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ABSTRACT: Neurite outgrowth is crucial during neuronal
development and regeneration, and strategies that aim at pro-
moting neuritogenesis are beneficial for reconstructing syn-
aptic connections after neuronal degeneration and injury.
Using a bivalent analogue strategy as a successful approach,
the current study identifies a series of novel dimeric securinine
analogues as potent neurite outgrowth enhancers. Compounds
13, 14, 17−19, and 21−23, with different lengths of carbon
chain of N,N-dialkyl substituting diacid amide linker between two securinine molecules at C-15 position, exhibited notable
positive effects on both neuronal differentiation and neurite extension of neuronal cells. Compound 14, one of the most active
compounds, was used as a representative compound for mechanistic studies. Its action on neurite outgrowth was through
phosphorylation/activation of multiple signaling molecules including Ca2+/calmodulin-dependent protein kinase II (CaMKII),
extracellular signal-regulated kinase (ERK) and Akt. These findings collectively identify a new group of beneficial compounds for
neuritogenesis, and may provide insights on drug discovery of neural repair and regeneration.
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Neurite outgrowth is a crucial process during neuronal
development and regeneration as it is a primarily necessary

step to construct the neuronal network.1 Collapse of this step
may cause neuronal apoptosis that leads to neurodegenerative
diseases. In Alzheimer’s and Parkinson’s diseases, neurite atrophy
is among the typical early symptoms during the progressive
degeneration of neurons.2 Furthermore, Neurite loss is one of
the typical features of neuronal injury. Reconstruction of the
neuronal and synaptic network in the degenerated or injured
brain is necessary for restoration of brain functions. There-
fore, strategies that aim at promoting neurite outgrowth and
reconstructing synaptic connections are essential for treatment
of neurodegenerative diseases and various forms of neuronal
injury.3,4 So far, a wide variety of natural products and their
derivatives have been found as neurite outgrowth promoting
agents and are studied for neural regeneration.5 Only in the
recent 2 years, our group and others have reported a number of
natural neuritogenic compounds including diarylheptanoids
from Alpinia of f icinarum, isofuranodiene from wild celery, and
a natural aroma compound maltol.6−8

Securinega alkaloids are a group of bridged tetracyclic natural
products isolated from the plants of Securinega, Phyllanthus, and
Flueggea genera which belong to the Euphorbiaceae family.9−11

(−)-Securinine (compound 1, Figure 1), the most widespread

and abundant Securinega alkaloid, has been attracting worldwide
attention because of its strong neural activities and its property to
cross the blood-brain barrier.12−18 (−)-Securinine has been sug-
gested to act as a γ-aminobutyric acid (GABA) receptor antagonist
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Figure 1. Chemical structures of natural securinine analogues.
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and may thus facilitating excitatory synaptic transmission, whereas
its close relatives dihydrosecurinine and virosecurinine (com-
pounds 2 and 3, Figure 1) do not show similar activities.19−21 It
has also been reported that (−)-securinine shows neuropro-
tective activity against neurotoxicity induced by amyloid-β,
a main toxic agent of Alzheimer’s disease, and facilitates learning
and memory.22,23 So far, over 90 Securinega alkaloids have been
isolated from natural source,19−21 and several attempts have been

made to obtain different securinine analogues which show
antiproliferative effects on tumor cell lines and antioxidative/
protective effects on neurons.24−26 However, whether these
alkaloids exert effects on neuronal development and neurite
outgrowth has not been explored.
Our group has been focusing on the isolation and activity

characterization of Securinega alkaloids.27,28 In the present study,
we compared the effects of (−)-securinine and several other natural
securinine analogues (compounds 4−6) on neurite development
and identified that a dimeric securinine-type molecule linked
by an amino group (compound 6) showed neurite outgrowth-
promoting activity. By using bivalent ligand approach,29−32 a
useful protocol in medicinal chemistry and drug design, a series
of novel securinine-type dimeric analogues were synthesized
based on the structure of compound 6. Eight of these dimeric
securinine analogues (compounds 13, 14, 17−19, and 21−23)
successfully showed strong neuritogenic activities. One of the
most active compounds, 14, was selected as the lead compound
and its molecular action was studied.

■ RESULTS AND DISCUSSION

A Natural Dimeric Securinine Analogue Shows
Neuritogenic Activity. We used mouse neuroblastoma
(Neuro-2a) cells, a neuronal cell line for studying neurite growth
in vitro, to test the activities of (−)-securinine and other natural
securinine analogues. We found (−)-securinine (compound 1)
and two monomeric securinine analogues (compounds 4 and
5) showed minimal effects on neurite outgrowth (Figure 2).
In contrast, a dimeric analogue (compound 6) exhibited potent
activities on promoting both neurite formation and extension
(Figure 2). These results indicate that a structure containing two
securinine moieties may possess potential activities on neurite
outgrowth.

Synthesis of Dimeric Securinine Analogues. The basic
design strategy of our further study is based on the natural
dimeric securinine analogue compound 6 (Figure 3). To explore
the potential of dimeric symmetrical ligands, the securinine
portion was designed as an essential structure for our bivalent

Figure 2. Natural securinine analogues were examined for neuritogenic
activities. (A) Neuro-2a cells were treated with different compounds
(25 μM) for 48 h. Scale bar, 50 μm. The differentiation rate (B) and the
total neurite length of each differentiated cell (bearing at least one
neurite longer than 40 μm; C) were analyzed. At least 400 cells/group
were analyzed in each experiment (n = 5), and values were presented as
mean± SEM. *P < 0.05, ***P < 0.001, indicated compound vs DMSO,
one-way analysis of variance (ANOVA) followed by Tukey’s test.

Figure 3. Design of the novel dimeric securinine analogues.
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mimicking. Additional consideration on the high synthetic effi-
ciency of amide-fragment, various diacid amide chains were
embedded into the dimeric securinine analogues as the bridge
units. Our hypothesis is that the bivalent mimetics may exhibit
more potent neurite-promoting activities when compared to the
monovalent mimetics.
Chemistry.The chemical synthesis of compounds 7−23with

a parallel synthetic approach is shown in Scheme 1. Compound
24 was prepared in two steps from (−)-securinine (1) in 42%
yield. The Michael addition reaction of (−)-securinine (1) with
appropriate primary amine in the presence of potassium
phosphate afforded the intermediates 25−30 (68%−78% yields),
respectively. While treatment of virosecurinine (3) with pro-
pylamine provided 31 in 66% yield. Subsequently, compounds
7−23 were synthesized by the acylation reaction of diacyl
chlorides with the corresponding compounds 24−31 (24%−
79% yields), respectively. Compounds 32 and 33 were obtained
by the acylation reaction of propionyl chloride with 27 and 30 in
94% and 92% yields, respectively.
In Vitro Evaluation of Synthetic Compounds on

Neurite Outgrowth. Neuro-2a cells were treated with com-
pounds 7−23, 27, 32 and 33 (25 μM) for 48 h. The differ-
entiation rate and the length of total neurites of each cell were
analyzed by automated fluorescent microscopy and mathemat-
ical algorithms using high content screening technology.34,35

