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ABSTRACT: A series of benzofuran derivatives with neuroprotective activity in collaboration with IGF-1 was discovered using a
newly developed cell-based assay involving primary neural cells prepared from rat hippocampal and cerebral cortical tissues. A
structure−activity relationship study identified compound 8 as exhibiting potent activity and brain penetrability. An in vitro
pharmacological study demonstrated that although IGF-1 and 8 individually exhibited the neuroprotective effect, the latter acted
in collaboration with IGF-1 to enhance neuroprotective activity.

■ INTRODUCTION

Insulin-like growth factor 1 (IGF-1) is a growth hormone with
structural and functional homologies to IGF-2 and insulin. IGF-
1 exerts its pleiotropic effects via the activation of an
intracellular signaling system, such as phosphatidylinositol 3-
kinase (PI3K)/Akt pathway, through binding to its receptor.1

IGF-1 and insulin play an important role in the regulation of
physiological functions such as glucose metabolism.2 IGF-1 also
has important functions in the brain, including metabolic,
neurotrophic, neuromodulatory, and neuroendocrine actions.3,4

Reportedly, IGF-1 can promote the survival, proliferation, and
maturation of cultured neurons,5 reduce neuronal loss in adult
rat brains following a hypoxic−ischemic injury,6 induce the
differentiation of oligodendrocytes,7 stimulate DNA synthesis8

and neurite outgrowth,9 direct the sprouting of spared afferents
into a deafferented hippocampus,10 modulate hippocampal
acetylcholine release,11 reduce phosphorylation of tau protein,12

protect hippocampal neurons against the toxicity of β-amyloid
protein (Aβ), and directly affect the metabolism and clearance
of Aβ.13 Given these findings, small molecules that collaborate
with IGF-1 to enhance the IGF-1 action would be potentially
useful for the treatment of central nervous system (CNS)
disorders such as brain ischemia and Alzheimer’s disease (AD).
We have developed a cell-based assay to evaluate the

collaborative effect with IGF-1 using primary neural cells
prepared from rat hippocampal and cerebral cortical tissues,
where cell death is induced by serum starvation and neuronal
survivability in the presence of IGF-1 is estimated by

immunoreactivities of βIII-tubulin, a marker of immature
neurons, using the cell-enzyme-linked immunosorbent assay
(ELISA) system. On the basis of the fact that serum deprivation
decreases cell survival in cortical cultures, the increase in the
number of βIII-tubulin positive cells in this experiment is
presumed to show a neuroprotective effect. Compound
screening of our chemical library with this novel phenotype
assay resulted in our discovery of a series of hit compounds
with several different chemotypes. Subsequent hit-to-lead
activities were conducted on the basis of CNS drug-like
properties suggested in the literature,14 which culminated in the
identification of benzofuran-3-one 1a as a lead compound
(Figure 1). While both IGF-1 and 1a promoted neuro-
protection in this assay, cotreatment with IGF-1 and 1a further
enhanced it in a collaborative manner, where the EC50 value of
1a was 0.12 μM. The neuroprotective effect is described in
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Figure 1. Structure of 1a.
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detail later. With the lead molecule 1a in hand, we initiated
medicinal chemistry efforts aimed at not only uncovering
structure−activity relationships (SARs) but also developing a
potential drug candidate. This report describes the synthesis
and neuroprotective activity of the derivatives of benzofuran 1a.

■ CHEMISTRY
The synthesis of 1a and related compounds is outlined in
Schemes 1−6. Scheme 1 shows the preparation of the key
intermediary bromides 4a,b.

O-Alkylation15 of phenol 2 and the successive intramolecular
Friedel−Crafts-type acylation of the resulting propionic acid
3a,b yielded benzofuran-3-ones, which were brominated to
form 4a,b. In these transformations, polyphosphoric acid
(PPA) and bromine/acetic acid (AcOH) were used for the
synthesis of 4a. However, these reagents were observed to be
inapplicable for the synthesis of 4b because of its relatively
unstable nature against acidic media. Compound 4b was thus
prepared under relatively mild conditions comprising acid
chloride formation followed by treatment with aluminum
chloride and successive bromination with N-bromosuccinimide
(NBS). Bromide 7, a key intermediate for the chromane
derivative, was synthesized according to Scheme 2.

