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In this study, catecholamides (7ael) bearing different aromatic rings (such as pyridine-2-yl, pyridine-3-
yl, phenyl, and 2-chlorophenyl groups) were synthesized as potent phosphodiesterase (PDE) 4 inhibitors.
The inhibitory activities of these compounds were evaluated against the core catalytic domains of human
PDE4 (PDE4CAT), full-length PDE4A4, PDE4B1, PDE4C1, and PDE4D7 enzymes, and other PDE family
members. Eight of the synthesized compounds were identified as having submicromolar IC50 values in
the mid-to low-nanomolar range. Careful analysis on the structure-activity relationship of compounds
7a-l revealed that the replacement of the 4-methoxy group with the difluoromethoxy group improved
inhibitory activities. More interesting, 4-difluoromethoxybenzamides 7i and 7j exhibited preference for
PDE4 with higher selectivities of about 3333 and 1111-fold over other PDEs, respectively. In addition,
compound 7j with wonderful PDE4D7 inhibitory activities inhibited LPS-induced TNF-a production in
microglia.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

The enzymes collectively referred to as phosphodiesterase-4
(PDE-4) are bimetallic hydrolases that specifically catalyze the hy-
drolysis of second messenger cyclic adenosine monophosphate
(cAMP), and are highly expressed in inflammatory and immune cell
types, central nervous system (CNS) tissue, and smooth muscles of
the lung [1e3]. The PDE4 family comprises 4 primary gene products
(PDE4A-D), which are primarily found in inflammatory and im-
mune cells, including T cells, B cells, macrophages, monocytes,
neutrophils, and eosinophils. In fact, an increase in intracellular
cAMP concentration, which results from the inhibition of PDE4,
exerts a broad range of anti-inflammatory effects, anti-depressant-
like effects, and long-term memory-enhancing effects.

Development of PDE4 inhibitors for anti-inflammatory therapy
has been ongoing for several decades primarily targeted for the
. Zhou), yxmjp@sina.com

served.
treatment of asthma, chronic obstructive pulmonary disease
(COPD), and atopic dermatitis (AD). Wide-spread use of the first-
generation PDE4 inhibitors, such as rolipram (1), has been
hampered by the occurrence of its mechanism-associated side ef-
fects, nausea and emesis, at effective doses. Second-generation se-
lective inhibitors, roflumilast (2) [4], apremilast (3) [5], and
cilomilast (4) [6], were generally better-tolerated; however, thiswas
likely at dosages that did not achieve sustained PDE4 inhibition
(Fig. 1). Although a large number of PDE4 inhibitors have been
evaluated in the clinically, only roflumilast (3) [4] and apremilast (4)
[5] are currently approved PDE4 inhibitors. Consequently, research
efforts have shifted toward the selective PDE4 inhibitors in the hope
that more selective inhibitors would have fewer side effects.

The catechol motif, which is known to accept a double hydrogen
bond from the carboxamide of a glutamine residue at the back of
the PDE4 catalytic site [7e9], is found in a range of PDE4 inhibitors,
from the earliest described compounds such as rolipram to the
currently marketed roflumilast and apremilast. In addition, many
studies have indicated that an amide linker may be important for
the selectivity. For example, roflumilast (2) and its N-oxide (4) with
an amide linker display exceptional selectivity for PDE4 [10,11]. Our
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Fig. 1. PDE4 inhibitors.
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recent research on selective PDE4 inhibitors led to the selective
PDE4 inhibitor FCPE07 [12] which exhibited a 10-fold PDE4D7
selectivity over the PDE4B1 subtypes and an over 1000-fold
selectivity against other PDE family members. To obtain more
highly selective PDE4 inhibitors, we planned the synthesis of a
series of N-arylbenzamides in this study by replacing the 4-
methoxybenzyl group in the side chain of FCPE07 with other aro-
matic rings (such as pyridine-2-yl, pyridine-3-yl, phenyl, and 2-
chlorophenyl, Fig. 2). The structure-activity relationships (SAR) of
these compounds are also discussed.
2. Results and discussion

2.1. Chemistry

The target compounds 7a-l were prepared from 3,4-
dialkoxybenzoic acids (8a-d) using our prior synthetic
Fig. 2. Design of N-arylbenzamide
methodology [12], as shown in Scheme 1. Acids (8a-d) were con-
verted by thionyl chloride to acid chlorides (9a-d), which were
subsequently reacted with the corresponding amines to prepare
benzamides 7a-l in good yields.
2.2. Pharmacology

2.2.1. In vivo evaluation of compounds 7a-l
Recent studies have indicated that the catalytic domains of all

subtypes of PDE4 (PDE4AeD) exhibit a high degree of sequence
conservation with a single active-site amino acid determining the
nucleotide selectivity [10,13]. Preliminary tests on human PDE4CAT
(the catalytic domains of PDE4, purchased from SB Drug Discovery)
were performed as previously reported [14,15], using rolipram as a
positive control. All compounds were tested on PDE4CAT at nine
concentrations (10�8e10�4 M) and the IC50 values were deter-
mined by nonlinear regression analysis of their inhibition curves
s as selective PDE4 inhibitors.



