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[ABSTRACT] Natural products are essential sources of antitumor drugs. One such molecule, β-elemene, is a potent antitumor com-
pound extracted from Curcuma wenyujin. In the present investigation, a series of novel 13,14-disubstituted nitric oxide (NO)-donor β-
elemene  derivatives  were  designed,  with β-elemene  as  the  foundational  compound,  and  subsequently  synthesized  to  evaluate  their
therapeutic potential against leukemia. Notably, the derivative labeled as compound 13d demonstrated a potent anti-proliferative activ-
ity  against  the  K562 cell  line,  with  a  high  NO release. In  vivo studies  indicated  that  compound 13d could  effectively  inhibit  tumor
growth, exhibiting no discernible toxic manifestations. Specifically, a significant tumor growth inhibition rate of 62.9% was observed
in the K562 xenograft tumor mouse model. The accumulated data propound the potential therapeutic application of compound 13d in
the management of leukemia.
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 Introduction

Chronic myeloid leukemia (CML) is a malignant disease
characterized by the abnormal proliferation of hematopoietic
stem cells.  Present clinical  modalities for CML management
remain limited in their strategies [1]. Allogeneic hematopoiet-
ic stem cell transplantation (allo-HSCT) remains a choice for
some, whereas  others  resort  to  chemotherapy,  often  accom-
panied by notable adverse effects and suboptimal therapeutic
outcomes [2, 3]. In this context, natural products have emerged
over  recent  decades  as  a  reservoir  of  therapeutic  agents,
manifesting  significant  antitumor  efficacies,  combined  with

an  advantageous  profile  of  efficiency,  minimized  toxicity,
and commendable safety. Therefore, the exploration and util-
ization of compounds derived from natural products stand out
as a promising strategy for CML intervention [4].

Endowed by  the  intricacies  of  natural  evolution  and  the
sustained maturation of medicinal herbs, natural products ex-
hibit  a  diverse  spectrum  of  bioactivities,  including  anti-in-
flammatory,  antitumor,  and  anti-depression  properties [5, 6].
Consequently,  they  have  ascended  as  paramount  sources  for
novel  drug development  over  the  past  decades [7-10]. A testa-
ment  to  this  trend  is  the  derivation  of  numerous  antitumor
agents  from  natural  products  and  their  analogs,  exemplified
by the drug elemene [11, 12].

Elemene, a sesquiterpene essential  oil,  is  extracted from
the desiccated stem of Curcuma wenyujin [12]. Various config-
urations of elemene have been identified to date, of which β-
elemene is the main component contributing to the antitumor
activity (Fig. 1) [13, 14]. The National Medical Products Admin-
istration  has  granted  approvals  for  both  injectable  and  oral
formulsions of elemene [15], recognizing their expansive anti-
tumoral spectrum,  making  them  viable  for  managing  ad-
vanced neoplastic  conditions.  However,  the  therapeutic  util-
ity  of  elemene  is  tempered  by  its  pronounced  lipophilicity
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and consequent  solubility  challenges [16]. Therefore,  it  is  im-
perative  to  modify  the  structural  architecture  of β-elemene
and to  integrate  additional  antitumor  pharmacophores,  aim-
ing to  optimize  its  physicochemical  attributes  while  increas-
ing its antitumor activity.

As  a  gaseous  signaling  molecule,  nitric  oxide  (NO)
demonstrates  a  plethora  of  bioactivities in  vivo [17, 18].  When
generated  by  cytotoxic  macrophages,  NO  can  block  DNA
synthesis,  rendering  notable  antineoplastic  activities  against
tumor cells [19].  However, the utility of NO is constrained by
its  intrinsic  limitations —rapid  diffusion  and  fleeting  half-
life—which  impede  its  selective  retention  and  accumulation
within  specific  organ  systems.  Such  challenges  necessitate
the  conjugation  of  NO  donors  with  other  pharmacophores
during  drug  synthesis [20].  Furoxans,  classified  as  mercapto-
dependent heterocyclic NO donors, stand out in this context.
They operate  through  their  corresponding  mercaptan  moiet-
ies, which facilitate the in vivo release of NO, manifesting po-
tent antitumor effects. These donors are characterized by effi-
cient  NO  release,  favorable  metabolic  degradation  profiles,
and  minimized  adverse  effects.  The  structural  simplicity  of
furoxan NO  donors  enhances  their  amenability  to  conjuga-
tion with other molecular entities, aiding in the solubilization
of  lipophilic  pharmacophores [21, 22].  More  importantly,  post-
administration, NO donor drugs undergo rapid metabolic pro-
cessing, culminating in the systemic release of NO, which ac-
centuates  their  antitumor  potential [23].  Such  a  mechanism
presents a promising avenue for leukemia therapeutics [24, 25].

On the molecular design front, the concomitant incorpor-
ation of nitrogenous moieties at positions 13 and 14 of β-ele-
mene can  significantly  improve  the  water  solubility  and  in-
crease  its  anti-proliferation  efficacy [4]. Such  strategic  mo-
lecular modifications potentially harmonize to evoke a syner-
gistic antineoplastic response.

 Results and Discussion

 Design of β-elemene NO derivatives
The molecular weight of β-elemene is only 204, which is

far less than 500 for drug-like molecules. This modest weight
presents an  opportunity,  making  the  conjugation  with  anti-

tumoral  pharmacophores  an  appealing  and  feasible  avenue
for structural enhancement aimed at elevating both its physi-
cochemical attributes  and  antineoplastic  potential.  Historic-
ally,  derivatization  endeavors  pertaining  to β-elemene  have
primarily targeted the position 13, largely driven by the ease
of  synthesizing  the  13-chloro-β-elemene intermediate.  Con-
current modifications at positions 13 and 14 have been relat-
ively uncharted territories in the realm of β-elemene derivat-
ization [26]. Comparative studies have elucidated that while 13-
chloro-β-elemene  and  13,14-dichloro-β-elemene  present
comparable  antitumor  efficacies,  the  di-chlorinated  variant
presents a heightened polarity, facilitating its purification [27].

Based on previous studies, the incorporation of nitrogen-
ous  moieties  emerges  as  a  promising  tactic  to  potentiate  the
antitumor  activity  of β-elemene,  with  piperazine  and  3-
diazabicyclo [3.3.0] octane demonstrating notable efficacy. In
addition,  nitrogenous β-elemene  derivatives  can  be  adeptly
tethered  to  NO  donors via amide bonds.  The  ensuing  meta-
bolites released from such conjugates are anticipated to mani-
fest  robust in  vivo antineoplastic  actions.  Taking  cue  from
this premise, 13,14-dichloro-β-elemene served as the founda-
tional  substrate,  onto  which  nitrogenous  heterocycles  were
grafted through  substitution  reactions.  This  yielded  derivat-
ives with significantly improved water solubility and antineo-
plastic  potency.  Subsequent  derivatization  efforts  led  to  the
design  of  13,14-bis-NO-donor-β-elemene  derivatives  by
bridging  13,14-diamine-β-elemene  derivatives  with  two  NO
donors (Fig. 2). Upon systemic introduction, these novel de-
rivatives could release high levels of NO, resulting in an ap-
optosis-promoting  effect  against  tumor  cells  in  the  blood.
Post NO-release, the nitrogenous β-elemene metabolites per-
sist in exerting pronounced antitumor effects.
 Chemistry

