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Site-directed late-stage diversification of
macrocyclic nannocystins facilitating anticancer
SAR and mode of action studies†

Han Zhang,‡ Yunfeng Tian,‡ Xiaoya Yuan,‡ Fei Xie, Siqi Yu, Jiayou Cai, Bin Sun,
Changliang Shan* and Weicheng Zhang *

Nannocystins are a family of 21-membered cyclodepsipeptides with excellent anticancer activity. However,

their macrocyclic architecture poses a significant challenge to structure modification. Herein, this issue is

addressed by leveraging the strategy of post-macrocyclization diversification. In particular, a novel serine-

incorporating nannocystin was designed so that its appending hydroxyl group could diversify into a wide

variety of side chain analogues. Such effort facilitated not only structure–activity correlation at the

subdomain of interest, but also the development of a macrocyclic coumarin-labeled fluorescence probe.

Uptake experiments indicated good cell permeability of the probe, and endoplasmic reticulum was

identified as its subcellular localization site.

Introduction

Macrocycles stand for a frontier of modern drug discovery,
their large-ring architectures attaining desirable rigidity and
stability, rendering a unique arrangement of functional
groups to prosecute challenging biological targets.1–3 As a
privileged subset, natural macrocycles boast unmatched
topology owing to long-term co-evolution with
biomacromolecules.4,5 The notion that they are not evolved as
chemotherapeutics calls for structural diversification into
collective analogues so as to interrogate their biologically
relevant chemical space.6 Yet a nontrivial issue hampering
such synthetic campaign lies in the ring closure step, an
efficiency limiting bottleneck stemming from drastic entropy
loss and complicated by concentration-dependent
oligomerization.7 In this regard, it is prudent to defer
diversification until after macrocyclization. Given a robust
ring scaffold, step-economic derivatization at this late stage,
also known as late-stage diversification,8,9 has become a time-
tested strategy to probe the structure–activity relationship
(SAR) of numerous macrocyclic natural products. For
instance, from preformed cyclic intermediates 1–6, focused

libraries were swiftly built to permute a pre-targeted
subdomain of bryostatin 1,10 palmerolide A,11,12 epothilone,13

largazole,14–16 thiostrepton,17,18 and nannocystin Ax,19

respectively (Fig. 1). In each case, an exocyclic or embedded
functional moiety (highlighted for each structure), either
naturally occurring or synthetically crafted, sprouts into an
array of close-in variants.

Nannocystin A (7, Fig. 2, left) is a 21-membered
cyclodepsipeptide originally isolated from the myxobacterial
genus Nannocystis sp.20,21 but now accessible via total
synthesis.22 Its marked anticancer potency coupled with a
large ring feature warrants systematic SAR
exploration.19,23–26 As discussed above, these diversity-
oriented syntheses have oftentimes been encumbered by
the entropy-disfavored macrocyclization step. To raise the
overall efficiency, late-stage diversification is preferred in
that macrocycle formation precedes divergent synthesis. In
case no natural macrocycle suffices an eligible
semisynthetic starting material, a custom-made counterpart
shall be generated that carries a functionality at the site of
interest conducive to subsequent derivatization.27–33 While
accumulated SAR results19–21,23–26 suggest the tyrosine
subunit as a viable choice for permutation, a critical relay
compound is missing to pursue site-directed post-
macrocyclization diversification therein. Hence, we
envisioned substituting a homochiral serine for the innate
tyrosine to make a designer analogue 8 (Fig. 2, right).
Recent years have witnessed increasing applications of ester
coupling reactions34 in diversifying complex structures at a
late stage not limited to macrocycles.35–40 Thanks to its
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new-appended hydroxyl handle, 8 is likewise capable of
forming multiple ester derivatives for probing the chemical
space efficiently. Thus obtained SAR (vide infra) not only
validates our initial hypothesis that the tyrosine portion is
editable, but also prompts creating a fluorescently labeled
nannocystin. Although eukaryotic elongation factor 1A

(eEF1A) has been discovered as the binding target of
nannocystins,21 their precise mode of action remains to be
elucidated.41,42 By attaching a coumarin-based reporter to
the nannocystin core, we were able to characterize its
uptake efficiency and subcellular localization for better
mechanistic understanding.

Fig. 1 Selected examples of macrocyclic intermediates 1–6 ready for late-stage diversification, each highlighted substructure denoting a diversity-
conferring site.

Fig. 2 Structures of naturally occurring nannocystin A (7) and serine-incorporating designer analogue 8.
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Results and discussion
Chemistry

Informed by relevant SAR trends,20,21,23,26 we focused on the
tyrosine subdomain for diversification. Also taking into
account synthetic accessibility, we designed a serine-
incorporating non-natural congener 8 amenable to site-
directed post-macrocyclization diversification. Toward this
end, the synthesis consists of two stages: (1) convergent
synthesis of one single macrocyclic precursor and (2)
divergent preparation of multiple side chain variants. In
accordance with our previous total synthesis,43 the key
intermediate 8 was assembled during the first stage. As
shown in Scheme 1, condensation of TBS protected D-serine
methyl ester 10 with commercially available 11, followed by
Fmoc deprotection, produced dipeptide 12 in 67% yield over
two steps. Amidation then took place combining 12 and

epoxy acid 13 into 14. Hydrolysis of the ester enabled amide
coupling to another known building block 15. The seco
precursor 16 underwent a pivotal Heck macrocyclization44,45

to afford 17 in 70% yield. Unlike Suzuki or Stille cross-
coupling, a caveat regarding Heck reaction lies in the
possible formation of regio- and stereoisomers prone to
complicate product isolation. To our delight, the ring closure
product turned out solely as an 8E stereoisomer, thus adding
to the robustness of Heck cross-coupling in macrocycle
synthesis.46–51 Final removal of the TBS group led smoothly
to 8 in 90% yield. Advancing to the second stage (Scheme 1),
8 reacted separately with different acyl donors such as acid
anhydrides (for 9a and 9d), acyl chlorides (for 9b and 9c),
and carboxylic acids (for 9e–9n), under three coupling
conditions (see the table inset in Scheme 1; also refer to the
experimental section for synthetic details). In this way, a
collection of 14 macrocyclic derivatives 9a–9n with either an

Scheme 1 Two-stage campaign for the efficient synthesis of macrocyclic side chain derivatives 9a–9n.
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alkyl, alkenyl, or aryl side chain R1 were easily obtained in
45–90% yields. Among them, 9n contains a coumarin
fluorophore to facilitate mechanistic investigation using
fluorescence microscopy.

Biology

Antiproliferative activities of 8 and 9a–9n, along with
reference compound 7, were evaluated with cell counting kit-
8 (CCK-8) assay against a panel of three cancer cell lines
(HCT-116, HCT-8, and MDA-MB231). As shown in Table 1,
our result for natural nannocystin A (entry 1) is in agreement
with the literature data. For example, the IC50 value of 7
against HCT-116 cells was previously determined to be 1.2
nM by a thymidine pulse proliferation assay,20 2.6 nM by a
CellTiter-Glo luminescence assay,21 and 2.11 nM (ref. 23) or
17 nM (ref. 26) by a MTT assay. The apparent variance
between these results including the current one (4.2 nM,
entry 1, Table 1) is attributed quite likely to the use of
different assay methods.