Scheme 1. Synthetic route of compounds 7a-l.
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(see Table 1). Among these compounds, most of the benzamides
(7a, 7b, 7e, 7f, 7i, 7j, 7k, and 7l) showed exceptional PDE4 inhibi-
tory activities with the submicromolar IC50 values in the mid-to
low-nanomolar range, and up to 18-fold higher inhibitory activ-
ities than that of rolipram. Compound 7i displayed the highest
potency (IC50 ¼ 30 nM).

Careful analysis on the structure-activity relationship of com-
pounds 7a-l revealed that the replacement of the 4-methoxy group
with the difluoromethoxy group improved inhibitory activities. For
example, 4-difluoromethoxy compounds (7e-h) were about 2e10-
fold more potent than the corresponding 4-methoxy substituted
compounds (7a-d, Table 1). On the other hand, substitutions on the
benzamide nitrogen had a profound impact on the activity. For
example, N-(pyridine-3-yl)-benzamides (7a, 7b, 7e, and 7f) dis-
played higher inhibitory activities than the corresponding N-
methyl-N-(pyridin-2-yl)-benzamides (7c, 7d, 7g, and 7h). More-
over, compounds 7i and 7j bearing a 2-chlorophenyl group showed
higher activities than those of compounds 7k and 7l. The effects of
the substituents on the benzamide nitrogen are as follows: 2-
Table 1
The inhibition of PDE4CAT.

Compound R1 R2 IC50 (nM)a

7ab cyclopentyl H Pyridine-3-yl 310
7b cyclopropylmethyl H Pyridine-3-yl 360
7c cyclopentyl Me Pyridine-2-yl 9700
7d cyclopropylmethyl Me Pyridine-2-yl 25,100
7e cyclopentyl H Pyridine-3-yl 140
7f cyclopropylmethyl H Pyridine-3-yl 69
7g cyclopentyl Me Pyridine-2-yl 1400
7h cyclopropylmethyl Me Pyridine-2-yl 2500
7i cyclopentyl \ 2-chlorophenyl 30
7j cyclopropylmethyl \ 2-chlorophenyl 90
7k cyclopentyl \ phenyl 240
7l cyclopropylmethyl \ phenyl 220
Rolipram 550

a Data reported are the mean of two experiments.
b Compound 7a has been previously reported [16].
chlorophenyl z pyridin-3-yl > Phenyl > N-methyl-N-(pyridin-2-
yl) [16].

In order to obtain the in vitro selectivity of compounds 7e, 7f, 7i,
and 7j with best activities, these compounds were screened for
human PDE1A, PDE2A, PDE3B, PDE4A4, PDE4B1, PDE4C1, PDE4D7,
PDE5A, PDE6C, PDE7A, PDE8A1, PDE9A2, PDE10A2, and PDE11A,
which were purchased form BPS Bioscience Inc. As shown in
Table 2, compounds 7e and 7f bearing a pyridin-3-yl group dis-
played exceptional PDE4B1 and PDE4D7 inhibitory activities in the
low-nanomolar range. Moreover, compounds 7i and 7j bearing a 2-
chlorophenyl group exhibited some selectivity for PDE4D7, about
3- to 18-fold versus the other three PDE4 isoforms (PDE4A4,
PDE4B1, and PDE4C1).

On the other hand, it is very clear that 4-
difluoromethoxybenzamides (7i and 7j) bearing a 2-chlorophenyl
group on the benzamide nitrogen have more preference for PDE4
than the 4-difluoromethoxybenzamides (7e and 7f) bearing a
pyridine-2-yl group. For example, compounds 7i and 7j displayed a
high selectivity for PDE4 over that of the other PDEs (PDE1-3 and
PDE5-11), at least about 3333 and 1111-fold, respectively. However,
compounds 7e and 7f showed low selectivity for PDE4 over
PDE11A, although they showed good selectivity for PDE4 over
PDE1A, PDE2A, PDE3B, PDE5A, PDE6C, PDE7A, PDE8A1, PDE9A2,
and PDE10A2.
2.3. Molecular docking studies

In an effort to gain an understanding of the SARs observed, we
studied the binding of the synthesized inhibitors with PDE4D using
SYBYL 7.3. The crystal structure of human phosphodiesterase 4D
with roflumilast was taken from a Protein Data Bank entry (PDB
code 1XOQ) [10] and used as the starting point. The new inhibitors
were built and optimized using the Powell method in SYBYL 7.3.
Hydrogen and Gasteiger-Hückel charges were added to every
molecule. Water molecules conserved in all PDE4D structures
deposited into PDB were considered for the calculations.

