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Spiro-lactone (S)-1 is a potent acetyl-CoA carboxylase (ACC) inhibitor and was found to be metabolically
liable in human hepatic microsomes. To remove one of the risk factors in human study by improving the
metabolic stability, we focused on modifying the spiro-lactone ring and the benzothiophene portion of
the molecule. Spiro-imide derivative 8c containing a 6-methylthieno[2,3-b]pyridine core exhibited potent
ACC inhibitory activity and favorable pharmacokinetic profiles in rats.

� 2012 Elsevier Ltd. All rights reserved.
Obesity has become a serious health problem worldwide over
the past few decades, due in part to increased food intake and re-
duced physical activity.1 Moreover, obesity is associated with a
variety of serious human diseases, notably type 2 diabetes, cardio-
vascular diseases, depression, and cancer. Acetyl-CoA carboxylase
(ACC) catalyzes the biotin-dependent carboxylation of acetyl-CoA
to form malonyl-CoA,2 which is a known substrate for fatty acid
synthase in de novo lipogenesis and is also an allosteric inhibitor
of carnitine palmitoyltransferase 1.3 Therefore, ACC inhibition
may lower malonyl-CoA levels, resulting in reduced fatty acid syn-
thesis, accelerated fatty acid oxidation, and consequently improved
insulin sensitivity. In rodents and humans, two ACC isoforms,
ACC1, which is primarily expressed in lipogenic tissues, and
ACC2, which is expressed in oxidative tissues, have been reported.4

Genetic studies have demonstrated that knocking out ACC1 in mice
is embryonically lethal,5 whereas ACC2 homozygous knockout
mice are healthy, fertile, and have a higher fatty acid oxidation rate
and reduced fat accumulation compared to wild-type mice.6

We previously reported novel spiro-lactone (S)-1 containing a
ureidobenzothiophenyl group as a potent ACC inhibitor.7 The
X-ray co-crystal structure data of the human ACC2 carboxyl
transferase domain in complex with (S)-1 indicated that not only
the two carbonyl groups of amide and lactone are promptly bound
to the two backbones of Gly2162 and Glu2230 but also the ureido
moiety interacts with the side chain of Glu2230 (Fig. 1). However,
ll rights reserved.
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(S)-1 showed poor human metabolic stability, which may cause
unfavorable pharmokinetic (PK) profiles, including variations in
blood exposure level or high elimination clearance in clinical trials.
In order to remove one of these risk factors for human study, we
examined methods to improve the metabolic stability by lowering
the lipophilicity of the spiro-5-membered moiety and benzothi-
ophenyl group as shown in Figure 1. Herein, we describe the design,
synthesis, structure–activity relationship (SAR), and the relation-
ship between lipophilicity (logD) and metabolic stability.

Synthesis of spiro-lactams 6a–d and spiro-imides2a,b is outlined
in Scheme 1. Compound 10,7 derived from ester 9, was converted to
piperidinopiperidine derivative 11 by deprotection of the Boc group
and subsequent reductive alkylation with 1-Boc-4-piperidone (18).
Spiro-lactams 13a–c were obtained by reducing the cyano group
with Raney-Ni followed by alkylation of the resultant lactam using
NaH and alkyl halide. Finally, desired compounds 6a–d were
prepared by deprotection of the Boc group in 12 and 13a–c, conden-
sation with benzothiophenecarboxylic acid 19, and ureide forma-
tion using alkyl isocyanate or trichloroacetyl isocyante followed by
ammonolysis. Alkylation of ester 9 with benzyl bromoacetate
followed by deprotection of the Boc group in 14 and reductive
alkylation afforded piperidinopiperidine 15. After the benzyl group
of 15 was removed under reducing conditions, amides 16a,b were
obtained by condensation with primary amines. Cyclization by
treatment with NaH proceeded to give imide derivatives 17a,b.
Compound 17a was converted to the desired compounds 2a,b using
a procedure similar to that used for spiro-lactams 6a–d. Compounds
13c and 17b were asymmetrically separated by chiral HPLC to give
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Figure 1. Synthetic strategy for spiro-piperidine derivatives.
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(S)-13c and (S)-17b in 49% and 44% yield, respectively. As shown in
Scheme 5, these chiral intermediates were used to prepare 8b and
8c, stereochemistry of which was determined using single X-ray
crystallographic analysis.8
Spiro-oxazolidinediones 3a,b were prepared using the method
shown in Scheme 2. Hydroxy ester 20, which was prepared from
commercially available 1-benzyl-3-piperidone via a known proce-
dure,9 was converted to piperidinopiperidine derivative 21 by
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deprotection of the benzyl group and condensation with 18. Con-
struction of the oxazolidinedione ring was performed by treatment
with alkyl isocyanates and NaH to give 22a,b. Finally, compounds
3a,b were obtained from 22a in a similar manner to that shown
in Scheme 1. Compound 22b was asymmetrically separated by chi-
ral HPLC to give chiral (S/R)-22b in 42% yield. As shown in Scheme
5, this chiral intermediate was used to prepare 8d, stereochemistry
of which was not determined.