Compounds 7−11 which possess different lengths of the
carbon chain were found not obviously active for increasing
neurite formation (Figure 4). The result suggests that modifying
the length of carbon chain of the diacid amide linker alone is
not sufficient to improve the activities of the dimeric securi-
nine analogues. By introducing alkyl groups on the N atoms
of compound 11, whose linker was envisioned as the most

appropriate space distance of the bivalent mimetic, we obtained
compounds 12 (with methyl side chains) and 13 (with ethyl
side chains). Interestingly, compound 13 with ethyl side chains
showed significant activities on neurite outgrowth (37.5 ± 1.8%
differentiated cells and 145.8 ± 4.6 μm total neurite length). We
further increased the length of the side chains to 3, 4, or 5 carbons
on N atoms of compound 11, leading to the discovery of com-
pounds 14−16. Compound 14, the one with propyl side chains,
showed even stronger activities on neurite outgrowth (40.8 ±
2.8% differentiated cells and 170.9± 7.2 μm total neurite length).
Compound 15 with n-butyl side chains also showed activities
on neurite extension but did not significantly induce more cells
to differentiation. Interestingly, compound 16 with n-amyl side
chains did not exhibit any activities (Figure 4). Collectively, the
comparison among compounds 11−16 indicated that the optimal
length of the side chains on N atoms is 2−4 carbons, and com-
pound 14 with 3 carbons appeared to be the most active one in
this series.
To further understand whether the linker length is important

to compound 14’s activity, we compared it with compounds
17−20 which bear different lengths of linkers while theN-propyl
groups are retained. Compounds 17−19, which possess N1,N4-
dipropylsuccinamide, N1,N5-dipropylglutaramide, and N1,N7-
dipropylheptanediamide units, exhibited similar activities as 14.
However, compound 20 with a N1,N8-dipropyloctanediamide
unit lost both activities on differentiation and neurite extension.
The results indicate that the linker length of two monomers is
indeed important for neurite-inducing activity and the preferred
length of the linker is 4−7 carbons (compounds 14, 17−19).
Either shortening or elongating the linker dampened this activity.
Interestingly, the specific stereoconformations were also exam-
ined by comparing compound 14 with its several stereoisomers

Scheme 1. Synthesis of Compounds 7−33a

aReagents and conditions: (a) azidotrimethylsilane, DBU, AcOH, CH2Cl2; (b) Pd/C, H2, CH2Cl2; 42% in two steps; (c) amine, potassium
phosphate, CH2Cl2, MeOH, 68%−78%; (d) diacyl chlorides, DIPEA, CH2Cl2, 24%−79%; (e) propylamine, potassium phosphate, CH2Cl2, MeOH,
66%; (f) adipoyl chloride, DIPEA, CH2Cl2, 73%; (g) propionyl chloride, DIPEA, CH2Cl2, 94% and 92%.
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(compounds 21−23), and similar activities were observed among
these analogues. The intermediate compounds 27, 32, and 33
were confirmed with no activities, which were consistent with our
hypothesis that the presence of bivalent mimetics is necessary for
neurite-inducing activities of the dimeric securinine analogues.
Molecular Mechanism Study of Compound 14. To

further dissect the molecular mechanism of compound 14, we
tested different concentrations of 14 (1−100 μM) to determine its
preferable dosage range on neuritogenesis. The results showed
that aminimumof 10 μMwas required to promote neuritogenesis,
and increasing neurite length was observed when the concen-
tration increased from 1 to 100 μM (Figure 5). However, 25 μM
appeared to be enough for inducing differentiation, as increasing
the concentration did not further induce more cells to dif-
ferentiate (Figure 5). We thus used 25 μM in subsequent studies.
Neuronal differentiation requires activation of multiple sig-

naling pathways, including mitogen-activated protein kinase
(MAPK) pathways, phosphoinositide 3-kinase (PI3K)-Akt
pathways and Ca2+ dependent pathways.36−39 To understand
what signaling pathways participate in compound 14 induced
neuronal differentiation, we treated Neuro-2a cells with 14
for different time points (0−120 min) and examined the levels
of activated/phosphorylated forms of different signaling
molecules (Figure 6). Notably, compound 14markedly activated
extracellular signal regulated kinases 1/2 (ERK1/2) at 15 min
treatment and thereafter. Examination of other two classical
MAPK pathways revealed that c-Jun amino-terminal kinases
(JNK) was only transiently activated at 5 min treatment, and p38
activity was not affected by compound 14. Besides upregula-
ting ERK1/2 pathways, compound 14 also induced significant

activation of Akt and Ca2+/calmodulin-dependent protein kinase
II (CaMKII) after 15 min treatment.
To further determine the important signaling molecules that

are required for compound 14 promoted neurite outgrowth,
we took advantage of a series of pharmacological inhibitors,
including U0126 (MEK1/2 inhibitor), SP600125 (JNK
inhibitor), SB202190 (p38 inhibitor), LY294002 (PI3K inhi-
bitor), KN92 (CaMKII inhibitor control), KN93 (CaMKII
inhibitor), NSC23766 (Rac1 inhibitor), H89 (protein kinase A;
PKA inhibitor), and chelerythrine (protein kinase C; and PKC
inhibitor). We preincubated Neuro-2a cells with each of these
inhibitors for 1 h before the treatment of compound 14, and the
differentiation rate and the total neurite length were examined
(Figure 7). Consistent with the Western blot analysis that ERK,
Akt, and CaMKII were activated by compound 14, the activities
of ERK upstream kinases MEKs (MAPK/ERK kinase) and the
Akt upstream kinase PI3K were both essentially required for
compound 14 induced neurite outgrowth (Figure 7). Fur-
thermore, Rac1 and JNK may also participate in compound 14’s
effect on neurite extension (Figure 7). By contrast, the activities
of p38, PKA, and PKC were not important for compound 14’s
effect on promoting neurite outgrowth (Figure 7). These results
collectively suggest that compound 14 induces neuronal differen-
tiation and neurite extension through activation of MEK-ERK,
PI3K-Akt and CaMKII pathways, although the identity of the
direct molecular target of 14 awaits further investigation.

■ CONCLUSION

In summary, we have designed and synthesized a series of novel
dimeric securinine analogues using bivalent ligand approach.
Compounds 13, 14, 17−19, and 21−23 were identified as active

Figure 4. Evaluation of neuritogenic activities of synthetic bivalent securininemimetics and their intermediates. Differentiation rate (A) and total neurite
length (B) of the bivalent mimetics and monomer intermediates. All values were determined at 25 μM except the control compound retinoic acid (RA),
which was used at 10 μM. Neuro-2a cells were incubated with different compound for 48 h. Neurites were visualized by immunostaining with anti-β-
tubulin III antibody, and analyzed by high content technology. At least 400 cells/group were analyzed in each experiment (n = 5), and values were
presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, indicated compound vs DMSO, one-way ANOVA followed by Tukey’s test.
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compounds for promoting neurite outgrowth, and it was found
that linker modifications of the bivalent mimetics should be

considered carefully in order to retain their activity. The pre-
ferred length of the linker between the two monomers is 4−7
carbons and the optimal side chain on N atoms is ethyl or
propyl. Compound 13 with an N1,N6-diethyladipamide linker,
and compounds 14, 17−19 and 21−23 with different lengths of
carbon chain of N,N-dipropyl diacid amide linker between two
securinine molecules at C-15 position, exhibited notable positive
effects on both neuronal differentiation and neurite extension
of neuronal cells. Compound 14, one of the most active com-
pounds, was selected as the lead compound and its molecular
action has been studied. Although detailed structure−activity
relationship and the molecular targets of these analogues remain
to be fully elucidated, the findings in this study have revealed a
novel dimeric class of securinine analogues that exhibits strong
beneficial effects on neurite outgrowth, which may provide a new
avenue for drug design in treating neurodegenerative diseases.