Initially, we selected the most potent compounds 7f, 7i and 7j
for the docking experiments. The active site of the PDE4D catalytic
domains is divided into three pockets [10]: the metal binding
pocket (M), the purine-selective glutamine and hydrophobic clamp
pocket (Q) (which is further divided into Q1 and Q2 subpockets),
and the solvent-filled side pocket (S). As compared to roflumilast,
compounds 7f, 7i and 7j adopt the same conformations in the
purine-selective glutamine and hydrophobic clamp pocket (Q1 and



Table 2
The inhibition of various PDEs by selected compounds.

PDEs 7e 7f 7i 7j Rolipram

1 � 104 nMa IC50 (nM)b 1 � 104 nMa IC50 (nM)b 1 � 104 nMa IC50 (nM)b 1 � 104 nMa IC50 (nM)b IC50 (nM)b

PDE1A 0 >1 � 105 20 >1 � 105 3 >1 � 105 6 >1 � 105 NTc

PDE2A 26 >1 � 105 23 >1 � 105 28 >1 � 105 8 >1 � 105 NTc

PDE3B 6 >1 � 105 6 >1 � 105 6 >1 � 105 13 >1 � 105 NTc

PDE4CAT 98 140 98 69 98 30 96 90 550
PDE4A4 98 117 98 76 98 95 100 126 386
PDE4B1 99 39 99 34 100 144 98 166 86
PDE4C1 98 294 98 269 97 400 96 501 118
PDE4D7 99 68 100 71 99 22 99 39 160
PDE5A 12 >1 � 105 23 >1 � 105 7 >1 � 105 12 >1 � 105 NTc

PDE6C 16 >1 � 105 28 >1 � 104 2 >1 � 105 2 >1 � 105 NTc

PDE7A 3 >1 � 105 7 >1 � 105 3 >1 � 105 7 >1 � 105 NTc

PDE8A1 9 >1 � 105 22 >1 � 105 10 >1 � 105 3 >1 � 105 NTc

PDE9A2 4 >1 � 105 8 >1 � 105 6 >1 � 105 3 >1 � 105 NTc

PDE10A2 9 >1 � 105 14 >1 � 105 6 >1 � 105 3 >1 � 105 NTc

PDE11A 76 NTc 85 NTc 7 >1 � 105 5 >1 � 105 NTc

a Inhibition (%) at 1 � 104 nM. Data reported are the mean of two experiments.
b Data reported are the mean of two experiments.
c NT ¼ not tested.
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Q2) with subtle apparent variances (Fig. 3). In the active site of
PDE4 catalytic domains, the difluoromethoxy group and the
cyclopropylmethoxy or cyclopentyloxy group bind at the purine-
selective glutamine and hydrophobic clamp pocket, while the
difluoromethyl group is in a position to form a hydrogen bond with
the NeH of Asn321. Thus, as compared to compounds (7a-d)
bearing a 4-methoxy group, the improvement in activity of com-
pounds (7e-h) bearing a 4-difluoromethoxy group could be
Fig. 3. Binding mode of roflumilast (A), 7f (B), 7i (C) and 7j (D) in the catalytic pocket of PDE
white, green-blue, orange, and violet respectively. (For interpretation of the references to c
attributed to the extra H-bond of the 4-difluoromethyl group with
the residue Asn487.

In the binding mode of roflumilast, the amide linker is in a po-
sition to form a hydrogen bond with a conserved water molecule,
which extends to Zn2þ, whereas the dichloropyridyl group extends
to the bimetallic ion site and forms one H bond with a water
molecule that is coordinated to Mg2þ. In contrast to the binding
mode of roflumilast, the pyridyl group in compound 7f (Fig. 3B)
4D. The H-bonds are shown in yellow. C atoms of roflumilast, 7f, 7i and 7j are colored in
olour in this figure legend, the reader is referred to the web version of this article.)
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forms a hydrogen bond with a conserved water molecule in the M
pocket, which leads to the amide linker having no intermolecular
hydrogen bond. In the binding mode of compound 7i (Fig. 3C) and
7j (Fig. 3D), the amide linker is also in position to form a hydrogen
bond with a conserved water molecule, which extends to Zn2þ.
Compound 7i and 7j displayed selectivity for PDE4 over other PDEs
(PDE1-3 and PDE5-11). However, compound 7f showed good
inhibitory activity toward PDE11A at the concentration of 10 mM.
This suggests that the hydrogen bond of the amide linker with
conserved water may be important to the PDE4 selectivity.

2.4. Anti-neuroinflammation activity in microglial cells

Evidence suggests that chronic low-grade inflammation plays
an important role in the pathology of depression [17,18]. Pro-
inflammatory cytokines and acute phase proteins, which nor-
mally coordinate the local and systemic inflammatory response to
microbial pathogens, also appear to act directly on the brain, where
they cause behavioral symptoms, including sickness [19]. PDE4
regulates the pro-inflammatory toll receptoreTNF-a pathway in
monocytes, macrophages and microglial cells (BV-2) [20]. Thus,
western blotting analysis was used to assess the protein levels of
PDE4 inhibitor 7j (5, 20, 80 mM, final DMSO concentration ¼ 5%),
and TNF-a response to explore the neurochemical mechanisms
(Fig. 4).