At the outset of this research, it was anticipated that
trimming the tyrosine phenol to a much smaller serine
hydroxyl, albeit at a supposedly permissive site, might have a
detrimental effect on its activity, but such risk could be
mitigated by ensuing ester coupling with a tunable acyl
moiety. Indeed, across all three cell lines, the bare
macrocyclic alcohol 8 becomes around 2–9 folds less potent
than 7 (entry 2 vs. entry 1); once capped with an acyl group;
however, the activity resumes substantially. This is especially
true for colorectal carcinoma HCT-116 and HCT-8 cells,
wherein over half of the side chain derivatives exhibit
improved activity. Thus, our initial hypothesis that the
tyrosine subdomain is modifiable has been confirmed up to

this point. Interestingly, the two subsets of more active
derivatives for HCT-116 (9a–9b, 9f–9h, 9j–9l) and HCT-8
(9a–9c, 9f–9h, 9l–9m) relative to 8 overlap but do not
match exactly. Meanwhile, the most potent compounds for
HCT-116 (9k) and HCT-8 (9l), both achieving higher
activity than the natural lead 7, are not the same. As for
breast carcinoma MDA-MB231 cells, the subset of more
active compounds (9a, 9i, and 9k) as well as the most
potent one (9a) also differ from those for HCT-116 and
HCT-8 cells, ostensibly owing to their different tissue
origins. Such differential SAR profiles among the tested
cell lines concur with a prior evaluation of 7 against 472
cell lines from the cancer cell line encyclopedia (CCLE),
in which the IC50 values were found to be cell line-
dependent, spanning two orders of magnitude (5 nM–0.5
μM) and correlating with the expression level of EEF1A1.21

That study further proposed a binding model of 7 and its
target protein eEF1A based on docking calculation.21 Yet
shortly afterwards discrepancy was spotted by an
independent SAR study concerning the polyketide C5–C7
region.19 In conjunction with the present research, these
observations demonstrate the point that the efficacy of a
drug to reduce cell viability, as measured phenotypically,
may not correspond with its on-target binding affinity.
Hence no attempt was made to interpret the data given
in Table 1 in terms of on-target activity. It is worth noting
that hitherto nannocystin-related SAR studies19–21,23–26 have
depended exclusively on phenotypic screening, namely, cell
viability assay, rather than a target-based approach in
spite of the known molecular target eEF1A. Such a
seeming dilemma is at least in part due to our
incomplete knowledge about the oncogenic mechanism of
eEF1A.52 Mounting evidence indicates that this
multitalented protein53 promotes malignancy through not
only aberrant protein synthesis54,55 but also a number of
oncogenic signaling pathways.56–58 Now that unable to
decide whether nannocystins solely inhibit uncontrolled
protein synthesis or simultaneously exert a profound
impact on certain pro-tumorigenic pathway(s) mediated by
eEF1A, phenotypic screening represents a more reasonable
choice.59,60 In addition, such a target-agnostic approach
makes due allowance for multi-targeting mechanism
(polypharmacology)61,62 as frequently manifested by natural
products.63 This possibility for nannocystins cannot be
discounted in view of two recent mode-of-action studies
on nannocystin Ax, a 2E-alkene surrogate of 7.41,42 As
another pertinent case, plitidepsin (dehydrodidemnin B) is
a well-known macrocyclic drug approved for clinical
treatment of multiple myeloma.64 Mechanistic study
showed that akin to nannocystin A, this agent targets
eEF1A too,65 notably exerting its therapeutic effect via not
just blocking translation elongation (the canonical
function of eEF1A) but also disrupting the eEF1A2-PKR
(double-stranded RNA-dependent protein kinase) complex
essential to the survival of cancer cells.66 Didemnin B, the
predecessor and also a reduced form of plitidepsin, was

Table 1 Antiproliferative activities of nannocystins 7, 8, and 9a–9n

against three cancer cell linesa

Entry Compound

IC50
b (nM)

HCT-116 HCT-8 MDA-MB231

1 7 4.2 ± 0.2 10.9 ± 0.1 15.2 ± 0.3
2 8 37.6 ± 0.3 32.2 ± 0.3 29.4 ± 0.3
3 9a 17.5 ± 0.2 24.3 ± 0.2 17.0 ± 0.6
4 9b 27.1 ± 0.4 18.4 ± 0.1 46.2 ± 0.2
5 9c 76.6 ± 0.5 16.7 ± 0.3 97.4 ± 0.4
6 9d >200 115.0 ± 0.8 52.6 ± 0.2
7 9e 51.9 ± 0.3 35.5 ± 0.4 81.8 ± 0.5
8 9f 18.7 ± 0.3 27.6 ± 0.3 45.8 ± 0.1
9 9g 23.5 ± 0.4 24.9 ± 0.1 78.8 ± 0.6
10 9h 13.7 ± 0.3 23.4 ± 0.1 40.1 ± 0.1
11 9i 37.7 ± 0.2 44.0 ± 0.1 20.7 ± 0.4
12 9j 10.3 ± 0.3 57.4 ± 0.2 32.3 ± 0.2
13 9k 2.9 ± 0.1 60.5 ± 0.6 20.6 ± 0.4
14 9l 29.8 ± 0.3 2.9 ± 0.2 43.5 ± 0.1
15 9m 42.7 ± 0.1 19.6 ± 0.4 61.8 ± 0.3
16 9n 136.2 ± 1.3 52.3 ± 0.1 141.2 ± 0.3

a Cell histotype: HCT-116, colorectal carcinoma; HCT-8, colorectal
carcinoma; MDA-MB231, breast carcinoma. b Determined using CCK-
8 assay as triplicates in three independent experiments. Each IC50

value is reported as mean ± standard deviation.
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found to induce rapid and extensive apoptosis through
concomitant inhibition of palmitoyl-protein thioesterase 1
(PPT1) and eEF1A1.67

To shed light on the anticancer mechanism of
nannocystins, we opted for in cellulo fluorescence imaging
of a coumarin-tagged analogue 9n (structure shown in
Scheme 1). Here a fundamental design principle is to
incorporate the fluorophore into the parent drug with
minimal disturbance on activity.68 Among privileged motifs
for fluorescence probe design,69 coumarin is endowed with
a relatively small size, favorable photophysical properties,
facile cellular uptake, low activity, and lack of intrinsic
subcellular localization.70 These advantages have
encouraged the development of numerous coumarin-
conjugated natural products to gain mechanistic
insights,70–73 and remarkably to boost target elucidation via
immunoaffinity fluorescence (IAF) technique.74–76 In the
context of nannocystin research, we are interested in
creating a minimally modified coumarin-bearing
macrocyclic probe to visualize its intracellular distribution.
Guided by the preceding SAR (Table 1), we appended
7-diethylaminocoumarin-3-carboxylic acid to 8 via
esterification (Scheme 1), which led to 9n in 90% yield with
diminished but sufficient activity (entry 16 vs. entry 1,
Table 1). To examine whether this probe is cell permeable,
uptake experiments were conducted by treating MDA-
MB231 cells with 9n at a series of concentrations for 1 h.
As shown in Fig. 3(A), the probe is capable of entering into
the cells in a concentration-dependent fashion. Then, we
fixed the concentration of 9n at 1 μM and captured the
intracellular fluorescence at different time periods. After 10
min treatment, a considerable amount of the probe was
detected inside the cells. During the whole experimental
period (0–60 min), its intracellular concentration increased

with a clear time dependence (Fig. 3(B)). Moreover,
repeated washing with media rendered
7-diethylaminocoumarin-3-carboxylic acid, the unconjugated
control fluorophore, undetectable in the cells; by contrast,
this procedure had negligible effect on intracellular
accumulation of 9n. Taken together, these observations
prove satisfactory cell permeability of our designed probe.

