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Abstract

The molecular chaperone heat shock protein 90 (@sig% promising target for cancer therapy.
Natural product aconitine is a potential Hsp90 hitbr reported in our previous work. In this
study, we designed and synthesized a series of
2-((1-phenyl-H-1,2,3-triazol-4-yl)methyl)-2-azabicyclo[3.2.1]oat8-one derivatives as potent
Hsp90 inhibitors by simplifying and modifying actine scaffold. Among these compounddt
exhibited an excellent antiproliferative activitganst LoVo cells with an I value of 0.02 uM
and a significant Hsp@0inhibitory activity with an IGyvalue of 0.71 nM. Molecular docking
studies provided a rational binding modellaft in complex with Hsp9@. The following cell
cycle and apoptosis assays revealed that compbincbuld arrest cell cycle at G1/S phase and
induce cell apoptosis via up-regulation of bax atehved-caspase 3 protein expressions while
inhibiting the expressions of bcl-2. Moreovédt could inhibit cell migration in LoVo and SW620
cell lines. Consistent with vitro results,14t significantly repressed tumor growth in the SW620

xenograft mouse model.

Key words: Hsp90 inhibitors; Aconitine; Structusamnplification; Antiproliferative activity
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1. Introduction

Heat shock protein 90 (Hsp90, 90 kDa) is a ubiagstanolecular chaperone that is
responsible for the maturation, stabilization antivation of numerous client proteins related to
signal transduction in the cell [1, 2]. Hsp90 reges more than 500 clients include many
oncogenic proteinse(g., EGFR, c-Met, Src, Akt, c-Raf, Cdk4, MMP2, HIk)1 which are
necessary for the development and progression rfecd3-9]. Oncogenic mutations of client
proteins require increased Hsp90 activity. In fattp90 is overexpressed in cancer cells 2-10 fold
higher than normal cells and exists as activatetliqchiaperone complexes in cancer cells [10].
Therefore, inhibition of the molecular chaperong®& represents a promising chemotherapeutic
strategy toward the treatment of various typesaoters [2, 11-13].

In humans, Hsp90 exists as four isoforms: Hep3sp9B, glucose-regulated protein 94
kDa (Grp94), and tumor necrosis receptor-associatettin 1 (Trapl) [14]. Hsp@Oand Hsp9p
are localized to the cytoplasm, whereas Grp94 eesid the endoplasmic reticulum, and Trapl is
localized within the mitochondria [15]. Most HspBthibitors are pan-inhibitors that target both
cytosolic isoforms (Hsp@0and Hsp9p) [16]. Hsp90 predominantly exists as a homodinmet ia
composed of three principal domains: the N-termiJdP-binding domain, the middle domain and
the C-terminal dimerization domain [9, 17]. Ovee thast decades, a substantial number of Hsp90
inhibitors have been developed, including N-terminhibitors and C-terminal inhibitors. Most
Hsp90 inhibitors, such as geldanamyci) [18], SNX-5422 ) [19], radicicol @) [20] and
17-allylamino-17-demethoxygeldanamycin (17-AA@), [21] are known to interact with the
ATP-binding pocket in the N-terminal domain of HepWhereas KU-1745§ [22] and novobiocin
(6) [23], have shown effective inhibitory activity bgteracting with the ATP-binding pocket in
the C-terminal domain of Hsp9®i¢. 1). However, none of the Hsp90 inhibitors have been
approved by the U.S. Food and Drug AdministratieDA) for the treatment of cancer, challenges
such as concomitant induction of the pro-survivakhthshock response, hepatotoxicity and
multidrug resistance, have impeded their clinigalation [13, 24, 25]. Hence, the discovery of
novel Hsp90 inhibitors with better biological adties and fewer side effects is still a demanding
task.

Natural products (NPs) have been prominent in theeldpment of new antitumor agents [11,

26]. However, NPs generally have structurally cargrameworks and high molecular weights,
3
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leading to synthetic difficulty, unfavorable phaicn&inetic profiles, and poor drug-likeness [26].
Therefore, simplifying complex structures of NP4ile retaining the desired biological activity,
is a valid and meaningful strategy in drug develepmprocess. This strategy has been
successfully used in the lead optimization of NRd gielded a number of marketed drugs and
drug candidates [27-29]. A classic example of tieictural simplification of NPs is the
development of simplified morphine-derived analge<.g., butophanol, pentazocine, pethidine
and methadone), in which the complex pentacyclgtesy of morphine was simplified via the
removal of unnecessary fragments [30].

Aconitine (7), a diterpenoid alkaloid isolated from the Chingéants of Aconitum genera
(Ranunculaceae family), has been reported to shifectiee anticancer properties such as
interfering with the cell cycle, inducing apoptgsasd altering multidrug resistance [31, 32]. Our
previous investigation indicated the potentialdoonitum alkaloids as Hsp90 inhibitor for cancer
treatment [33]. However, the structural complextyd natural scarcity hampered the possibility
of its clinical application [34, 35]. Thus, the easch for more available aconitine analogs with
concise framework could be a meaningful work. Aevah in Fig. 2, most aconitum alkaloids
share the general structures and ring numberinigrags Previous structure-activity relationship
(SAR) studies have indicated that A-E-F ring frarogivis essential to biological activity of
aconitine-type natural products [34]. Additionallypur team recently illustrated the
structure-toxicity relationship (STR) of aconitutkadoids, and revealed that hydrophilic groups
substituted at C2 and C3 (ring A), C8 and C15 (@)gnay be related to neurological toxicities
[36]. Analogously, the ester substituents at Cldg(B) and C8 (ring D) could cause cardio
problems according to Nyirimigabo’s reports [379. this end, our design strategy thus focuses on
retaining the E-F ring framework that simplified @®-azabicyclo[3.2.1]octane. In addition, the
C1 and C10 methyl group are highly conserved amblocg! group at C19 plays crucial roles in
biological functions [38], which thus maintainedaaor design. Based on the deep understanding
of the crystallographic structure of Hsp90 (PDB HEXJX), fragment-based drug design strategy
was carried out with 2-azabicyclo[3.2.1]octan-3-@®a core moiety. Using fragment growing
method, a lipophilic phenyl moiety was introducatbithe molecule, which was connected to the
N18 atom of 2-azabicyclo[3.2.1]octan-3-one coreotigh a 1,2,3-triazole. Continuing our

previous work [39], we reported herein the designd asynthesis of a series of
4
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2-((1-phenyl-H-1,2,3-triazol-4-yl)methyl)-2-azabicyclo[3.2.1]oat8-one derivativesl@da-V) as

potent anticancer agents. In addition to the calladnd enzymatic activities evaluations, the
molecular docking study was carried out. Moreogel, cycle arrest, apoptosis and cell migration
were investigated and we further biologically eadtd anticancer effects through a xenograft

mouse model.

2. Results and discussion
2.1. Chemistry

The synthetic route of
2-((1-phenyl-H-1,2,3-triazol-4-yl)methyl)-2-azabicyclo[3.2.1]oat8-one derivativesl@da-\) is
shown in Scheme 1 Commercially available @-(-)-camphor 8) was treated with
hydroxylamine to give oxim8 according to the synthetic protocol described byskaorou [40].
In this procedure, compountlo, as a key intermediate, was produced from the Beokma
rearrangement of @-(-)-camphor oximeq). Briefly, (19-(-)-camphor oxime9q) was activated
with methanesulfonyl chloride to produce sulfonmtiermediate, then Beckmann rearrangement
proceeded via the departure of the sulfonate gemgpbmigration of the antiperiplanar carbon to
the nitrogen, and tautomerized to camphor lact@1]. Camphor lactaniO shared the same
stereo configuration with the corresponding moietyaconitine. Compoundl was synthesized
from the camphor lactart0 by the action of sodium hydride in dry THF follogvby addition of
the propargyl bromide. The preparation of variauisstitute azido benzen&8a-vwas performed
via diazo-reaction and displacement reaction wattiiem azide. The 1,3-dipolar cycloaddition of
compoundll with various azido benzené8a-vwas subsequently carried out in the presence of

copper (Il) sulfate and ascorbic acid to give taggenpoundd.4a-v.

2.2. Biological evaluation
2.2.1. In vitro cytotoxicity assay and heat shock protein 90 inhibition

In this study, MTT assay was used as a prelimirgogeen for evaluation aifn vitro
cytotoxicity. The antiproliferative effect of athitget compoundsdléa-v) was evaluated against six
cancer cell lines: A549, OVCAR-3, HepG2, LoVo, PANCand SGC7901. The results were

expressed as kgvalues and summarized Table 1, and 17-AAG 4), a typical Hsp90 N-terminal
5
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inhibitor, was used as a reference compound.

As shown in  Table 1, most of the newly synthesized
2-((1-phenyl-H-1,2,3-triazol-4-yl)methyl)-2-azabicyclo[3.2.1]oat8-one derivatives presented
excellent potency against all six cancer cell litlean 17-AAG, revealing that our designed
skeleton was greatly beneficial to inhibit tumoll @gowth. In addition, all target compounds,
except compoundd4a-g 14p and 14r, had better antiproliferative ability against Loells
compared to other five cancer cell lines. Among¢éheompoundsl4j, 141, 14m, 14p, 14q, 14t
and 14v showed robust activity against A549, OVCAR-3, H@p@nd LoVo cells. Most
importantly, compound4t showed potent activities against six cancer cedidiwith 1G, values
from 0.02 uM to 0.12 puM, and displayed the besvigtagainst LoVo cells with an 1§ value of
0.02 pM. Compound4q also exhibited strong antiproliferative activityaanst A549, OVCAR-3,
HepG2 and LoVo cells, with kg values of 0.06 pM, 0.05 uM, 0.06 puM and 0.07 pM,
respectively.