■ METHODS
General Experimental Methods. All nonaqueous reactions were

performed under an argon atmosphere in flame-dried glassware with
rigid exclusion of moisture from the reaction setup. (−)-Securinine was
purchased from Sigma-Aldrich, and virosecurinine was isolated and

Figure 5. Effect of compound 14 at different concentrations on neurite outgrowth. Neuro-2a cells were treated with compound 14 at concentrations
from 1 to 100 μM for 48 h. (A) Representative images of Neuro-2a cells after treatment with compound 14. Scale bar, 50 μm. The differentiation rate
(B) and the total neurite length of each differentiated cell (bearing at least one neurite longer than 40 μm; C) were analyzed. At least 400 cells/group
were analyzed in each experiment (n = 3), and values were presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, indicated compound vs
DMSO, one-way ANOVA followed by Tukey’s test.

Figure 6. Compound 14 increases phosphorylation levels of ERK, Akt,
and CaMKII in Neuro-2a cells. Compound 14 was added in Neuro-2a
cells for indicated time points (0−120 min). Cells lysates were subjected
to Western blot analysis for the phosphorylated and total forms of
different signaling molecules.
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purified from the twigs and leaves of the plant Flueggea virosa from
Southern China. All other reagents were obtained from commercial
sources and were used without any extra purification. Anhydrous
CH2Cl2 were obtained by distillation under nitrogen atmosphere from
appropriate drying agents. 1H NMR and 13C NMR spectra were
recorded in CDCl3 or CD3OD on Bruker AV-300 (1H: 300 MHz, 13C:
75 MHz) spectrometer. Chemical shifts (δ in ppm) and coupling con-
stants (J in Hz) were determined by reference to residual solvent reso-
nances. IR spectra were recorded on a Jasco FT/IR-480 plus Fourier
transform infrared spectrometer using KBr pellets. HR-ESI-MS spectra
were acquired on Agilent 6210 LC/MSD TOF mass spectrometer. All
melting points were obtained on an X-5 micro melting point apparatus
without correction. TLC analyses were carried out using precoated
silica gel GF254 plates (QingdaoMarine Chemical Plant, Qingdao, P. R.
China). Column chromatography was performed on silica gel (200−
300 mesh, Qingdao Marine Chemical Plant, Qingdao, P. R. China).
Compounds were visualized by UV absorbance at 254 nm and by
staining with aqueous potassium permanganate. The purity of com-
pounds used in pharmacology testing was 95% or higher.
N1,N2-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-

dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-
oxalamide (7). Oxalyl chloride (0.55 equiv, diluent in 1 mL of anhy-
drous CH2Cl2) was added to a solution of (−)-securinine derivatives
24 (1.0 equiv) and DIPEA (1.5 equiv) in anhydrous CH2Cl2 and then
stirred for 6−7 h under the nitrogen atmosphere at −10 °C. The reac-
tion was quenched with saturated NH4Cl solution and extracted with
CH2Cl2 (4 × 30 mL). The combined organic layer was washed with
brine, dried over MgSO4, filtered, and concentrated in vacuo to give a
residue that was purified by column chromatography using silica gel
to give the desired product 7 as a white solid (55% yield). mp: 153−
154 °C; 1H NMR (300 MHz, DMSO-d6) δ 8.85 (2H, N−H), 5.75 (s,
2H), 4.08−3.94 (m, 2H), 3.31−3.25 (m, 2H), 3.11−2.97 (m, 2H), 2.87
(d, J = 12.6 Hz, 6H), 2.75 (d, J = 9.5 Hz, 2H), 2.49−2.41 (m, 2H), 1.77
(d, J = 10.9 Hz, 4H), 1.38 (d, J = 10.6 Hz, 10H). 13C NMR (75 MHz,
DMSO-d6) δ 174.0, 172.7, 160.3, 110.9, 90.9, 62.1, 59.9, 50.8, 48.5, 32.9,
28.8, 26.3, 24.1, 22.2; IR: 3327, 2935, 2852, 1753, 1671, 1498 cm−1;
ESI-MS: m/z 523.5 [M + H]+; HRMS(ESI): m/z 523.2553 [M + H]+,
calcd for C28H35N4O6 = 523.2551.
N1,N3-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-

dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-

malonamide (8). Reaction of malonyl chloride with 24 as described
for 7 gave the title compound 8 as a white solid (74% yield). mp: 162−
163 °C; 1H NMR (300 MHz, CDCl3) δ 7.68 (2H, N−H), 5.65 (d, J =
1.9 Hz, 2H), 4.21 (dd, J = 9.1, 5.6 Hz, 2H), 3.41 (d, J = 3.0 Hz, 2H), 3.15
(s, 2H), 2.99 (s, 6H), 2.71−2.61 (m, 2H), 2.57 (dd, J = 11.3, 5.9 Hz,
2H), 1.87 (s, 2H), 1.67−1.56 (m, 4H), 1.48−1.31 (m, 8H), 1.22 (d, J =
11.6 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 173.1, 173.1, 166.9, 111.3,
91.1, 61.6, 59.8, 50.8, 48.5, 41.6, 33.3, 29.6, 26.0, 23.8, 21.7; IR:
3276, 2936, 2851, 1754, 1648, 1541 cm−1; ESI-MS: m/z 537.8 [M +
H]+; HRMS(ESI): m/z 537.2709 [M + H]+, calcd for C29H37N4O6 =
537.2708.

N1,N4-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-
succinamide (9). Reaction of succinyl chloride with 24 as described
for 7 gave the title compound 9 as a white solid (70% yield). mp: 163−
164 °C; 1H NMR (300 MHz, CDCl3) δ 6.84 (2H, N−H), 5.66 (d, J =
2.1 Hz, 2H), 4.23 (dd, J = 5.8, 3.7 Hz, 2H), 3.41 (s, 2H), 3.22−3.07 (m,
2H), 2.94 (m, 6H), 2.69−2.44 (m, 8H), 1.89 (s, 2H), 1.68−1.57 (m,
4H), 1.39 (m, 8H). 13C NMR (75 MHz, CDCl3) δ 173.1, 172.3, 172.1,
111.1, 91.2, 61.7, 59.7, 50.7, 48.5, 33.3, 31.5, 29.7, 26.2, 23.9, 21.7; IR:
3289, 2935, 2852, 1753, 1671, 1498 cm-1; ESI-MS: m/z 551.8 [M +
H]+; HRMS(ESI): m/z 551.2862 [M + H]+, calcd for C30H39N4O6 =
551.2864.