To investigate the effects of compounds 7j on pro-inflammatory
cytokine production, microglial cells were treated with different
concentrations of 7j for 1 h, and then incubated with LPS (1 mg/ml)
for 24 h. As shown in Fig. 4, compounds 7j alone had no effect on
the production of TNF-a in the microglia at 80 mM. Stimulation of
microglia with LPS alone led to a significant increase in the TNF-a
levels after 24 h. Compound 7j significantly suppressed LPS-
induced increase of TNF-a production in a concentration-
dependent manner (Fig. 4). These data demonstrated that com-
pound 7j inhibited LPS-induced TNF-a production in microglia
(p < 0.01) at the concentration of 80 mM. Further, microglia cells
treated with 7j at the concentration of 5 mM also inhibited LPS-
induced TNF-a production.

3. Conclusion

In conclusion, catecholamides were designed and synthesized
as potential PDE4 inhibitors. Among these compounds, most of the
Fig. 4. Compounds 7j inhibited LPS-induced production of pro-inflammatory cyto-
kines in microglial cells. Data are expressed as mean ± SEM (n ¼ 3/group).
###P < 0.001, *p < 0.01, ***p < 0.001, compared to the control group.
benzamides (compounds 7a, 7b, 7e, 7f, 7i, 7j, 7k, and 7l) showed
exceptional PDE4 inhibitory activities. More interestingly, 4-
difluoromethoxybenzamides (7i and 7j) bearing a 2-chlorophenyl
group on the benzamide nitrogen have more preference for PDE4,
at least about 3333 and 1111-fold selectivity for PDE4 over other
PDEs (PDE1-3 and PDE5-11). Moreover, compound 7j inhibited LPS-
induced TNF-a production in microglia.

In the PDE4D catalytic domain, docking studies revealed that the
compounds 7f, 7i and 7j adopt the same conformations in the
purine-selective glutamine and hydrophobic clamp pocket (Q1 and
Q2), with subtle apparent variances, and the difluoromethyl group
is in a position to form a hydrogen bond with the N-H of Asn321. In
addition, the amide linker of roflumilast and compound 7i and 7j is
in a position to form a hydrogen bond with a conserved water
molecule, which extends to Zn2þ, but the amide linker of 7f has no
hydrogen bond with the others. Further efforts will be aimed at
developing more potent PDE4 inhibitors with increased activity
and selectivity.
4. Experimental section

4.1. Chemistry

Melting points were determined in open glass capillaries using
an X-5 apparatus and are uncorrected. ESI-MS spectra were
measured on a Waters UPLC/Quattro Premier XE mass spectrom-
eter. 1H and 13C NMR spectra were recorded in CDCl3 or DMSO-d6
using a Varian Mercury 400 spectrometer and TMS as an internal
reference. Element analyses were carried out on a Vario ELIII
CHNSO elemental analyzer. Rolipram was purchased from Sigma
(St. Louis, MO, USA). All the other chemicals were of analytical
grade and used without further purification.
4.1.1. General procedure for the synthesis of compounds 7a-l
To the intermediate alkoxybenzoic acid (0.5 mmol), excess thi-

onyl chloride (5 mL) was added, and the reaction mixture was
stirred at 60e80 �C for 3 h. The excess thionyl chloride was evap-
orated under reduced pressure to give corresponding alkox-
ybenzoyl chloride (9a-d) as crude yellow oil, which was used in all
the following reactions without further purification.

Suitable amine (0.5 mmol) and anhydrous triethylamine
(1 mmol) were dissolved in dry CH2Cl2 (5 mL). The mixture was
cooled on ice and treated dropwise (during 5 min) with a solution
of previously prepared alkoxybenzoyl chloride in dry CH2Cl2 (2 mL)
at 0 �C. The reaction mixture was stirred at room temperature for
3 h and monitored by TLC. Then, the reaction mixture was
concentrated under reduced pressure and the obtained residuewas
chromatographed using a mixture of petroleum ether and acetone
(v/v ¼ 20:1) to give target compounds.