The structure-activity relationship (SAR) studiesealed that the halogen substituents were
advantageous to anticancer activities. From thalteest seemed that theeta-derivatives usually
possessed higher potency in LoVo cell line thawritlso- andpara-derivatives when R group was
a halogen€g., 14q versusl4p, 14r; 14t versusl4s 14u). For themeta-derivatives, when R = F
(14n), Cl (149) or Br (141), the antiproliferative activity of compounds waetter than the other
groups €.g., 14b, 14e 14h and 14k). Particularly, the antiproliferative activity dghe bromo
analogs 14s 14t and14u) were superior to the chloro analodg, 14g and14r) and the fluoro
analogs 14m, 14n and 140 in LoVo cell line. Correspondingly, compouridit with R group

substituted by a bromo at theta-position presented excellent anticancer activities

On the basis of antiproliferative activity, inhitmiy effects of compoundsdj, 141, 14m, 14p,
14q, 14t and 14v were tested against six normal cell lines: MRAGSESD, LO2, NCM460,
HPDEG6-c7 and GSE-1 to evaluate their toxicity aatety. The results were expressed agCC
values and recorded ifable 2 Selectivity index (SI) of the drug representsafe srange for
evaluating and judging drug effects [42]. The Sueaof the compound was obtained by dividing
CGCs value of the compound against the normal cell|@yy value of this compound against the

corresponding cancer cell lin€&i§. 3). The larger the index is, the more extensive ghfety
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ranges. It can be seen from fhig. 3, seven candidate compounds showed high drug seiect
toward liver and colon cancer cell lines. MoreowempoundL4t was the most selective, showing
Sl values in the range of 82-527 toward the sixceacell lines. Besidey vitro human Hsp9@
inhibitory activity studies were performed on sewampounds and the results were summarized
in Table 3 From the results, compoundsdj, 14m 14p, 14q and 14t show significant
improvement in Hsp30 inhibitory potency compared to 17-AAG. Especialtpmpoundl14t
exhibited the best Hsp8dnhibition (ICs = 0.71 nM) among the tested compounds. This result
was consistent with MTT assays.

In summary, our results indicated that most of theget compounds had excellent
antiproliferative ability against LoVo cells compdrto other five cancer cell lines, and the
introduction of halogens was superior to the otheyups. Based on selectivity index, seven
candidate compounds displayed the highest drugtsatg for liver and colon cancer cell lines.
Among these compoundg4t had stronger ability to inhibit both cell viabylitand Hsp9a
enzyme activity than 17-AAG and had more potergfainedicinal research significance on the
discovery of novel Hsp90 inhibitors. With the abamansideration, our study mainly focused on

the inhibitory effects of compouridi on colon cancer cell lines.

2.2.2. Molecular docking study

In order to identify the interactions of compoub#t with the amino acid residues of Hsp90,
docking studies were performed using Molecular @fieg Environment software (MOE, Version
2015.10). The target protein HspO(PDB ID: 2XJX, Resolution 1.66 A) was retrievedrfr
Protein Data Bank (PDB) and used for docking sitima As illustrated irfFig. 4, compoundL4t
occupied a deep ATP-binding pocket of Hsp9he O atom of lactam group accepted an H-bond
from the Asn106 and H-bond distance was 2.6 A, laydrogen bonding energy component
contributed -1.5 kcal/mol to the binding. The azgblio group linked to the amino acid residue
Aspl102 via a water bridge. Moreover, th& B5)-1,8,8-trimethyl-2-azabicyclo[3.2.1]octan-3-one
moiety formed hydrophobic interactions with resisliudet98, Lys58 and Asp54. In addition,
docking study identified a key hydrophobic interaict between the 1,2,3-triazole moiety and
Asn51. Interestingly, bromine atom formed a crubi@iogen bond with carboxyl group of Asp93,

which contributed -5.9 kcal/mol to the binding.
7
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2.23. Cdl cycle assay

Colon cancer is one of the most common malignarini¢se world, approximately 90% of
colon cancer deaths arise from cancer metasta8is44]. To investigate the mechanism of
cellular cytotoxicity, high metastatic LoVo and S@@6cell lines were treated with different
concentrations of compouridit (0, 20, 40, and 80 nM) for 24 h. The effects ahpoundl4t on
cell cycle distribution were determined by flow agtetry analysis using propidium iodide (PI)
staining Fig. 5A). The analysis indicated that, as the concentraifdhel4t increased, the cells
in the GO/G1 phase increased, and the cells iG&/& phase decreased. Eventually, compound
14t induced cycle arrest of LoVo and SW620 cells at 81/S phaseF{g. 5B), suggesting that

this might be one of the possible mechanisms fitulae cytotoxicity.

2.24.  Cdl apoptosis assay

Most chemotherapeutic drugs eventually induce apigin cancer cells when they inhibit
cell cycle progression, thereby achieving antitumibects [45]. Therefore, to determine whether
the cell cycle arrest caused by the compolidticould ultimately induce apoptosis, LoVo and
SW620 cells were treated with different concentragi of compound4t (0, 20, 40, and 80 nM)
for 24 h, then collected and stained with Annex#IVC and Pl double staining. The apoptotic
effects of compound4t were determined by flow cytometry analysis. As tanseen from the
Fig. 6A, the apoptotic rate of LoVo cells was 3.2%, 6.8%%, and 32.3% for each concentration
respectively. With the increase in concentratidie, &poptotic rate increased, of which the late
apoptosis rates were 1.6%, 3.1%, 5.4%, and 24.98&eker, the apoptotic rate of SW620 cells
was 3.0%, 13.6%, 23.2%, and 49.9% for each coraténrrespectively. With the increase in
concentration, the percentages of apoptotic celewg@nificantly increased from 3.0% to 49.9%
(Fig. 6B). The late apoptotic rates of SW620 cells weré4l.8.5%, 15.1%, and 29.3%. These
results indicated that compoudt could induce apoptosis in the two colon cancdrlicels, and

that SW620 cells were more prone to apoptosis tlo&f cells afterl4t treatment.

2.25.  Theeffects on apoptosis-related proteins of 14t-treated LoVo and SW620 cells

To elucidate the underlying mechanism of apoptogisiced byl4t, western blot analysis
8
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was performed to study the expression levels ofptsis-related proteins. It has been
demonstrated that bcl-2 family proteins play a @&umle in regulating the apoptotic pathway,

including pro-apoptotic bax and anti-apoptotic Bgbroteins [46]. Thus, proteins were treated
with 14t at different concentrations (0, 20, 40 and 80 nafid the results showed that the levels
of bax were markedly increased in the presendelbfwhereas levels of bcl-2 were decreased. To
further explore the mechanism of apoptosis, we dletde the protein expression of

cleaved-casepase 3 and caspase 3. As shoWwig.irvA, the activation of caspase-3 caused an

increase in cleaved-caspase 3 protein levels, eatytinduced apoptosis.

2.2.6.  Cdl migration and wound healing assays

Cell migration is a vital possession involved i tfissemination of cancerous cells mostly
during cancer metastasis [47]. Herein, we invetgijghe effects of4t on the migration of LoVo
and SW620 cells in a transwell assay. From thdtsgsuwas clearly observed thidt preventing
the migration of LoVo and SW620 cells in a doseahglent manner, and the inhibition of SW620
cells migration was more promineritig. 8A and8B). Wound healing assays also supported the
conclusion thafl4t suppressed the migration of LoVo and SW620 cele fiesults showed that,
comparison of inhibitory effects on the migratiohLoVo and SW620 cells with control group,
the effects of compounti4t were significantly different (P < 0.001). In adadit, the effect was
statistically significant after 24 h of incubatiahthe concentration of 80 nM, in comparison with

control cells, keeping the wound nearly intact We20 cell monolayerd=g. 8B).

2.217. In vivo antitumor effects of compound 14t

To evaluate thén vivo anti-colon cancer activity of compouiddt, BABL/c nude mice were
inoculated subcutaneously with colonic cancer SW6@lls. After the establishment of solid
tumor, two groups of the mice were intraperitoneéleated with 5 mg/kg of 17-AAG antit
daily for 21 consecutive days, respectively. Thess no significant body weight loss and no
obvious adverse effects were observed during theysfig. 9A), indicating thatl4t has low
toxicity in mice. Moreover, it could be seen frdfig. 9B and9C that in comparison with the
vehicle-treated controls, treatment witldt at 5 mg/kg significantly inhibited the growth of

implanted colon tumors. As depictedrig. 9D, compoundL4t achieved significant tumor growth
9
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inhibition with tumor growth inhibition (TGI) valuef 81.6%. In contrast, 17-AAG failed to exert
significant tumor growth inhibition (TGI = 29.6%3% @ompared witi 4t.

Immunohistochemical labeling of tumor tissue wasfqgrened using antibodies for cell
proliferation marker (Ki67) and apoptotic cell deafCleaved-caspase 3). The result was
consistent with the above results that the exppassi Ki67 in tumors was significantly decreased
by treatment withl4t. Simultaneously, the expression of cleaved-casgadse tumors was
significantly increased, antit-treated group exhibited greater efficacy thaniAeAAG-treated

and control groupKig. 9E).

3. Conclusion

In this study, in order to find novel Hsp90 inhdbk, a series of
2-((1-phenyl-H-1,2,3-triazol-4-yl)methyl)-2-azabicyclo[3.2.1]Joat8-one derivatives consisting
of simplified and modified aconitine scaffold wassthned, synthesized and tested for their
antiproliferative ability against six cancer cétlds. Among these compoundslt was identified
to be the most promising one with excellent antifexative effects against LoVo cells (&=
0.02 uM) and significant Hsp@anhibitory activities (IGo= 0.71 nM). Molecular docking studies
were employed to support the experimental resulisthe key interactions were identified. Flow
cytometry analysis indicated that compoutt could induce cell cycle arrest at the G1/S phase.
Additionally, Annexin V-FITC assay and western blabalysis revealed thal4t inhibited
proliferation of cancer cells by inducing apoptogs up-regulating bax, cleaved-caspase 3, and
down-regulating bcl-2 protein expression levelsn€§istent with then vitro results, treatment
with 14t effectively suppressed the volumes and size afrctdmors in mice. Overall, our work
successfully identified a series of novel Hsp9akitbrs derived from aconitine through structural
simplification and modification. Compouritht, as a promising lead, is worthy for the further

investigation.