Chromane 6 was prepared from 2 in a manner similar to the
preparation of the benzofuran-3-one, i.e., O-alkylation by
Michael addition with tert-butyl acrylate and the PPA-promoted
cyclization of the resulting tert-butyl ester 5. After 3,3-
dimethylation of 6, bromination with NBS produced 7.
Buchwald coupling of 4-methoxyphenylpiperazine with 4a
and 7 u s i n g p a l l a d i um ac e t a t e and 2 , 2 ′ - b i s -
(diphenylphosphino)-1,1′-binaphthyl (BINAP) proceeded to
form compounds 1a and 1b, respectively. Furthermore, alane
reduction of 1a furnished dihydrobenzofuran 8 (Scheme 3).
With respect to 11, the 3-carbonyl group of the coupling

precursor 4b was protected by treatment with tert-butyldime-
thylsilyl trifluoromethanesulfonate (TBSOTf) and triethyl-
amine (Et3N)

16 and the protecting group was removed with
HCl after the Buchwald coupling. The alane reduction of 10
gave a crude product of the desired dihydrobenzofuran 11

contaminated with the corresponding benzofuran, which was
hydrogenated directly to form pure 11 (Scheme 4).

Dihydrobenzofurans 13a−e bearing a 2,2-dimethyl group
were prepared from the intermediary bromide 4a and
corresponding piperazine or morpholin derivatives in the
same manner as the preparation of 8 (Scheme 5).

Scheme 6 shows an alternative synthetic route for the
dihydrobenzofuran derivatives.17

O-Alkylation of 2 followed by Claisen rearrangement formed
15a,b. The treatment of 15a with p-toluenesulfonic acid (p-
TsOH) or m-chloroperoxybenzoic acid (mCPBA) formed 16a
or 16c, respectively, whereas the treatment of 15b with HCl
formed 16b. After bromination, 17a−c were converted to 18a−
i directly or in a three-step manner via 19. In the case of 18a
and 18i, the optical resolution of the racemic form was
performed by chiral high-performance liquid chromatography
(HPLC) to give both enantiomers, i.e., (R)- and (S)-18a,i. In

Scheme 1. Synthesis of Compounds 4a,ba

aReagents and conditions: (a) BrC(R1)2CO2H, NaOH, MEK, 50 °C;
(b) PPA, 70 °C; (c) Br2, AcOH, rt; (d) (i) (COCl)2, DMF, THF, 0
°C−rt, (ii) AlCl3, CH2Cl2, −78 °C−rt; (e) NBS, MeCN, rt.

Scheme 2. Synthesis of Compound 7a

aReagents and conditions: (a) tert-butyl acrylate, KOt-Bu, 130 °C; (b)
PPA, 100 °C; (c) MeI, KOt-Bu, THF, −78 to 60 °C; (d) NBS, MeCN,
rt.

Scheme 3. Synthesis of Compounds 1a,b and 8a

aReagents and conditions: (a) 1-(4-methoxyphenyl)piperazine,
palladium acetate, BINAP, NaOt-Bu, toluene, reflux; (b) LiAlH4,
AlCl3, THF, reflux.

Scheme 4. Synthesis of Compound 11a

aReagents and conditions: (a) TBSOTf, Et3N, toluene, 0 °C−rt; (b)
1-(4-methoxyphenyl)piperazine, palladium acetate, BINAP, NaOt-Bu,
toluene, reflux; (c) HCl, THF, rt; (d) (i) LiAlH4, AlCl3, THF, reflux,
(ii) H2, Pd/C, EtOAc, 60 °C.