The  synthetic  routes  for  the β-elemene  intermediates 5
and 6 are  outlined  in Scheme  1.  The  chlorination  of β-ele-
mene (1)  with  NaClO produced the  chlorinated intermediate
2.  This  compound  (2)  was  then  subjected  to  a  bis-substitu-
tion  reaction  using  either  piperazine  or  3-diazabicyclo
[3.3.0]octane.  The  reaction  cascade  afforded  intermediates 3
and 4.  A  subsequent  deprotection  step  furnished  the  pivotal
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Fig. 1    Curcuma wenyujin, elemene, and chemical structures of elemene isomers.
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intermediates 5 and 6.
The  NO  donor  intermediates 9a−b, 10a−b,  and 11a−b

were  prepared  as  previously  described  (Scheme  2) [27].  The
synthesis procedure began with the sulfonation of phenylmer-
captoacetic acid using 30% hydrogen peroxide. Fuming nitric
acid treatment  in  a  closed  loop  produced  the  key  intermedi-
ate 8. This compound reacted with diol under alkaline condi-
tions, followed by esterification with anhydride under DMAP
and  EDCI  treatment,  culminating  in  the  synthesis  of  NO

donor intermediates 9a−b, 10a−b, and 11a−b.
As shown in Scheme 3, the final 13,14-bis-NO donor-β-

elemene derivatives 12a−f and 13a−f were synthesized by the
amidation  reaction  of β-elemene  intermediates 5–6 with  the
NO  donor  intermediates 9a−b, 10a−b,  and 11a−b under
HOBt, EDCI, and DIPEA treatment, respectively.
 In vitro efficacy test
 In vitro NO release test

To  ascertain  the  potential  for  stable in  vivo nitric  oxide

 

14 13

β-Elemene

HO SO
2
Ph

O O

OO OO

OO

O

O

O O

O

O

O O

O
O

N N+ −

R2

R3

Linker

NO Donor

HN HNNH NH

R2R2 R1R1
R3R3

SO
2
PhPhO

2
S

−−
++

N

N

N

N

 
Fig. 2    Design strategy of 13,14-bis-NO donor-β-elemene derivatives.
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(NO)  release,  we  conducted in  vitro tests  on  the  designed
compounds.  As  shown  in Table  1, all  compounds  demon-
strated the ability to release NO in the test range. Intriguingly,
a consistent augmentation in NO concentration was observed
as  the  duration  of  the  test  progressed.  Notably,  compounds
12a, 13a, 13b, 13d, 13e, and 13f could release high levels of
NO efficiently. Diol and anhydride linkers displayed specific
effects on the release of  NO. Compounds tethered with pro-
pylene glycol as a linker demonstrated superior NO release to
their counterparts linked with ethylene glycol and 1,4-butyne-
diol. Similarly, those employing glutaric anhydride as a linker
yielded higher  NO  concentrations  than  compounds  conjug-
ated with butanedioic anhydride.
 Anti-proliferative evaluation

Initially,  all  synthesized  compounds  was  subjected  to
cytotoxicity  assays  against  cell  lines  K562  (human  chronic
myeloid leukemia cells), CCRF-CEM (human acute lympho-
blastic  leukemia  T  lymphocytes),  A375  (human  malignant
melanoma  cells),  and  SK-MEL-2  (human  skin  malignant
melanoma cells) at concentrations of 1 and 10 μmol·L−1. The

results are shown in Table 2. Remarkably, the anti-proliferat-
ive activities  of  all  the  compounds  under  investigation  sur-
passed  those  of  the  established  positive  controls, β-elemene
and 5-fluorouracil. Even more intriguing was the observation
that intermediates 5 and 6 manifested superior anti-proliferat-
ive  effects  compared  to β-elemene, indicating  that  the  intro-
duction of nitrogenous groups, specifically piperazine and 3-
diazabicyclo[3.3.0]octane,  into  the  molecular  structure  of β-
elemene significantly bolsters its antitumor efficacy. On com-
paring the  effects  across  the  two  concentrations,  most  com-
pounds  displayed  a  distinct  selectivity  toward  K562  and
CCRF-CEM cells over A375 and SK-MEL-2 cells. Based on
these  initial  findings,  compounds  achieving  inhibitory  rates
exceeding 85% were  selected  for  further  IC50 tests  on  K562
and CCRF-CEM cells.

As  shown  in Table  3,  the  anti-proliferative  activity  of
most  compounds  increased  significantly  when  NO  donors
were introduced. The IC50 values of 12a, 12d, 13a, 13b, 13d,
13e, and 13f against K562 were less than 1 μmol·L−1, and the
IC50 values  of 12d, 13a, 13b,  and 13e against  CCRF-CEM

 
Table 1    NO release levels of compounds in different time periods (mean ± SD, n = 3)

Compounds
Release levels of NO/μmol·L−1

5 min 10 min 20 min 30 min 60 min 90 min 120 min

12a 1.62 ± 0.37 6.69 ± 0.41 9.20 ± 0.61 16.35 ± 0.22 29.35 ± 0.94 36.96 ± 0.41 45.39 ± 1.01

12b 0.26 ± 0.57 2.71 ± 0.00 5.11 ± 0.03 8.34 ± 0.05 10.94 ± 1.27 11.52 ± 0.70 16.50 ± 0.12

12c 0.26 ± 0.01 4.31 ± 0.25 5.07 ± 0.33 7.00 ± 0.45 12.10 ± 1.27 19.57 ± 1.02 25.33 ± 0.33

12d 1.77 ± 0.16 2.40 ± 0.16 4.28 ± 1.02 7.61 ± 0.33 16.56 ± 0.21 20.17 ± 1.23 27.47 ± 0.66

12e 1.10 ± 0.29 4.83 ± 0.82 12.82 ± 0.08 15.77 ± 1.31 21.77 ± 2.17 22.49 ± 0.08 15.92 ± 0.37

12f 1.42 ± 0.33 7.32 ± 0.08 7.87 ± 0.21 10.94 ± 0.78 17.54 ± 1.19 19.51 ± 1.02 19.60 ± 0.25

13a 1.30 ± 0.16 6.11 ± 1.56 13.58 ± 0.41 16.15 ± 1.35 24.17 ± 1.80 24.75 ± 1.39 30.30 ± 1.23

13b 0.84 ± 0.82 5.18 ± 0.49 5.85 ± 0.37 9.81 ± 0.98 16.44 ± 1.76 20.90 ± 1.51 30.13 ± 0.74

13c 0.42 ± 0.11 5.70 ± 0.49 11.98 ± 0.70 21.22 ± 0.25 24.08 ± 1.76 26.51 ± 0.94 18.81 ± 1.02

13d 2.84 ± 1.11 5.88 ± 0.98 11.66 ± 1.64 15.11 ± 1.51 23.76 ± 0.66 27.44 ± 1.68 34.59 ± 0.49

13e 1.45 ± 0.12 6.19 ± 0.37 12.48 ± 0.08 21.27 ± 1.64 26.69 ± 0.70 30.54 ± 2.05 33.69 ± 0.12

13f 0.64 ± 0.53 5.24 ± 0.16 12.39 ± 0.29 19.36 ± 0.49 22.61 ± 0.16 26.11 ± 0.70 30.33 ± 0.70
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were less than 1 μmol·L−1. It was obvious that most of the se-
lected  compounds  were  more  selective  for  K562  cells  than
for CCRF-CEM cells.  We also found that the IC50 values of
compounds  with  the  3-diazabicyclo[3.3.0]octane  group were
significantly  better  than  those  with  the  piperazine  group
against  the  K562  cell  line.  Overall,  the  introduction  of  NO

donors further enhanced the antitumor activity of β-elemene.
A  direct  correlation  emerged  between  the  the  magnitude  of
NO release  and  the  anti-proliferative  potency  of  the  com-
pounds. Among these compounds, 13d exhibited better activ-
ity and a higher NO release level.

