
7.29 (m, 6H)

37.78, 37.86, 62.85, 63.72, 70.09,
115.41 (d, J = 21.23 Hz), 116.22 (d,
J=20.03 Hz), 116.38, 128.21 (d,
J=8.03 Hz), 128.22, 128.70, 130.08
(d, J=8.03 Hz), 132.53 (d,
J=2.85Hz), 142.49 (d, J = 2.33 Hz),
158.34, 161.80 (d, J = 240.98 Hz),
162.11 (d, J = 241.58 Hz), 168.13
65.8-67.3

3922

3.042

+90.2°

1.83-1.92 (m, 2H), 2.76 (d, 1H, OH,
J=3.9Hz), 3.16-3.25 (m, 1H), 3.45-
3.54 (m, 1H), 4.14 (d, 1H,
J=2.1Hz), 443 (d, 1H, J = 2.1 Hz),
4.74-4.79 (m, 1H), 5.43 (s, 1H, OH),
6.88 (d, 2H, J = 8.4 Hz), 6.98-7.07
(m, 4H), 7.21-7.31 (m, 6H)

37.86, 38.10, 63.18, 63.59, 70.14,
115.39 (d, J = 20.63 Hz), 116.21 (d,
J=18.3 Hz), 116.33, 128.25 (d,

J =8.03 Hz), 128.30, 128.74, 130.08
(d, J=8.18 Hz), 132.51 (d,

J =225 Hz), 142.40 (d, J = 2.25 Hz),
158.34, 161.79 (d, J = 241.5 Hz),
162.10 (d, J = 241.5 Hz), 168.18.
150-151.3

3922

3.021

+128.2°

1.83-1.91 (m, 2H), 3.18-3.25 (m, 1H),
3.46-3.53 (m, 1H), 4.14 (d, 1H,
J=2.1Hz), 443 (d, 1H, J=2.1 Hz),
4.75-4.79 (m, 1H), 6.87 (d, 2 H,
J=8.1Hz), 6.97-7.07 (m, 4H), 7.20—
7.33 (m, 6H)

37.87, 38.10, 63.18, 63.59, 70.14,
115.40 (d, J = 20.63 Hz), 116.24 (d,
J=21.23 Hz), 116.33, 128.25 (d,
J=7.5Hz), 128.30, 128.75, 130.09
(d, J=8.03 Hz), 132.55 (d,
J=2.85Hz), 142.39 (d, J = 2.33 Hz),
158.34, 161.80 (d, J = 240.98 Hz),
162.10 (d, J = 242.10 Hz), 168.17
149-150.8

392.2

3.028

—127.4°

1.86-1.93 (m, 2H), 2.94-3.02 (m, 1H),
3.09 (d, 1H, OH, J = 3.6 Hz), 3.71—
3.80 (m, 1H), 4.15 (d, I1H,
J=2.1Hz), 441 (d, 1H, J = 2.1 Hz),
4.69-4.75 (m, 1H), 5.69 (s, 1H, OH),
6.90 (d, 2H, J = 8.7 Hz), 6.98-7.08
(m, 4H), 7.19-7.30 (m, 6H)

37.78, 37.85, 62.84, 63.71, 70.07,
115.40 (d, J = 20.55 Hz), 116.20 (d,
J=19.5Hz), 116.33, 128.21 (d,
J=6.9 Hz), 128.25, 128.68, 130.08
(d, J=8.03 Hz), 132.51, 142.48,
158.32, 161.79 (d, J = 240.38 Hz),
162.10 (d, J = 241.5 Hz), 168.10

67.6-68.5
392.2
3.037
-90.2°

€ UY SE) BE JO 2Injonns Avl-xX AU °¢ 2an3L|

(S,1 St “¥€) 48 Jo aamonms Lel-X Ay, ‘g dm3iy

-[0I91SI[OYD © 01 PAloAIqns 91oM p-BE STO[BUR MIU oY T,

-JugIs pajenjsuowdp spunodwod mau 2y} [[V ‘7 J[qe], Ul
pozLIBWIWINS 918 SINSAI Y, "S}BI Ul Juowiadxo SuIpasj

"¢ 2InSI,{ Ul 2INjoNnIs AvI-X S AQ UMOUS St (S,€ YV
‘SE) oIe BE JO AIISIWUAUO0319)S Y} Pue ‘(qg Jo SOy}