4. Experimental
4.1. Chemistry
All reagents and solvents were purchased from cawialesources and dried prior to use

unless noted otherwise. Reactions were monitoredhimylayer chromatography on 0.25 mm
10
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silica gel plates (GF254) and visualized under igi¥itl Melting points were determined with an
electro thermal melting point apparatus, are umobed. Optical rotations were measured by
WZZ-3 polarimeter in the solvent indicateti NMR and**C NMR spectra were recorded at
23 °C in CDC} on a Bruker spectrometer using TMS as the intesteidard. Chemical shifts
were reported a8 (ppm) and signal splitting patterns were descriaedainglet (s), doublet (d),
triplet (t), quartet (g), quintet (quint), or mulet (m), with coupling constants)(in hertz.
High-resolution mass spectra (HRMS) were obtaine@m electron spray injection (ESI) Bruker
micrOTOF-Q mass spectrometer. The purity of thgeacompounds was confirmed by HPLC
analysis performed on Waters BDSs@200 mm x4.6 mm, 5 um) eluting at 1.0 mL/min of

methanol and water (50:50 v/v).

4.1.1.  Synthesisof (19 -(—)-camphor oxime (9)

A solution of (19-(-)-camphor 8) (3.0 g, 19.7 mmol), hydroxylamine hydrochloride1( g,
30.2 mmol) in water (11 mL) was heated at 80 °Cenrmdtrogen. To the stirred suspension was
added MeOH (16 mL) followed by a solution of sodiacetate (3.9 g, 47.5 mmol) in water (8
mL). The reaction mixture was heated at reflux umdgogen for 9 h, the methanol was removed
in vacuo, and the aqueous suspension was filtared. filtered solid was washed with water,
recrystallized from 95% EtOH, and dried to ge®){{-)-camphor oxime q) as a white solid
(2.33g, 71% yield). Mp: 117-119 °GH NMR (600 MHz, CDC}) 6 8.13 (s, 1H), 2.56 (df] =
17.8, 3.8 Hz, 1H), 2.06 (d,= 17.8 Hz, 1H), 1.93 (] = 4.4 Hz, 1H), 1.85 (ddd,= 12.4, 8.1, 3.9
Hz, 1H), 1.71 (tdJ = 12.2, 4.2 Hz, 1H), 1.49 — 1.44 (m, 1H), 1.27.211(m, 1H), 1.01 (s, 3H),
0.93 (s, 3H), 0.81 (s, 3H}*C NMR (150 MHz, CDG)) § 169.96, 51.86, 48.35, 43.72, 33.11,

32.75, 27.73, 19.45, 18.64, 11.19.

4.1.2.  Synthesisof (1S59)-1,8,8-trimethyl-2-azabicycl o[ 3.2.1] octan-3-one (10)

To a stirred solution of @-(-)-camphor oxime9q) (5.38 g, 32.20 mmol) in pyridine (25 mL)
at —22 °C, then methanesulfonyl chloride (5.0 m.,16 mmol) was added dropwise. The reaction
mixture was stirred at —22 °C for 3 h and thent#maperature was raised. After 2 h of additional
stirring at room temperature, the mixture was pdumeto iced water and extracted with DCM (3

x 50 mL). The combined organic extracts were washét sodium bicarbonate and brine,
11
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concentrated under reduced pressure. The residsi@puvdied by flash chromatography on silica
gel (chloroform-acetone, 3:1) to get camphor lacifnas a white solid (0.39 g, 7.2% yield). Mp:
196-197 °C.*H NMR (600 MHz, CDC}) § 6.77 (s, 1H), 2.60 (ddd} = 18.1, 4.7, 2.5 Hz, 1H),

2.17 (dd,J = 18.1, 1.6 Hz, 1H), 2.08 — 2.01 (m, 1H), 2.01.961(m, 1H), 1.95 — 1.88 (m, 2H),

1.54 — 1.47 (m, 1H), 1.13 (s, 3H), 1.02 (s, 3HY70(s, 3H)."*C NMR (150 MHz, CDG)) 6

172.69, 63.65, 43.44, 42.84, 40.11, 39.44, 27.344 18.43, 17.95.

4.1.3. Yynthesis of (1S59-1,8,8-trimethyl-2-(prop-2-yn-1-yl)-2-azabicyclo[ 3.2.1] octan-3-one
(1)

To a stirred solution of 859)-1,8,8-trimethyl-2-azabicyclo[3.2.1]octan-3-o(k)) (0.65 g,
3.89 mmol) in dry THF (20 mL) at 0 °C was added NA@HJ1 g, 4.66 mmol). After being stirred
for 1 h, propargyl bromide (0.51 g, 4.27 mmol) veaisled, and then the solution was stirred for 4
h at room temperature. The mixture was quenchel seiturated water and extracted with DCM
(3 x 20 mL). The combined organic extracts werehagdswith brine, dried over N&Q,, filtered,
and concentrated to give the crude product. Thedecrproduct was purified by flash
chromatography on silica gel (petroleum ether-EtD2&) to get compoundl as a grey solid
(0.33 g, 41% yield). Mp: 183-187 °¢H NMR (600 MHz, CDC}) 6 4.32 (dd,J = 17.7, 2.1 Hz,
1H), 4.01 (ddJ) = 17.7, 2.1 Hz, 1H), 3.08 (,= 2.4 Hz, 1H), 2.56 — 2.51 (m, 1H), 2.16 — 2.05 (m
2H), 1.97 (tddJ = 11.2, 5.7, 3.2 Hz, 1H), 1.85 (= 5.4 Hz, 1H), 1.80 (ddd] = 13.5, 12.0, 5.2
Hz, 1H), 1.41 — 1.35 (m, 1H), 1.32 (s, 3H), 0.933(d), 0.89 (s, 3H)**C NMR (150 MHz, CDG))

0169.52, 82.14, 73.42, 69.11, 44.69, 42.46, 38092, 28.39, 25.01 (2C), 18.26, 17.02.

4.1.4.  Synthesisof 1-azido-2-hydroxybenzene (13a)

To a solution of 2-hydroxyanilinelRa) (1.0 g, 9.16 mmol) in DCM (15 mL) at 0 °C was
added concentrated hydrochloride (37%, 1.08 g, frintbl), followed by a solution of NaNO
(0.76 g, 11.0 mmol) in 10mL 4@ by consecutive dropwise addition over a period®Mmin with
stirring. After stirring for a further 1 h, a salorh of NaN; (0.77g, 11.91 mmol) in $#0 (5 mL) was
added to the above reaction mixture with stirrifigne reaction mixture was warm to room
temperature and stirred for 4 h. Then the soluti@s poured into D, extracted with DCM (3 x

20 mL), dried over N#&Q,, filtered and concentrated in vacuo to gh&a as yellow oil (1.20 g,
12
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97% yield), which was used for the next step wittfatther purification.
Compoundsl3b-v were prepared with the same method and the apatepsubstituted

aniline.

4.15. Yynthesis of (1S59-2-((1-(2-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimet
hyl-2-azabicyclo[ 3.2.1] octan-3-one (14a)

To a stirred solution of 1-azido-2-hydroxybenzeb@d (180 mg, 1.65 mmol) in tBuOH (10
mL), the water solution (10 mL) of copper sulfaEnfahydrate (37 mg, 0.15 mmol) and ascorbic
acid (79 mg, 0.45 mmol) was added, and the®58-1,8,8-trimethyl-2-(prop-2-yn-1-yl)
-2-azabicyclo[3.2.1]octan-3-ond1) (287 mg, 1.5 mmol) was added. The reaction mixtuas
stirred at 60 °C for 8 h and then was concentratedcuo, diluted with BD and extracted with
EtOAc (3 x 15 mL). The combined organic phases vaegied over anhydrous NaO,, filtered,
and concentrated under reduced pressure. The eegids purified by flash chromatography on
silica gel (petroleum ether-EtOAc, 1:1) to give thrget compound4a

Target compoundd4b-v were prepared with the same method and the camegm

substitute azide benzené&3p-v).

4.1.6. (1S59-2-((1-(2-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicy
clo[3.2.1] octan-3-one (14a). A grey oil, yield: 72%][a]p®> = + 23.4 (c = 1.0 in EtOHJH NMR
(600 MHz, CDC}) § 10.12 (s, 1H), 8.25 (s, 1H), 7.49 (ddk 8.1, 1.4 Hz, 1H), 7.28 (dd,= 6.9,

1.3 Hz, 1H), 7.17 (dd] = 8.2, 1.2 Hz, 1H), 7.00 — 6.96 (m, 1H), 4.81J&, 15.3 Hz, 1H), 4.74 (d,
J=15.3 Hz, 1H), 2.73 (ddd,= 18.2, 4.8, 2.5 Hz, 1H), 2.27 (dbl= 18.1, 1.3 Hz, 1H), 2.04 (dd,

= 6.3, 3.8 Hz, 1H), 1.92 — 1.86 (m, 2H), 1.85 (dld, 11.6, 5.7 Hz, 1H), 1.45 (s, 3H), 1.43 (dd;
9.2, 5.7 Hz, 1H), 0.98 (s, 3H), 0.92 (s, 3HE NMR (150 MHz, CDGJ) 6 171.92, 149.18, 145.50,
129.55, 122.99, 122.05, 120.20, 120.13, 119.03469A14.69, 42.37, 39.94, 38.77, 37.45, 28.31,
25.05, 18.19, 17.50. ESI-HRMS calcd forg@sN40, [M + H] *341.19775, found: 341.19712.

HPLC purity of 98.831% (retention time = 2.422).