Scheme 5. Synthesis of Compound 13a−ea

aReagents and conditions: (a) amine, palladium acetate, BINAP,
NaOt-Bu, toluene, reflux; (b) LiAlH4, AlCl3, THF, reflux.
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addition, the reaction of nitrile 18g with methyllithium (MeLi)
produced ketone 18j.

■ RESULTS AND DISCUSSION
A pharmacokinetic study of 1a revealed that it exhibited oral
bioavailability (BA: 42.3%) and brain penetrability in rats
(brain/plasma concentration ratio (Kp) was 3.4 at 1 h after
intravenous (iv) administration). However, it was later
observed to exhibit strong CYP2C9 inhibitory activity and
phototoxicity (Table 1). Compound 1a structurally comprises
three parts: a benzofuran scaffold, piperazine linker, and
terminal aryl group. We assumed that the benzofuran-3-one
scaffold would be responsible for the aforementioned two
issues for the following two reasons. First, analysis with
MetaSite,18 a computational procedure that predicts metabolic
transformations related to cytochrome-mediated reactions
during phase I metabolism, suggested that the carbonyl group
of the scaffold would largely contribute to the binding of 1a
with CYP2C9 enzyme at a transition state of the metabolism.
Second, the benzofuran-3-one scaffold is characterized by a
highly planar, cyclic, conjugated π−electron system that may be

linked to phototoxicity.19 Thus, in our SAR study, we first
examined the modification of the scaffold in the following two
ways: the expansion of the 5-membered furan ring to a 6-
membered pyran ring and removal of the carbonyl group of the
scaffold. With respect to chromane 1b, whose carbonyl group
takes a conformation that slightly differs from that of 1a, the
CYP2C9 inhibitory effect was moderately improved, as
expected; however, the neuroprotective activity was reduced
approximately 4-fold. In contrast, dihydrobenzofuran 8
exhibited neither CYP2C9 inhibition nor phototoxicity while
maintaining its potent neuroprotective activity. These results
are consistent with our hypothesis that the adverse effects of 1a
would be influenced by the modification of the benzofuran-3-
one scaffold and removal of the carbonyl group, representing an
effective approach. In addition, the carbonyl group was
determined to not be essential for the neuroprotective activity.
Considering these results, the 2,3-dihydro-1-benzofuran ring
was chosen as the scaffold for the subsequent SAR study.
The SAR of the substituent on the 2-position of the

dihydrobenzofuran ring and linker is summarized in Table 2.
Deletion of the 2-methyl group of 8 (11, (S)- and (R)-18a)
caused a slight loss in activity, and the introduction of a hydroxy
group ((S)- and (R)-18i) induced a decrease that was more
than 4-fold, suggesting that a lipophilic group would be favored
as the 2-substituent. The stereochemistry of 18a and 18i
appears to be unrecognized in this assay. With respect to the
linker moiety between the benzofuran scaffold and the terminal
aryl group, the insertion of a methylene group between the side
benzene ring and piperazine (13a) caused a more than 4-fold
reduction in activity compared with that of 8. Expansion from a
6- to a 7-membered ring (13b) slightly enhanced the potency,
suggesting that a vector of the terminal phenyl group of 13b
would be slightly more suitable. Further change in the vector
was detrimental because compounds 13c and 13d, with a more
bent molecular framework resulting from the terminal aryl
group attached in a different manner, exhibited a significant
decrease in activity compared with 13b. Overall, the results
indicate that piperazine derivative 8 and homopiperazine
derivative 13b exhibited relatively greater activity. In the
meantime, the metabolic clearance of 13b with human liver
microsome was observed to be markedly faster compared with
that of compound 8 (13b, 87 μL/min/mg; 8, 2 μL/min/mg).
This difference in metabolic clearance might be due to the
conformationally flexible homopiperazine moiety of 13b, which