01 ausoddo Y1) Yy ‘S€ 2q Isnw BE UI AJ9I0W dUOUIPI)
-9ze 9y} Appuenbosuo) ‘g 9InS1] ur umoys se §,[ pue ‘Sy
Y€ 2IB q8 UI SIUID [BIIYD Y} 910JIOY [, "2INn3onajs Ael
-X S} UO paseq paonpap A[ISes 919m (g UT SISJUD [RIIYO
o} JO 1521 9y} (§ ourwre SurIe)s Woj umouy) § SI ureyo
9pIS dY) UL IOJUD [BIIYD Y} UIS ¢, SISA[BUL ABI-X Kq
POUTWLISIAP SIOM (] 9JRIPOWLIO)UI PUB BE JO SOINIONIIS
[BOTWOY00919)S Y] "SUONB[AIIOD [BOIWAYD pUE SISA[eU®
uonoRIPIp AvI-X JO UONBUIQUOD AQ PIIBPION[D 9IdMm
p-e¢ spunodwoo [euy jo suoneIndyuod )njosqe YL,

‘SpRIk

ySiy ur qgY IOWOsi-y pue kg So[RUR OPOI-¢-S POPIA

‘1 9[qeL Ul paIsi| a1 p—eg spunodwod jo
ei1ep [eo1sAyd oy [, “(¢ awayds) p—eg ap1aoid 01 H/pd pue
CH wie [ YIM pIR[AZUdqop oIom [OIYMm ‘SPRIA y3Iy
-o01d qZ] pue BZ] Jo 98uLBYOX? QUIPO] "A[oA1}0adsal ‘SplaIk

ur ‘Ajoanoadsar ‘p—ep1 spunodwod 1o81e] INO0J [euy Ay}
popraoad ainjerodud) woor 18 JHI/OSINA Ul HOY

Jo 2oudsaxd oyl ur €] YPIM ¢ s10sIndaxd Jo uoneAY[y
poo3 ur qgy pue egy [o-[-uedoid(jAusydoiong-)-|

-0I0[o-¢-§ Surpuodsarrod oyl 9AIS 0] qI T IO B[] ISATBIRD
SgD Jo dsoussaxd ur SONSEHY £q poonpal sem (] U0y

FOI-101 (L00Z) LI 12T “wioyD papy “8i001g | v j2 nx X

€01



104 X. Xu et al. | Bioorg. Med. Chem.

Table 2. Results of in vivo experiments!®

Entry  Animal group® TC or LDL-cho or
Changes (%)°  Changes (%)°

1 High-cholesterol diet ~ 5.40 + 2.25 293+ 1.54

2 Normal diet —62""¢ —59"""

3 ezetimibe 51" 47"

4 3a 26" -22

5 3b —17 -5

6 3c 25" —-29°

7 3d —18 -35

**P <0.001; **P <0.01; *P <0.05.

#8-18 rats per group.

® Percentile was calculated by comparing to the one in animals fed by
high-cholesterol diets.

¢ Compared to high-cholesterol diet.

icant effect in lowering the total cholesterol and LDL (3b
is the exception) in serum. These SAR trends may pro-
vide insights into the further design of novel cholesterol
absorption inhibitors.

In conclusion, four individual isomers of backbone re-
organized ezetimibe analogs were designed and synthe-
sized. Their effects on the cholesterol levels in rat serum
were evaluated by a high-cholesterol and high-fat diet-
feeding experiment. All of the new compounds showed
significant effects in lowering the levels of total cholester-
ol in serum. This information could be valuable in
designing new cholesterol absorption inhibitors.
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Cholesterol-feeding experiment: Male Wistar rats with
weight of 150-180 g were purchased from the Center of
Research Animals, the College of Basic Medicines, Jilin
University. The high-fat and high-cholesterol diet was
made from 87.8% regular feeds, 2% cholesterol, 10% hog
fat, and 0.2% propylthiouracil. The animals were raised
for 1 week, divided into individual groups according to
their levels of TC and LDL-cholesterol in serum, and then
fed for 2 weeks on regular diet, high-fat and high-
cholesterol diet, high-fat and high-cholesterol diet with
ezetimibe or individual drugs, respectively. The drugs were
made to a mixture with 0.5% sodium carboxy methyl
cellulose(40 mg/100 ml), administered at a single dosage of
4 mg/kg/day by intragastric perfusion. After fasted for
16 h, blood samples were collected by cutting the tails, and
the serum was isolated and measured for the level of total
cholesterol and LDL-cholesterol. The data were calculated
by statistical methods.
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