N1,N5-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-
glutaramide (10). Reaction of glutaryl chloride with 24 as described
for 7 gave the title compound 10 as a white solid (75% yield). mp: 167−
169 °C; 1H NMR (300 MHz, CDCl3) δ 6.98 (2H, N−H), 5.54 (s, 2H),
4.16 (s, 2H), 3.34 (s, 2H), 3.04 (dd, J = 3.8, 11.0 Hz, 2H), 2.92 (s, 6H),
2.52 (dd, J = 12.4, 10.5 Hz, 4H), 2.17 (s, 4H), 1.82 (s, 4H), 1.61 (d, J =
11.0 Hz, 2H), 1.50−1.24 (m, 10H). 13C NMR (75 MHz, CDCl3) δ
174.3, 173.4, 172.4, 110.7, 91.3, 61.6, 59.6, 50.5, 48.3, 34.9, 33.0, 29.6,
26.1, 23.9, 22.0, 21.7; IR: 3308, 2937, 2851, 1753, 1644, 1539 cm−1;
ESI-MS: m/z 565.9 [M + H]+; HRMS(ESI): m/z 565.3023 [M + H]+,
calcd for C31H41N4O6 = 565.3021.

N1,N6-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-
adipamide (11). Reaction of adipoyl chloride with 24 as described for
7 gave the title compound 11 as a white solid (79% yield). mp: 170−
172 °C; 1H NMR (300 MHz, CDCl3) δ 6.76 (2H, N−H), 5.59 (d, J =
1.8Hz, 2H), 4.22 (dd, J = 11.4, 7.4Hz, 2H), 3.44−3.33 (m, 2H), 3.15−3.03

Figure 7. Activation of MEK-ERK, PI3K-Akt and CaMKII signaling pathways is required for compound 14 induced neurite outgrowth. Neuro-2a cells
were pretreated with different inhibitors, including MEK inhibitor (U0126, 10 μM), JNK inhibitor (SP600125, 5 μM), p38 inhibitor (SB202190,
10 μM), PI3K inhibitor (LY290042, 10 μM), PKA inhibitor (H89, 0.5 μM), PKC inhibitor (chelerythrine chloride, 0.5 μM), KN92 (CaMKII inhibitor
control, 1 μM), KN93 (CaMKII inhibitor, 1 μM), or Rac1 inhibitor (NSC2376, 10 μM) for 1 h, followed by compound 14 treatment (25 μM) for 48 h.
Neurites were visualized by immunostaining with anti-β-tubulin III antibody, and analyzed by high content technology. Cell differentiation rate (A) and
average length of total neurites per differentiated cell (B) were quantified. At least 400 cells/group were analyzed in each experiment (n = 5), and values
were presented as mean± SEM. ***P < 0.001, compound 14 vs DMSO; ##P < 0.01, ###P < 0.001, inhibitor and compound 14 cotreatment vs 14 single
treatment.
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(m, 2H), 2.93 (dd, J = 15.3, 4.2 Hz, 6H), 2.65−2.55 (m, 2H), 2.52−2.45
(m, 2H), 2.24−2.15 (m, 4H), 1.85 (s, 2H), 1.69−1.52 (m, 8H), 1.37
(m, 8H). 13C NMR (75 MHz, CDCl3) δ 174.3, 173.4, 172.7, 110.8,
91.4, 61.6, 59.7, 50.6, 48.4, 35.4, 33.1, 29.7, 26.2, 24.6, 23.9, 21.8; IR:
3356, 2938, 2851, 1753, 1644, 1543 cm−1; ESI-MS: m/z 579.5 [M +
H]+; HRMS(ESI): m/z 579.3178 [M + H]+, calcd for C32H43N4O6 =
579.3177.
N1 ,N6 -D imethy l -N1 ,N6 -b i s ( (5S ,6S ,11aR ,11bS ) -2 -oxo-

4,5,6,8,9,10,11,11a-octahydro-2H-6,11b-methanofuro[2,3-c]pyrido-
[1,2-a]azepin-5-yl)adipamide (12). Reaction of adipoyl chloride with
25 as described for 7 gave the title compound 12 as a yellow solid (61%
yield). mp: 144−146 °C; 1H NMR (300 MHz, CDCl3) δ 5.07 (s, 2H),
4,56−4.60 (m, 2H), 3.44−3.47 (m, 2H), 3.12−3.21 (m, 2H), 2.92−3.05
(m, 4H), 2.88 (s, 6H), 2.72−2.78 (d, J = 11.7 Hz, 4H), 2.53−2.58 (m,
2H), 2.31 (s, 4H), 1.24−1.87 (m, 18H). 13C NMR (75 MHz, CDCl3) δ
173.8, 172.8, 172.6, 110.5, 91.2, 61.7, 59.9, 58.0, 48.4, 33.9, 33.7, 32.4,
26.7, 26.4, 24.4, 24.2, 22.1; IR: 2925, 2851, 1757, 1637, 1384 cm−1;
ESI-MS: m/z 607.5 [M + H]+; HRMS(ESI): m/z 607.3468 [M + H]+,
calcd for C34H47N4O6 = 607.3490.
N1 ,N 6 -D i e t h y l -N 1 ,N 6 - b i s ( ( 5 S , 6 S , 1 1aR , 1 1bS ) - 2 - o xo -

4,5,6,8,9,10,11,11a-octahydro-2H-6,11b-methanofuro[2,3-c]pyrido-
[1,2-a]azepin-5-yl)adipamide (13). Reaction of adipoyl chloride with
26 as described for 7 gave the title compound 13 as a yellow solid (63%
yield). mp: 146−148 °C; 1H NMR (300 MHz, CDCl3) δ 5.65 (s, 2H),
4.29−4.31 (m. 2H), 3.44 (m, 2H), 3.27−3.34 (m, 2H), 3.02−3.18 (m,
4H), 2.95−3.00 (m, 2H), 2.80−2.92 (m, 6H), 2.45−2.51 (m, 2H),
2.20−2.39 (m, 4H), 1.84 (m, 2H), 1.55−1.62 (m, 4H), 1.06−1.25
(m, 18H). 13C NMR (75 MHz, CDCl3) δ 174.5, 172.9, 172.4, 110.0,
91.1, 61.8, 60.1, 57.2, 48.5, 48.1, 33.4, 30.0, 26.9, 26.4, 24.8, 24.1,
22.1, 11.0; IR: 2924, 2852, 1761, 1637, 1371 cm−1; ESI-MS: m/z
635.6 [M + H]+; HRMS(ESI): m/z 635.3784 [M + H]+, calcd for
C36H51N4O6 = 635.3787.
N1,N6-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-

dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N1,N6-
dipropyladipamide (14); N1-((5R,6S,11aR,11bS)-2-Oxo-4,5,6,8,9,-
10,11,11a-octahydro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]-
azepin-5-yl)-N6-((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octa-
hydro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-
N1,N6-dipropyladipamide (21); N1,N6-Bis((5R,6S,11aR,11bS)-2-oxo-
4,5,6,8,9,10,11,11a-octahydro-2H-6,11b-methanofuro[2,3-c]pyrido-
[1,2-a]azepin-5-yl)-N1,N6-dipropyladipamide (22). Reaction of adi-
poyl chloride with 27 and 30 as described for 7 gave the title compounds
14, 21, and 22 in one port, which were further purified byHPLC as three
yellow solids (24%, 42%, and 24% yield, respectively).
Compound 14. mp: 151−152 °C; 1H NMR (300 MHz, CDCl3)