Subsequent  evaluations  were  conducted  to  assess  the in
vitro antitumor activity of compounds 6, 10 and 10b at a mol-
ar concentration ratio of 1 : 2, focusing specifically on the po-
tential  synergistic  effect  exhibited  by  compound 13d. As  il-
lustrated  in Fig.  3,  the  anti-proliferative  activity  of 13d was
26-fold, 6-fold and 10-fold better than that of 6, 10 and 10b,
respectively. It was even 3-4-fold more potent than the activ-
ity  of  their  combinations  in  the  molar  ratio  of  1  :  2.  These
findings underscore the potent in  vitro antitumor activity  in-
herent to compound 13d. A plausible explanation for this en-
hanced  potency  might  be  the  collaborative  antitumor  effects
manifested through the  synergistic  antitumor effect  of β-ele-
ment and NO. This phenomenon of “1 + 2 > 3” indicated that
compound 13d displayed  significant  antitumor  activity,  and
the β-elemene  metabolites  could  still  show  potent  antitumor
activity after the NO release phase. Given these compelling in
vitro results, compound 13d is the primary candidate for sub-
sequent in vivo pharmacodynamic evaluations.
 Structure-activity relationship (SAR) analysis

The  enhanced  antitumor  activity  of β-elemene is  attrib-
uted to the introduction of nitrogenous groups at positions 13
and  14  of β-elemene.  A  direct  relationship  was  discerned
between  the  antitumor  activity  and  the  extent  of  release  of
NO.  The  release  levels  of  compounds 12a and 13d were

 
Table 2    Inhibitory rates (%) of compounds against four cell lines at different concentrations (1 and 10 μmol·L−1)

Compounds
K562 CCRF-CEM A375 SK-MEL-2

1 μmol·L−1 10 μmol·L−1 1 μmol·L−1 10 μmol·L−1 1 μmol·L−1 10 μmol·L−1 1 μmol·L−1 10 μmol·L−1

β-Elemene 6.01 18.40 12.15 20.90 5.80 9.97 0.32 5.39

5 29.79 89.24 32.93 89.67 21.43 80.95 22.41 82.87

6 33.42 90.24 31.11 90.40 13.69 62.95 28.77 62.50

12a 87.23 90.24 80.44 92.35 48.36 81.10 20.37 82.65

12b 65.96 87.11 58.81 94.65 20.54 79.17 18.43 74.46

12c 75.47 91.11 67.31 91.98 17.71 79.46 14.01 68.97

12d 78.35 88.74 79.71 91.74 17.56 78.42 18.53 64.87

12e 25.53 88.49 18.96 91.74 4.61 51.19 8.30 48.81

12f 28.41 84.36 19.56 79.83 22.17 57.74 21.34 64.87

13a 80.30 93.24 87.75 90.93 54.50 82.65 62.23 83.32

13b 80.30 92.21 79.74 96.11 13.58 81.67 22.93 83.83

13c 69.19 91.52 59.25 84.92 22.26 79.87 18.73 66.53

13d 80.53 93.47 75.85 89.87 31.26 81.83 24.77 76.25

13e 77.55 92.21 76.21 94.70 30.77 81.01 20.16 80.76

13f 78.47 92.44 66.78 89.52 29.30 77.41 26.20 76.15

5-FU 47.42 76.17 52.18 78.21 25.04 59.41 30.09 68.99

 
Table  3     IC50 values  of  preferred compounds against  K562
and CCRF-CEM cell lines (mean ± SEM, n = 3)

Compounds
IC50/μmol·L−1

K562 CCRF-CEM

β-Elemene > 100 > 100

12a 0.88 ± 0.02 1.05 ± 0.02

12b 1.08 ± 0.04 1.21 ± 0.00

12c 1.06 ± 0.05 1.13 ± 0.01

12d 0.84 ± 0.01 0.98 ± 0.08

12e 4.96 ± 0.05 5.73 ± 0.06

13a 0.72 ± 0.01 0.78 ± 0.01

13b 0.83 ± 0.02 0.85 ± 0.02

13c 1.08 ± 0.02 1.07 ± 0.03

13d 0.48 ± 0.01 1.12 ± 0.03

13e 0.77 ± 0.02 0.79 ± 0.03

13f 0.85 ± 0.02 1.14 ± 0.04
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higher than those of 12b, 12e, 12f, and 13c, which may lead
to their relatively weak antitumor activity. It was particularly
noteworthy  that  derivatives  containing  a  3-diazabicyclol
[3.3.0]  octane  group  outperformed  those  embedded  with  a
piperazine group  in  antitumor  activities.Furthermore,  an  as-
sessment of the alcohol chain length delineated a potency se-
quence as follows: propylene glycol > ethylene glycol > 1,4-
butynediol  (e.g., 13d > 13a > 13e). Overall,  glutaric  anhyd-
ride  exhibits  more  potent  antitumor  activity  as  a  linker  than

butanedioic anhydride (e.g., 13d > 13a).
 In vivo antitumor effect against leukemia

We assessed the in vivo antitumor activity of compound
13d using a K562 xenograft tumor mouse model. Throughout
the study, there was a consistent increase in the body weight
of mice in the model, β-elemene, and compound 13d groups,
suggesting  that β-elemene  and  compound 13d do  not  exert
any overt toxic effects on the mice (Fig. 4A). Within 28 days,
the tumor  volume  in  the  model  group  also  gradually  in-

 

6+10 (1∶2)

6 + 10b (1∶2)

IC50 = 1.65 ± 0.02 μmol·L−1
IC50 = 3.10 ± 0.11 μmol·L−1

IC50 = 5.04 ± 0.15 μmol·L−1
IC50 = 12.80 ± 0.49 μmol·L−1

IC50 = 0.48 ± 0.01 μmol·L−1

IC50 = 2.14 ± 0.13 μmol·L−1
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Fig. 3    Comparison of the anti-proliferative activity of compound 13d with those of 6, 10, 10b, and their combination in the mol-
ar ratio of 1 : 2 in K562 cells.
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Fig. 4     In vivo antitumor activity of compound 13d in the K562 xenograft tumor mouse model (mean ± SD, n = 6).  (A) Body
weight; (B) Tumor volume (Day 13, 15, 17, 19, 21, 23, 27, and 29: P < 0.05; Day 25: P < 0.01, compound 13d group vs β-elemene
group); (C) Tumor weight (***P < 0.001 vs model group; ###P < 0.001 vs β-elemene group); (D) Tumor growth inhibition rate (##P <
0.01 vs β-elemene group).
 

ZHU Junlong, et al. / Chin J Nat Med, 2023, 21(12): 916-926

– 921 –



creased.  However,  such an increase  was  absent  in  the β-ele-
mene  and  compound 13d groups,  implying  a  pronounced
suppression  of  tumor  growth  in  these  two  groups  (Fig.  4B).
At  the  end  of  the  experiment,  the  tumor  weight  was  much
lower in the β-elemene and compound 13d groups than in the
model  group  (Fig.  4C).  Both  of  them  could  inhibit  tumor
growth,  but  the  inhibitory  rate  in  the  compound 13d group
was 11% more potent than that in the β-elemene group (Fig.
4D).  These  results  collectively  suggest  that  compound 13d
surpasses β-elemene  exhibited  in  its in  vivo antitumor effic-
acy.

 Conclusions

A series of 13,14-disubstituted NO donor-β-elemene de-
rivatives  were  designed  and  synthesized  as  potential  agents
for treating chronic myeloid leukemia according to the phar-
macophore  fusion  strategy.  All  these  designed  compounds
displayed strong NO release capabilities, translating to an en-
hanced  antitumor  activity in  vitro.  Among  these,  compound
13d stood  out,  showcasing  a  dramatically  improved
IC50 value  (0.48  μmol·L−1) against  the  K562  cell  line  com-
pared with that of β-elemene (IC50 > 100 μmol·L−1). Further-
more,  in  vivo evaluations  using  the  K562  xenograft  tumor
mouse  model  affirmed  the  superior  antitumor  efficacy  of
compound 13d. It inhibited tumor growth effectively without
manifesting  noticeable  toxic  effects.  In  conclusion,  these
findings position compound 13d as a promising candidate for
leukemia treatment in the future.