Thus far fluorescence microscopy has become an
indispensable tool to investigate the mechanism of diverse
eEF1A-targeting macrocycles.65,70,77–79 A FLIM-phasor FRET
(fluorescence resonance energy transfer) approach provided
concrete evidence for direct binding of coumarin-labeled
plitidepsin to eEF1A2-GFP (green fluorescent protein) fusion
protein.65 Recently, single-molecule FRET (smFRET) imaging
was applied to characterize the binding kinetics of ternatin
derivative SR-A3 in detail for the first time.77 Another elegant
work utilized immunofluorescence analysis to establish
colocalization of a rhodamine-linked fluorescence probe of
BE-43547A2 and eEF1A1 in the cytoplasm.78 Nevertheless,
subcellular localization of this class of targeted agents
remains underexplored. To the best of our knowledge, the
only one such study involved fluorescently labeled didemnin
B and tamandarin A80,81 for intracellular visualization, but
with a surprising finding that both probes accumulate in the
plasma membrane rather than within the cells.70 Inspired by
these pioneering efforts, we wondered subcellular
localization of our probe 9n, that is, whether it would localize
preferably in a specific cellular organelle. The intracellular
concentration of eEF1A was estimated to be 20 μM based on
rabbit reticulocyte lysates.82 More recently, this value has
been updated as 35 μM following a proteome-wide analysis
of HeLa cells.83 Administration of 9n at a concentration
enough for fluorescence detection but far below this
threshold (35 μM) ensures almost all of the probe molecules

Fig. 3 Cellular uptake of coumarin-labeled nannocystin probe 9n (λex = 405 nm, λem = 460 nm) by MDA-MB231 cells. (A) Fluorescence
images of MDA-MB231 cells treated with 9n at different concentrations (0 nM, 250 nM, 500 nM, 1 μM, and 2 μM) for 1 h. (B) Fluorescence
images of MDA-MB231 cells treated with 1 μM of 9n for different time periods (0 min, 10 min, 20 min, 40 min, and 60 min). Scale bars,
50 μm.

RSC Medicinal Chemistry Research Article



304 | RSC Med. Chem., 2023, 14, 299–312 This journal is © The Royal Society of Chemistry 2023

come into engaging their target, the eEF1A protein.
Accordingly, their emission pinpoints the site where
antagonistic complexation is taking place. There are two
types of ribosomes in eukaryotic cells, namely,
endoplasmic reticulum (ER)-bound ribosomes and cytosolic
ribosomes. According to the traditional theory, protein
biosynthesis is highly compartmentalized in that secretory
and membrane proteins are synthesized on the former
whereas cytosolic proteins on the latter.84 However, latest
studies cast doubt on this dichotomy and realized that the
ER plays a central role in manufacturing not only
exportable (secretory/membrane) proteins but also non-
exportable (cytosolic) proteins.85 Canonically delivering
amino acyl tRNAs (aa-tRNAs) to the ribosomal A site
during translation elongation, eEF1A is actively associated
with the ER-bound ribosome. Hence, we suspected that ER
could be the locus enriching the probe–eEF1A complex
visible by fluorescence imaging. Our conjecture is
additionally supported by earlier immunolocalization
studies that verified the presence of eEF1A in the ER.86–88

So we co-stained 9n-treated HCT-8 cells with ER-Tracker
Red (BODIPY TR glibenclamide). To our satisfaction,
merged confocal image (Fig. 4, top right panel) indicates
good overlap of red fluorescence from ER-Tracker
(Fig. 4, top middle panel) and blue fluorescence from 9n
(Fig. 4, top left panel). A close match of fluorescence from
ER-Tracker and 9n was also observed in co-stained MDA-
MB231 cells (Fig. 4, bottom panels). These results therefore
confirm colocalization of our probe and ER, probably as a
result of nannocystin–eEF1A binding to inhibit protein
synthesis. It is noted, though, that the possibility of
alternative mode of action cannot be ruled out considering

the many moonlighting functions of eEF1A.53,89,90 In addition
to ER, eEF1A also exists in the cytosol, where it participates
in translation elongation at the cytosolic ribosome apart from
the ER and possibly some non-translational functions. It
remains to determine whether and to what extent
nannocystin interferes with the functioning of cytosolic
eEF1A.91

Conclusions

Post-macrocyclization diversification takes advantage of a
preconfigured macrocycle for efficient late-stage divergent
synthesis. A prerequisite for this strategy is the presence of
a diversity-conferring site, which unfortunately is not
always available in macrocyclic natural products. In this
situation, it is necessary to introduce such a functionality
that enables facile site-directed derivatization, SAR
exploration, and if feasible, mechanistic investigation.
Embracing this methodology, the present work designed
and synthesized a novel serine-incorporating nannocystin
to displace the innate tyrosine fragment. Thus created
macrocyclic alcohol was easily diversified into a library of
side chain analogues via ester coupling to explore
structure–activity correlation, which furthermore inspired
developing a coumarin-tagged fluorescence probe.
Fluorescence microscopy experiments showed good cell
permeability of the probe and identified ER as its
subcellular localization site, thereby deepening our
mechanistic understanding of nannocystins. Further
elucidation of the underlying mechanism of nannocystins
is in progress and will be reported in due course.

Fig. 4 Confocal fluorescence images of HCT-8 and MDA-MB231 cancer cells co-stained with nannocystin-based probe 9n (blue, λex = 405 nm,
λem = 460 nm) and ER-Tracker (red, λex = 587 nm, λem = 615 nm). Scale bars, 10 μm.
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Experimental section

Chemistry

General methods. All chemical reagents including solvents
were purchased from commercial sources and used without
purification. Unless otherwise specified, all reactions were
carried out in an argon atmosphere with dry solvents under
anhydrous conditions. Tetrahydrofuran (THF) was distilled
immediately before use from sodium benzophenone;
methylene chloride (DCM) and triethylamine (Et3N) were
distilled from calcium hydride. Reactions were monitored by
thin layer chromatography (TLC) carried out on silica gel
plates using UV light as a visualizing agent and aqueous
phosphomolybdic acid or basic aqueous potassium
permanganate as a color developing agent. Silica gel (200–
300 mesh) was purchased from Qingdao Haiyang Chemical
Co. for column chromatography. 1H NMR and 13C NMR were
recorded using a Bruker AV 400 and calibrated by using
internal references and solvent signals CHCl3 (δH = 7.26 ppm,
δC = 77.16 ppm) or DMSO (δH = 2.54 ppm, δC = 39.52 ppm).
1H NMR data were reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
br = broad, m = multiplet), coupling constants and
integration. High-resolution mass spectra (HRMS) were
detected by Varian 7.0 T FTMS. High-performance liquid
chromatography (HPLC) was carried out using an Agilent
1260 infinity II system. The compounds for biological studies
were eluted at a flow rate of 1.0 mL min−1 with water :
methanol (20 : 80) within 20 min. Compounds 13 and 15 were
prepared according to the literature methods.43

Methyl O-(tert-butyldimethylsilyl)-N-(methyl-L-isoleucyl)-D-
serinate (12). DIPEA (1.49 mL, 8.56 mmol) was added to a
stirred solution of 10 (1.00 g, 4.28 mmol), HATU (2.44 g, 6.42
mmol), and 11 (1.88 g, 5.13 mmol) in dry CH2Cl2 (9.7 mL) at
0 °C. After stirring at room temperature overnight, the
reaction mixture was diluted with EtOAc (20 mL). The organic
layers were washed, in turn, with aqueous HCl (1%),
saturated aqueous NaHCO3, and brine. After drying over
anhydrous Na2SO4, the crude mixture was concentrated with
evaporation and used directly in the next step without
purification.