4.1.7. (1S59-2-((1-(3-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicy

clo[ 3.2.1] octan-3-one (14b). A brown oil, yield: 76%. ¢]p>°> = + 43.9 (c = 1.0 in EtOH}H NMR
13
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(600 MHz, CDC}) 6 10.25 (s, 1H), 8.17 (s, 1H), 7.88Jt= 2.1 Hz, 1H), 7.34 () = 8.1 Hz, 1H),
7.20 (ddJ = 7.9, 1.4 Hz, 1H), 6.97 (dd,= 8.2, 1.8 Hz, 1H), 4.85 (d,= 15.3 Hz, 1H), 4.73 (d]

= 15.2 Hz, 1H), 2.76 (ddd, = 18.2, 4.8, 2.4 Hz, 1H), 2.35 — 2.28 (m, 1H),72-02.01 (m, 1H),
1.93 — 1.88 (m, 2H), 1.84 (ddd= 13.8, 12.0, 5.4 Hz, 1H), 1.47 (db= 9.4, 4.0 Hz, 1H), 1.44 (s,
3H), 0.97 (s, 3H), 0.91 (s, 3HYC NMR (150 MHz, CDGJ)) ¢ 172.35, 158.64, 145.93, 137.62,
130.62, 121.78, 116.44, 110.50, 107.68, 70.15,74448.27, 39.90, 38.71, 37.54, 28.31, 25.02,
18.16, 17.40. ESI-HRMS calcd for,&,sN4O, [M + H] *341.19775, found: 341.19748. HPLC

purity of 98.047% (retention time = 2.814).

4.1.8.  (1S59-2-((1-(4-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicy
clo[3.2.1] octan-3-one (14c). A grey oil, yield: 74%[a]p*° = + 67.2 (c = 1.0 in EtOHYH NMR
(600 MHz, CDC}) 6 9.89 (s, 1H), 7.93 (s, 1H), 7.46 (= 8.8 Hz, 2H), 6.98 (d] = 8.8 Hz, 2H),
4.76 (ddJ = 38.6, 15.2 Hz, 2H), 2.81 — 2.73 (m, 1H), 2.31J(d 18.2 Hz, 1H), 2.05 (s, 1H), 1.95
(ddd,J = 16.4, 9.7, 4.8 Hz, 2H), 1.91 — 1.84 (m, 1H),21(5, 3H), 1.49 — 1.42 (m, 1H), 1.00 (s,
3H), 0.93 (s, 3H)*C NMR (150 MHz, CDGJ) ¢ 172.65, 158.13, 145.36, 129.36, 121.93, 121.90
(2C), 116.41 (2C), 70.32, 44.72, 42.23, 39.83, 38.97.75, 28.39, 25.07, 18.19, 17.49.
ESI-HRMS calcd for @H,sN40, [M + H] *341.19775, found: 341.19700. HPLC purity of 97.913%

(retention time = 2.325).

4.19. (1S59-1,8,8-trimethyl-1-((2-(o-tolyl)-1H-1,2,3-triazol-4-yl)methyl)-2-azabicycl o[ 3.2.1]
octan-3-one (14d). A grey oil, yield: 79%[o]p?° = + 28.4 (c = 1.0 in EtOH}H NMR (600 MHz,
CDCly) 6 7.79 (s, 1H), 7.41 — 7.37 (m, 1H), 7.350¢; 7.4 Hz, 1H), 7.32 (dd = 3.9, 1.2 Hz, 2H),
4.85 (d,J = 15.3 Hz, 1H), 4.74 (d| = 15.3 Hz, 1H), 2.72 (ddd,= 18.1, 4.9, 2.5 Hz, 1H), 2.25 (dd,
J=18.1, 1.4 Hz, 1H), 2.18 (s, 3H), 2.04 (ddd; 9.3, 4.5, 2.4 Hz, 1H), 1.91 @,= 5.3 Hz, 1H),
1.89 — 1.80 (m, 2H), 1.45 (s, 3H), 1.44 — 1.41 Ti), 0.98 (s, 3H), 0.92 (s, 3HFC NMR (150
MHz, CDCk) ¢ 171.40, 145.78, 136.56, 133.52, 131.38, 129.76,772 125.95, 124.95, 69.71,
44.64, 42.49, 40.06, 38.70, 37.55, 28.34, 25.05141817.84, 17.53. ESI-HRMS calcd for
CuoH2N,O [M + H] ©339.21849, found: 339.21812. HPLC purity of 96.178%4ention time =

2.322).
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4.1.10. (1S59-1,8,8-trimethyl-1-((2-(m-tolyl)-1H-1,2,3-triazol-4-yl)methyl)-2-azabicycl o] 3.2.1

] octan-3-one (14€). A grey oil, yield: 81%][o]p” = + 30.9 (c = 1.0 in EtOH}H NMR (600 MHz,
CDCl) 6 8.06 (s, 1H), 7.57 (s, 1H), 7.54 (M= 8.0 Hz, 1H), 7.37 (t) = 7.8 Hz, 1H), 7.22 (d] =

7.5 Hz, 1H), 4.76 (dd] = 40.8, 15.2 Hz, 2H), 2.73 (dd= 18.1, 1.9 Hz, 1H), 2.43 (s, 3H), 2.26 (d,
J=18.0 Hz, 1H), 2.04 (s, 1H), 1.92 — 1.80 (m, 3H%9 — 1.41 (m, 4H), 0.97 (s, 3H), 0.92 (s, 3H).
¥C NMR (150 MHz, CDGJ) ¢ 171.52, 146.39, 139.84, 136.99, 129.44, 129.27,512 120.89,
117.35, 69.72, 44.64, 42.46, 40.03, 38.70, 37.8B8B12 25.05, 21.37, 18.18, 17.51. ESI-HRMS
calcd for GgH27N4O [M + H] 7339.21849, found: 339.21807. HPLC purity of 98.72@@&tention

time = 2.325).

41.11. (1S59-1,8,8-trimethyl-1-((2-(p-tolyl)-1H-1,2,3-triazol-4-yl)methyl)-2-azabicycl o[ 3.2.1]
octan-3-one (14f). A brown oil, yield: 89%][o]p*° = + 32.4 (¢ = 1.0 in EtOH}H NMR (600 MHz,
CDCl) 6 8.04 (s, 1H), 7.62 (d} = 8.1 Hz, 2H), 7.29 (d] = 7.9 Hz, 2H), 4.75 (ddl = 42.2, 15.2

Hz, 2H), 2.73 (dJ = 18.0 Hz, 1H), 2.41 (s, 3H), 2.26 (s 18.1 Hz, 1H), 2.02 (dl = 4.4 Hz,

1H), 1.94 — 1.86 (m, 2H), 1.83 (d#i= 12.1, 5.1 Hz, 1H), 1.48 — 1.39 (m, 4H), 0.973(3), 0.92

(s, 3H). *C NMR (150 MHz, CDGJ) 6 171.54, 146.34, 138.61, 134.79, 130.14 (2C), B1.4
120.19 (2C), 69.73, 44.65, 42.46, 40.03, 38.758728.32, 25.06, 21.07, 18.18, 17.52.

ESI-HRMS calcd for GH,N,O [M + H] *339.21849, found: 339.21826. HPLC purity of 98.181%

(retention time = 2.327).

41.12. (1S59-2-((1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabic
yclo[3.2.1] octan-3-one (14g). A grey oil, yield: 84%[a]p?® = + 23.8 (c = 1.0 in EtOHYH NMR
(600 MHz, CDC}) § 8.10 (s, 1H), 7.74 (dd,= 7.9, 1.6 Hz, 1H), 7.43 — 7.39 (m, 1H), 7.10647.
(m, 2H), 4.85 (dJ = 15.3 Hz, 1H), 4.75 (d} = 15.3 Hz, 1H), 3.85 (s, 3H), 2.73 (ddds 18.1, 4.9,
2.5 Hz, 1H), 2.26 (dd] = 18.1, 1.3 Hz, 1H), 2.04 (s, 1H), 1.92 — 1.88 2id), 1.81 (ddd) = 13.8,
12.0, 5.4 Hz, 1H), 1.47 — 1.43 (m, 1H), 1.42 (s),3H97 (s, 3H), 0.95 (s, 3H)’C NMR (150
MHz, CDCk) ¢ 171.34, 151.16, 145.32, 130.00, 126.38, 125.44),(2€1.05, 112.12, 69.65,
55.90, 44.66, 42.49, 40.08, 38.63, 37.60, 28.36072518.13, 17.49. ESI-HRMS calcd for
CooHoMNLO, [M + H] ©355.21340, found: 355.21283. HPLC purity of 95.87@%ention time =

2.345).
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4.1.13. (1S59-2-((1-(3-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabic
yclo[3.2.1] octan-3-one (14h). A grey oil, yield: 86%]o]p*° = + 47.1 (c = 1.0 in EtOHYH NMR

(600 MHz, CDC}) ¢ 8.07 (s, 1H), 7.39 (11 = 8.1 Hz, 1H), 7.35 (s, 1H), 7.29 {t= 8.8 Hz, 1H),

6.97 — 6.92 (m, 1H), 4.76 (dd= 43.5, 15.2 Hz, 2H), 3.87 (s, 3H), 2.73 (dd; 18.0, 1.9 Hz, 1H),
2.26 (d,J = 18.1 Hz, 1H), 2.06 — 2.00 (m, 1H), 1.92 — 1.80 8H), 1.47 — 1.41 (m, 4H), 0.98 (s,
3H), 0.93 (s, 3H)"*C NMR (150 MHz, CDGJ) 5 171.48, 160.51, 146.46, 138.07, 130.42, 121.53,
114.58, 112.20, 105.87, 69.71, 55.62, 44.64, 42@%3, 38.70, 37.49, 28.31, 25.05, 18.18, 17.51.
ESI-HRMS calcd for GH,/N4O, [M + H] ¥ 355.21340, found: 355.21268. HPLC purity of 94.876%

(retention time = 2.362).