 Experimental

 Chemistry
 General information

Melting  points  were  determined  using  an  Agilent
MPA100 digital  melting  point  meter.  Spectroscopic  analysis
was  conducted  using  a  Bruker  Avance  500  spectrometer  to
record both 1H (500 MHz) and 13C (125 MHz) NMR spectral
data.  For these analyses,  deuterated chloroform (CDCl3)  and
deuterated  dimethyl  sulfoxide  (DMSO-d6)  were  utilized  as
the solvents, with tetramethylsilane (TMS) serving as the in-
ternal standard. Mass spectral data were acquired on two dis-
tinct  instruments:  the  Agilent  1260  InfinityII/1625  for  low-
resolution spectra  and the Agilent  1290-6530 Q-TOF instru-
ment for high-resolution spectra.
 General synthetic procedures for 2

A mixture of 1 (29.4 mmol),  TBAF (1.0 mol·L−1 THF),
dichloromethane (DCM), and acetic acid (HOAc) was stirred
at  0  °C.  Subsequently,  NaClO solution  (available  chlorine  ≥
5.2 %)  was  added  dropwise  using  a  micro-injection  pump
within 5 h at 0 °C. The reaction was quenched by adding sat-
urated NaHCO3 until  effervescence ceased. The mixture was
then extracted  with  ethyl  acetate  (EA),  and  the  resultant  or-
ganic  layer  was  washed  sequentially  with  water  and  brine.
After drying over anhydrous Na2SO4, the solvent was evapor-
ated under  vacuum.  The residue  underwent  column chroma-
tography with  petroleum  ether  as  the  eluent,  yielding  com-

pound 2 (25%) as a colorless liquid.
1H NMR (500 MHz, CDCl3)  δ:  5.79 (dd, J = 17.2,  11.0

Hz,  1H),  5.28  (s,  1H),  5.18  (s,  1H),  5.04  (s,  1H),  4.97–4.89
(m,  3H),  4.11  (s,  3H),  3.97  (d, J =  11.7  Hz,  1H),  2.35–2.22
(m,  2H),  1.77–1.42  (m,  9H),  0.99  (s,  3H); 13C  NMR  (125
MHz,  CDCl3)  δ:  149.51,  148.95,  147.44,  116.29,  113.33,
111.42,  50.88,  47.63,  47.56,  41.01,  39.72,  39.61,  33.76,
26.97, 15.73.
 General synthetic procedures for intermediates 3 and 4

A  mixture  of  compound 2 (1.0  mmol),  Cs2CO3 (3.0
mmol), and the corresponding Boc-protected piperazine or 3-
diazabicyclo[3.3.0]octane (3.0 mmol) was dissolved in DMF
(6 mL). The resulting solution was stirred at 60 °C overnight.
Upon  completion,  the  reaction  was  quenched  with  water  at
room  temperature,  and  the  resulting  solution  was  extracted
with  EA.  The  separated  organic  layer  was  sequentially
washed with water and brine. Following drying over Na2SO4,
the  solvent  was  removed  under  vacuum.  The  crude  product
was  purified via column  chromatography  (DCM/MeOH
100∶1, V/V) to obtain intermediates 3 and 4 as liquids.
 4,4'-(((1R,3R,4S)-4-Methyl-4-vinylcyclohexane-1,3-diyl)
bis(prop-2-ene-2,1-diyl))bis(piperazine-1-carboxylate) (3)

Light yellow liquid, yield 58%. 1H NMR (500 MHz, CD-
Cl3)  δ:  5.8  (dd, J =  10.8,  17.5  Hz,  1H),  5.0  (s,  1H),  4.9–4.8
(m, 4H), 4.8 (s, 1H), 3.4 (s, 8H), 3.1–2.6 (m, 4H), 2.4–2.2 (m,
9H),  2.1  (t, J =  11.5  Hz,  1H),  1.4  (s,  24H),  1.0  (s,  3H); 13C
NMR  (125  MHz,  CDCl3)  δ:  154.9,  154.9,  150.6,  150.6,
150.1, 113.8, 111.3, 110.3, 79.6, 66.4, 63.6, 53.1, 53.0, 48.2,
42.4,  40.1,  40.0,  34.0,  28.5,  28.5,  27.2,  16.0.  ESI-MS m/z
573.4 [M + H]+.
 5,5'-(((1R,3R,4S)-4-Methyl-4-vinylcyclohexane-1,3-
diyl)bis(prop-2-ene-2,1-diyl))bis(hexahydropyrrolo[3,4-
c]pyrrole-2(1H)-carboxylate) (4)

Brown liquid, yield 68%. 1H NMR (500 MHz, CDCl3) δ:
5.8 (dd, J = 10.8, 17.5 Hz, 1H), 5.1 (s, 1H), 5.0–4.8 (m, 4H),
4.7  (s,  1H),  3.6–3.5  (m,  4H),  3.2  (s,  5H),  3.1–2.9  (m,  2H),
2.8–2.7  (m,  5H),  2.6–2.5  (m,  3H),  2.4–2.3  (m,  4H),  2.2  (d,
J = 11.6 Hz, 1H), 2.0 (d, J = 19.2 Hz, 2H), 1.4 (s, 25H), 1.0
(s, 3H). 13C NMR (125 MHz, CDCl3) δ: 154.4, 151.8, 150.1,
149.4, 112.8, 110.2, 109.9, 79.1, 63.0, 60.3, 60.2, 60.0, 51.6,
48.5, 42.7, 42.1, 41.3, 40.0, 39.9, 34.1, 28.6, 27.2, 16.0. ESI-
MS m/z 625.4 [M + H]+.
 General synthetic procedures for intermediates 5 and 6

Compound 3 (1.0  mmol)  was  dissolved  in  MeOH  (4
mL).  A  1,4-dioxane  hydrochloride  solution  (4  mol·L−1)  was
then added dropwise. The reaction mixture was stirred at 0 °C
overnight.  Following  the  reaction,  the  solvent  was  removed
under reduced  pressure.  The  resultant  residue  was  neutral-
ized with saturated NaHCO3 and subsequently extracted with
DCM.  The  organic  layer  was  separated,  washed  with  water
and  brine,  dried  over  Na2SO4,  and  concentrated in  vacuo.
Compounds 5−6 were obtained as liquids.
 1,1'-(((1R,3R,4S)-4-Methyl-4-vinylcyclohexane-1,3-
diyl)bis(prop-2-ene-2,1-diyl))dipiperazine (5)

Light  yellow  liquid,  yield  97%. 1H  NMR  (500  MHz,
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DMSO-d6)  δ:  5.8  (dd, J =  10.7,  17.5  Hz,  1H),  5.0  (s,  1H),
5.0–4.8 (m, 4H), 4.8 (s, 1H), 3.0 (d, J = 13.6 Hz, 1H), 2.8 (d,
J = 44.3 Hz, 10H), 2.6 (d, J = 13.6 Hz, 1H), 2.4–2.1 (m, 9H),
2.1–2.0 (m, 1H), 1.6 (dt, J = 11.8, 27.2 Hz, 2H), 1.5–1.3 (m,
4H),  1.0  (s,  3H); 13C  NMR  (125  MHz,  CDCl3)  δ:  150.6,
150.1, 148.1, 114.0, 111.1, 110.2, 67.0, 64.2, 53.9, 53.8, 48.1,
45.6,  42.1,  39.9,  34.1,  27.2,  16.0.  ESI-MS m/z 373.2  [M  +
H]+.
 2,2'-(((1R,3R,4S)-4-Methyl-4-vinylcyclohexane-1,3-
diyl)bis(prop-2-ene-2,1-diyl))bis(octahydropyrrolo[3,4-
c]pyrrole) (6)