Diethylamine (21 mL) was added to a solution of the
above-mentioned crude product in CH2Cl2 (42 mL) at 0 °C.
The reaction mixture was stirred at room temperature for 2
h. Following evaporation of the volatile at 0 °C, 20 mL of
toluene was added and the mixture was concentrated again.
The concentrated crude product was purified by silica gel
chromatography (petroleum ether : EtOAc = 4 : 1) to afford 12
as a colorless oil (1.04 g, 67% over two steps). 1H NMR (400
MHz, CDCl3) δ 7.84 (d, J = 8.1 Hz, 1H), 4.65 (d, J = 8.5 Hz,
1H), 4.05 (d, J = 9.8 Hz, 1H), 3.78 (dd, J = 9.9, 2.4 Hz, 1H),
3.69 (s, 3H), 2.84 (d, J = 4.4 Hz, 1H), 2.35 (s, 3H), 1.76 (s, 1H),
1.58–1.46 (m, 1H), 1.40–1.24 (m, 1H), 1.18–1.05 (m, 1H), 0.93
(t, J = 7.5 Hz, 3H), 0.88–0.80 (m, 12H), −0.02 (t, J = 7.8 Hz,
6H). 13C NMR (101 MHz, CDCl3) δ 173.26, 170.93, 70.07,
63.72, 53.74, 52.23, 38.55, 36.21, 25.67, 25.14, 18.14, 15.88,

11.92, −5.57, −5.65. HRMS–ESI (m/z): [M + H]+ calcd for C17-
H36N2NaO4Si

+, 383.2337; found: 383.2340.
Methyl O-(tert-butyldimethylsilyl)-N-(N-((2R,3S)-3-((R,E)-4-

iodo-2-methoxy-3-methylbut-3-en-1-yl)-2-methyloxirane-2-
carbonyl)-N-methyl-L-isoleucyl)-D-serinate (14). DIPEA (0.18 mL,
1.20 mmol) was added to a stirred solution of 12 (248.8 mg,
0.69 mmol), 13 (150 mg, 0.46 mmol), and HATU (3.19 g, 8.39
mmol) in dry CH2Cl2 (8 mL) at 0 °C. After stirring at room
temperature overnight, the reaction mixture was diluted with
EtOAc (20 mL). The organic layer was washed, in turn, with
aqueous HCl (1%), saturated aqueous NaHCO3, and brine.
After drying over anhydrous Na2SO4, the concentrated crude
product was purified by silica gel chromatography (petroleum
ether : EtOAc = 10 : 1) to afford 14 as a colorless oil (341 mg,
74%). 1H NMR (400 MHz, CDCl3) δ 6.76 (d, J = 7.6 Hz, 1H),
6.33 (s, 1H), 4.65 (d, J = 11.3 Hz, 1H), 4.54 (d, J = 6.7 Hz, 1H),
4.07 (d, J = 9.7 Hz, 1H), 3.87 (s, 1H), 3.78 (d, J = 9.7 Hz, 1H),
3.69 (s, 3H), 3.22 (s, 3H), 3.10 (s, 1H), 2.98 (s, 3H), 2.15 (s,
1H), 1.87 (s, 1H), 1.78 (s, 3H), 1.67 (s, 1H), 1.50 (s, 3H), 1.30
(d, J = 17.0 Hz, 1H), 1.01 (s, 1H), 0.93 (s, 3H), 0.86 (s, 12H),
0.03 (d, J = 11.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ

171.37, 170.62, 169.55, 146.90, 83.89, 80.29, 63.26, 60.72,
60.62, 59.17, 56.64, 54.26, 52.38, 32.97, 30.88, 30.33, 25.86,
24.44, 18.98, 18.27, 15.88, 15.28, 10.58, −5.34, −5.56. HRMS–
MALDI (m/z): [M + Na]+ calcd for C27H49IN2O7SiNa

+,
691.2246; found: 691.2249.

(1S,2R)-2-Methyl-1-phenylbut-3-en-1-yl (S)-2-((R)-3-((tert-
butyldimethylsilyl)oxy)-2-((2S,3S)-2-((2R,3S)-3-((R,E)-4-iodo-2-
methoxy-3-methylbut-3-en-1-yl)-N,2-dimethyloxirane-2-
carboxamido)-3-methylpentanamido)propanamido)-3-hydroxy-3-
methylbutanoate (16). Aqueous LiOH (2.5 M, 0.2 mL) was
added to a stirred solution of 14 (196 mg, 0.293 mmol) in
THF (6 mL). After 2 h, the reaction mixture was diluted with
EtOAc (20 mL). The organic layer was washed with brine and
dried over anhydrous Na2SO4. The concentrated crude
product was used directly in the next step without
purification.

EDCI (60 mg, 0.313 mmol) was added to a stirred solution
of the above-mentioned crude product (167 mg, 0.255 mmol),
15 (114.6 mg, 0.306 mmol), HOBt (69 mg, 0.51 mmol), and
NaHCO3 (32 mg, 0.381 mmol) in THF (4 mL) at 0 °C. The
reaction was slowly warmed to room temperature. After
stirring overnight, the reaction mixture was diluted with
EtOAc (20 mL). The organic layer was washed with brine and
dried over anhydrous Na2SO4. The concentrated crude
product was purified by silica gel chromatography (petroleum
ether : EtOAc = 4 : 1) to afford 16 as a colorless oil (217 mg,
81%). 1H NMR (400 MHz, CDCl3) δ 7.19 (dd, J = 8.9, 5.3 Hz,
5H), 7.08 (d, J = 8.7 Hz, 1H), 6.75 (d, J = 7.0 Hz, 1H), 6.24 (s,
1H), 5.54–5.43 (m, 2H), 4.89–4.81 (m, 2H), 4.44 (t, J = 9.4 Hz,
2H), 4.36–4.29 (m, 1H), 3.96 (dd, J = 10.0, 3.7 Hz, 1H), 3.77 (t,
J = 6.6 Hz, 1H), 3.62 (dd, J = 9.9, 6.1 Hz, 1H), 3.14–3.07 (m,
2H), 3.05 (s, 3H), 2.97 (s, 3H), 2.74 (s, 1H), 2.66 (dd, J = 13.9,
6.9 Hz, 1H), 2.05 (s, 1H), 1.77 (s, 2H), 1.68 (s, 4H), 1.37 (d, J =
10.1 Hz, 3H), 1.03 (s, 3H), 1.00–0.96 (m, 3H), 0.95 (s, 3H),
0.80 (d, J = 8.5 Hz, 15H), 0.00 (d, J = 1.7 Hz, 6H). 13C NMR
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(101 MHz, CDCl3) δ 171.53, 170.59, 169.97, 169.75, 146.97,
138.63, 138.10, 128.25, 127.67, 116.29, 83.75, 80.76, 80.37,
71.95, 62.79, 61.73, 60.64, 59.87, 59.44, 56.57, 54.75, 42.81,
33.08, 31.75, 31.03, 27.00, 26.76, 25.99, 24.80, 18.96, 18.37,
16.00, 15.93, 15.21, 10.76, −5.25, −5.39. HRMS–MALDI (m/z):
[M + Na]+ calcd for C42H68IN3O9SiNa

+, 936.3662; found:
936.3665.

