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ABSTRACT: We report the development of a new trifluor-
omethyltriazolobenzoxazepine series of squalene synthase
inhibitors. Structure−activity studies and pharmacokinetics
optimization on this series led to the identification of
compound 23 (DF-461), which exhibited potent squalene
synthase inhibitory activity, high hepatic selectivity, excellent rat
hepatic cholesterol synthesis inhibitory activity, and plasma
lipid lowering efficacy in nonrodent repeated dose studies.
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In recent years, the number of arteriosclerosis, ischemic heart
diseases, and ischemic brain diseases attributed to arterio-

sclerosis is increasing around the world due to the spread of the
Western dietary pattern and the growing number of elderly
affected people. Hypercholesterolemia is one of the primary
risk factors of arteriosclerosis. To treat the disease, it is effective
to administer medicines for reducing the serum low density
lipoprotein (LDL) cholesterol level. The cardiovascular risk
reduction of hydroxymethylglutraryl-CoA (HMG-CoA) reduc-
tase inhibitors (statins) is principally attributed to their LDL
lowering effects as demonstrated in numerous randomized
clinical trials.1−3 However, statins have potential adverse effects,
such as myotoxicity, muscle pain, and, in very rare cases,
rhabdomyolysis4,5 because the inhibition of HMG-CoA
reductase also interferes with the synthesis of many non-
steroidal isoprenoid molecules. Cerivastatin, one of the second
generation statins, was withdrawn from the world market in
2001, due to its adverse effects.6 Thus, it is preferable to
prevent the cholesterol biosynthesis by targeting an enzyme,
which lies downstream of farnesyl pyrophosphate in the
cholesterol biosynthesis pathway, without interruption to the
biosynthesis of essential physiological components, such as
ubiquinone and dolichol.
Squalene synthase is an attractive target mainly because it is

the first enzyme involved in the sterol biosynthesis.7,8 The
inhibitors of the enzyme do not inhibit nonsteroidal
biomolecules.9−12 Although there are already known inhibitors
of squalene synthase, it is still difficult to confirm that these
compounds have the required sufficient cholesterol lowering
potential.7,8,13−18

Our research group has already reported the lead
identifications and initial optimizations of two series of small
molecule squalene synthase inhibitors; one is an open form
benzhydrol series, another is a tricyclic pyrrolobenzoxazepine
series, demonstrating plasma lipid-lowering efficacies in
preclinical animal models.

Exploratory medicinal chemistry efforts focused on initial
lead 1.19 The highly potent alkoxy-aminobenzhydrol compound
2 was obtained,20 through incorporations of both the nipecotic
acid part at the end of the side chain and the bulky alkoxy part
at the aniline ring’s ortho position; the benzhydrol compounds
formed unique 11-membered ring active conformations with
intramolecular hydrogen bonds, between the benzhydrol
hydroxyl part and the side chain amide carbonyl oxygen, in
the squalene synthase catalytic domain (Figure 1).

Although their IC50 values reached a single-digit nanomolar
order, the in vivo efficacies were not enough for acquiring the
clinical candidate. An undesirable feature of the benzhydrol
series might be an inadequate stability of the hydroxyl groups,
especially in acidic conditions.
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Figure 1. Structures of 1−3 and TAK-475.
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In order to achieve a more potent in vivo effective
compound, a new tricyclic scaffold was designed, mainly be
cause the oxazepine ring’s ether bond was more stable than the
intramolecular hydrogen bond. Consequently, an improved
series of squalene synthase inhibitors, based on the
pyrrolobenzoxazepine template, had been identified.21 Succes-
sively, we focused our efforts on the optimization of its side
chain to advance the tricyclic series. As a result, highly potent
compound 3 was garnered, which demonstrated excellent
plasma lipid-lowering effects in marmoset oral repeated dose
studies.
Subsequently, two concerns of the template were at the

forefront; one was its chemical stability, and the other was its
organ selectivity after administration. First, the template had a
slightly reactive carbon atom in its pyrrole part, which probably
increased the possibility of some adverse effects by reacting
with the in vivo substrate. To ensure the safety of long-term
administration as lipid-lowering medicine, we endeavored to

solve this issue. Second, compound 3 showed no organ
selectivity, where there was room for improvement of its
hepatic selectivity which was a crucial issue as a squalene
synthase inhibitor, whose target organ is the liver. Recently,
highly hepatic selectivity was demanded for inhibiting the
cholesterol biosynthetic cascade, even with an HMG-CoA
reductase inhibitor,22 because some cholesterol derived
biomolecules have essential roles in peripheral organs. There-
fore, disrupting the cholesterol biosynthesis in other organs
might increase the risk for adverse effects.
To minimize the possibility of unforeseen adverse effects, our

research effort focused on the optimization of the tricyclic
template. Exchanging the pyrrole part in the tricyclic template
to other heterocycles was attempted to avoid the reactive
carbon atom in the ring, at the same time, decreasing the
lipophilicity, which probably increased the liver selectivity.
From past research experience, our inhibitors might be
recognized and selectively taken into the hepatic cell by