4.1.14. (1S59-2-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabic
yclo[3.2.1] octan-3-one (14i). A grey oil, yield: 81%][a]p®> = + 27.6 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) § 7.99 (s, 1H), 7.64 (d} = 9.0 Hz, 2H), 7.00 (d] = 9.0 Hz, 2H), 4.78 (d] =
15.2 Hz, 1H), 4.71 (d] = 15.2 Hz, 1H), 3.86 (s, 3H), 2.73 (ddbk= 18.1, 4.9, 2.5 Hz, 1H), 2.26
(dd,J = 18.1, 1.5 Hz, 1H), 2.05 (s, 1H), 1.92 — 1.86 2H), 1.82 (ddd,) = 13.8, 11.8, 5.4 Hz,
1H), 1.45 (s, 3H), 1.43 (dd,= 9.4, 5.3 Hz, 1H), 0.98 (s, 3H), 0.93 (s, 3fC NMR (150 MHz,
CDCly) 6 171.49, 159.64, 146.33, 130.59, 121.90 (2C), ®1154.67 (2C), 69.72, 55.61, 44.66,
42.48, 40.05, 38.71, 37.55, 28.32, 25.06, 18.1H3LESI-HRMS calcd for £H,7N40, [M + H]

*355.21340, found: 355.21291. HPLC purity of 98.48@étention time = 2.422).

4.1.15.  2-(4-(((1S59-1,8,8-trimethyl-3-oxo-2-azabicycl o 3.2.1] octan-2-yl)methyl)-1H-1,2, 3-tri
azol-1-yl)benzonitrile (14j). A brown oil, yield: 64%]o]p*° = + 32.9 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) ¢ 8.20 (s, 1H), 7.86 (dl = 7.9 Hz, 1H), 7.80 (d] = 2.9 Hz, 2H), 7.61 (ddd}

= 8.5, 5.5, 3.2 Hz, 1H), 4.87 (d= 15.4 Hz, 1H), 4.74 (d] = 15.4 Hz, 1H), 2.74 (ddd,= 18.1,
4.6, 2.3 Hz, 1H), 2.27 (d,= 18.1 Hz, 1H), 2.05 (s, 1H), 1.94 — 1.89 (m, 2H®8 — 1.82 (m, 1H),
1.53 — 1.46 (m, 1H), 1.44 (s, 3H), 0.98 fd= 10.6 Hz, 6H)."*C NMR (150 MHz, CDG)) 6
171.83, 146.77, 138.58, 134.26, 134.23, 129.59,5025124.00, 115.50, 107.19, 69.86, 44.69,
42.36, 39.95, 38.62, 37.56, 28.27, 25.04, 18.2016l ESI-HRMS calcd for £H2.NsO [M + H]*

350.19809, found: 350.19768. HPLC purity of 96.15rétention time = 2.422).
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4.1.16. 3-(4-(((1S59-1,8,8-trimethyl-3-oxo-2-azabicycl o 3.2.1] octan-2-yl)methyl)-1H-1,2, 3-tri
azol-1-yl)benzonitrile (14k). A brown oil, yield: 70%][o]p> = + 23.7 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) 6 8.22 (s, 1H), 8.15 (s, 1H), 8.05 (s 8.1 Hz, 1H), 7.71 (d] = 7.7 Hz, 1H),
7.67 (t,J = 7.9 Hz, 1H), 4.80 (d] = 15.2 Hz, 1H), 4.71 (dl = 15.3 Hz, 1H), 2.73 (ddd,= 18.1,
4.6, 2.3 Hz, 1H), 2.27 (d, = 18.0 Hz, 1H), 2.05 (s, 1H), 1.92 Jt= 5.2 Hz, 1H), 1.90 — 1.80 (m,
2H), 1.46 (s, 3H), 1.44 (dd,= 9.3, 5.5 Hz, 1H), 0.99 (s, 3H), 0.93 (s, 3HIC NMR (150 MHz,
CDCly) 6 171.86, 146.99, 137.58, 131.82, 130.81, 124.18,4% 121.64, 117.49, 114.02, 69.91,
44.67, 42.39, 39.94, 38.77, 37.49, 28.30, 25.08,918.4.20. ESI-HRMS calcd for,g,:Ns0 [M

+ H] *350.19809, found: 350.19763. HPLC purity of 97.22(3&tention time = 2.542).

4.1.17.  4-(4-(((1S59-1,8,8-trimethyl-3-oxo-2-azabicycl o] 3.2.1] octan-2-yl)methyl)-1H-1,2, 3-tri
azol-1-yl)benzonitrile (141). A brown oil, yield: 67%][o]p”° = +27.8 (c = 1.0 in EtOH)YH NMR
(600 MHz, CDC}) ¢ 8.19 (s, 1H), 7.95 (d} = 8.6 Hz, 2H), 7.84 (d] = 8.6 Hz, 2H), 4.80 (d] =
15.3 Hz, 1H), 4.71 (d] = 15.3 Hz, 1H), 2.72 (ddd,= 18.0, 4.6, 2.3 Hz, 1H), 2.26 @@= 17.9 Hz,
1H), 2.05 (s, 1H), 1.94 — 1.91 (m, 1H), 1.90 — 1) 2H), 1.46 (s, 3H), 1.43 (dd= 9.2, 5.5 Hz,
1H), 0.99 (s, 3H), 0.93 (s, 3H}3C NMR (150 MHz, CDGJ) 6 171.56, 147.19, 139.84, 133.86
(2C), 121.45, 120.37 (2C), 117.79, 112.09, 69.486%, 42.41, 40.01, 38.72, 37.40, 28.29, 25.06,
18.18, 17.55. ESI-HRMS calcd fordE,.NsO [M + H] * 350.19809, found: 350.19793. HPLC

purity of 98.325% (retention time = 2.362).

4.1.18. (1S59-2-((1-(2-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicycl
0[3.2.1] octan-3-one (14m). A yellow oil, yield: 75%[a]p?° = + 25.8 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) ¢ 8.11 (d,J = 2.7 Hz, 1H), 7.91 (td] = 7.9, 1.1 Hz, 1H), 7.45 — 7.39 (m, 1H),
7.34 —7.26 (m, 2H), 4.86 (d,= 15.4 Hz, 1H), 4.73 (dl = 15.3 Hz, 1H), 2.74 (ddd,= 18.1, 4.6,
2.3 Hz, 1H), 2.27 (dJ = 18.0 Hz, 1H), 2.04 (s, 1H), 1.94 — 1.88 (m, 2HB7 — 1.81 (m, 1H),
1.46 (dd,J = 9.5, 4.9 Hz, 1H), 1.43 (s, 3H), 0.98 (s, 3HPA(s, 3H).*C NMR (150 MHz,
CDCly) 6 171.54, 153.38 (d} = 251.4 Hz), 146.19, 130.13 @@= 7.8 Hz), 125.29 (dl = 10.3 Hz),
125.08 (d,J = 3.8 Hz), 124.84, 124.56 (d= 7.8 Hz), 116.96 (d] = 20.0 Hz), 69.70, 44.62, 42.39,

39.95, 38.63, 37.46, 28.27, 25.02, 18.10, 17.48:HF8BVIS calcd for GoH,sFN,O [M + H] ™
17
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343.19341, found: 343.19314. HPLC purity of 97.94@étention time = 2.364).

4.1.19. (1S59-2-((1-(3-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicycl
o[ 3.2.1] octan-3-one (14n). A grey oil, yield: 78%[a]p> = + 30.4 (c = 1.0 in EtOH)H NMR
(600 MHz, CDC}) 6 8.15 (s, 1H), 7.61 — 7.54 (m, 2H), 7.48 @t 14.1, 7.2 Hz, 1H), 7.12 (td,

= 8.2, 1.8 Hz, 1H), 4.80 (d,= 15.3 Hz, 1H), 4.72 (d] = 15.2 Hz, 1H), 2.73 (ddd,= 18.0, 4.5,
2.2 Hz, 1H), 2.26 (dJ = 18.1 Hz, 1H), 2.04 (s, 1H), 1.93 — 1.87 (m, 2HB6 — 1.81 (m, 1H),
1.46 (s, 3H), 1.43 (dd,= 9.5, 5.3 Hz, 1H), 0.98 (s, 3H), 0.93 (s, 3HE NMR (150 MHz, CDG))
§171.63, 162.95 (d] = 248.2 Hz), 146.56, 138.13 (@= 10.2 Hz), 131.07 (d| = 9.0 Hz), 121.53,
115.50 (d,J = 3.2 Hz), 115.32 (d] = 21.1 Hz), 107.92 (d} = 26.3 Hz), 69.75, 44.58, 42.34, 39.90,
38.65, 37.39, 28.23, 24.97, 18.10, 17.43. ESI-HRMIBd for GoH,4FN,O [M + H] *343.19341,

found: 343.19286. HPLC purity of 96.725% (retentiione = 2.538).

4.1.20. (1S59-2-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicycl
0[3.2.1] octan-3-one (140). A grey oil, yield: 75%J[o]p™ = + 35.1 (¢ = 1.0 in EtOH)}'H NMR
(600 MHz, CDC}) 6 8.07 (s, 1H), 7.77 — 7.71 (m, 2H), 7.24 — 7.17 i), 4.79 (d,) = 15.3 Hz,
1H), 4.71 (dJ = 15.3 Hz, 1H), 2.73 (ddd,= 18.1, 4.8, 2.5 Hz, 1H), 2.26 (dii= 18.1, 1.3 Hz,
1H), 2.04 (s, 1H), 1.91 (d,= 5.0 Hz, 1H), 1.90 — 1.82 (m, 2H), 1.46 (s, 3H%3 (ddJ = 9.3, 5.2
Hz, 1H), 0.98 (s, 3H), 0.93 (s, 3HJC NMR (150 MHz, CDG)) § 171.54, 162.21 (d] = 248.7
Hz), 146.52, 133.32 (d) = 3.0 Hz), 122.19 (d] = 8.5 Hz, 2C), 121.69, 116.54 @ 23.2 Hz,
2C), 69.72, 44.60, 42.39, 39.96, 38.67, 37.43,@85.00, 18.13, 17.47. ESI-HRMS calcd for
C1H24FN,O [M + H] " 343.19341, found: 343.19282. HPLC purity of 98.30@&tention time =

2.416).