Scheme 6. Synthesis of Compound 18a−ja

aReagents and conditions: (a) CH2 = C(R1)CH2Br, K2CO3, DMF,
100 °C; (b) PhNEt2, 210 °C; (c) p-TsOH, toluene, reflux for 16a from
15a; (d) HCl, EtOH, reflux for 16b from 15b; (e) (i) mCPBA,
toluene, rt, (ii) TFA, toluene, rt for 16c from 15a; (f) NBS, MeCN, rt;
(g) N-arylpiperazine, palladium acetate, BINAP, NaOt-Bu, toluene,
reflux or microwave, 160 °C, (chiral HPLC for (R)- and (S)-18a,i);
(h) (i) 1-(tert-butoxycarbonyl)piperazine, palladium acetate, BINAP,
NaOt-Bu, toluene, reflux, (ii) HCl, EtOAc, 50 °C; (i) aryl bromide,
palladium acetate, BINAP, NaOt-Bu, toluene, microwave, 150 °C; (j)
MeLi, THF, 0 °C.

Table 1. Neuroprotective Activity, CYP2C9 Inhibitory
Activity, and Phototoxicity of Compounds 1a,b and 8

compd
neuroprotectiona

EC50 (μM)
CYP2C9 inhibitionb

(%)
phototoxicity

MPEc

1a 0.12 (0.10−0.14) 83.4 0.231
1b 0.51 (0.48−0.54) 42.1 NTd

8 0.15 (0.13−0.20) −0.9 −0.049
aNeuroprotective activity with primary neural cultures in the presence
of IGF-1 (100 ng/mL) is exhibited. EC50 values are shown with 95%
confidence intervals given in parentheses (n = 3−5). bPercent
inhibition at 10 μM is exhibited. cMPE (mean photo effect) was
calculated with a software package (Phototox version 2.0).20 dNot
tested.
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is consistent with empirical observations indicating that flexible
molecules tend to be metabolically unstable.21 Accordingly, the
original piperazine linker A was chosen for further SAR studies.
We next investigated the terminal aryl group (Table 3). As

shown in the bottom row of the table, the intermediary

piperazine derivative 19, lacking the terminal p-methoxyphenyl
group, exhibited very weak potency, suggesting that the aryl
group might be essential for the activity. We thus focused on
the modification of a substituent on the benzene ring or
replacement with a heteroaryl ring. The substitution of a methyl
group (13e) for the methoxy group of 8 resulted in a
compound with comparable activity, whereas the removal of
the methoxy group (18b) from the benzene ring induced a

slight decrease in activity, suggesting that substitution at the 4-
position of the benzene ring is important for the activity. The
introduction of an additional methoxy group at the 2- or 3-
position of 8 (18c,d) caused a slight loss of activity, which led
us to focus on 4-monosubstituted derivatives. With respect to
the substitution of a halogen atom, 4-fluoro derivative 18e
exhibited comparable activity with that of nonsubstituted
derivative 18b, whereas 4-chloro derivative 18f was slightly
less potent than 18e. 4-Cyano derivative 18g exhibited weak
potency and methoxypyridine derivative 18h exhibited an about
4-fold decrease in activity compared with that of 8; however, 4-
acetyl derivative 18j exhibited recovered potency comparable
with that of 8. In conclusion, these results indicate that the
substitution of the 4-methoxy (8), 4-methyl (13e), and 4-acetyl
(18j) groups are highly beneficial for the activity, although the
SAR is not fully understood; this lack of understanding is at
least partly attributable to the cell-based assay that we
employed, where the activity is determined by multiple factors.
The neuroprotective effect of 8 is exhibited in detail in

Figures 2 and 3. The cells were cultivated in a serum-free

medium for 3 days in the absence or presence of IGF-1 and 8,
and the neuronal survival rate was estimated on the basis of
βIII-tubulin immunoreactivities. Under this condition, IGF-1
alone exhibited a significant but weak increase (up to 1.3-fold at

Table 2. Neuroprotective Activity of Compounds 8, 11,
13a−d, and 18a,i

compd R1 R2 linker neuroprotectiona EC50 (μM)