δ 5.60 (s, 2H), 4.25 (d, J = 6.3Hz, 2H), 3.42 (s, 2H), 3.18−3.06 (m, 4H),
2.87 (m, 10H), 2.44 (dd, J = 11.0, 5.8 Hz, 2H), 2.24 (d, J = 3.7 Hz, 4H),
1.80 (s, 2H), 1.55 (s, 12H), 1.34 (m, 8H), 0.81 (t, J = 7.3 Hz, 6H).
13C NMR (75 MHz, CDCl3) δ 174.3, 172.8, 172.7, 109.8, 90.9, 61.8,
59.9, 57.1, 48.2, 48.1, 33.4, 33.3, 26.7, 26.2, 24.9, 24.9, 24.0, 21.9, 11.0;
IR: 2923, 2851, 1760, 1637, 1384 cm−1; ESI-MS: m/z 663.7 [M + H]+;
HRMS(ESI): m/z 663.4126 [M + H]+, calcd for C38H55N4O6 =
663.4116.
Compound 21. mp: 150−151 °C; 1H NMR (300 MHz, CDCl3) δ

5.60 (s, 2H), 4.49 (t, J = 8.7 Hz, 1H), 4.25 (s, 1H), 3.55−3.40 (m, 2H),
3.20−3.06 (m, 4H), 3.00−2.82 (m, 8H), 2.77 (t, J = 7.3 Hz, 3H), 2.62
(dd, J = 10.9, 6.6 Hz, 1H), 2.45 (dd, J = 10.9, 5.8 Hz, 1H), 2.33−2.21 (m,
4H), 1.80 (s, 2H), 1.46 (m, 19H), 0.83 (dd, J = 7.0, 4.7 Hz, 6H). 13C
NMR (75 MHz, CDCl3) δ 173.1, 172.9, 172.6, 172.4, 172.0, 171.2,
110.8, 109.8, 90.7, 90.4, 65.5, 64.5, 60.4, 59.9, 57.0, 55.8, 49.4, 49.1, 48.2,
44.7, 37.0, 36.6, 33.7, 33.4, 33.3, 33.2, 27.1, 26.7, 25.4, 25.0, 24.9, 24.8,
23.7, 23.6, 20.9, 20.7, 11.2, 11.0; IR: 2938, 2862, 1759, 1637, 909 cm−1;
ESI-MS: m/z 663.6 [M + H]+; HRMS(ESI): m/z 663.4166 [M + H]+,
calcd for C38H55N4O6 = 663.4116.
Compound 22. mp: 150−152 °C; 1H NMR (300 MHz, CDCl3) δ

5.65 (s, 2H), 4.54 (t, J = 8.7 Hz, 2H), 3.60−3.48 (m, 2H), 3.27 (dd, J =
11.1, 5.0 Hz, 2H), 3.16 (d, J = 6.4 Hz, 2H), 3.03 (dd, J = 10.8, 4.1 Hz,
2H), 2.98−2.76 (m, 10H), 2.67 (dd, J = 10.8, 6.6 Hz, 2H), 2.40−2.27
(m, 4H), 1.85 (s, 2H), 1.60−1.31 (m, 18H), 0.89 (d, J = 7.4 Hz, 6H). 13C
NMR (75 MHz, CDCl3) δ 173.3, 172.8, 172.1, 111.0, 90.9, 64.7,
60.6, 49.5, 44.9, 36.8, 33.5, 29.6, 27.3, 25.5, 25.3, 25.0, 23.7, 20.8, 11.3;

IR: 2937, 2862, 1759, 1636, 909 cm−1; ESI-MS: m/z 663.6 [M + H]+;
HRMS(ESI):m/z 663.4150 [M+H]+, calcd for C38H55N4O6 = 663.4116.

N1 ,N 6 -D i bu t y l -N 1 ,N 6 - b i s ( ( 5 S , 6 S , 1 1aR , 11bS ) - 2 - o xo -
4,5,6,8,9,10,11,11a-octahydro-2H-6,11b-methanofuro[2,3-c]pyrido-
[1,2-a]azepin-5-yl)adipamide (15). Reaction of adipoyl chloride with
28 as described for 7 gave the title compound 15 as a yellow solid (69%
yield). mp: 159−161 °C; 1H NMR (300 MHz, CDCl3) δ 5.66 (s, 2H),
4.32 (s, 2H), 3.48 (s, 2H), 3.18 (d, J = 10.4 Hz, 6H), 3.02−2.85 (m,
10H), 2.51 (dd, J = 10.3, 5.8 Hz, 2H), 2.30 (s, 4H), 1.87 (s, 2H), 1.63 (s,
12H), 1.37−1.27 (m, 10H), 0.94 (t, J = 7.3 Hz, 6H). 13C NMR (75
MHz, CDCl3) δ 174.2, 172.7, 172.5, 109.7, 90.8, 61.6, 59.8, 57.0, 48.1,
46.1, 33.5, 33.3, 33.2, 26.5, 26.1, 24.8, 23.9, 21.9, 19.9, 13.5; IR:
2927, 2851, 1743, 1637, 1381 cm−1; ESI-MS: m/z 691.3 [M + H]+;
HRMS(ESI):m/z 691.4421 [M+H]+, calcd for C40H59N4O6 = 691.4429.

N1,N6-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N1,N6-
dipentyladipamide (16). Reaction of adipoyl chloride with 29 as
described for 7 gave the title compound 16 as a yellow solid (60% yield).
mp: 167−168 °C; 1H NMR (300 MHz, CDCl3) δ 5.66 (s, 2H), 4.43−
4.17 (m, 2H), 3.48 (s, 2H), 3.17 (d, J = 10.1 Hz, 4H), 2.90 (m, 10H),
2.51 (dd, J = 10.5, 5.8 Hz, 2H), 2.44−2.11 (m, 6H), 1.87 (s, 2H), 1.62 (s,
10H), 1.39−1.21 (m, 16H), 0.91 (t, J = 7.1 Hz, 6H). 13C NMR
(75 MHz, CDCl3) δ 174.3, 172.7, 172.6, 109.7, 90.9, 61.6, 59.8, 57.0,
48.2, 46.3, 33.4, 33.2, 31.3, 28.8, 26.5, 26.1, 24.8, 23.9, 22.0, 21.9, 13.8;
IR: 2926, 2850, 1761, 1643, 1384 cm−1; ESI-MS: m/z 719.3 [M + H]+;
HRMS(ESI):m/z 719.4761 [M+H]+, calcd for C42H63N4O6 = 719.4742.

N1,N4-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N1,N4-
dipropylsuccinamide (17). Reaction of succinyl chloride with 27 as
described for 7 gave the title compound 17 as a yellow solid (42% yield).
mp: 166−168 °C; 1H NMR (300 MHz, CDCl3) δ 5.63(s, 2H), 4.27−
4.29 (m, 2H), 3.22−3.40 (m, 4H), 3.06−3.14 (m, 2H), 2.79−2.99 (m,
8H), 2.55−2.63 (m, 6H), 2.43−2.48 (m, 2H), 1.74−1.84 (m, 4H),
1.50−1.61 (m, 4H), 1.22−1.40 (m, 10H), 0.87 (t, J = 7.2 Hz, 6H). 13C
NMR (75 MHz, CDCl3) δ 174.4, 172.8, 172.8, 109.9, 91.0, 61.1,
60.0, 57.1, 48.4, 48.0, 33.6, 33.6, 28.3, 26.8, 24.8, 24.1, 22.0, 11.2; IR:
2924, 2850, 1761, 1644, 1384 cm−1; ESI-MS: m/z 635.2 [M + H]+;
HRMS(ESI):m/z 635.3850 [M+H]+, calcd for C36H51N4O6 = 635.3803.