All new compounds were fully characterized by MS and NMR
(1H and 13C) (see Supporting Information).
4 .1 .1 .1 . N - ( p y r i d i n - 3 - y l ) - 3 - c y c l o p r o p y lm e t h o x y - 4 -
methoxybenzamide (7b). Yield: 39%. 1H NMR (400 MHz, CDCl3)
d 9.34 (s, 1H), 9.21 (d, J ¼ 2.3 Hz, 1H), 8.86e8.79 (m, 1H), 8.30 (dd,
J ¼ 5.2, 1.2 Hz, 1H), 7.70 (dd, J ¼ 8.4, 2.1 Hz, 1H), 7.60 (d, J ¼ 2.1 Hz,
1H), 7.52 (dd, J ¼ 8.5, 5.1 Hz, 1H), 6.93 (d, J ¼ 8.5 Hz, 1H), 3.96 (d,
J ¼ 7.0 Hz, 2H), 3.93 (s, 3H), 1.38e1.31 (m, 1H), 0.68e0.61 (m, 2H),
0.39e0.33 (m, 2H). 13C NMR (100 MHz, CDCl3) d 166.1, 152.9, 148.6,
142.3, 139.7, 136.6, 129.5, 126.1, 124.4, 120.7, 112.6, 110.7, 74.2, 56.1,
10.2, 3.5. ESI-MS (m/z): 321.8 ([MþNa]þ), 299.8 ([MþH]þ). and Anal.
Calcd. for C17H18N2O3: C, 68.44; H, 6.08; N, 9.39; Found: C, 68.13; H,
5.89; N, 9.07.
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4 .1.1.2 . N-methyl -N-(pyr id in-2-yl )-3-cyc lopentyloxy-4-
methoxybenzamide (7c). Yield: 57%. 1H NMR (400 MHz, CDCl3)
d 8.48 (dd, J ¼ 4.8, 1.2 Hz, 1H), 7.51e7.46 (m, 1H), 7.08e7.05 (m, 1H),
7.01 (dd, J ¼ 8.4, 2.0 Hz, 1H), 6.86 (d, J ¼ 2.0 Hz, 1H), 6.81 (d,
J ¼ 8.0 Hz, 1H), 6.71 (d, J ¼ 8.4 Hz, 1H), 4.56e4.51 (m, 1H), 3.81 (s,
3H), 3.61 (s, 3H), 1.85e1.66 (m, 6H), 1.59e1.53 (m, 2H). 13C NMR
(100 MHz, CDCl3) d 170.8, 157.4, 151.8, 148.6, 146.8, 137.4, 127.9,
122.3, 121.8, 120.6, 115.3, 110.8, 80.3, 55.9, 36.1, 32.7. ESI-MS (m/z):
349.9. ([MþNa]þ), 327.9 ([MþH]þ). and Anal. Calcd. for
C19H22N2O3:C, 69.92; H, 6.79; N, 8.58; Found: C, 70.11; H, 6.90; N,
8.35.

4.1.1.3. N-methyl-N-(pyridin-2-yl)-3-cyclopropylmethoxy-4-
methoxybenzamide (7d). Yield: 44%. 1H NMR (400 MHz, CDCl3)
d 8.47 (d, J ¼ 4.8 Hz, 1H), 7.47 (t, J ¼ 7.8 Hz, 1H), 7.10e7.04 (m, 1H),
6.94 (d, J ¼ 8.4 Hz, 1H), 6.90 (s, 1H), 6.80 (d, J ¼ 8.0 Hz, 1H), 6.69 (d,
J ¼ 8.0 Hz, 1H), 3.84 (s, 3H), 3.66 (d, J ¼ 7.2 Hz, 2H), 3.60 (s, 3H),
1.23e1.15 (m, 1H), 0.62e0.58 (m, 2H), 0.31e0.27 (m, 2H). 13C NMR
(100 MHz, CDCl3) d 170.6, 157.1, 151.4, 148.0, 147.8, 138.0, 127.7,
122.6, 121.9, 120.6, 113.8, 110.5, 73.9, 55.9, 36.3, 10.1, 3.4. ESI-MS (m/
z): 335.6. ([MþNa]þ), 313.6 ([MþH]þ). and Anal. Calcd. for
C18H20N2O3: C, 69.21; H, 6.45; N, 8.97; Found: C, 69.49; H, 6.59; N,
9.25.

4 . 1 . 1 . 4 . N - ( p y r i d i n - 3 - y l ) - 3 - c y c l o p e n t y l o x y - 4 -
difluoromethoxybenzamide (7e). Yield: 51%. 1H NMR (400 MHz,
CDCl3) d 9.40 (s, 1H), 9.25 (d, J ¼ 2.0 Hz, 1H), 8.84 (d, J ¼ 8.4 Hz, 1H),
8.34 (dd, J ¼ 5.2, 0.8 Hz, 1H), 7.70 (d, J ¼ 2.0 Hz, 1H), 7.61 (dd, J ¼ 8.4
2.0 Hz, 1H), 7.57e7.52 (m, 1H), 7.23 (d, J ¼ 8.4 Hz, 1H), 6.63 (t,
J ¼ 74.8 Hz, 1H, -CHF2), 5.01e4.97 (m, 1H), 1.99e1.76 (m, 6H),
1.70e1.61 (m, 2H). 13C NMR (100 MHz, CDCl3) d 165.6, 149.9, 144.0,
143.1, 140.0 (t, J ¼ 3.1 Hz), 136.1, 132.0, 129.4, 124.4, 122.4, 119.2,
118.5 (-CHF2),115.9 (-CHF2),114.9,113.3 (-CHF2), 81.1, 32.7, 23.9. ESI-
MS (m/z): 371.4 ([MþNa]þ), 349.5 ([MþH]þ). and Anal. Calcd. for
C18H18F2N2O3: C, 62.06; H, 5.21; N, 8.04; Found: C, 62.31; H, 5.31; N,
8.39.