(1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-7-
(((tert-butyldimethylsilyl)oxy)methyl)-10-(2-hydroxypropan-2-yl)-
19-methoxy-1,3,14,18-tetramethyl-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-diene-2,5,8,11-tetraone (17). A
mixture of Pd(OAc)2 (50.2 mg, 0.224 mmol) and Cs2CO3 (80.9
mg, 0.249 mmol) was added to a solution of 16 (113 mg,
0.124 mmol) in 42 mL of anhydrous DMF (degassed via
freeze–pump–thaw), followed by a solution of Et3N (26 μL,
0.186 mmol) in 0.4 mL of DMF. The resulting solution was
stirred at room temperature for 4 days. The reaction was
quenched with H2O (10 mL) and extracted with EtOAc (20 mL
× 3). The combined organic layers were washed with brine,
dried over anhydrous Na2SO4, and concentrated under
reduced pressure. The crude product was purified by flash
chromatography on silica gel (hexane/acetone = 8 : 1) to
afford the product 17 as a white solid (68 mg, 70%). 1H NMR
(400 MHz, CDCl3) δ 7.28–7.18 (m, 6H), 6.92 (dd, J = 12.0, 7.5
Hz, 2H), 6.28 (dd, J = 14.7, 11.2 Hz, 1H), 6.09–6.01 (m, 1H),
5.90 (s, 1H), 5.83 (dd, J = 15.2, 4.4 Hz, 1H), 4.63 (t, J = 10.0
Hz, 1H), 4.51 (d, J = 11.5 Hz, 1H), 4.21 (dt, J = 16.0, 5.9 Hz,
1H), 3.81 (dd, J = 9.8, 3.9 Hz, 1H), 3.64–3.55 (m, 1H), 3.49 (t, J
= 9.1 Hz, 1H), 3.09 (s, 3H), 3.00 (s, 3H), 2.92 (d, J = 9.7 Hz,
1H), 2.58 (s, 1H), 2.23 (s, 1H), 2.15–2.03 (m, 3H), 1.67 (d, J =
6.2 Hz, 3H), 1.45 (s, 3H), 1.16 (s, 4H), 1.12 (s, 3H), 1.01 (d, J =
6.7 Hz, 3H), 0.80 (dd, J = 13.4, 6.2 Hz, 15H), −0.01 (d, J = 6.4
Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 170.69, 170.43, 169.19,
169.07, 138.72, 136.14, 133.98, 129.46, 128.21, 127.79, 126.49,
126.05, 84.66, 80.03, 72.51, 63.07, 61.74, 60.39, 59.63, 58.69,
55.70, 54.66, 41.86, 31.85, 31.04, 29.83, 27.30, 26.20, 25.82,
24.28, 18.23, 15.65, 15.45, 14.12, 10.88, 10.51, 10.33, −5.33,
−5.51. HRMS–MALDI (m/z): [M + Na]+ calcd for
C42H67N3O9SiNa

+, 808.4539; found: 808.4542.
(1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-7-

(hydroxymethyl)-10-(2-hydroxypropan-2-yl)-19-methoxy-
1,3,14,18-tetramethyl-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-diene-2,5,8,11-tetraone (8).
TBAF (0.16 mL, 1 M solution in THF) was slowly added to a
solution of 17 (86.5 mg, 0.110 mmol) in anhydrous THF (4
mL) at room temperature. After stirring for 2 h, the reaction
was quenched with saturated aqueous NH4Cl (30 mL), and
extracted with EtOAc (20 mL × 3). The combined organic
layers were washed with brine, dried over anhydrous Na2SO4,
and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica gel (hexane/
acetone = 4 : 1) to afford the product 8 as a white solid (66.5
mg, 90%). 1H NMR (400 MHz, DMSO) δ 8.18 (t, J = 14.7 Hz,
1H), 7.48 (d, J = 7.6 Hz, 2H), 7.42 (s, 1H), 7.29–7.24 (m, 3H),
7.20 (t, J = 7.0 Hz, 1H), 6.33 (dd, J = 14.6, 11.6 Hz, 1H), 6.04
(td, J = 11.3, 7.1 Hz, 2H), 5.86 (s, 1H), 5.01 (s, 1H), 4.69–4.64

(m, 1H), 4.56 (t, J = 11.1 Hz, 2H), 4.48–4.39 (m, 1H), 3.59 (dd,
J = 10.5, 2.8 Hz, 1H), 3.51 (dd, J = 10.9, 5.3 Hz, 1H), 3.45–3.39
(m, 1H), 3.03 (d, J = 7.8 Hz, 3H), 2.93 (s, 3H), 2.67–2.57 (m,
2H), 2.09 (d, J = 11.8 Hz, 1H), 2.04 (s, 1H), 1.95 (d, J = 3.6 Hz,
1H), 1.64 (s, 3H), 1.41 (s, 3H), 1.11 (s, 3H), 1.04 (d, J = 3.7 Hz,
1H), 0.97 (s, 3H), 0.90 (d, J = 6.8 Hz, 3H), 0.79 (t, J = 6.1 Hz,
6H).13C NMR (101 MHz, DMSO) δ 170.46, 169.62, 168.88,
168.25, 139.82, 137.94, 133.40, 129.12, 127.83, 127.01, 126.04,
124.95, 83.93, 78.59, 71.77, 62.75, 61.21, 59.43, 59.16, 58.10,
55.14, 53.34, 41.71, 30.89, 30.81, 29.64, 28.19, 24.59, 23.98,
15.16, 14.83, 10.72, 10.05, 9.85. HRMS–MALDI (m/z): [M +
Na]+ calcd for C36H53N3O9Na