8 Me Me A 0.15 (0.13−0.20)
11 H H A 0.23 (0.21−0.26)
(S)-18a H Me A 0.46 (0.37−0.55)
(R)-18a Me H A 0.44 (0.35−0.59)
(S)-18i CH2OH Me A 0.70 (0.67−0.74)
(R)-18i Me CH2OH A 0.63 (0.57−0.68)
13a Me Me B 0.68 (0.54−0.84)
13b Me Me C 0.076 (0.065−0.088)
13cb Me Me D 0.37 (0.34−0.41)
13db Me Me E 0.55 (0.47−0.64)

aNeuroprotective activity with primary neural cultures in the presence
of IGF-1 (100 ng/mL) is exhibited. EC50 values are shown with 95%
confidence intervals given in parentheses (n = 3−5). bRacemate.

Table 3. Neuroprotective Activity of Compounds 8, 13e,
18b−h,j, and 19

compd R neuroprotectiona EC50 (μM)

8 4-OMe 0.15 (0.13−0.20)
13e 4-Me 0.13 (0.12−0.15)
18b H 0.38 (0.28−0.52)
18c 2,4-diOMe 0.39 (0.36−0.44)
18d 3,4-diOMe 0.27 (0.22−0.32)
18e 4-F 0.30 (0.28−0.33)
18f 4-Cl 0.66 (0.51−0.92)
18g 4-CN >1.0
18h 0.62 (0.55−0.69)
18j 4-COMe 0.15 (0.14−0.18)
19 (20%@10 μM)

aNeuroprotective activity with primary neural cultures in the presence
of IGF-1 (100 ng/mL) is exhibited. EC50 values are shown with 95%
confidence intervals given in parentheses (n = 3−5).

Figure 2. Neuroprotective effect of 8 in rat primary neural cells. After a
4-day culture in a serum-containing medium, the cells were cultivated
in a serum-free medium for 3 days in the absence or presence of IGF-1
and 1 μmol/L 8. The number of neurons was estimated using a cell-
ELISA system detecting βIII-tubulin, a neuron marker. Compound 8
and IGF-1 exhibited a protective effect on neuron. Data represent
mean ± SEM of four wells. *p ≤ 0.025 versus Control without IGF-1
(one-tailed Shirley−Williams’ test). # p ≤ 0.025 versus 8 without IGF-
1 (one-tailed Williams’ test). $ p ≤ 0.05 versus Control without IGF-1
(Aspin−Welch test).

Figure 3. Dose-dependent neuroprotective effect of 8 in rat primary
neural cells. Cells were treated with 100 ng/mL IGF-1 and 8 as
described in Figure 2. In the presence of IGF-1, 8 increased βIII-
tubulin immunoreactivities in a concentration-dependent manner.
EC50 value was 0.15 μmol/L (95% confidence interval is 0.13−0.20
μmol/L). A four-parameter logistic model was used to calculate the
EC50 value. Data represent mean ± SEM of four wells.
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10 ng/mL) in neuronal survivability. This effect was observed
to be concentration-independent in the concentration range
from 3 to 100 ng/mL. Compound 8 (1 μmol/L) alone
increased the neuronal survival rate 3-fold compared with that
of the control; in addition, in the presence of 1 μmol/L of 8,
depending on the concentration, IGF-1 enhanced the neuro-
protecitive effect by approximately 6-fold (main effect of 8, p ≤
0.05; main effect of IGF-1, p ≤ 0.05; interaction of compound 8
and IGF-1, p ≤ 0.05 (two-way ANOVA)) (Figure 2). In
contrast, in the presence of 100 ng/mL of IGF-1, which is a
concentration relevant to physiological conditions, 8 increased
the neuronal survival rate in a concentration-dependent
manner, with an EC50 value of 0.15 μM; this effect plateaued
at 0.33 μM, where the neuronal survival rate increased
approximately 3-fold (Figure 3). In conclusion, treatment
with IGF-1 or 8 induced a 1.3- or 3-fold increase in the
neuronal survival rate, respectively, and cotreatment further
enhanced it as much as 6-fold. These results clearly
demonstrate that, although IGF-1 and 8 individually exhibit
the neuroprotective effect, they act in a collaborative manner to
produce greater neuroprotective activity.
We have not yet elucidated how these compounds interact