The synthetic route for spiro-imidazolones 5a–c is summarized
in Scheme 3. The Strecker reaction of 23 followed by acylation
afforded 3-acylamino-3-cyanopoperidines 24a–c. Successive
deprotection of the Boc group and reductive alkylation with 18
provided compounds 25a–c. Cyclization of 25a–c proceeded
smoothly under basic conditions to give imidazolone derivatives
26a–c. After introduction of an alkyl group to 26a–c using NaH
and alkyl halide, 5a–c was obtained from 27a–c using the same
method shown in Scheme 1. Optically active (S/R)-27d, which
was obtained by chiral resolution of 25a and subsequent cycliza-
tion and N-alkylation, was used to synthesize 8e as shown in
Scheme 5. The stereochemistry of 8e was also not determined.
Table 1
ACC inhibitory activity, human metabolic stability, and logD of spiro-piperidines 2–6a
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1
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4b N Et Me —
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a Racemate.
b In vitro metabolic clearance in human hepatic microsomes (lL/min/mg protein).
c logD was measured using HPLC (pH 7.4).
Preparation of spiro-imidazolidinediones 4a,b was carried out
using the method described in Scheme 4. Starting with spiro-imi-
dazolidinedione 28, selective N-alkylation of the ring in 29a,b and
introduction of a 1-Boc-piperidine moiety afforded 30a,b. Com-
pound 30a was methylated on the remaining nitrogen atom of the
ring to give 31. Compounds 30a and 31 were converted to com-
pounds 4a,b using the similar method to that shown in Scheme 1.

Compounds 7c,d were prepared according to the synthetic
route shown in Scheme 5. Commercially available pyridine or pyr-
azine derivatives 32a,b were converted into thienopyridine or thi-
enopyrazine 33a,b, which were subjected to the Sandmeyer
reaction to afford 34a,b.10 Successive hydrolysis and the Curtius
rearrangement reaction gave 35a,b, followed by introduction of
carboxylic acid at the 3-position to obtain 36a,b. Condensation
with deprotected spiro-lactone 377 and conversion of the Boc
group to a ureide moiety afforded desired compounds 7c,d. Com-
pounds 7a,b and 8a–f were also prepared using the same method
as was used for the synthesis of 7c,d.

The spiro compounds prepared in this study were evaluated for
their ability to inhibit human ACC1 and ACC2 using the malachite
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Table 2
ACC inhibitory activity, human metabolic stabilities, and logD of spiro-Lactones 7a
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Substituents IC50 (nM) hMSb logDc

a b c ACC1 ACC2

7a C–H C–H N 110 16 110 2.08
7b C–H C–Me N 78 14 79 2.49
7c N C–H C–H 150 27 120 2.45
7d N C–H N 150 37 110 2.32

a Racemate.
b In vitro metabolic clearance in human hepatic microsomes (lL/min/mg

protein).
c logD was measured using HPLC (pH 7.4).
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green method.11 The results of ACC1/2 inhibition studies, human
metabolic stability,12 and lipophilicity (logD) are summarized in
Tables 1–3. Because the IC50 ratios of the ACC2 and ACC1 inhibitory
activities were nearly the same, we primarily discuss only the SAR
for ACC2 inhibition in the present report.

First, we converted the spiro-lactone ring into various spiro-
5-membered rings to conduct a detailed investigation of SAR and
human metabolic stability (Table 1). Since designed spiro struc-
tures contain a key carbonyl group that can interact with the
Table 3
ACC inhibitory activity, human metabolic stabilities, and logD of spiro-piperidines 8
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a In vitro metabolic clearance in human hepatic microsomes (lL/min/mg
protein).

b logD was measured using HPLC (pH 7.4).
c Absolute configuration has not been determined.
backbone of Gly2162, all compounds (imide 2, oxazolidinedione 3,
imidazolidinedione 4, imidazolone 5, and lactam 6) predictably
displayed 10�8 M order potency. As a result of modification of
the spiro ring, installation of an oxo group (2b) to the spiro-lactam
ring (6c), and replacement of hetero atoms (3b, 4a) to the spiro-
imide ring (2b), activity was retained. Methylation (R2 groups) of
the imidazolidinedione core resulted in a threefold decrease in po-
tency (4a vs 4b). We next examined the substitution effect of R3