+, 694.3674; found: 694.3678.
HPLC purity: 96.1%, tR = 7.156 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl acetate (9a).
DMAP (0.6 mg, 0.005 mmol), NEt3 (12.1 mg, 0.12 mmol), and
acetic anhydride (6.12 mg, 0.06 mmol) were sequentially
added to a stirred solution of 8 (33.6 mg, 0.05 mmol) in
anhydrous CH2Cl2 (4 mL) at 0 °C. The reaction was warmed
to room temperature and stirred for 8 h. The reaction was
quenched with saturated aqueous NH4Cl (2 mL) and
extracted with EtOAc for three times. The combined organic
layers were washed with brine, dried over anhydrous Na2SO4,
and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica gel (hexane/
acetone = 6 : 1) to afford the product 9a (25.0 mg, 70%) as a
white solid. 1H NMR (400 MHz, DMSO) δ 8.62 (d, J = 9.9 Hz,
1H), 7.92 (d, J = 8.5 Hz, 1H), 7.53 (d, J = 7.5 Hz, 2H), 7.32 (t, J
= 7.4 Hz, 2H), 7.28–7.23 (m, 1H), 6.43–6.31 (m, 1H), 6.16–6.06
(m, 2H), 5.93 (s, 1H), 5.12 (s, 1H), 4.77 (dd, J = 13.5, 5.7 Hz,
1H), 4.63 (d, J = 9.8 Hz, 2H), 4.13–4.01 (m, 2H), 3.64 (d, J =
10.0 Hz, 1H), 3.09 (s, 3H), 3.01 (s, 3H), 2.67 (d, J = 8.6 Hz,
2H), 2.12 (t, J = 12.4 Hz, 1H), 1.97 (s, 1H), 1.92 (s, 3H), 1.68
(s, 3H), 1.45 (s, 3H), 1.30 (s, 1H), 1.12 (s, 3H), 1.00 (s, 3H),
0.95 (d, J = 6.7 Hz, 4H), 0.83 (t, J = 7.2 Hz, 7H). 13C NMR (101
MHz, DMSO) δ 170.29, 169.90, 169.65, 168.79, 167.84, 139.84,
138.10, 133.47, 129.04, 127.82, 127.03, 126.06, 124.94, 83.93,
78.72, 71.82, 63.90, 61.22, 59.52, 58.90, 58.18, 55.17, 50.19,
41.86, 31.05, 30.79, 29.70, 28.05, 24.46, 24.07, 20.57, 14.89,
14.80, 10.74, 10.09, 9.77. HRMS–ESI (m/z): [M + H]+ calcd for
C38H56N3O10

+, 714.3960; found: 714.3949. HPLC purity:
96.2%, tR = 7.854 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl pentanoate
(9b). NEt3 (16.2 mg, 0.16 mmol) and N-pentanoyl chloride
(19.3 mg, 0.16 mmol) were sequentially added to a stirred
solution of 8 (33.6 mg, 0.05 mmol) in anhydrous CH2Cl2 (4
mL) at 0 °C. The reaction was warmed to room temperature
and stirred for 8 h. The reaction was quenched with
saturated aqueous NH4Cl (2 mL) and extracted with EtOAc
for three times. The combined organic layers were washed
with brine, dried over anhydrous Na2SO4, and concentrated
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under reduced pressure. The crude product was purified by
flash chromatography on silica gel (hexane/acetone = 6 : 1) to
afford the product 9b (22.7 mg, 60%) as a white solid. 1H
NMR (400 MHz, DMSO) δ 8.63 (d, J = 9.8 Hz, 1H), 7.83 (d, J =
8.3 Hz, 1H), 7.53 (d, J = 7.4 Hz, 2H), 7.32 (t, J = 7.4 Hz, 2H),
7.25 (t, J = 6.9 Hz, 1H), 6.37 (dd, J = 14.5, 11.7 Hz, 1H), 6.15–
6.06 (m, 2H), 5.93 (s, 1H), 5.13 (s, 1H), 4.78–4.71 (m, 1H),
4.62 (dd, J = 10.5, 8.8 Hz, 2H), 4.11 (qd, J = 11.1, 5.2 Hz, 2H),
3.64 (dd, J = 10.5, 3.0 Hz, 1H), 3.09 (s, 3H), 3.00 (s, 3H), 2.68
(dd, J = 9.9, 1.9 Hz, 2H), 2.24–2.17 (m, 2H), 2.12 (t, J = 9.3 Hz,
1H), 2.03–1.94 (m, 1H), 1.68 (s, 3H), 1.45 (s, 4H), 1.30–1.19
(m, 3H), 1.12 (s, 3H), 1.00 (s, 3H), 0.95 (d, J = 6.8 Hz, 4H),
0.86–0.79 (m, 11H). 13C NMR (101 MHz, DMSO) δ 172.47,
170.30, 169.66, 168.67, 167.76, 139.83, 138.07, 133.43, 129.07,
127.83, 127.03, 126.05, 124.92, 83.93, 78.70, 71.78, 63.83,
61.20, 59.50, 58.92, 58.16, 55.16, 50.34, 41.84, 33.08, 30.94,
30.82, 29.67, 28.08, 26.38, 24.46, 24.02, 21.59, 14.92, 14.80,
13.58, 10.72, 10.04, 9.75. HRMS–MALDI (m/z): [M + Na]+ calcd
for C41H61N3O10Na

+, 778.4249; found: 778.4252. HPLC purity:
95.7%, tR = 11.231 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl decanoate
(9c). The title compound was synthesized from 8 following
the general procedure described for 9b. Flash column
chromatography with hexane and acetone (6 : 1) as eluants
afforded the product 9c in 75% yield as a white solid. 1H
NMR (400 MHz, DMSO) δ 8.56 (d, J = 9.8 Hz, 1H), 7.77 (d, J =
8.3 Hz, 1H), 7.47 (d, J = 7.4 Hz, 2H), 7.25 (t, J = 7.7 Hz, 2H),
7.18 (t, J = 7.2 Hz, 1H), 6.31 (dd, J = 15.2, 10.9 Hz, 1H), 6.09–
6.00 (m, 2H), 5.87 (s, 1H), 5.06 (s, 1H), 4.71–4.65 (m, 1H),
4.56 (dd, J = 10.4, 8.9 Hz, 2H), 4.04 (ddd, J = 16.9, 11.0, 5.1
Hz, 2H), 3.57 (dd, J = 10.5, 2.9 Hz, 1H), 3.02 (s, 4H), 2.93 (s,
3H), 2.61 (dd, J = 9.9, 1.8 Hz, 2H), 2.16–2.08 (m, 2H), 2.04 (d,
J = 11.4 Hz, 1H), 1.97–1.88 (m, 1H), 1.62 (s, 3H), 1.40 (d, J =
8.1 Hz, 6H), 1.16 (s, 10H), 1.05 (s, 3H), 0.93 (s, 3H), 0.89 (d, J
= 6.8 Hz, 4H), 0.80–0.74 (m, 11H).13C NMR (101 MHz, DMSO)
δ 172.47, 170.29, 169.65, 168.67, 167.76, 139.83, 138.08,
133.43, 129.09, 127.83, 127.02, 126.05, 124.92, 83.95, 78.70,
71.79, 63.83, 61.20, 59.49, 58.94, 58.16, 55.15, 50.35, 41.85,
33.36, 31.32, 30.96, 30.83, 29.66, 28.87, 28.70, 28.44, 28.10,
24.47, 24.28, 24.04, 22.14, 14.93, 14.80, 13.99, 10.71, 10.05,
9.75.HRMS–MALDI (m/z): [M + Na]+ calcd for
C46H71N3O10Na

+, 848.5032; found: 848.5035. HPLC purity:
95.5%, tR = 18.157 min.