4 .1 .1 . 5 . N - ( p y r i d i n - 3 - y l ) - 3 - c y c l o p r o p y lm e t h o x y - 4 -
difluoromethoxybenzamide (7f). Yield: 60%. 1H NMR (400 MHz,
CDCl3) d 8.86 (d, J ¼ 2.4 Hz, 1H), 8.53 (s, 1H), 8.44 (d, J ¼ 8.4 Hz, 1H),
8.37 (d, J ¼ 4.8 Hz, 1H), 7.60 (d, J ¼ 1.6 Hz, 1H), 7.46 (dd, J ¼ 8.2,
1.8 Hz, 1H), 7.40 (dd, J¼ 8.4, 4.8 Hz, 1H), 7.24 (d, J¼ 8.4 Hz, 1H), 6.73
(t, J ¼ 74.8 Hz, 1H), 3.96 (d, J ¼ 6.8 Hz, 2H), 1.34e1.28 (m, 1H),
0.68e0.64 (m, 2H), 0.38e0.34 (m, 2H). 13C NMR (100 MHz, CDCl3)
d 165.5, 150.7, 143.9, 140.6, 135.7, 132.1, 128.9, 124.3, 122.0, 119.6,
118.4 (-CHF2), 115.8 (-CHF2), 114.0, 114.0, 113.2 (-CHF2), 74.2, 10.0,
3.26. ESI-MS (m/z): 357.5 ([MþNa]þ), 335.5 ([MþH]þ) and Anal.
Calcd. for C17H16F2N2O3: C, 61.07; H, 4.82; N, 8.38; Found: C, 61.30;
H, 4.97; N, 8.59.

4 .1.1.6 . N-methyl -N-(pyr id in-2-yl )-3-cyc lopentyloxy-4-
difluoromethoxybenzamide (7g). Yield: 73%. 1H NMR (400 MHz,
CDCl3) d 8.48 (dd, J ¼ 5.0, 1.4 Hz, 1H), 7.57e7.11 (m, 1H), 7.14e7.11
(m, 1H), 7.00 (d, J ¼ 8.4 Hz, 1H), 6.97 (d, J ¼ 1.6 Hz, 1H), 6.92 (dd,
J ¼ 8.0, 2.0 Hz, 1H), 6.87 (d, J ¼ 8.4 Hz, 1H), 6.50 (t, J ¼ 75.2 Hz, 1H,
-CHF2), 4.65e4.58 (m,1H), 3.61 (s, 3H),1.84e1.66 (m, 6H),1.64e1.55
(m, 2H). 13C NMR (100MHz, CDCl3) d 169.9, 156.7, 149.0, 148.7, 142.2
(t, J ¼ 3.1 Hz), 137.9, 134.0, 122.1, 121.6, 121.4, 121.2, 118.6 (-CHF2),
116.0 (-CHF2), 115.6, 113.4 (-CHF2), 80.7, 36.2, 32.6, 23.8. ESI-MS (m/
z): 385.5 ([MþNa]þ), 363.5 ([MþH]þ). and Anal. Calcd. for
C19H20F2N2O3:C, 62.98; H, 5.56; N, 7.73; Found: C, 62.69; H, 5.31; N,
7.61.

4.1.1.7. N-methyl-N-(pyridin-2-yl)-3-cyclopropylmethoxy-4-
difluoromethoxybenzamide (7h). Yield: 83%. 1H NMR (400 MHz,
CDCl3) d 8.45 (dd, J ¼ 4.8, 1.2 Hz, 1H), 7.52e7.47 (m, 1H), 7.10e7.06
(m, 1H), 7.00e6.96 (m, 2H), 6.87e6.78 (m, 2H), 6.59 (t, J ¼ 75.0 Hz,
1H), 3.71 (d, J ¼ 6.8 Hz, 2H), 3.57 (s, 3H), 1.18e1.14 (m, 1H),
0.63e0.58 (m, 2H), 0.31e0.27 (m, 2H). 13C NMR (100 MHz, CDCl3)
d 169.8, 156.8, 149.9, 148.7, 141.7 (t, J ¼ 3.1 Hz), 137.8, 134.1, 121.7,
121.6, 121.2, 118.5 (-CHF2), 115.9 (-CHF2) 114.9, 113.3 (-CHF2), 73.9,
36.2, 9.9, 3.2. ESI-MS (m/z): 371.5 ([MþNa]þ), 349.5 ([MþH]þ). and
Anal. Calcd. for C18H18F2N2O3: C, 62.06; H, 5.21; N, 8.04; Found: C,
61.87; H, 5.33; N, 8.23.