Brown liquid,  yield  95 %. 1H NMR (500 MHz,  CDCl3)
δ:  5.8  (dd, J =  10.8,  17.5  Hz,  1H),  5.0  (s,  1H),  4.9–4.8  (m,
4H),  4.7 (s,  1H),  3.5–3.3 (m, 4H),  3.1 (d, J = 12.2 Hz,  1H),
3.0–2.8 (m,  8H),  2.8–2.6 (m,  6H),  2.5–2.4 (m,  2H),  2.3  (dd,
J =  5.8,  9.2  Hz,  1H),  2.2–2.1  (m,  3H),  2.0  (dd, J =  5.4,  9.3
Hz, 1H), 1.7–1.4 (m, 6H), 1.0 (s,  3H); 13C NMR (125 MHz,
CDCl3)  δ:  152.0,  150.1,  149.8,  113.6,  110.4,  110.3,  76.9,
63.3, 60.2, 59.4, 59.3, 58.7, 53.5, 53.3, 52.9, 52.3, 47.2, 42.0,
41.8,  41.6,  40.8,  40.0,  39.9,  34.1,  27.6,  15.7.  ESI-MS m/z
425.4 [M + H]+.
 General synthetic procedures for compounds 9–11

Compounds 9–11 were synthesized  following the  meth-
ods previously described [25].
 General  synthetic  procedures  for  compounds  12a−12f  and
13a−13f

NO  donor  intermediates 9a−b, 10a−b,  or 11a−b (0.2
mmol),  DIPEA  (0.8  mmol),  EDCI  (0.4  mmol),  and  HOBt
(0.2 mmol) were added to a solution of β-elemene intermedi-
ate 5 or 6 (0.1 mmol) in anhydrous DCM (3 mL). This reac-
tion mixture  was  stirred  at  room temperature  overnight.  Af-
terward,  it  was  diluted  with  DCM.  The  organic  layers  were
then separated and washed sequentially with water and brine
before  being  dried  over  Na2SO4.  The  concentrated  residue,
obtained  under  reduced  pressure,  was  further  purified via
column chromatography (DCM/MeOH 60∶1, V/V), yielding
12a-f and 13a-f in liquid form.
 4-(2-((4-(4-(2-((1R,3R,4S)-4-Methyl-3-(3-(4-(4-(2-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)ethoxy)-4-ox-
obutanoyl)piperazin-1-yl)prop-1-en-2-yl)-4-vinylcyclohexyl)
allyl)piperazin-1-yl)-4-oxobutanoyl)oxy)ethoxy)-3-(phenyl
sulfonyl)-1,2,5-oxadiazole 2-oxide (12a)

Colorless  transparent  liquid,  yield  54%. 1H  NMR  (500
MHz, CDCl3) δ: 8.04 (d, J = 7.7 Hz, 4H), 7.76 (t, J = 7.5 Hz,
2H),  7.62  (t, J =  7.8  Hz,  4H),  5.77  (dd, J =  10.8,  17.5  Hz,
1H), 5.03 (s, 1H), 4.93–4.83 (m, 4H), 4.78 (s, 1H), 4.65–4.59
(m, 4H), 4.53–4.46 (m, 4H), 3.57 (s,  4H), 3.44 (s,  4H), 3.02
(d, J = 13.8 Hz, 1H), 2.90 (q, J = 13.4 Hz, 2H), 2.63 (d, J =
13.9 Hz, 1H), 2.48 (t, J = 7.0 Hz, 4H), 2.40 (s, 4H), 2.34 (s,
4H),  2.25  (s,  2H),  2.01–1.95  (m,  4H),  1.60  (d, J =  12.4  Hz,
2H), 1.46 (dd, J = 13.5, 26.4 Hz, 4H), 0.98 (s, 3H); 13C NMR
(125  MHz,  CDCl3)  δ:  173.0,  169.5,  169.5,  158.8,  150.4,
150.1, 148.1, 138.1, 135.8, 129.8, 128.7, 114.0, 111.4, 110.5,
110.4,  69.0,  66.1,  63.4,  61.3,  53.3,  53.2,  52.9,  52.9,  48.2,
45.4, 42.4, 42.0, 40.1, 40.0, 34.0, 29.3, 28.0, 27.2, 26.5, 16.0.

HR-ESI-MS m/z 1109.3953 (Calcd. for C51H64N8O16S2 [M +
H]+, 1109.3954).
 4-(3-((4-(4-(2-((1R,3R,4S)-4-Methyl-3-(3-(4-(4-(3-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)propoxy)-4-ox-
obutanoyl)piperazin-1-yl)prop-1-en-2-yl)-4-vinylcyclo-
hexyl)allyl)piperazin-1-yl)-4-oxobutanoyl)oxy)propoxy)-3-
(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (12b)

Colorless  transparent  liquid,  yield  49%. 1H  NMR  (500
MHz, CDCl3) δ: 8.10–8.02 (m, 4H), 7.75 (t, J = 7.5 Hz, 2H),
7.63  (t, J =  7.9  Hz,  4H),  5.79  (dd, J =  10.9,  17.2  Hz,  1H),
5.06 (s, 1H), 4.97–4.85 (m, 4H), 4.81 (s, 1H), 4.52 (t, J = 6.1
Hz, 4H), 4.29 (t, J = 6.0 Hz, 4H), 3.50 (d, J = 47.0 Hz, 8H),
3.04  (d, J =  13.0  Hz,  1H),  2.92  (q, J =  13.0,  13.6  Hz,  2H),
2.64  (s,  9H),  2.36  (d, J =  17.6  Hz,  6H),  2.26–2.18  (m,  6H),
2.04  (d, J =  34.2  Hz,  2H),  1.63  (s,  2H),  1.53–1.40  (m,  4H),
0.99  (s,  3H); 13C  NMR  (125  MHz,  CDCl3)  δ:  173.2,  173.2,
169.6, 169.5, 159.0, 150.3, 150.0, 148.0, 138.1, 135.7, 129.8,
128.7, 114.0, 111.5, 110.6, 110.4, 68.2, 66.1, 63.4, 60.4, 53.3,
53.2, 52.9, 52.8, 48.2, 45.4, 42.4, 41.9, 40.1, 40.0, 34.0, 29.3,
28.1, 28.0, 27.2, 16.0. HR-ESI-MS m/z 1137.4261 (Calcd. for
C53H68N8O16S2 [M + H]+, 1137.4267).
 4-(2-((5-(4-(2-((1R,3R,4S)-4-Methyl-3-(3-(4-(5-(2-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)ethoxy)-5-ox-
opentanoyl)piperazin-1-yl)prop-1-en-2-yl)-4-vinylcyclo-
hexyl)allyl)piperazin-1-yl)-5-oxopentanoyl)oxy)ethoxy)-3-
(phenyl sulfonyl)-1,2,5-oxadiazole 2-oxide (12c)