4-(((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methoxy)-4-
oxobutanoic acid (9d). The title compound was synthesized
from 8 following the general procedure described for 9a.
Flash column chromatography with hexane and acetone (6 :
1) as eluants afforded the product 9d in 50% yield as a white
solid. 1H NMR (400 MHz, DMSO) δ 12.23 (s, 1H), 8.61 (d, J =
9.8 Hz, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.52 (d, J = 7.5 Hz, 2H),

7.30 (t, J = 7.4 Hz, 2H), 7.23 (t, J = 7.2 Hz, 1H), 6.35 (dd, J =
14.4, 11.5 Hz, 1H), 6.13–6.04 (m, 2H), 5.92 (s, 1H), 5.10 (s,
1H), 4.77–4.71 (m, 1H), 4.64–4.58 (m, 2H), 4.07 (td, J = 10.8,
6.0 Hz, 2H), 3.62 (dd, J = 10.4, 2.9 Hz, 1H), 3.07 (s, 4H), 2.99
(s, 3H), 2.65 (d, J = 8.0 Hz, 2H), 2.42–2.39 (m, 4H), 2.10 (s,
1H), 1.96 (s, 1H), 1.66 (s, 3H), 1.44 (s, 3H), 1.12 (s, 1H), 1.10
(s, 2H), 0.98 (s, 3H), 0.94 (d, J = 6.8 Hz, 3H), 0.81 (dd, J =
10.5, 6.9 Hz, 8H).13C NMR (101 MHz, DMSO) δ 173.27,
171.72, 170.29, 169.64, 168.78, 167.78, 139.84, 138.09, 133.46,
129.05, 127.83, 127.03, 126.06, 124.94, 83.93, 78.71, 71.81,
64.08, 61.21, 59.52, 58.93, 58.19, 55.17, 50.22, 41.86, 31.08,
29.70, 29.62, 28.56, 28.50, 28.09, 24.47, 24.06, 14.87, 14.79,
10.73, 10.14, 9.77. HRMS–ESI (m/z): [M + H]+ calcd for
C40H58N3O12

+, 772.4015; found: 772.4006. HPLC purity:
95.5%, tR = 7.185 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl acrylate (9e).
DMAP (0.6 mg, 0.005 mmol), NEt3 (12.1 mg, 0.12 mmol),
EDCI (13.4 mg, 0.07 mmol), and acrylic acid (4.3 mg, 0.06
mmol) were sequentially added to a stirred solution of 8 (33.6
mg, 0.05 mmol) in anhydrous CH2Cl2 (4 mL) at 0 °C. The
reaction was warmed to room temperature and stirred for 8
h. The reaction was quenched with saturated aqueous NH4Cl
(2 mL) and extracted with EtOAc for three times. The
combined organic layers were washed with brine, dried over
anhydrous Na2SO4, and concentrated under reduced
pressure. The crude product was purified by flash
chromatography on silica gel (hexane/acetone = 6 : 1) to
afford the product 9e (24.7 mg, 68%) as a white solid. 1H
NMR (400 MHz, CDCl3) δ 7.35 (d, J = 13.0 Hz, 4H), 7.29 (d, J =
4.7 Hz, 1H), 7.03 (d, J = 6.4 Hz, 1H), 6.87 (d, J = 8.8 Hz, 1H),
6.35 (dd, J = 10.6, 6.7 Hz, 2H), 6.14 (d, J = 10.7 Hz, 1H), 6.02–
5.84 (m, 3H), 5.79 (d, J = 10.5 Hz, 1H), 4.74 (dd, J = 23.5, 7.4
Hz, 2H), 4.53 (d, J = 11.5 Hz, 1H), 4.29 (ddd, J = 28.7, 11.2, 5.2
Hz, 2H), 3.68 (d, J = 7.6 Hz, 1H), 3.21 (d, J = 4.8 Hz, 1H), 3.18
(s, 3H), 3.10 (s, 3H), 3.01 (d, J = 9.7 Hz, 1H), 2.68 (s, 1H),
2.19–2.08 (m, 2H), 1.79 (s, 1H), 1.74 (s, 3H), 1.53 (s, 3H), 1.24
(s, 3H), 1.15 (s, 3H), 1.09 (d, J = 6.8 Hz, 3H), 0.99–0.93 (m,
2H), 0.87 (dd, J = 17.1, 6.7 Hz, 6H) 13C NMR (101 MHz,
CDCl3) δ 170.98, 170.23, 169.22, 168.06, 165.60, 138.62,
136.38, 134.15, 132.12, 129.22, 128.37, 128.02, 127.63, 126.76,
126.21, 84.57, 80.36, 72.58, 64.12, 61.94, 60.79, 60.13, 58.81,
55.98, 51.92, 42.03, 31.79, 31.47, 30.14, 27.41, 26.48, 24.51,
15.65, 15.51, 11.28, 10.81, 10.65. HRMS–MALDI (m/z): [M +
Na]+ calcd for C39H55N3O10Na

+, 748.3780; found: 748.3782.
HPLC purity: 96.2%, tR = 8.182 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl cinnamate
(9f). The title compound was synthesized from 8 and
cinnamic acid following the general procedure described for
9e. Flash column chromatography with hexane and acetone
(6 : 1) as eluants afforded the product 9f in 78% yield as a
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white solid. 1H NMR (400 MHz, DMSO) δ 8.71 (d, J = 9.6 Hz,
1H), 7.96 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 16.9 Hz, 3H), 7.59 (d,
J = 7.0 Hz, 2H), 7.50 (s, 3H), 7.37 (d, J = 6.4 Hz, 2H), 7.32 (d, J
= 6.5 Hz, 1H), 6.54 (d, J = 15.6 Hz, 1H), 6.49–6.38 (m, 1H),
6.16 (t, J = 12.4 Hz, 2H), 5.99 (s, 1H), 5.17 (s, 1H), 4.93 (s,
1H), 4.70 (d, J = 9.6 Hz, 2H), 4.31 (s, 2H), 3.71 (d, J = 9.9 Hz,
2H), 3.15 (s, 3H), 3.07 (s, 3H), 2.76 (d, J = 9.9 Hz, 3H), 2.17 (s,
1H), 2.07 (s, 1H), 1.74 (s, 3H), 1.51 (s, 3H), 1.35 (s, 1H), 1.19
(s, 3H), 1.06 (s, 3H), 1.02 (d, J = 5.7 Hz, 3H), 0.88 (d, J = 5.4
Hz, 6H). 13C NMR (101 MHz, DMSO) δ 170.26, 169.73, 168.74,
167.76, 165.58, 144.86, 139.78, 137.94, 133.84, 133.45, 130.63,
129.35, 129.04, 128.21, 127.80, 127.00, 126.03, 124.95, 117.47,
83.82, 78.69, 71.71, 64.27, 61.14, 59.60, 58.98, 58.13, 55.14,
50.45, 41.80, 30.95, 30.82, 29.68, 28.07, 24.61, 23.98, 14.97,
14.78, 10.77, 10.03, 9.83. HRMS–MALDI (m/z): [M + Na]+ calcd
for C45H59N3O10Na