N1,N5-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N1,N5-
dipropylglutaramide (18). Reaction of glutaryl chloride with 27 as
described for 7 gave the title compound 18 as a yellow solid (70% yield).
mp: 172−174 °C; 1HNMR (300MHz, CDCl3) δ 5.65 (s, 2H), 4.25 (d, J
= 5.8 Hz, 2H), 3.46 (s, 2H), 3.17 (d, J = 10.7 Hz, 4H), 2.92 (m, 10H),
2.53−2.46 (m, 2H), 2.36 (d, J = 7.3 Hz, 4H), 1.89 (d, J = 9.2 Hz, 4H),
1.62 (m, 6H), 1.30 (d, J = 6.7 Hz, 10H), 0.88 (t, J = 7.1 Hz, 6H). 13C
NMR (75 MHz, CDCl3) δ 174.2, 172.6, 172.6, 109.7, 90.8, 61.7, 59.8,
57.0, 48.1, 48.0, 33.2, 32.5, 26.6, 26.1, 24.7, 23.9, 21.9, 20.8, 11.0; IR:
2926, 2851, 1752, 1633, 1384 cm−1; ESI-MS: m/z 649.3 [M + H]+;
HRMS(ESI):m/z 649.3956 [M+H]+, calcd for C37H53N4O6 = 649.3959.

N1,N7-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N1,N7-
dipropylheptanediamide (19). Reaction of pimeloyl chloride with 27
as described for 7 gave the title compound 19 as a yellow solid (74%
yield). mp: 177−178 °C; 1H NMR (300 MHz, CDCl3) δ 5.67 (s, 2H),
4.28 (d, J = 12.1 Hz, 2H), 3.50 (s, 2H), 3.16 (d, J = 9.6 Hz, 4H), 2.91 (m,
10H), 2.55−2.48 (m, 2H), 2.27 (t, J = 6.9 Hz, 4H), 1.88 (s, 2H), 1.63 (d,
J = 6.4 Hz, 12H), 1.35 (d, J = 6.9 Hz, 10H), 0.89 (t, J = 7.1 Hz, 6H). 13C
NMR (75 MHz, CDCl3) δ 174.3, 173.1, 172.7, 109.8, 90.9, 61.7, 59.8,
56.9, 48.2, 48.0, 33.3, 33.2, 28.9, 26.6, 26.2, 24.9, 24.9, 23.9, 21.9, 11.0;
IR: 2924, 2846, 1772, 1655, 909 cm−1; ESI-MS: m/z 677.4 [M + H]+;
HRMS(ESI):m/z 677.4310 [M+H]+, calcd for C39H57N4O6 = 677.4272.

N1,N8-Bis((5S,6S,11aR,11bS)-2-oxo-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N1,N8-
dipropyloctanediamide (20). Reaction of suberoyl chloride with 27 as
described for 7 gave the title compound 20 as a yellow solid (52% yield).
mp: 176−177 °C; 1HNMR (300MHz, CDCl3) δ 5.57 (s, 2H), 4.21 (d, J
= 5.6 Hz, 2H), 3.38 (s, 2H), 3.07 (dt, J = 15.1, 9.2 Hz, 4H), 2.90−2.76
(m, 10H), 2.40 (dd, J = 10.8, 5.7 Hz, 2H), 2.21−2.10 (m, 4H), 1.76 (s,
2H), 1.51 (d, J = 10.7 Hz, 12H), 1.23 (s, 12H), 0.79 (t, J = 7.2 Hz, 6H).
13C NMR (75 MHz, CDCl3) δ 174.3, 173.1, 172.5, 109.6, 90.8, 61.6,
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59.7, 56.8, 48.1, 48.0, 33.3, 33.1, 29.0, 26.5, 26.0, 25.0, 24.8, 23.8, 21.8,
10.9; IR: 2925, 2846, 1771, 1655, 909 cm−1; ESI-MS:m/z 691.8 [M+H]+;
HRMS(ESI):m/z 691.4459 [M +H]+, calcd for C40H59N4O6 = 691.4429.
N1,N6-Bis((5R,6R,11aS,11bR)-2-oxo-4,5,6,8,9,10,11,11a-octahy-

dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N1,N6-
dipropyladipamide (23). Reaction of adipoyl chloride with 31 as
described for 7 gave the title compound 23 as a yellow solid (73% yield).
mp: 153−154 °C; 1H NMR (300 MHz, CDCl3) δ 5.66 (s, 2H), 4.31 (s,
2H), 3.48 (s, 2H), 3.15 (d, J = 10.6 Hz, 4H), 3.02−2.83 (m, 10H), 2.54−
2.46 (m, 2H), 2.30 (s, 4H), 1.87 (s, 2H), 1.62 (s, 12H), 1.36 (s, 8H),
0.88 (t, J = 7.2 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 174.3, 172.8,
172.7, 109.8, 90.9, 61.8, 59.9, 57.1, 48.2, 48.1, 33.4, 33.3, 26.7, 26.2, 24.9,
24.9, 24.0, 21.9, 11.0; IR: 2924, 2851, 1761, 1637, 1384 cm−1; ESI-MS:
m/z 663.7 [M + H]+; HRMS(ESI): m/z 663.4094 [M + H]+, calcd for
C38H55N4O6 = 663.4116.
(5S,6S,11aR,11bS)-5-Amino-4,5,6,8,9,10,11,11a-octahydro-2H-

6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (24). Azidotri-
methylsilane (4.0 equiv) was added to a mixed solution of (−)-securinine
(1.0 equiv), AcOH (1.0 equiv), and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU, 0.6 equiv) in CH2Cl2 and then stirred for 8−10h at rt. The
reaction was quenched with saturated NaHCO3 solution and extracted
with CH2Cl2 (4× 10mL). The combined organic layer was washed with
brine, dried over MgSO4, filtered, and concentrated in vacuo to give a
residue that was purified by column chromatography using silica gel to
give 34 (C15-R diastereoisomer was abandoned). Then catalytic Pd/C
was added to a solution of 34 in CH2Cl2 and stirred for 3−5 h with a
hydrogen balloon. The Pd/C was filtrated by silica gel in sintered discs
and the organic layer was concentrated in vacuo to give a residue that
was purified by column chromatography using silica gel to give 24 as a
yellow liquid (42% in two steps). 1H NMR (300 MHz, CDCl3) δ 5.46
(d, J = 2.4 Hz, 1H), 3.04−2.75 (m, 6H), 2.59 (dd, J = 10.8, 6.5 Hz, 1H),
2.20 (ddd, J = 14.9, 8.9, 2.4 Hz, 1H), 1.83−1.68 (m, 1H), 1.57−1.44 (m,
3H), 1.42−1.22 (m, 5H). 13C NMR (75 MHz, CDCl3) δ 173.6, 173.2,
109.6, 91.0, 66.7, 60.5, 55.9, 50.4, 35.6, 33.2, 25.6, 23.8, 21.1; IR:
3368, 3292, 2939, 2856, 1740 cm−1; ESI-MS: m/z 235.3 [M + H]+;
HRMS(ESI):m/z 235.1449 [M+H]+, calcd for C13H19N2O2 = 235.1441.
(5S,6S,11aR,11bS)-5-(Methylamino)-4,5,6,8,9,10,11,11a-octahy-

dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (25).
Potassiumphosphate (0.3 equiv)was added to a solutionof (−)-securinine
(1.0 equiv) and 25% methylamine (25 wt % solution in H2O, 2.0 equiv)
in CH2Cl2 andMeOH (10:1) and then stirred for 28 h at rt. The reaction
was quenched with saturated NH4Cl solution and extracted with
CH2Cl2 (4 × 30 mL). The combined organic layer was washed with
brine, dried over MgSO4, filtered, and concentrated in vacuo to give a
residue that was purified by column chromatography using silica gel to
give the desired product 25 (C15-R diastereoisomer was trace) as a
yellow liquid (68% yield). 1HNMR (300MHz, CDCl3) δ 5.60 (d, J = 2.1
Hz, 1H), 3.20−3.23 (m, 1H), 2.88−2.94 (m, 4H), 2.77−2.85 (m, 1H),
2.57−2.62 (m, 1H), 2.42−2.49 (dd, J = 6.0, 10.8 Hz, 1H), 2.36 (s, 3H),
1.82−1.87 (m, 2H), 1.55−1.59 (m, 2H), 1.31−1.43 (m, 4H). 13C NMR
(75MHz, CDCl3) δ 174.2, 173.0, 110.9, 91.3, 62.7, 61.5, 59.7, 48.7, 34.4,
32.3, 29.7, 25.7, 23.7, 21.5; IR: 2935, 2851, 1723, 1643, 1435 cm−1;
ESI-MS: m/z 249.3 [M + H]+; HRMS(ESI): m/z 249.1591 [M + H]+,
calcd for C14H21N2O2 = 249.1598.
(5S,6S,11aR,11bS)-5-(Ethylamino)-4,5,6,8,9,10,11,11a-octahydro-

2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (26). Reac-
tion of (−)-securinine with ethylamine as described for 25 gave the title
compound 26 (the minor C15-R diastereoisomer was abandoned) as
a yellow liquid (69% yield). 1H NMR (300 MHz, CDCl3) δ 5.59 (d, J =
2.4 Hz, 1H), 3.18−3.21 (m, 1H), 3.02−3.06 (m, 1H), 2.88−2.94 (m,
3H), 2.79−2.86 (m, 1H), 2.51−2.64 (m, 3H), 2.46 (dd, J = 6.0, 12.0 Hz,
1H), 1.87 (d, 1H, J = 10.1 Hz), 1.80−1.85 (m, 1H), 1.55−1.61 (m, 1H),
1.15−1.50 (m, 5H), 1.05 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz,
CDCl3) δ 174.4, 173.1, 110.9, 91.4, 63.0, 59.8, 59.2, 48.8, 42.1, 32.3, 30.3,
25.8, 23.8, 21.6, 15.4; IR: 2935, 2852, 1743, 1644, 898 cm−1; ESI-MS:
m/z 263.3 [M + H]+; HRMS(ESI): m/z 263.1754 [M + H]+, calcd for
C15H23N2O2 = 263.1742.
(5S,6S,11aR,11bS)-5-(Propylamino)-4,5,6,8,9,10,11,11a-octahy-

dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (27)
and (5R,6S,11aR,11bS)-5-(Propylamino)-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (30).

Reaction of (−)-securinine with propylamine as described for 25 gave
a mixture of the title compounds 27 and 30 (Rf = 0.34 and 0.36; CHCl3/
MeOH = 8:1) which were separated by column chromatography silica
gel (CHCl3/MeOH = 40:1) to offer two yellow liquids (69% and 17%
yield). 27: 1H NMR (300 MHz, CDCl3) δ 5.57 (d, J = 2.1 Hz, 1H),
3.22−3.16 (m, 1H), 3.01 (dd, J = 6.3, 4.2 Hz, 1H), 2.92−2.75 (m, 3H),
2.58−2.40 (m, 4H), 1.89−1.79 (m, 2H), 1.59−1.25 (m, 9H), 0.85 (t, J =
7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 174.6, 173.1, 110.8, 91.4,
63.0, 59.8, 59.7, 49.7, 48.7, 32.37, 30.4, 25.8, 23.8, 23.4, 21.6, 11.7; IR:
2939, 2860, 1744, 1628, 1451 cm−1; ESI-MS: m/z 277.5 [M + H]+;
HRMS(ESI): m/z 277.1901 [M + H]+, calcd for C16H25N2O2 =
277.1911. 30: 1H NMR (300 MHz, CDCl3) δ 5.55 (s, 1H), 3.34 (d, J =
6.3 Hz, 1H), 3.07−2.84 (m, 4H), 2.72−2.47 (m, 4H), 2.32−2.22 (m,
1H), 1.84 (s, 1H), 1.62−1.11 (m, 9H), 0.92−0.86 (m, 3H). 13C NMR
(75MHz, CDCl3) δ 173.6, 173.3, 109.9, 91.3, 61.8, 61.0, 60.6, 50.1, 48.6,
35.7, 31.3, 25.8, 23.8, 23.5, 21.2, 11.9; IR: 2934, 2851, 1744, 1635,
1442 cm−1; ESI-MS: m/z 277.5 [M + H]+; HRMS(ESI): m/z 277.1905
[M + H]+, calcd for C16H25N2O2 = 277.1911.

(5S,6S,11aR,11bS)-5-(Butylamino)-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (28).
Reaction of (−)-securinine with butylamine as described for 25 gave
the title compound 28 (C15-R diastereoisomer was abandoned) as a
yellow liquid (78% yield). 1H NMR (300 MHz, CDCl3) δ 5.51 (s, 1H),
3.13 (s, 1H), 2.94 (dt, J = 9.9, 5.1 Hz, 1H), 2.87−2.69 (m, 4H), 2.53−
2.33 (m, 4H), 1.84−1.71 (m, 2H), 1.48 (d, J = 11.9 Hz, 1H), 1.44−1.11
(m, 9H), 0.83−0.77 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 174.5,
173.0, 110.7, 91.3, 62.9, 59.7, 59.7, 48.6, 47.4, 32.3, 32.2, 30.3, 25.7, 23.7,
21.5, 20.3, 13.9; IR: 2937, 2851, 1744, 1634, 898 cm−1; ESI-MS: m/z
291.2 [M + H]+; HRMS(ESI): m/z 291.2060 [M + H]+, calcd for
C17H27N2O2 = 291.2067.

(5S,6S,11aR,11bS)-5-(Pentylamino)-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (29).
Reaction of (−)-securinine with amylamine as described for 25 gave
the title compound 29 (C15-R diastereoisomer was abandoned) as a
yellow liquid (76% yield). 1H NMR (300 MHz, CDCl3) δ 5.50 (d, J =
2.2 Hz, 1H), 3.16−3.08 (m, 1H), 2.93 (dt, J = 9.6, 4.8 Hz, 1H), 2.86−
2.69 (m, 4H), 2.52−2.33 (m, 4H), 1.83−1.71 (m, 2H), 1.49 (dd, J =
10.2, 6.7 Hz, 1H), 1.42−1.21 (m, 7H), 1.21−1.12 (m, 4H), 0.78 (t, J =
6.8 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 174.5, 173.0, 110.7, 91.3,
62.9, 59.7, 59.7, 48.6, 47.7, 32.2, 30.3, 29.8, 29.3, 25.7, 23.7, 22.4, 21.5,
13.9; IR: 2936, 2855, 1744, 1635, 898 cm−1; ESI-MS: m/z 305.0 [M +
H]+; HRMS(ESI): m/z 305.2225 [M + H]+, calcd for C18H29N2O2 =
305.2224.