Colorless  transparent  liquid,  yield  30%. 1H  NMR  (500
MHz, CDCl3) δ: 8.07–8.00 (m, 4H), 7.76 (t, J = 7.5 Hz, 2H),
7.63  (t, J =  7.9  Hz,  4H),  5.78  (dd, J =  10.8,  17.3  Hz,  1H),
5.04 (s, 1H), 4.95–4.84 (m, 4H), 4.79 (s, 1H), 4.65–4.59 (m,
4H),  4.52–4.47  (m,  4H),  3.58  (s,  4H),  3.44  (s,  4H),  3.07–
2.99  (m,  1H),  2.90  (q, J =  12.2,  13.1  Hz,  2H),  2.64  (d, J =
13.8 Hz, 1H), 2.48 (t, J = 6.9 Hz, 4H), 2.40 (td, J = 2.7, 7.4
Hz,  5H),  2.34  (s,  5H),  2.22  (dd, J =  10.1,  17.7  Hz,  4H),
2.00–1.96  (m,  4H),  1.64–1.58  (m,  2H),  1.52–1.40  (m,  4H),
0.98  (s,  3H); 13C  NMR  (125  MHz,  CDCl3)  δ:  173.2,  170.6,
170.6, 158.8, 150.4, 150.1, 148.1, 138.1, 135.8, 129.8, 128.7,
114.0, 111.4, 110.5, 110.4, 69.1, 66.2, 63.4, 61.1, 53.4, 53.4,
53.0, 53.0, 48.3, 45.6, 42.4, 41.8, 40.1, 40.0, 34.0, 33.3, 32.2,
27.3,  20.3,  16.0.  HR-ESI-MS m/z  1137.4262 (Calcd.  for
C53H68N8O16S2 [M + H]+, 1137.4267).
 4-(3-((5-(4-(2-((1R,3R,4S)-4-Methyl-3-(3-(4-(5-(3-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)propoxy)-5-ox-
opentanoyl)piperazin-1-yl)prop-1-en-2-yl)-4-vinylcyclo-
hexyl)allyl)piperazin-1-yl)-5-oxopentanoyl)oxy)propoxy)-3-
(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (12d)

Colorless  transparent  liquid,  yield  49%. 1H  NMR  (500
MHz, CDCl3) δ: 8.10–8.01 (m, 4H), 7.76 (t, J = 7.5 Hz, 2H),
7.63  (t, J =  7.9  Hz,  4H),  5.79  (dd, J =  10.9,  16.9  Hz,  1H),
5.05 (s, 1H), 4.97–4.77 (m, 5H), 4.50 (t, J = 6.1 Hz, 4H), 4.26
(t, J =  6.1  Hz,  4H),  3.64–3.38  (m,  8H),  3.08–3.01  (m,  1H),
2.92 (q, J = 13.1 Hz, 2H), 2.69–2.62 (m, 1H), 2.45–2.32 (m,
14H), 2.26 (d, J = 8.7 Hz, 2H), 2.23–2.19 (m, 4H), 1.98–1.92
(m, 6H), 1.66–1.59 (m, 2H), 1.45 (dd, J = 11.9, 22.8 Hz, 4H),
0.99  (s,  3H); 13C  NMR  (125  MHz,  CDCl3)  δ:  173.3,  170.6,
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159.0, 150.4, 150.1, 148.1, 138.1, 135.8, 129.8, 128.7, 114.0,
111.4,  110.6,  110.4,  68.1,  66.2,  63.4,  60.3,  53.4,  53.4,  53.0,
52.9, 48.3, 45.7, 42.4, 41.8, 40.1, 40.0, 34.0, 33.4, 32.3, 28.1,
27.3,  20.5,  16.0.  HR-ESI-MS m/z  1165.4582  (Calcd.  for
C55H72N8O16S2 [M + H]+, 1165.458).
 4-((4-((4-(4-(2-((1R,3R,4S)-4-Methyl-3-(3-(4-(4-((4-((2-ox-
ido-3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)but-2-yn-1-
yl)oxy)-4-oxobutanoyl)piperazin-1-yl)prop-1-en-2-yl)-4-
vinylcyclohexyl)allyl)piperazin-1-yl)-4-oxobutanoyl)oxy)but-
2-yn-1-yl)oxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole  2-oxide
(12e)

Colorless  transparent  liquid,  yield  32%. 1H  NMR  (500
MHz,  CDCl3)  δ:  8.11–8.05  (m,  4H),  7.78–7.74  (m,  2H),
7.67–7.61 (m, 4H), 5.79 (dd, J = 10.8, 17.4 Hz, 1H), 5.09 (t,
J = 1.6 Hz, 4H), 5.06–4.79 (m, 6H), 4.74 (d, J = 8.7 Hz, 4H),
3.71–3.40  (m,  8H),  3.13–2.87  (m,  3H),  2.72–2.61  (m,  9H),
2.47–2.25  (m,  8H),  2.23–2.16  (m,  1H),  2.13–2.03  (m,  1H),
1.61  (d, J =  11.9  Hz,  2H),  1.55–1.39  (m,  4H),  0.99  (s,  3H);
13C  NMR  (125  MHz,  CDCl3)  δ:  172.5,  169.4,  158.0,  150.0,
150.0, 148.0, 138.0, 135.9, 129.8, 128.8, 111.6, 111.5, 110.7,
110.5,  84.2,  78.6,  66.1,  66.1,  63.4,  63.4,  61.0,  61.0,  58.8,
53.6, 53.2, 53.2, 52.9, 52.8, 52.1, 48.3, 45.4, 42.4, 42.0, 40.1,
40.0, 34.0, 29.2, 27.9, 27.2, 16.0. HR-ESI-MS m/z 1157.3954
(Calcd. for C55H64N8O16S2 [M + H]+, 1157.3954).
 4-((4-((5-(4-(2-((1R,3R,4S)-4-Methyl-3-(3-(4-(5-((4-((2-ox-
ido-3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)but-2-yn-1-
yl)oxy)-5-oxopentanoyl)piperazin-1-yl)prop-1-en-2-yl)-4-
vinylcyclohexyl)allyl)piperazin-1-yl)-5-oxopentanoyl)
oxy)but-2-yn-1-yl)oxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole
2-oxide (12f)

Colorless  transparent  liquid,  yield  26%. 1H  NMR  (500
MHz, CDCl3) δ: 8.12–8.04 (m, 4H), 7.77 (t, J = 7.5 Hz, 2H),
7.64  (t, J =  7.9  Hz,  4H),  5.80  (dd, J =  11.3,  16.4  Hz,  1H),
5.10 (s, 5H), 5.00–4.77 (m, 5H), 4.74 (s, 4H), 3.70–3.34 (m,
8H), 3.05 (dd, J = 2.8, 13.5 Hz, 1H), 2.99–2.86 (m, 2H), 2.66
(dd, J = 5.3, 12.4 Hz, 1H), 2.46 (t, J = 6.9 Hz, 4H), 2.39 (dd,
J = 4.6, 9.8 Hz, 7H), 2.31–2.14 (m, 4H), 2.11–2.05 (m, 1H),
1.97  (ddt, J =  3.7,  7.2,  14.3  Hz,  6H),  1.66–1.59  (m,  2H),
1.53–1.39  (m,  4H),  0.99  (s,  3H); 13C  NMR  (125  MHz,
CDCl3)  δ:  172.6,  170.5,  158.0,  150.3,  150.0,  148.0,  137.9,
135.9,  129.8,  129.1,  128.7,  114.0,  111.5,  110.7,  110.4,  84.1,
78.6, 66.1, 63.4, 61.0, 58.7, 53.6, 53.4, 53.4, 53.0, 52.9, 51.9,
48.2, 45.6, 42.4, 41.8, 40.1, 40.0, 34.0, 33.2, 32.1, 27.2, 20.3,
16.0. HR-ESI-MS m/z 1185.4271 (Calcd. for C57H68N8O16S2
[M + H]+, 1185.4267).
 4-(2-((4-(5-(2-((1R,3R,4S)-4-Methyl-3-(3-(5-(4-(2-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)ethoxy)-4-ox-
obutanoyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)prop-1-en-
2-yl)-4-vinylcyclohexyl)allyl)hexahydropyrrolo[3,4-c]pyrrol-
2(1H)-yl)-4-oxobutanoyl)oxy)ethoxy)-3-(phenylsulfonyl)-
1,2,5-oxadiazole 2-oxide (13a)