with the IGF-1 signaling to sensitize the cells to IGF-1.
Although the underlying mechanism needs to be clarified,
exploring the pharmacological effects of the “IGF-1 sensitizer”
in vivo would be interesting. For this purpose, 8 was selected as
an appropriate chemical probe among the three potent
compounds 8, 13e, and 18j because 13e exhibited a faster
metabolic clearance than 8 (8, 2 μL/min/mg; 13e, 30 μL/min/
mg) and 18j caused a slight decrease in cellular ATP content at
100 μM in a general cytotoxicity assay (8, 93.3%; 18j, 68.0%).
Moreover, 8 has been observed to be brain-penetrable in rats
(Kp was 2.9 at 1 h after iv administration). At present, 8 is being
evaluated in several in vivo tests, including disease models, to
search for possible indications of an “IGF-1 sensitizer.”

■ CONCLUSION
A series of benzofuran derivatives with neuroprotective activity
based on their collaborative effect with IGF-1 was discovered.
Among the three scaffolds tested, 2,3-dihydro-1-benzofuran
derivatives exhibited potent activity without any adverse effects
such as CYP2C9 inhibition or photoinduced cytotoxicity. A
subsequent SAR study of the dihydrobenzofuran derivatives
revealed (1) an advantage of lipophilic substituents at the 2-
position, (2) the importance of the molecular framework
defined by the linker, and (3) the effect of the substituent on
the terminal aryl ring. As a result, we observed 8, as a
representative compound, to exhibit potent neuroprotective
activity with brain penetrability. An in vitro pharmacological
study demonstrated that, although IGF-1 and 8 individually
exhibited neuroprotective effects, 8 acted in collaboration with
IGF-1 to exhibit greater neuroprotective activity. Compound 8
is being evaluated in several tests to explore its potential
therapeutic applications; the results of the pharmacological
characterization and mechanistic study will be reported
elsewhere.

■ EXPERIMENTAL SECTION
1-(4-Methoxyphenyl)-4-(2,2,4,6,7-pentamethyl-2,3-dihydro-

1-benzofuran-5-yl)piperazine (8). To an ice-cooled suspension of
LiAlH4 (577 mg, 15.2 mmol) in THF (20 mL) was added AlCl3 (2.03
g, 15.2 mmol). After stirring at 0 °C for 10 min, a solution of 1a (2.00
g, 5.07 mmol) in THF (25 mL) was added and the mixture was

refluxed with stirring for 2 h. After cooling, water and 0.5 M NaOH
were added to the mixture. The mixture was stirred at rt for 1 h and
extracted with EtOAc. The extract was washed with satd NaCl, dried
over MgSO4, and concentrated under reduced pressure. The residue
was purified by silica gel chromatography (hexane−EtOAc, 90:10 to
75:25) and successively recrystallized from EtOAc/hexane to give the
title compound (1.60 g, 83%) as colorless crystals; mp 152−155 °C.
1H NMR (CDCl3): δ 1.46 (6H, s), 2.08 (3H, s), 2.19 (3H, s), 2.24
(3H, s), 2.91 (2H, s), 3.06−3.34 (8H, m), 3.78 (3H, s), 6.81−6.90
(2H, m), 6.92−7.01 (2H, m). ESI MS m/z 381 [M + H]+. Anal. Calcd
for C24H32N2O2: C, 75.75; H, 8.48; N, 7.36. Found: C, 75.50; H, 8.52;
N, 7.15.
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Pd/C, palladium on carbon; PhNEt2, diethylaniline; rt, room
temperature; TFA, trifluoroacetic acid; THF, tetrahydrofuran
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