and R4 groups in the spiro ring. Incorporation of a dimethyl group
at the 3-position of the spiro-lactone ring significantly enhanced
activity;7 introduction of additional bulky substituent at the R3 po-
sition of the imidazolone ring led to more potent inhibitory activity
(5a vs 5b vs 5c). Furthermore, the X-ray co-crystal structure data of
ACC2 and (S)-1 indicates that a wide lipophilic cavity exists around
the substituent R4 and that alkyl substitution on the nitrogen of the
lactam ring potentiates ACC2 inhibitory activity. The inhibitory
activities were predictably increased in the order of an unsubsti-
tuted (6a), methyl (6b), ethyl (6c), and isopropyl group (6d) in
the lactam set. Converting the substituent on the ureide group
(R1) did not affect ACC2 inhibition (2a vs 2b, 3a vs 3b), as we pre-
viously reported.7 Regarding human metabolic stability, all spiro
derivatives exhibit an inverse correlation with their logD values
as shown in Figure 2. Among these, the imidazolone ring (red dia-
monds: 5a–c) was characterized as a metabolically liable core, par-
ticularly in the case of 5b,c. A methyl group (5a) introduced as the
R3 in the imidazolone core showed acceptable inhibitory activity
and metabolic stability. These results suggest that lipophilic substi-
tution (isopropyl) of the R4 group of 2–6 and no additional substi-
tution as R2 (hydrogen) for 4 or R3 (methyl) group for 5 are
preferable for ACC2 inhibitory activity and metabolic stability.

We next assessed the effect of introducing hetero atoms into
the benzothiophene ring to lower the lipophilicity of the com-
pounds. The results with prototype spiro-lactone are shown in
Table 2. Introduction of a nitrogen atom at the 7-position of the
benzothiophene ring (thieno[2,3-b]pyridine 7a) retained activity
compared with racemate 1 (ACC2: IC50 = 13 nM). Thieno[3,2-b]pyr-
idine 7c and thieno[2,3-b]pyrazine 7d showed slightly less potent
activity compared with 7a. Methyl substitution at the 6-position
of 7a had a minimal effect with regard to ACC2 inhibitory activity,
but rendered higher metabolic stability to 7b despite elevation of
the logD value (7b vs 7a). This result suggests that blocking the
6-position of thieno[2,3-b]pyridine core as a metabolic site may
be successful. We then evaluated various spiro-piperidines with
the 6-methylthieno[2,3-b]pyridine to confirm the potential of
improvement in metabolic stability.
Figure 2. Relationship between logD and metabolic stability of various spiro-
piperidines. Red diamonds indicate spiro-imidazolone and black diamonds indicate
other spiro derivatives.



Table 4
Pharmacokinetic profile of 8ca

Compound iv (1 mg/kg) po (3 mg/kg)

CLtotal
b

(L/h/kg)
Vss

c

(L/kg)
MRTd

(h)
Cmax

e

(ng/mL)
Tmax

f

(h)
AUCg

(ng h/
mL)

Fh

(%)

8c 0.95 1.3 1.3 440 0.5 1400 45

a n = 3; Crl: CD(SD)(IGS) rats (male, 8W).
b Total clearance.
c Volume of distribution at steady state.
d Mean residence time.
e Maximal plasma concentration.
f Time of maximal concentration.
g Area under the plasma concentration versus time curve.
h Bioavailability.
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The results of the spiro-compounds possessing the 6-methylthi-
eno[2,3-b]pyridine are summarized in Table 3. Lactone 8a, lactam
8b, and imides 8c exhibited 10�9 M order potency and oxazolidin-
edione 8d, imidazolone 8e, and imidazolidinedione 8f also showed
10�8 M order potency; in particular, lactone 8a exhibited the most
potent activity. In addition, all enantiomers of 8a–e predictably
gave less potency as we previously reported.7 The metabolic stabil-
ity of all compounds, except for lactone 8a, significantly improved
relative to the corresponding benzothiophene derivatives 2–6.
Among these compounds, spiro-imide 8c, which showed potent
ACC inhibitory activity exhibited favorable pharmacokinetic pro-
files in rats as shown in Table 4.

In conclusion, to improve the metabolic stability of (S)-1, we
modified the spiro-5-membered ring and the benzothiophene ring.
All compounds possessing the imide, oxazolidinedione, imidazo-
lidinedione, imidazolone, or lactam scaffold displayed highly-
potent ACCs inhibitory activities. The SAR study revealed that
installation of an oxo group onto the spiro-lactam ring and replace-
ment of a nitrogen or oxygen atom on the spiro-imide ring
preserved the activity of the molecule. Moreover, bulky lipophilic
groups, such as an isopropyl group at the R4 position, was effective
for maintaining activity, and an R3 (methyl) group on imidazolone
5 was preferable for maintaining metabolic stability in humans.
Although modification of the spiro group led to lipophilicity-re-
lated improvement in metabolic stability, incorporation of a
nitrogen atom in the benzothiophene ring followed by methylation
at the 6-position improved metabolic stability. We identified a
novel, highly potent, and bioavailable spiro-imide derivative 8c
possessing a thieno[2,3-b]pyridine core, which displayed high
human metabolic stability and favorable rat pharmacokinetic
profiles.
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