Table 1. Modification of the Triazole Ring Substituent in trans-Racematea

compd R SSI (IC50 nM) CSI (IC50 nM) logD6.4 PAMPA (pH 7.4) in vivo CSI (3 mg/kg %)

4 Me 36 290 −0.4 <2 30
5 iPr 11 91 0.37 4.7 15
6 CH2F 6.0 77 48
7 CF3 3.2 130 0.83 10 71

aSSI: squalene synthase inhibitory activity. CSI: cholesterol synthesis inhibitory activity in rat hepatic cells. PAMPA: cell permeability score at pH
7.4. In vivo CSI: hepatic cholesterol inhibition (%) in rats at 1 h after 3 mg/kg single dose oral administration. No data = not tested.

Scheme 1a

aReagents: (a) 2,4-dimethoxybenzaldehyde, NaBH3CN, MeOH−AcOH; (b) ethyl chlorofumarate, NaHCO3, CH2Cl2, rt; (c) K2CO3, EtOH, rt; (d)
CAN, acetone−H2O; (e) Lawesson’s reagent, toluene, reflux, 1 h; (f) H2NNH2·H2O, 2-PrOH, reflux; (g) RCOCl, THF, then AcOH reflux; (h)
RCONHNH2, 2-PrOH, reflux then AcOH, reflux; (i) LiAlH4, THF; (j) CHIRALCEL AD, 15% EtOH−n-hexane; (k) K2CO3, MeOH−H2O; (l)
MsCl, Et3N, CH2Cl2; (m) NaH, 4-ethoxycarbonylpyrazole, THF.
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organic anion transporters, expressed on a hepatic cell surface,
in addition to the passive diffusion. We anticipated that
decreasing the compound’s lipophilicity suppressed the diffu-
sional cell permeability without significant effect on the active
transportation, moreover improving the pharmacokinetic
profile.
We designed and prepared new tricyclic templates, which

incorporated more nitrogen containing five-membered hetero-
aryl rings instead of pyrrole rings, such as pyrazole and triazole
rings. In our preliminary research, we found substituted triazole
ring attached derivatives had comparable squalene synthase
inhibitory (SSI) activity23 with pyrrolobenzoxazepine (Table
S1, Supporting Information).
Furthermore, the optimization of triazole’s substituent was

surveyed tentatively on pyrazole 4-carboxylic acid derivatives,
which were appropriate for synthesis (Table 1). To obtain the
profile of the derivatives, their SSI activity, cholesterol synthesis
inhibitory (CSI) activity in rat hepatic cells,23 and in vivo rat
hepatic cholesterol synthesis inhibitory (in vivo CSI) activity
were evaluated with lipophilicity and permeability.
At first, methyl-substituted compound 4 was prepared and

evaluated. While 4 had middle SSI activity, the permeability was
unmeasurable due to its very low lipophilicity (logD7.4 = −0.4).
To add more lipophilicity, we prepared larger isopropyl
derivative 5, which showed slightly higher permeability with
the increasing lipophilicity (PAMPA = 4.7, logD7.4 = 0.37).
Although 5 showed improved SSI and CSI activity (IC50 = 11
nM and 91 nM, respectively), the in vivo efficacy declined (in
vivo CSI = 15% inhibition); probably due to the metabolic
instability.
To obtain further improved cell permeability, we tried to

reduce triazole’s relatively high electron density by introducing
electron-deficient fluorine atoms to the methyl group, attached
to the ring. As predicted, monofluoromethyl compound 6
showed improved in vivo efficacy (in vivo CSI = 48%
inhibition). Moreover, further electron-deficient trifluoromethyl
compound 8 exhibited higher SSI activity, good permeability,
and proceeded in vivo efficacy (SSI = 3.2 nM, PAMPA = 10,
and in vivo CSI = 71%). We solved the permeability issue of
the triazole containing the new template.
To access the series of compounds with heteroaryl

containing a tricyclic template, the amino part of 8 was
protected with the 2,4-dimethoxybenzyl group, then reacted
with acid chloride to generate fumaric amide 10. Subsequent
Michael cyclization gave benzoxazepine 11. Thioamide 13 was
prepared by radical deprotection with ammonium cerium(IV)
nitrate (CAN) and thioamidation with Lawesson’s reagent.
Following sequential reactions with hydrazine, acid chloride,
and sequential acidic cyclization gave triazole containing the
tricyclic template. Subsequent ester part reduction gave 15−18
following methanesulfonylation, and pyrazole part substitution
gave ester pyrazole compounds, which were hydrolyzed to the
final pyrazolecarboxylic acids 4−7. Compounds 19−23 were
prepared by optical resolution of 14 and hydrolysis (Scheme 1).
To further improve the pharmacokinetic profile of our

compound, we focused on decreasing the molecular weight
mainly because smaller compounds would have better hepatic
selectivity due to the lower peripheral diffusion. After
considerable effort, we revealed that only the acetic acid side
chain attached derivatives have excellent potency, higher SSI
and CSI activity, and remarkably improved in vivo persistent
efficacy, one of the important factors as lipid lowering
medicine.10 As shown in Table 2, simple 2,3-dimethoxyphenyl