4 . 1 . 1 . 8 . N - ( 2 - c h l o r o p h e n y l ) - 3 - c y c l o p e n t y l o x y - 4 -
difluoromethoxybenzamide (7i). Yield: 45%. 1H NMR (400 MHz,
CDCl3) d 8.53 (dd, J ¼ 8.3, 1.6 Hz, 1H), 8.40 (s, 1H), 7.60 (d, J ¼ 2.0 Hz,
1H), 7.12e7.01 (m, 1H), 7.40e7.32 (m, 2H), 7.27e7.24 (m, 2H),
7.11e7.07 (m, 1H), 6.63 (t, J ¼ 75.0 Hz, 1H), 4.95e4.90 (m, 1H),
2.04e1.77 (m, 6H), 1.71e1.62 (m, 2H). 13C NMR (100 MHz, CDCl3)
d 164.4, 150.1, 143.8, 134.6, 132.9, 129.1, 127.9, 124.9, 123.0, 122.7,
121.4, 118.6, 118.5 (-CHF2), 115.9 (-CHF2), 114.6, 113.3 (-CHF2), 81.0,
32.8, 23.9. Negative ESI-MS (m/z): 380.4 ([M-H]-). and Anal. Calcd.
for C19H18ClF2NO3: C, 59.77; H, 4.75; N, 3.67; Found: C, 59.51; H,
4.90; N, 3.49.

4 .1.1. 9 . N - (2 - ch l o ropheny l ) -3 - cyc l op ropy lme thoxy-4 -
difluoromethoxybenzamide (7j). Yield: 46%. 1H NMR (400 MHz,
CDCl3) d 8.52 (dd, J ¼ 8.2, 1.4 Hz, 1H), 8.39 (s, 1H), 7.59 (d, J ¼ 2.0 Hz,
1H), 7.45e7.31 (m, 3H), 7.30e7.26 (m, 2H), 7.13e7.06 (m, 1H), 6.73
(t, J ¼ 75.0 Hz, 1H), 3.98 (d, J ¼ 6.9 Hz, 2H), 1.38e1.29 (m, 1H),
0.73e0.62 (m, 2H), 0.43e0.33 (m, 2H). 13C NMR (100 MHz, CDCl3)
d 164.3, 150.9, 143.3, 134.6, 133.0, 129.1, 127.9, 124.9, 123.1, 122.3,
121.5, 118.9, 118.4 (-CHF2), 115.8 (-CHF2), 113.9, 113.2 (-CHF2), 74.2,
10.0, 3.3. ESI-MS (m/z): 390.6 ([MþNa]þ). and Anal. Calcd. for
C18H16ClF2NO3: C, 58.78; H, 4.39; N, 3.81; Found: C, 58.59; H, 4.17;
N, 3.62.

4.1.1.10. N-phenyl-3-cyclopentyloxy-4-difluoromethoxybenzamide
(7k). Yield: 86%. 1H NMR (400 MHz, CDCl3) d 7.79 (s, 1H), 7.67e7.59
(m, 2H), 7.56 (d, J ¼ 2.0 Hz, 1H), 7.41e7.34 (m, 2H), 7.30 (dd, J ¼ 8.2,
2.0 Hz, 1H), 7.23e7.13 (m, 2H), 6.61 (t, J ¼ 75.1 Hz, 1H), 4.93e4.86
(m, 1H), 2.00e1.77 (m, 6H), 1.70e1.62 (m, 2H). 13C NMR (100 MHz,
CDCl3) d 164.9, 150.0, 143.5, 137.8, 133.3, 129.1, 124.8, 122.4, 120.3,
118.5 (-CHF2), 118.3, 115.9 (-CHF2), 114.7, 113.3 (-CHF2), 81.0, 32.7,
23.9. Negative ESI-MS (m/z): 346.5 ([M-H]-). and Anal. Calcd. for
C19H19F2NO3: C, 65.70; H, 5.51; N, 4.03; Found: C, 65.39; H, 5.27; N,
3.96.

4 . 1 . 1 . 1 1 . N - p h e n y l - 3 - c y c l o p r o p y l m e t h o x y - 4 -
difluoromethoxybenzamide (7l). Yield: 82%. 1H NMR (400 MHz,
CDCl3) d 7.80 (s, 1H), 7.67e7.59 (m, 2H), 7.54 (d, J ¼ 1.6 Hz, 1H),
7.42e7.30 (m, 3H), 7.25e7.13 (m, 2H), 6.71 (t, J ¼ 75.1 Hz, 1H), 3.94
(d, J ¼ 6.9 Hz, 2H), 1.37e1.29 (m, 1H), 0.70e0.60 (m, 2H), 0.41e0.30
(m, 2H). 13C NMR (100MHz, CDCl3) d 164.8,150.8,143.0,137.7,133.3,
129.1, 124.8, 122.2, 120.3, 118.8, 118.4 (-CHF2), 115.8 (-CHF2), 113.9,
113.2 (-CHF2), 74.1, 10.0, 3.3. Negative ESI-MS (m/z): 332.5 ([M-H]-).
and Anal. Calcd. for C18H17F2NO3: C, 64.86; H, 5.14; N, 4.20; Found:
C, 64.58; H, 5.03; N, 4.37.