4.1.21. (1S59-2-((1-(2-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabi cyc
lo[ 3.2.1] octan-3-one (14p). A yellow oil, yield: 72%[a]p? = + 17.7 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) 6 8.00 (s, 1H), 7.61 — 7.58 (m, 1H), 7.57 — 7.54 {h), 7.46 — 7.41 (m, 2H),
4.87 (d,J = 15.3 Hz, 1H), 4.74 (dl = 15.3 Hz, 1H), 2.73 (ddd,= 18.1, 4.8, 2.4 Hz, 1H), 2.26 (d,
J =18.0 Hz, 1H), 2.08 — 2.02 (m, 1H), 1.93 — 1.88 PH), 1.84 (ddJ = 11.9, 5.4 Hz, 1H), 1.45

(dd,J = 9.4, 5.1 Hz, 1H), 1.43 (s, 3H), 0.98 (s, 3HR40(s, 3H).*C NMR (150 MHz, CDGJ) §
18
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171.39, 145.82, 134.96, 130.69, 130.64, 128.72,8P27127.76, 125.39, 69.68, 44.62, 42.43,
40.04, 38.59, 37.53, 28.30, 25.03, 18.14, 17.48:HFBVS calcd for GoH,CIN,O [M + H] *

359.16386, found: 359.16345. HPLC purity of 98.44@étention time = 2.378).

4.1.22. (1S59-2-((1-(3-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabi cyc
lo[ 3.2.1] octan-3-one (14q). A yellow oil, yield: 79%[a]p? = + 32.5 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) 6 8.11 (s, 1H), 7.82 (s, 1H), 7.66 (= 8.0 Hz, 1H), 7.44 (1) = 8.0 Hz, 1H),
7.39 (d,J = 8.0 Hz, 1H), 4.79 (d] = 15.2 Hz, 1H), 4.71 (dl = 15.1 Hz, 1H), 2.76 — 2.70 (m, 1H),
2.26 (d,J = 18.1 Hz, 1H), 2.05 (s, 1H), 1.93 — 1.82 (m, 3H45 (s, 3H), 1.43 (dd,= 9.4, 5.5 Hz,
1H), 0.98 (s, 3H), 0.92 (s, 3HYC NMR (150 MHz, CDGJ) § 171.66, 146.68, 137.88, 135.47,
130.75, 128.57, 121.57, 120.53, 118.21, 69.80,54448.43, 40.00, 38.73, 37.46, 28.30, 25.05,
18.18, 17.52. ESI-HRMS calcd for,&,,CINO [M + H] ©359.16386, found: 359.16311. HPLC

purity of 96.760% (retention time = 2.329).

4.1.23. (1S59-2-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabi cyc
lo[ 3.2.1] octan-3-one (14r). A yellow oil, yield: 77%[a]p?®> = + 24.6 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) 6 8.06 (s, 1H), 7.70 (dl = 8.8 Hz, 2H), 7.48 (d] = 8.8 Hz, 2H), 4.78 (d] =
15.3 Hz, 1H), 4.70 (d] = 15.1 Hz, 1H), 2.72 (ddd,= 18.1, 4.8, 2.5 Hz, 1H), 2.25 (d#i= 18.1,
1.2 Hz, 1H), 2.03 (dd] = 6.9, 4.6 Hz, 1H), 1.92 — 1.82 (m, 3H), 1.453d), 1.43 (ddJ = 9.2,

5.3 Hz, 1H), 0.98 (s, 3H), 0.92 (s, 3HJC NMR (150 MHz, CDGJ) 6 171.52, 146.76, 135.58,
134.25, 129.83 (2C), 121.49, 121.45 (2C), 69.7564442.47, 40.05, 38.73, 37.48, 28.32, 25.08,
18.20, 17.56. ESI-HRMS calcd for&,,CINO [M + H] *359.16386, found: 359.16348. HPLC

purity of 98.876% (retention time = 2.336).

4.1.24. (1S59-2-((1-(2-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabi cyc
lo[ 3.2.1] octan-3-one (14s). A yellow oil, yield: 83%[a]p?® = + 22.7 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) & 7.96 (s, 1H), 7.73 (dd} = 8.1, 1.2 Hz, 1H), 7.53 (dd,= 7.9, 1.6 Hz, 1H),
7.47 (td,J = 7.7, 1.3 Hz, 1H), 7.38 (td,= 7.8, 1.7 Hz, 1H), 4.87 (d,= 15.4 Hz, 1H), 4.74 (d} =
15.3 Hz, 1H), 2.73 (ddd} = 18.1, 4.9, 2.5 Hz, 1H), 2.26 (d#i= 18.1, 1.4 Hz, 1H), 2.04 (tdd,=

7.4, 6.4, 3.7 Hz, 1H), 1.94 — 1.89 (m, 2H), 1.85.80 (m, 1H), 1.45 (dd] = 9.3, 5.4 Hz, 1H),
19
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1.43 (s, 3H), 0.98 (s, 3H), 0.94 (s, 3HJC NMR (150 MHz, CDGJ)) 6 171.37, 145.85, 136.66,
133.80, 131.11, 128.42, 128.23, 125.46, 118.77/16914.67, 42.48, 40.09, 38.61, 37.57, 28.35,
25.07, 18.25, 17.53. ESI-HRMS calcd forgd,BrN,O [M + H] *403.11335, found: 403.11224.

HPLC purity of 98.533% (retention time = 2.368).

4.1.25. (1S59-2-((1-(3-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicyc
lo[ 3.2.1] octan-3-one (14t). A yellow oil, yield: 77%[a]p> = + 23.0 (c = 1.0 in EtOH}H NMR
(600 MHz, CDC}) 6 8.18 (s, 1H), 7.98 (s, 1H), 7.73 (i 8.0 Hz, 1H), 7.52 (d] = 8.0 Hz, 1H),
7.38 (t,J = 8.1 Hz, 1H), 4.79 (d) = 15.3 Hz, 1H), 4.72 (d] = 15.2 Hz, 1H), 2.73 (dd} = 18.1,

2.2 Hz, 1H), 2.26 (d] = 18.2 Hz, 1H), 2.04 (s, 1H), 1.90 (s, 1H), 1.8B.80 (m, 2H), 1.45 (s, 3H),
1.42 (dd,J = 9.4, 5.3 Hz, 1H), 0.98 (s, 3H), 0.92 (s, 3H}C NMR (150 MHz, CDG)) 6 171.50,
146.52, 137.84, 131.33, 130.93, 123.11, 123.034721.18.56, 69.66, 44.52, 42.29, 39.85, 38.61,
37.34, 28.19, 24.94, 18.07, 17.39. ESI-HRMS catzdXqH,.BrN,O [M + H]*403.11335, found:

403.11306. HPLC purity of 98.269% (retention timg.377).

4.1.26. (1S59-2-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)-1,8,8-trimethyl-2-azabicyc
lo[ 3.2.1] octan-3-one (14u). A yellow oil, yield: 80%.[a]p?> = + 21.2 (¢ = 1.0 in EtOH}H NMR
(600 MHz, CDC}) 6 8.07 (s, 1H), 7.68 — 7.60 (m, 4H), 4.784¢ 15.2 Hz, 1H), 4.70 (dl = 15.2
Hz, 1H), 2.72 (ddJ = 18.1, 1.9 Hz, 1H), 2.25 (d,= 18.1 Hz, 1H), 2.07 — 2.01 (m, 1H), 1.90d,
= 7.2 Hz, 1H), 1.88 — 1.79 (m, 2H), 1.45 (s, 3H%31(dd,J = 9.1, 5.4 Hz, 1H), 0.98 (s, 3H), 0.92
(s, 3H).*C NMR (150 MHz, CDGJ) § 171.57, 146.77, 136.05, 132.80 (2C), 122.13, I2(2T),
121.44, 69.77, 44.67, 42.47, 40.04, 38.75, 37.882 25.08, 18.21, 17.56. ESI-HRMS calcd for
CigH24BrN,4O [M + H] *403.11335, found: 403.11206. HPLC purity of 98.62@&tention time =

2.328).

4.1.27. (1S59-1,8,8-trimethyl-2-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)-2-azabicyclo[ 3.2.1] o

ctan-3-one (14v). A brown oil, yield: 87%][a]p> = + 33.7 (c = 1.0 in EtOHJH NMR (600 MHz,
CDCly) § 8.13 (s, 1H), 7.76 (dl = 8.1 Hz, 2H), 7.49 () = 7.9 Hz, 2H), 7.39 (1) = 7.4 Hz, 1H),
4.80 (d,J = 15.3 Hz, 1H), 4.73 (d] = 15.3 Hz, 1H), 2.75 — 2.69 (m, 1H), 2.25 Jd 18.1 Hz,

1H), 2.03 (s, 1H), 1.91 — 1.85 (m, 2H), 1.84 — 1(@0 1H), 1.45 (s, 3H), 1.44 — 1.39 (m, 1H),
20
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0.96 (s, 3H), 0.92 (s, 3H)*C NMR (150 MHz, CDGJ) § 171.36, 146.32, 136.91, 129.53 (2C),
128.40, 121.34, 120.08 (2C), 69.58, 44.50, 42.9(8& 38.56, 37.36, 28.19, 24.92, 18.05, 17.38.
ESI-HRMS calcd for @H»sN4O [M + H] *325.20284, found: 325.20266. HPLC purity of 97.794%

(retention time = 2.585).

4.2. Biology
4.21.  Cdl culture

All cancer cell lines were obtained from the AmaricType Culture Collection (ATCC). All
healthy cell lines were obtained from the Shang@ell Resource Bank. Cultured cells using the
culture guidelines provided by the supplier andfqrered relevant mycoplasma tests once a

month.