19 demonstrated improved and persistent in vivo efficacy in the
rat time course hepatic cholesterol synthesis inhibitory study (1
mg/kg, po single dose: 1 h 88%, 4 h 78%, and 7 h 45%
inhibition).
At the next stage, we aimed to adjust the balance between the

in vivo efficacy and liver selectivity by optimization of the
remaining common part that was identified to be suitable for
physical property fine-tuning: the upper benzene ring
substituent. Focusing on 2-position substituent of the phenyl
ring, we prepared 2-trifluoromethoxy, methyl, ethyl, and chloro
derivatives 20−23. 2-Trifluoromethoxy-3-methoxyphenyl 20
and 2-ethyl-3-methoxyphenyl 21 showed subnanomolar SSI
activity (the IC50 values were 0.7 and 0.36 nM, respectively);
however, their in vivo efficacy and durations were slightly
decreased. 2-Methyl-3-methoxyphenyl 22 showed strong in
vivo CSI potency, the same as 19. Especially, 2-chloro-3-
methoxyphenyl 23 demonstrated the most potent in vivo CSI
efficacy (1 mg/kg po, 1 h 93%, 4 h 77%, and 7 h 55%).
Successively, we investigated the plasma lipid lowering study

in marmoset with selected potential compounds 19, 22, 23, and
Takeda’s predecessor clinical compound TAK-475 as positive
control, at 30 mg/kg/day repeated oral administrations for 7
days. As shown in Table 3, all our compounds showed
significant reduction of serum non-HDL cholesterol levels from
42% to 53% reduction, especially 23 demonstrated the highest

Table 2. Optimization of the Upper Phenyl Ring Part in (4R,
6S)-Isomera,b

in vivo CSI
(1 mg/kg, % inhibi-

tion)

compd R SSI (IC50 nM) CSI (IC50 nM) 1 h 4 h 7 h

19 OMe 1.6 38 88 78 45
20 OCF3 0.7 28 77 67 48
21 Et 0.36 18 76 57 21
22 Me 0.85 46 87 69 45
23 Cl 1.1 19 93 77 55

aThe same configuration as TAK-475. bSSI: squalene synthase
inhibitory activity. CSI: cholesterol synthesis inhibitory activity in rat
hepatic cell. In vivo CSI: hepatic cholesterol inhibition (%) in rat at 1,
4, and 7 h after 1 mg/kg single dose oral administration.

Table 3. Plasma Lipid Lowering Effects in Marmoset 30 mg/
kg/day Orally Repeated Doses for 7 Daysa

compd TC (%) non-HDL C (%) HDL C (%) TG (%)

TAK-475 17 19 10 25
19 29 44 3 29
22 32*** 42*** 8 34***
23 39*** 53*** 16 24**

aTC: total cholesterol. non-HDL C: non-HDL cholesterol. HDL C:
HDL cholesterol. TG: triglyceride. Data are shown as the mean values
of percentage changes from initial values (n = 7, 8). **p < 0.01 and
***p < 0.001 vs. initial values.
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53% reduction; additionally, plasma triglyceride (TG) levels
reducing potency were observed from 24% to 34% reduction,
and at the same time, TAK-475 reduced 19% on non-HDL and
25% on TG).
Next, selected compounds’ liver selectivity was measured in

rats at 3 mg/kg orally single dose administration. 2-Chloro
compound 23 demonstrated the highest hepatic concentration
and better selectivity (liver concentration 2894 ng/g and Kpliver
80 at 1 h) compared to 19 (liver conc. 1045 ng/g and Kpliver 66
at 1 h), and 2-methyl compound 22 showed improper
selectivity (Table S2, Supporting Information).
On the basis of favorable evaluation results, we chose 23 as a

candidate to evaluate the higher characterization study, which
showed the highest plasma lipid lowering potency in marmoset,
and the highest liver selectivity and persistent in vivo CSI
efficacy in rats.
In the further biological activity characterization, 23 indicated

excellent ED50 value in rats (0.11 mg/kg), over 30 times
stronger than TAK-475 (3.8 mg/kg). Finally, the in vivo CSI
potential comparison study was evaluated with atorvastatin,
HMG-CoA reductase inhibitor in rats (Figure 2). Conse-
quently, 23 exhibited admirable, cholesterol synthesis inhibitory
potential, which was better than atorvastatin at the same dose.

In summary, a novel series of squalene synthase inhibitors
were discovered by exchanging the pyrrole part to the
trifluoromethyltriazole part in the tricyclic template of lead
compound 3. Further optimization of the new template has
resulted in the identification of acetic acid side chain derivatives
with improved plasma lipid lowering potency in preclinical
species. On the basis of the most potent in vivo efficacy, liver
selectivity, and other desirable profiles, the arginine salt of 23
(DF-461) has been chosen as the drug development candidate.
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