Colorless  transparent  liquid,  yield  50%. 1H  NMR  (500
MHz, CDCl3) δ: 8.10–8.03 (m, 4H), 7.76 (t, J = 7.5 Hz, 2H),
7.63  (t, J =  7.9  Hz,  4H),  5.77  (dd, J =  11.0,  16.8  Hz,  1H),
5.06 (s, 1H), 4.97–4.83 (m, 4H), 4.74 (s, 1H), 4.65–4.60 (m,

4H),  4.51  (dt, J =  3.6,  6.9  Hz,  4H),  3.76–3.64  (m,  4H),
3.43–3.25  (m,  4H),  3.16  (s,  1H),  3.00  (s,  2H),  2.88  (s,  2H),
2.79–2.68  (m,  5H),  2.63–2.54  (m,  5H),  2.50–2.33  (m,  7H),
2.18–1.96  (m,  4H),  1.64–1.56  (m,  2H),  1.54–1.40  (m,  4H),
0.96  (s,  3H); 13C  NMR  (125  MHz,  CDCl3)  δ:  173.0,  169.2,
158.8, 151.6, 150.1, 150.0, 138.2, 135.8, 129.8, 128.7, 113.0,
110.5, 110.4, 110.1, 109.9, 69.1, 62.9, 62.8, 61.4, 61.3, 60.3,
60.2, 60.2, 60.0, 53.6, 52.4, 51.5, 48.8, 48.6, 42.5, 42.5, 42.4,
40.6,  40.6,  40.0,  39.9,  34.0,  29.4,  29.1,  27.4,  16.1.  HR-ESI-
MS m/z  1161.4258 (Calcd.  for  C55H68N8O16S2 [M  +  H]+,
1161.4267).
 4-(3-((4-(5-(2-((1R,3R,4S)-4-Methyl-3-(3-(5-(4-(3-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)propoxy)-4ox-
obutanoyl)hexahydropyrrolo  [3,4-c]pyrrol-2(1H)-yl)prop-1-
en-2-yl)-4vinylcyclohexyl)allyl)hexahydropyrrolo[3,4-
c]pyrrol-2(1H)-yl)-4-oxobutanoyl)oxy)propoxy)-3-(phenyl-
sulfonyl)-1,2,5-oxadiazole 2-oxide (13b)

Light yellow liquid, yield 59%. 1H NMR (500 MHz, CD-
Cl3) δ: 8.05 (d, J = 7.5 Hz, 4H), 7.75 (t, J = 7.5 Hz, 2H), 7.62
(t, J =  7.9  Hz,  4H),  5.77  (ddd, J =  2.7,  10.8,  17.2  Hz,  1H),
5.06  (s,  1H),  4.94  (s,  1H),  4.89–4.83  (m,  3H),  4.74  (s,  1H),
4.51 (t, J = 6.1 Hz, 4H), 4.28 (q, J = 5.6 Hz, 4H), 3.67 (q, J =
7.1, 8.2 Hz, 4H), 3.37–3.25 (m, 4H), 3.21–3.11 (m, 1H), 3.00
(s, 2H), 2.88 (s, 2H), 2.80–2.74 (m, 2H), 2.71–2.53 (m, 12H),
2.48–2.36  (m,  5H),  2.21  (p, J =  6.1  Hz,  4H), 2.16–2.09  (m,
1H),  2.07–2.00  (m,  1H),  1.64–1.56  (m,  2H),  1.52–1.38  (m,
4H),  0.96  (s,  3H); 13C  NMR  (125  MHz,  CDCl3)  δ:  173.2,
169.3, 159.0, 150.1, 150.0, 149.9, 138.1, 135.7, 129.8, 128.7,
110.7, 110.6, 110.5, 110.4, 110.4, 68.2, 62.9, 62.8, 62.8, 60.4,
60.1, 60.1, 59.9, 52.2, 52.2, 51.4, 51.3, 48.5, 42.4, 42.4, 42.3,
40.5, 40.5, 40.5, 39.9, 34.0, 29.4, 29.1, 28.1, 27.3, 15.9. HR-
ESI-MS m/z 1189.4585 (Calcd. for C57H72N8O16S2 [M + H]+,
1189.458).
 4-(2-((5-(5-(2-((1R,3R,4S)-4-Methyl-3-(3-(5-(5-(2-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)ethoxy)-5-ox-
opentanoyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)prop-1-
en-2-yl)-4-vinylcyclohexyl)allyl)hexahydropyrrolo[3,4-
c]pyrrol-2(1H)-yl)-5-oxopentanoyl)oxy)ethoxy)-3-(phenyl-
sulfonyl)-1,2,5-oxadiazole 2-oxide (13c)

Colorless  transparent  liquid,  yield  71%. 1H  NMR  (500
MHz, CDCl3) δ: 8.05 (d, J = 7.6 Hz, 4H), 7.76 (t, J = 7.5 Hz,
2H),  7.63 (t, J = 7.9 Hz,  4H),  5.76 (ddd, J = 2.9,  10.8,  17.1
Hz, 1H), 5.05 (s, 1H), 4.95–4.82 (m, 4H), 4.73 (s, 1H), 4.62
(t, J = 4.5 Hz,  4H),  4.50 (q, J = 4.0 Hz,  4H),  3.73–3.59 (m,
4H),  3.44–3.24  (m,  4H),  3.21–3.11  (m,  1H),  3.00  (s,  2H),
2.92–2.83  (m,  2H),  2.77  (s,  2H),  2.68  (d, J =  14.3  Hz,  1H),
2.63–2.53  (m,  3H),  2.48  (t, J =  7.1  Hz,  4H),  2.42  (s,  2H),
2.37–2.30 (m, 7H), 2.16–2.09 (m, 1H), 1.99 (dt, J = 4.7, 9.2
Hz,  5H),  1.63–1.38  (m,  6H),  0.96  (s,  3H); 13C  NMR  (125
MHz,  CDCl3)  δ:  173.2,  170.4,  158.8,  150.9,  150.0,  149.9,
138.1, 135.8, 129.9, 128.7, 110.8, 110.5, 110.5, 110.5, 110.0,
69.1, 62.9, 62.8, 61.2, 61.1, 60.1, 60.0, 60.0, 59.9, 53.6, 52.2,
52.2, 51.2, 48.5, 42.5, 42.4, 42.3, 42.3, 40.5, 40.5, 39.9, 33.9,
33.6, 33.3, 27.3, 20.0, 16.0. HR-ESI-MS m/z 1189.4583 (Cal-
cd. for C57H72N8O16S2 [M + H]+, 1189.458).
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 4-(3-((5-(5-(2-((1R,3R,4S)-4-Methyl-3-(3-(5-(5-(3-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)propoxy)-5-ox-
opentanoyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)prop-1-
en-2-yl)-4-vinylcyclohexyl)allyl)hexahydropyrrolo[3,4-
c]pyrrol-2(1H)-yl)-5-oxopentanoyl)oxy)propoxy)-3-(phenyl-
sulfonyl)-1,2,5-oxadiazole 2-oxide (13d)