422. MTT assay

The cultured cells were collected in the logarithrgrowth phase, digested with 0.25%
trypsin, and diluted into a single cell suspensidgth phosphate-buffered saline (PBS). Then 100
uL of each cell type (4 x faells/mL) was seeded into 96-well plate and intedbdor 24 h.
Different concentrations of compounds were addetb ithe 96-well plates. Respective
concentrations of DMSO were used as control. Thesd plates were incubated for 24 h, and 20
ML MTT solution (5 mg/mL) (Wuhan Bost Biotechnologjo., Ltd., China) was added and
cultured for 4 h. The nutrient solution was diseatglowly and 100 pL of DMSO was added to
each well. The optical density (OD) of each welbwitected at 490 nm using a microplate reader.
The 1G value was determined as the inhibitor’s conceisimatwhich produced 50% inhibition
calculated IG, values for the compounds using probability unitd eeighted regression methods.
Determined the C& value as the concentration of the compound atiwhi®s of the healthy cell

died. Every assay was performed in triplicate. Ratapresented as the mean + SD (n = 3).

4.2.3. Inhibition of heat shock protein 90
Fluorescence polarization assay was used to sd¢azgat compounds for their inhibition
effects for Hsp9@. Briefly, various concentrations of compounds arildiorescein

isothiocyanate-labeled geldanamycin were addedath @&6-well plate. Recombinant Hsp90
21
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protein (ProSpec-Tany Company, China) was dilutél the reaction buffer (20 mM HEPES pH
7.3, 50 mM KCI, 5 mM MgGl, 20 mM NaMoQ,, 0.01% Triton X-100, 10@g/mL bovine serum
albumin, and 2 mM dithiothreitol) and added to eaahl to get the final concentration of 22.2
nM. The enzyme reaction was initiated as soon @$i8p9@ protein was added. After incubation
for 60 min at 4 °C, the fluorescent polarizatioftues were measured at an excitation wavelength

at 495 nm and an emission wavelength at 530 nm.

4.2.4. Molecular docking study

Molecular modeling studies were carried out with IMolecular Operating Environment,
Version 2015.10) software [48]. The crystal struetaf Hsp96. (PDB ID: 2XJX, Resolution 1.66
A) downloaded from RCSB Protein Data Bank was agfbph docking calculations [2]. The
receptor was optimized by a Quickprep protocol witle following procedures of Structure
Preparation, Protonate 3D and Structure Refine (RM&dient = 0.1 kcal/mol, AMBER10: EHT
field) [49, 50]. The docking procedure was adoptesl standard protocol implemented in MOE
and all parameters were maintained as the defalHis.binding interactions are illustrated by

PyMOL software [51].

425. Cdl cycleanalysis

LoVo and SW620 cells (2 x 1@ells) were incubated in 6 cm dishes for 24 h.riThét was
added to the dishes with different concentratioifter incubation for 24 h, the cells were
harvested and fixed in 80% ethanol at 4 °C ovetpigind then incubated with the
DNA-interacting dye propidium iodide (PI) (Prome@arporation, USA) for 30 min at 37 °C.
Cell cycle analysis was performed using a flow oytry (Becton Dickinson and Company,

USA).

4.2.6.  Annexin V/propidiumiodide (PI) staining

The Annexin V-FITC/PI dual staining assay was useddetermine the percentage of
apoptotic cells. Briefly, 1 mL of LoVo and SW620llsg1 x 10 cells/mL) were plated in 6-well
plates and incubated for 24 h. THeft was added to the cells with indicated concentnatidfter

another incubation of 24 h, the cells were harekestdtly and washed twice with cold PBS. Then
22
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the cells were re-suspended in 150 pL of PBS, 16fifluorescein isothiocyanate (FITC)-labeled
Annexin V (Annexin V-FITC) (Promega Corporation, A)fSand 5 pL of Pl were added. The
mixture was incubated at room temperature for 16 imithe dark and then analyzed by flow

cytometry (Becton Dickinson and Company, USA).

4.2.7.  \Western blot analysis

LoVo and SW620 cells (1 x i@ells) were seeded into the flask (Becton Dickinsmd
Company, USA), and these cells were incubated diiflerent concentrations af4t for 24 h.
Then the cells were lysed, and the proteins wetraebed. Extracted proteins were separated from
each other using polyacrylamide electrophoresia 8% gel (Beyotime Biotechnology Company,
China) and transferred to a polyvinylidene fluor{@&/DF) membrane (Bio-Rad Company, USA),
followed by incubated with the primary specific iantlies (bax, bcl-2, cleaved-caspase 3, caspase
3 andp-actin). After binding of appropriate secondaryilamtlies, proteins were visualized with an

ECL detection system.

4.2.8.  Cdl migration and wound healing assays

Cell migratory ability was measured using transvadlambers (§m pore size; Corning
Costar, USA). For the transwell assay, LoVo and 3W&ells suspended in serum-free
RPMI-1640 medium containing different concentragioof 14t were seeded into the upper
chamber. The lower chamber contained RPMI-1640 umediupplemented with 20% serum. After
24 h incubation, the filters were fixed in methaant stained with 0.1% crystal violet. The upper
faces of the filters were gently abraded, and ¢ieet faces with cells migrated across the filters
were imaged and counted under the microscope. Bangvhealing assay, cells were placed into
6-well plates and cultured until 100% confluence. &kitificial scratch was created using a 200 pL
pipette tip. Add serum-free RPMI-1640 medium camiteg different concentrations G#ét. At 24
h after culturing in serum-free medium, wound ctesimages were captured in the same field
under magnification. Cell healing rates were catad by the fraction of cell coverage across the

line. These experiments were performed in tripicatd repeated three times.

4.2.9. Evaluation of in vivo antitumor activity
23
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All animal experimental protocols were approvedtbg Laboratory Animal Welfare and
Ethical Committee of China Medical University. Fweek-old immunodeficient BABL/c female
nude mice, weighing 18 to 20 g, were purchasedraaihtained under specific pathogen-free
conditions. SW620 cells (1x i@ells) were injected subcutaneously into the ritartk of nude
mice. When the tumor reached a volume of about 56", nthe mice were randomized to
drug-treated or vehicle groups (five mice per gjodpmor growth was measured every 3 days
using a vernier caliper. For a total of 21 day® thice were injected intraperitoneally with
compoundl4t and 17-AAG (5 mg/kg) every day, after which the enigere euthanized and the
xenograft tumors were dissected. As controls, ‘elgeoups of five mice were treated with the
PBS. The tumor volume (V) was calculated usingftineula: V (mnf) = (length x widtR)/2. The
tumor growth inhibition (TGI) values were calculdtby the following formula: TGl (%) = [1-
RTV (drug—treated)/RTV (control)] x 100%, The indival relative tumor volume: RTV = (tumor

volume on day 21)/(tumor volume on day 1).

4.2.10. Immunohistochemistry

Sections derived from formalin-fixed and paraffrieedded mouse tissues were
deparaffinized by incubation overnight at 65 °Adaled by rehydration in sequential xylene and
ethanol rinses. After incubation with hydrogen péte, the slides were washed with PBS and
then incubated with 0.4% Triton X-100. The sectiomsre incubated with blocking solution
(Dako Protein Block, Denmark) for 30 min at roonmpeerature after washing with PBS. The
sections were further incubated with primary ardibs (Ki67 and cleaved-caspase 3) overnight at
4 °C, washed with PBS several times, incubated wiéhcorresponding biotinylated secondary
antibodies, and then washed with PBS multiple timidter adding avidin-biotin complexes, the
sections were visualized using diaminobenzidine BDAetection reagent (Enzo Life Sciences,

USA) and mounted with a mounting solution (Vectabbratories, USA).
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Table 1. Antiproliferative activity of target compoundgla-vagainst six human cancer cell lines.

ICs0 (LM) #
Compounds R
A549° OVCAR-3° HepG2* LoVo ® PANC-1"  SGC790%

14a 2-OH  0.23+0.01 0.09+0.01 0.12+0.01 0.54450.00.23+0.02 0.41+0.05
14b 3-OH  0.18+0.01 0.37+0.04 0.07+0.01 0.41480.00.28+0.02 0.27 +0.06
l4c 4-OH  0.14+0.01 041006 0.08+0.01 0.4140.00.10+0.02 0.33%0.17
14d 2-CH; 0.09+0.04 0.15+0.04 0.15+0.03 0.08+0.01 25@:0.03 0.35 +0.02
l4e 3-CH; 0.05+0.01 0.16+0.01 0.30+0.06 0.05+0.01 24G:0.02 0.41 +0.09
14f 4-CH; 0.40+0.06 0.04+0.01 0.48+0.06 0.05+0.0127@0.10 0.39+0.05
14g 2-OCH; 0.35+0.04 0.14+0.03 0.11+0.01 0.07 £0.02 126¢:0.01 0.28 +0.05
14h 3-OCH; 0.24+0.04 0.28+0.03 0.07+0.01 0.08+0.01 86&0.07 0.59 +0.15
14i 4-OCH; 0.05+0.01 0.25+0.02 0.10+0.01 0.07+0.01 33&0.02 0.48 +0.08
14 2-CN 0.10+0.01 0.11+0.01 0.18+0.01 0.14+0.00.24+0.01 0.26 +0.05
14k 3-CN 0.44+0.08 0.23+0.01 0.04+0.01 0.32+0.08.26+0.01 0.25+0.04
14l 4-CN 0.14+0.02 0.38+0.07 0.05+0.01 0.09+0.00.25+0.03 0.50 +0.23
14m 2-F 0.24+0.01 0.30+0.05 0.06+0.01 0.04+0.00.15+0.03 0.30 £0.04
14n 3-F 0.18+0.04 0.43+0.06 0.08+0.01 0.09+0.00.22+0.08 0.53+0.16
140 4-F 0.23+0.04 0.20£0.01 0.09+0.02 0.04+0.00.11+0.01 0.50+0.19
14p 2-Cl 0.07+0.01 0.04+0.01 0.06+0.01 0.19+0.0D.27+0.06 0.22 +0.09
14q 3-Cl 0.06 +0.02 0.05+0.01 0.06+0.02 0.07+0.0D.26+0.02 0.51%0.14
14r 4-Cl 0.07+0.01 0.16+0.01 0.09+0.02 0.16+0.09.44+0.05 0.41+0.01
14s 2-Br 0.13+0.01 0.14+0.03 0.15+0.02 0.06+0.09.28 +0.05 0.50+0.12
14t 3-Br 0.09+0.02 0.03+0.01 0.02+0.01 0.03+0.01 9G&®.01 0.12 +0.02
14u 4-Br 0.08+0.01 0.14+0.01 0.11+0.02 0.06+0.0D.20+0.01 0.45%0.06
14v H 0.07+0.01 0.05+0.02 0.09+0.01 0.05+0.01.160-0.01 0.24 +0.05
17-AAG / >10 0.48 £0.08 0.33+0.04 0.26+0.07 .213+0.37 > 10