4.2. Pharmacology

4.2.1. Materials
Compounds 7a-l were dissolved in DMSO and stored as stock

solutions (100 mM) at �20 �C. For experimental use, all the com-
pounds were prepared from stock solutions, diluted with growth
medium and used immediately. FAM-Cyclic-30,5’ eAMP and IMAP
binding reagent IMAP binding reagent were purchased from Mo-
lecular Devices Inc. PDE4CAT and Other PDEs were purchased from
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Sbdrugdiscovery Inc. and BPS Bioscience Inc. respectively.
4.2.2. In vitro assay of compounds for the inhibition of PDEs
A standard PDE assay was conducted. All of our assays used a

substrate concentration below the Km we determined for each
enzyme such that Ki ¼ IC50. Our assay utilized IMAP technology
(Molecular Devices), which is based on the high-affinity binding of
phosphate by immobilized metal coordination complexes on
nanoparticles. The binding reagent complexes with phosphate
groups on nucleotide mono-phosphate generated from cyclic nu-
cleotides (cAMP/cGMP) through PDEs. With detection by fluores-
cence polarization, binding causes a change in the rate of the
molecular motion of the phosphate-bearingmolecule and results in
an increase in the fluorescence polarization value observed for the
fluorescent label attached to the substrate.

Theses assays were carried out as described previously [14]. All
of the enzymatic reactions were conducted at 25 �C for 60 min. The
50 ml reactionmixture contains 40mMMOPS, pH 7.5, 0.5mMEDTA,
15 mMMgCl2, 0.15 mg/ml BSA, 1 mM DTT, 0.05% Proclin 200, 15 ng/
ml PDE 4CAT and 100 nM FAM-Cyclic-30,50-AMP. The compounds
were diluted in 10% DMSO and 5 ml of the dilution was added to a
50 ml reaction so that the final concentration of DMSO is 1% in all of
reactions. The reaction mixturewas incubated at 25 �C for 1 h. Then
add 100 ml diluted binding agent to each well and incubate at 25 �C
for 1 h with slow shaking. Read the fluorescence polarization of the
sample used an excitation filter of 360 nm and an emission filter of
480 nm.

The percentage of inhibition was calculated using the following
formula: % activity ¼ [(FPdrugeFP contral)/(FPenzymeeFP contral)]
�100%. The IC50 values were calculated using nonlinear regression
with normalized dose�response fit using Prism GraphPad
software.
4.3. Molecular docking

Molecular docking was performed with Surflex-Dock program
that is interfaced with Sybyl 7.3. The programs adapted an empir-
ical scoring function and a patented searching engine [21,22].
Ligand was docked into the corresponding protein's binding site
guided by protomol, which is an idealized representation of a
ligand that makes every potential interaction with binding site. In
this work, the protomol was established by ligand from the crystal
structure of PDE4D (PDB entry: 1XOQ) [10]. Beginning of docking,
all ligands were removed and the random hydrogen atoms were
added. Then the receptor structure was minimized in 10,000 cycles
with Powell method in sybyl 7.3. All the compounds were con-
structed using sketch molecular module. Hydrogen and Gasteiger-
Hückel charges were added to every molecular. Then their geom-
etries are optimized by conjugate gradient method in TRIPOS force
field. The energy convergence criterion is 0.001 kcal/mol. Default
values were chosen to finish this work except that the threshold
was 1 when the protomol was generated.

In order to validate the docking reliability, the ligand roflumilast
was removed from the active site and docked back into the binding
pocket. The root mean square deviation (RMSD) between the pre-
dicted conformation and the actual conformation from the crystal
structure of ligand was 0.60 Å, which is smaller than the resolution
of X-ray crystallography (1.83 Å) [10]. Its mean that the parameters
set for this Surflex-dock simulation could successfully reproduce
the ligand-binding motif from the X-ray structure, and could be
extended to predict binding conformations of the synthesized
inhibitors.
4.4. Western blot analysis

Cell Culture BV-2 cell line was maintained in DMEM supple-
mented with 10% heat-inactivated fetal bovine serum, 100 IU/mL
penicillin and 100 mg/mL streptomycin at 37 �C in a humidified 5%
CO2 incubator.

Each protein sample were separated by using 12% sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to polyvinylidene difluoride membrane (PVDF) and
blocked by incubation with 5% non-fat milk for 2 h at room tem-
perature. Following blotting, membranes were incubated with
primary antibodies (anti-TNF-a, MILLIPORE, ab1837p; anti-GAPDH,
abcam, ab181602) at 4 �C overnight, washed five times and incu-
bated with secondary antibodies (Peroxidase Conjugated Gaot anti-
Rabbit IgG (hþl), Fdbio science, FDR007) for 4 h at 4 �C. Membranes
were then detected by enhanced chemiluminescence (ECL), visu-
alized using a Kodak Digital Science ID, and quantified with ImageJ
software 6.0.
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