Colorless  transparent  liquid,  yield  63%. 1H  NMR  (500
MHz, CDCl3) δ: 8.08–8.00 (m, 4H), 7.75 (t, J = 7.5 Hz, 2H),
7.61 (t, J = 7.9 Hz, 4H), 5.80–5.70 (m, 1H), 5.05 (s, 1H), 4.93
(s, 1H), 4.89–4.81 (m, 3H), 4.73 (s, 1H), 4.49 (t, J = 6.1 Hz,
4H), 4.25 (t, J = 6.1 Hz, 4H), 3.66 (dt, J = 9.9, 29.9 Hz, 4H),
3.41–3.25 (m, 4H), 3.08–2.50 (m, 16H), 2.41 (t, J = 7.2 Hz,
6H),  2.30 (t, J = 7.3 Hz, 4H),  2.22–2.17 (m, 4H),  1.97–1.91
(m,  4H),  1.57  (s,  2H),  1.49–1.38  (m,  4H),  0.95  (s,  3H); 13C
NMR  (125  MHz,  CDCl3)  δ:  173.3,  170.4,  158.9,  150.1,
150.0, 149.9, 138.1, 135.8, 129.8, 128.6, 110.6, 110.5, 110.5,
110.4,  110.4,  68.1,  62.9,  62.8,  60.2,  60.1,  60.0,  60.0,  59.9,
52.4,  51.3,  51.3,  48.8,  48.5,  42.8,  42.5,  42.4,  42.4,  40.5,
40.5,  39.9,  33.7,  33.6,  33.5,  28.0,  27.2,  20.1,  16.0.  HR-ESI-
MS m/z  1217.4898  (Calcd.  for  C59H76N8O16S2 [M  +  H]+,
1217.4893).
 4-((4-((4-(5-(2-((1R,3R,4S)-4-Methyl-3-(3-(5-(4-((4-((2-ox-
ido-3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)but-2-yn-1-
yl)oxy)-4-oxobutanoyl) hexahydropyrrolo[3,4-c]pyrrol-2(1H)-
yl)prop-1-en-2-yl)-4-vinylcyclohexyl) allyl)hexahydropyrrolo
[3,4-c]pyrrol-2(1H)-yl)-4-oxobutanoyl)oxy)but-2-yn-1-
yl)oxy) -3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (13e)

Colorless  transparent  liquid,  yield  46%. 1H  NMR  (500
MHz,  CDCl3)  δ:  8.09  (dd, J =  8.1,  16.0  Hz,  4H),  7.79–7.74
(m,  2H),  7.64  (t, J =  7.0  Hz,  4H),  5.83–5.73  (m,  1H),
5.12–5.07  (m,  4H),  5.05–4.82  (m,  6H),  4.75  (d, J =  8.3  Hz,
4H), 3.74–3.64 (m, 4H), 3.44–3.31 (m, 4H), 3.05 (d, J = 9.6
Hz, 2H), 2.92 (d, J = 16.1 Hz, 2H), 2.82 (d, J = 11.3 Hz, 2H),
2.75–2.67  (m,  6H),  2.59  (s,  6H),  2.53–2.42  (m,  4H),
2.33–1.99  (m,  4H),  1.62–1.41  (m,  6H),  0.97  (s,  3H); 13C
NMR  (125  MHz,  CDCl3)  δ:  172.5,  169.1,  158.0,  150.1,
150.0, 149.1, 138.0, 135.9, 129.8, 128.8, 110.9, 110.7, 110.4,
110.3,  110.1,  84.2,  78.6,  62.8,  60.2,  58.8,  53.6,  52.4,  52.1,
51.5, 48.8, 48.5, 42.8, 42.5, 42.4, 41.6, 40.6, 40.0, 39.9, 34.0,
29.3, 29.0, 27.4, 16.0. HR-ESI-MS m/z 1209.4269 (Calcd. for
C59H68N8O16S2 [M + H]+, 1209.4267).
 4-((4-((5-(5-(2-((1R,3R,4S)-4-Methyl-3-(3-(5-(5-((4-((2-oxido-
3-(phenyl  sulfonyl)-1,2,5-oxadiazol-4-yl)oxy)but-2-yn-1-yl)
oxy)-5-oxopentanoyl)  hexahydropyrrolo[3,4-c]pyrrol-2(1H)-
yl)prop-1-en-2-yl)-4-vinylcyclohexyl) allyl)hexahydropyrrolo
[3,4-c]pyrrol-2(1H)-yl)-5-oxopentanoyl)oxy)but-2-yn-1-yl)
oxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (13f)

Colorless  transparent  liquid,  yield  49%. 1H  NMR  (500
MHz, CDCl3) δ: 8.07 (t, J = 7.9 Hz, 4H), 7.77 (t, J = 7.5 Hz,
2H),  7.63  (t, J =  7.8  Hz,  4H),  5.77  (dd, J =  10.8,  17.5  Hz,
1H), 5.09 (s, 4H), 5.04–4.82 (m, 5H), 4.73 (s, 5H), 3.73–3.61
(m, 4H), 3.34 (dd, J = 12.0, 30.2 Hz, 4H), 3.22–3.11 (m, 1H),
3.08–2.95  (m,  2H),  2.92–2.75  (m,  4H),  2.72–2.66  (m,  1H),
2.63–2.52 (m, 3H), 2.46 (t, J = 7.1 Hz, 8H), 2.32 (t, J = 7.2
Hz,  5H),  1.99 (dp, J =  6.3,  7.5,  22.2  Hz,  6H),  1.59 (dd, J =

9.0, 21.0 Hz, 2H), 1.52–1.38 (m, 4H), 0.96 (s, 3H); 13C NMR
(125  MHz,  CDCl3) δ 172.6,  170.3,  158.1,  150.0,  150.0,
149.4, 138.0, 135.9, 129.9, 128.8, 110.8, 110.7, 110.6, 110.5,
110.4,  110.2,  84.2,  78.6,  61.0,  60.2,  58.8,  53.6,  52.5,  51.9,
51.8, 51.3, 48.9, 48.5, 42.5, 42.5, 42.4, 41.2, 40.6, 40.0, 39.9,
33.6,  33.3,  29.8,  27.4,  20.1,  16.1.  HR-ESI-MS m/z
1237.4587 (Calcd. for C61H72N8O16S2 [M + H]+, 1237.458).
 Biological evaluation
 NO release test

The Nanjing Jiancheng Biological Engineering Research
Institute  (A013-2-1)  provided  the  kit  to  determine  NO.  The
detailed procedure used to evaluate NO release was as docu-
mented  in  our  earlier  studies  as  well  as  in  other  referenced
works [26, 27].
 Anti-proliferative assay

Our  study  employed  multiple  cell  lines  K562,  CCRF-
CEM, A375,  and  SK-MEL-2,  which  were  provided  by  Ji-
angsu Keygen Biotech Co., Ltd. We determined the anti-pro-
liferative effects of our compounds using the CCK-8 cell pro-
liferation assay.  This  assay is  a  standard method,  the specif-
ics of which were aligned with protocols previously detailed
by our group and corroborated by other researchers [26].
 K562 xenograft tumor mouse model

Experimental  animals  included  female  BALB/c  nude
mice (Shanghai  Lingchang  Biotechnology  Co.,  Ltd.)  weigh-
ing 19.0–20.0 g.  The suspension of  cultured K562 cells  was
collected at  a  concentration of  5 × 107 cell/mL. Each mouse
was then subcutaneously injected with 0.1 mL of the suspen-
sion in the right axilla. When the diameter of the transplanted
tumor reached 50–100 mm3, the mice were divided into three
groups, each comprising six mice. Two of these groups were
then treated with β-elemene (30 mg·kg−1) and compound 13d
(30 mg·kg−1) for 28 days, respectively (i.v.). The model group
was treated with the same amount of solvent. The tumor was
excised from the mice and subsequently weighed. 
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