& Cells were treated with the indicated compound2fbih, and cell viability was determined by MTT heds
(ICso=mean £ SD, n = 3?.Human lung cancer cell lin€sHuman ovarian cancer cell lindg-Human liver cancer

cell lines,® Human colon cancer cell lindssluman pancreatic cancer cell linésjuman gastric cancer cell lines.
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Table 2. The CGy values of selected compountiidj, 14l, 14m, 14p, 14q, 14t, 14v and 17-AAGagainst six
human normal cell lines.

CGCso (UM) ?
Compounds

MRC-5" IOSES8(° LO2¢ GSE-19
14 23.33+1.19 13.83+0.43 46.10+1.64 37.49+1.546.02+0.83 9.45%0.55
141 10.75+0.66 5.52+0.17 15.73+0.85 8.14+0.31 108 11.25 £ 0.15
14m 15.07 +0.96 19.22+0.67 13.27+0.93 526+0.9226.16+0.19 5.16 +0.59
14p 413+081 13354051 20.12+0.68 10.76+0.78.94+0.86  5.37 +0.65
14q 8.84+0.89  1352+0.36 8.51+0.68 69.83 +1.81
14t 38.84+0.75 9.55+0.16 1054+0.34 1456240 13.83+0.42 9.93+0.76
14v 9.73+£0.46  2342+1.02 6.23+0.97 19.58 + 0.95 100> 6.69 +0.25
17-AAG 1424+0.37 21.46+022 11.65+0.78 1954+1.05 7.49+0.15

2 All CCs, values (M) are averages from triplicate assa@€s{ = mean + SD, n = 3f Human embryo lung

fibroblast cell lines® Human normal ovarian epithelial cell linégluman normal liver cell line§,Human normal

colonic epithelial cell lines, Human normal pancreatic ductal epithelial celesiff Human gastric mucosal cell

lines.
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Table 3.Hsp9( enzymatic assays of selected compourdjsi4l, 14m, 14p, 14q, 14t, 14vand 17-AAG.

Compounds 16 (M) @ Compounds 16 (nM) @
14j 7.99 +0.74 14q 7.38 £0.54
141 21.77 £0.53 14t 0.71 £0.07
14m 2.68 +£0.33 14v 34.01 £0.93
14p 3.28+0.18 17-AAG 20.21+£0.24

2All ICsq values (nM) are averages from triplicate assdsy & mean + SD, n = 3).
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Figure Caption

Fig. 1. Chemical structures of some Hsp90 inhibitors.

Fig. 2. Design of the compoundsta-v by structural simplification and modification.

Fig. 3. Selectivity index of selected compourtd, 14l, 14m 14p, 14q, 14t, 14vand 17-AAG.

Fig. 4. The docking pose of compouridt (green sticks) in the ATP-binding pocket of humasp®:. (PDB ID:
2XJX). Binding interactions are showed as dasheeslifnydrogen bond (green), hydrophobic interacfgrey)

and halogen bond (purple). The docking poses wistlized using PyMOL.

Fig. 5. Compoundl4t induced cell cycle arrest in LoVo and SW620 cditfects of compound4t on cell cycle
were evidenced by PI staining and flow cytometrglgsis. Each column represented the mean + SOptictate

determinations (where *P < 0.05, **P < 0.01 andP* 0.001 compared to control).

Fig. 6. Compoundl4t induced apoptosis in LoVo and SW620 cells. Effets4t on cell death were evidenced by
Annexin V-FITC/PI staining and flow cytometry anak/sApoptotic cells were Annexin V [+] and PI [hte
apoptotic cells were Annexin V [+] and PI [+], netic cells were Annexin V [-] and PI [+] and livingells were
Annexin V [-] and PI [-]. Each column representked mean = SD of triplicate determinations (where<*®.05,

**P < 0.01 and ***P < 0.001 compared to control).

Fig. 7. Effects of compound4t on the apoptotic protein expression in LoVo and 3Weéells. Cells were treated
with compoundl4t for 24 h; then, the total proteins were extracdad subjected to western blot analysis using
antibodies against bax, bcl-2, cleaved-caspasedXaspase J-actin was used as an internal control. Relative
protein expression of bax/bcl-2 and cleaved-caspasespase 3 in LoVo and SW620 cells were caladldach
column represented the mean + SD of triplicaterdateations (where *P < 0.05, **P < 0.01 and **P0<001

compared to control).

Fig. 8. Effects of compound4t on LoVo and SW620 cells migration. For transwelags the migrated cells on
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the lower surface of the membrane were quantifigccdunting the number of cells in ten random fiefs
membrane and expressed as cells/fields. The sasdeitdicate 10qm. For wound healing assay, the red line is
the cell migration edge, and cell healing ratesewsadculated by the fraction of cell coverage atbs line. Each
column represented the mean = SD of triplicate rdgteations (where *P < 0.05, **P < 0.01 and **P(<001

compared to control).

Fig. 9. Inhibitory effects ofl4t on the growth of SW620 tumons vivo. Mice inoculated with SW620 tumors were
intraperitoneally treated with 17-AAG d#t. (A) The weights of mice were measured at theciatgid time points.
(B) The volumes of tumors were measured at the atelictime points(C) Representative images of the tumors
from each group were captured. (D) The tumor growttibition (TGI) values of 17-AAG and4t. (E) Ki67 and
cleaved-caspase 3 immunohistochemical stainingimbts. Data are shown as mean + SD from each gvbup

mice, n=5. Where *P < 0.05, *P < 0.01 and ***F0<001 compared to control.
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geldanamycin (1)

17-AAG (4)

—0

KU-174 (5)

radicicol (3)

o
o

novobiocin (6)

Fig. 1. Chemical structures of some Hsp90 inhibitors.
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common moiety of aconitum alkaloids

structural
simplification

the 2-azabicyclo[3.2.1]octane

- excise A, B, C, D rings
- retain the E-F ring carbon framework

ring labeling

structural
modification

(14a-v)

- maintain C1 group and
C10 group

- introduce carbonyl
group in C19

- introduce 1, 2, 3-
triazole moiety

Fig. 2. Design of the compound#la-v by structural simplification and modification.
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Fig. 4. The docking pose of compouridt (green sticks) in the ATP-binding pocket of humasp®:. (PDB ID:
2XJX). Binding interactions are showed as dashegklifnydrogen bond (green), hydrophobic interacfgmey)
and halogen bond (purple). The docking poses wistelized using PyMOL.
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Fig. 5. Compoundl4t induced cell cycle arrest in LoVo and SW620 cei§ects of compound4t on cell cycle
were evidenced by PI staining and flow cytometrglgsis. Each column represented the mean + SDpiictate

determinations (where *P < 0.05, **P < 0.01 andP* 0.001 compared to control).
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Fig. 6. Compoundl4t induced apoptosis in LoVo and SW620 cells. Effefts4t on cell death were evidenced by
Annexin V-FITC/PI staining and flow cytometry anab/sApoptotic cells were Annexin V [+] and PI [Hgte
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**pP < 0.01 and ***P < 0.001 compared to control).
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Fig. 7. Effects of compound4t on the apoptotic protein expression in LoVo and 3Weéells. Cells were treated
with compoundl4t for 24 h; then, the total proteins were extraciad subjected to western blot analysis using
antibodies against bax, bcl-2, cleaved-caspasedXaspase J-actin was used as an internal control. Relative
protein expression of bax/bcl-2 and cleaved-caspassspase 3 in LoVo and SW620 cells were caladldach
column represented the mean + SD of triplicaterdateations (where *P < 0.05, **P < 0.01 and **P0<001
compared to control).
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Fig. 9. Inhibitory effects ofL4t on the growth of SW620 tumons vivo. Mice inoculated with SW620 tumors were
intraperitoneally treated with 17-AAG d#t. (A) The weights of mice were measured at thecagid time points.
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mice, n=5. Where *P < 0.05, *P < 0.01 and **F0<001 compared to control.
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Scheme 1 Reagents and conditions: (a) AcONaNB®H<HCI, MeOH, HO, 80°C, 9 h; (b) MeSGClI, pyridine,

-22 °C, 3htort, 2 h; (c) NaH, propargyl bromidé{F, 0 °C, 1 h to rt, 5 h; (d) NaNOHCI, NaN;, CH,Cl,, H,0,

0°C, 1htort, 3-5 h; (e) Cug®H,0, ascorbic acid, t-BuOH, 4@, 60 °C, 8 h.
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Highlights:

A series of 2-azabicyclo [3.2.1] octane derivatives was designed and synthesized.
Antitumor activities of these compounds were evaluated in six cancer cell lines.
Compound 14t induced GL/S cell cycle arrest and apoptosisin LoVo and SW620 cells.

Compound 14t significantly reduced the volumes and size of colon tumorsin mice.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