(5R,6R,11aS,11bR)-5-(Propylamino)-4,5,6,8,9,10,11,11a-octahy-
dro-2H-6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-2-one (31).
Reaction of virosecurinine with propylamine as described for 25 gave
the title compound 31 (C15-S diastereoisomer was abandoned) as a
yellow liquid (62% yield). 1H NMR (300 MHz, CDCl3) δ 5.63−5.54
(m, 1H), 3.26−3.13 (m, 1H), 3.02 (dt, J = 12.4, 6.3 Hz, 1H), 2.95−2.75
(m, 4H), 2.50 (tdd, J = 11.2, 13.9, 7.9 Hz, 4H), 1.92−1.79 (m, 2H),
1.62−1.50 (m, 1H), 1.52−1.23 (m, 7H), 0.86 (q, J = 7.0 Hz, 3H). 13C
NMR (75 MHz, CDCl3) δ: 174.5, 173.2, 110.9, 91.4, 63.1, 59.8, 59.7,
49.7, 48.8, 32.3, 30.5, 25.8, 23.8, 23.4, 21.6, 11.7; IR: 2937, 2851, 1744,
1625, 1456 cm−1; ESI-MS: m/z 277.5 [M + H]+; HRMS(ESI): m/z
277.1907 [M + H]+, calcd for C16H25N2O2 = 277.1911.

N-((5S,6S,11aR,11bS)-2-Oxo-4,5,6,8,9,10,11,11a-octahydro-2H-
6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N-propylpro-
pionamide (32).Reaction of propionyl chloride with 27 as described for
7 gave the title compound 32 as a yellow thick liquid (94% yield). 1H
NMR (300MHz, CDCl3) δ 5.60 (s, 1H), 4.24 (s, 1H), 3.43 (s, 1H), 3.10
(dd, J = 9.4, 7.1 Hz, 2H), 2.84 (dd, J = 7.9, 14.0 Hz, 4H), 2.48−2.39 (m,
1H), 2.23 (ddd, J = 9.3, 6.8, 3.0 Hz, 3H), 1.78 (s, 1H), 1.60 (d, J =
11.1 Hz, 1H), 1.51 (d, J = 11.7 Hz, 2H), 1.41−1.25 (m, 4H), 1.08−1.01
(m, 4H), 0.81 (t, J = 6.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 177.8,
174.1, 172.6, 109.7, 90.7, 62.0, 59.8, 56.8, 48.2, 47.9, 33.0, 26.7, 26.6,
25.5, 24.6, 23.3, 21.2, 11.0, 9.3; IR: 2927, 2862, 1760, 1635, 909 cm−1;
ESI-MS: m/z 333.4 [M + H]+; HRMS(ESI): m/z 333.2198 [M + H]+,
calcd for C19H29N2O3 = 333.2172.

N-((5R,6S,11aR,11bS)-2-Oxo-4,5,6,8,9,10,11,11a-octahydro-2H-
6,11b-methanofuro[2,3-c]pyrido[1,2-a]azepin-5-yl)-N-propylpro-
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pionamide (33).Reaction of propionyl chloride with 30 as described for
7 gave the title compound 33 as a yellow thick liquid (92% yield). 1H
NMR (300MHz, CDCl3) δ 5.67 (s, 1H), 4.54−4.40 (m, 1H), 3.52 (dd, J
= 8.6, 7.9 Hz, 1H), 3.36−3.20 (m, 2H), 3.11 (dd, J = 11.2, 4.1 Hz, 1H),
2.89 (ddd, 8.0 Hz, 4H), 2.70 (dd, J = 11.1, 6.5 Hz, 1H), 1.86 (s, 1H), 1.60
(dd, J = 6.5, 4.2 Hz, 2H), 1.46 (d, J = 12.5 Hz, 3H), 1.39−1.32 (m, 2H),
1.13 (dd, J = 7.4, 1.8 Hz, 6H), 0.90 (t, J = 7.3 Hz, 3H). 13C NMR
(75 MHz, CDCl3) δ 175.5, 172.7, 171.7, 111.2, 90.6, 65.0, 60.7, 56.7,
49.2, 46.0, 36.4, 27.0, 26.9, 24.8, 24.5, 23.1, 20.1, 11.3, 8.9; IR:
2941, 2875, 1765, 1639, 905 cm−1; ESI-MS: m/z 333.6 [M + H]+;
HRMS(ESI):m/z 333.2198 [M+H]+, calcd for C19H29N2O3 = 333.2172.
Biological Assays. Cell Culture. Neuro-2a cells were cultured in

MEM medium with 10% fetal bovine serum. Neuro-2a cells were
purchased from American type culture collection (ATCC) company
and maintained at 37 °C under 5% CO2 atmosphere. To study neurite
outgrowth, the culture medium was switched to modified Eargle’s
medium (MEM) supplemented with 0.5% fetal bovine serum (FBS) in
the presence of indicated compounds. For neurite morphology or
Western blot analysis, Neuro-2a cells were seeded in 12-well plates
(1 × 104/well) or 35 mm dishes (6 × 104/dish), respectively.
Immunocytochemistry. Differentiated Neuro-2a cells were fixed in

4% paraformaldehyde (Sigma-Aldrich) for 20 min, and permeablized
with 0.4% Triton X-100 (Sigma-Aldrich). Immunostaining with mouse
anti-β-tubulin III (Sigma-Aldrich) antibody was followed by incubation
with Alexa Fluor-546 goat anti-mouse IgG antibody (Life Technologies)
and DAPI (Life Technologies).
Neurite Outgrowth Assay and Quantification of Neurite Bearing

Cells. Automated fluorescent microscopic images were captured and
analyzed by high content technology using the Thermo Scientific Array-
ScanVTI HCS Reade.34,35 Briefly, 49 pictures around the center of each
well were photographed using a 10× objective. Thenmore than 400 cells
in each well were analyzed by mathematical algorithms used Cellomics
view software for neurite outgrowth counting. Neurite were defined to be
longer than double cell body diameters (40 μm).33 The differentiation
rate and the total neurite average length were analyzed for statistically.
Western Blotting. Neuro-2a cells were seeded in 35 mm dish

(6 × 104/dish) overnight and then incubated with compound 14
for different time (0−120 min) at 37 °C. Cell extract was prepared by
2× SDS sample buffer. Those cell lysates were subsequently separated
on 10% SDS-PAGE, and transferred to PVDF membranes. Membranes
were probed with phosphorylated forms or total CaMKII, Akt,
ERK, P38, and JNK (Cell Signaling Technology) antibodies and then
subsequently with HRP-conjugated anti-rabbit IgG. Immunoreactive
proteins were detected using ECL Plus (GE Healthcare) detect system.
Statistical Analysis.The results are expressed as the mean± standard

error of the mean (SEM). Data were subjected to Student’s t test or one-
way analysis of variance (ANOVA) followed by Tukey’s test to assess the
differences between the relevant control and each experimental group.
A value of P < 0.05 was considered statistically significant.
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