+, 824.4093; found: 824.4098. HPLC purity:
95.6%, tR = 11.221 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl (E)-3-(3,5-
difluorophenyl)acrylate (9g). The title compound was
synthesized from 8 and (E)-3-(3,5-difluorophenyl)acrylic acid
following the general procedure described for 9e. Flash
column chromatography with hexane and acetone (6 : 1) as
eluants afforded the product 9g in 75% yield as a white solid.
1H NMR (400 MHz, DMSO) δ 8.66 (d, J = 9.6 Hz, 1H), 7.97 (d,
J = 8.7 Hz, 1H), 7.60–7.50 (m, 3H), 7.31 (t, J = 7.3 Hz, 2H),
7.24 (t, J = 8.5 Hz, 3H), 6.54 (d, J = 16.5 Hz, 1H), 6.41–6.32 (m,
1H), 6.10 (t, J = 12.8 Hz, 2H), 5.93 (s, 1H), 5.10 (s, 1H), 4.87
(s, 1H), 4.64 (dd, J = 10.5, 4.2 Hz, 2H), 4.25 (d, J = 6.6 Hz, 2H),
3.64 (d, J = 8.7 Hz, 1H), 3.08 (s, 3H), 3.00 (s, 3H), 2.67 (d, J =
8.8 Hz, 2H), 2.11 (t, J = 12.0 Hz, 1H), 1.98 (s, 1H), 1.68 (s,
3H), 1.44 (s, 3H), 1.29 (s, 3H), 1.25 (s, 1H), 1.13 (s, 3H), 0.99
(s, 3H), 0.95 (d, J = 6.7 Hz, 3H), 0.83–0.79 (m, 6H). 13C NMR
(101 MHz, DMSO) δ 170.21, 169.63, 168.77, 167.65, 165.19,
163.11 (d, J = 6.6 Hz), 160.56 (d, J = 6.6 Hz), 139.77, 137.98,
133.43, 131.70 (t, J = 11.0 Hz), 130.39, 128.93, 127.77, 126.97,
126.01, 124.92, 123.34 (t, J = 9.0 Hz), 112.43 (d, J = 24.8 Hz),
83.86, 78.69, 71.74, 64.48, 61.14, 59.53, 58.92, 58.11, 55.13,
50.28, 41.81, 31.13, 30.75, 29.81, 28.98, 28.01, 24.46, 23.99,
22.07, 14.83, 14.77, 10.73, 10.01, 9.77. 19F NMR (376 MHz,
DMSO) δ −111.25. HRMS–MALDI (m/z): [M + Na]+ calcd for
C45H57N3O10Na

+, 860.3904; found: 860.3910. HPLC purity:
95.8%, tR = 10.917 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl benzoate (9h).
The title compound was synthesized from 8 and benzoic acid
following the general procedure described for 9e. Flash
column chromatography with hexane and acetone (6 : 1) as
eluants afforded the product 9h in 73% yield as a white
solid. 1H NMR (400 MHz, DMSO) δ 8.72 (d, J = 10.0 Hz, 1H),
8.01 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 7.3 Hz, 2H), 7.66 (d, J =
7.3 Hz, 1H), 7.53 (dd, J = 12.9, 7.6 Hz, 4H), 7.32 (t, J = 7.3 Hz,

2H), 7.26 (d, J = 7.0 Hz, 1H), 6.43–6.33 (m, 1H), 6.12 (t, J =
13.0 Hz, 2H), 5.95 (s, 1H), 5.12 (s, 1H), 4.94 (s, 1H), 4.65 (dd,
J = 10.4, 6.2 Hz, 2H), 4.38 (d, J = 13.5 Hz, 2H), 3.65 (d, J = 8.0
Hz, 1H), 3.10 (s, 4H), 3.02 (s, 3H), 2.70 (d, J = 10.6 Hz, 2H),
2.18–2.09 (m, 1H), 2.00 (s, 2H), 1.69 (s, 3H), 1.45 (d, J = 8.6
Hz, 3H), 1.27 (s, 2H), 1.07 (s, 3H), 0.96 (d, J = 7.2 Hz, 5H),
0.81 (s, 3H), 0.76 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz,
DMSO) δ 170.35, 169.69, 168.81, 167.68, 165.34, 139.85,
138.13, 133.52, 133.42, 129.34, 129.31, 129.12, 128.62, 127.83,
127.03, 126.04, 124.89, 83.95, 78.70, 71.71, 65.24, 61.24,
59.54, 58.94, 58.18, 55.15, 50.44, 41.86, 31.01, 30.82, 29.71,
28.05, 24.50, 24.02, 14.93, 14.81, 10.71, 10.11, 9.71. HRMS–
MALDI (m/z): [M + Na]+ calcd for C43H57N3O10Na

+, 798.3936;
found: 798.3940. HPLC purity: 95.6%, tR = 10.044 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl
cyclohexanecarboxylate (9i). The title compound was
synthesized from 8 and cyclohexanecarboxylic acid following
the general procedure described for 9e. Flash column
chromatography with hexane and acetone (6 : 1) as eluants
afforded the product 9i in 72% yield as a white solid. 1H
NMR (400 MHz, CDCl3) δ 7.38–7.33 (m, 4H), 7.31–7.27 (m,
1H), 7.03 (d, J = 6.7 Hz, 1H), 6.81 (d, J = 9.0 Hz, 1H), 6.35 (dd,
J = 14.7, 11.5 Hz, 1H), 6.14 (d, J = 10.7 Hz, 1H), 5.99 (s, 1H),
5.92 (dd, J = 15.3, 4.6 Hz, 1H), 4.76–4.65 (m, 2H), 4.52 (d, J =
11.5 Hz, 1H), 4.29 (dd, J = 11.3, 5.4 Hz, 1H), 4.14 (dd, J = 11.3,
4.4 Hz, 1H), 3.67 (dd, J = 10.5, 2.6 Hz, 1H), 3.17 (s, 3H), 3.09
(s, 3H), 2.98 (d, J = 8.2 Hz, 1H), 2.64 (d, J = 11.8 Hz, 1H), 2.21
(ddd, J = 33.6, 16.7, 7.8 Hz, 3H), 1.83 (d, J = 12.5 Hz, 2H), 1.73
(d, J = 7.9 Hz, 3H), 1.73–1.66 (m, 2H), 1.61 (s, 2H), 1.55–1.51
(m, 3H), 1.42–1.30 (m, 4H), 1.25 (s, 4H), 1.20 (d, J = 4.9 Hz,
1H), 1.17 (s, 3H), 1.10 (d, J = 6.8 Hz, 3H), 1.02–0.93 (m, 2H),
0.87 (dd, J = 11.9, 6.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ
175.73, 170.92, 170.38, 169.01, 168.16, 138.79, 136.54, 134.12,
129.49, 128.37, 127.97, 126.68, 126.08, 84.70, 80.39, 72.65,
63.78, 61.91, 60.75, 60.04, 58.80, 55.90, 52.11, 43.03, 42.04,
31.83, 31.40, 30.11, 29.04, 28.90, 27.28, 26.45, 25.74, 25.45,
25.40, 24.47, 15.63, 15.52, 11.08, 10.70, 10.42. HRMS–MALDI
(m/z): [M + Na]+ calcd for C43H63N3O10Na

+, 804.4406; found:
804.4410. HPLC purity: 95.1%, tR = 12.807 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl isonicotinate
(9j). The title compound was synthesized from 8 and
isonicotinic acid following the general procedure described
for 9e. Flash column chromatography with hexane and
acetone (6 : 1) as eluants afforded the product 9j in 55% yield
as a white solid. 1H NMR (400 MHz, DMSO) δ 8.80 (d, J = 4.3
Hz, 2H), 8.72 (d, J = 9.7 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.78
(d, J = 4.7 Hz, 2H), 7.52 (d, J = 7.4 Hz, 1H), 7.35–7.27 (m, 3H),
7.24 (d, J = 6.6 Hz, 1H), 6.42–6.30 (m, 1H), 6.09 (dd, J = 18.1,
6.9 Hz, 2H), 5.93 (s, 1H), 5.10 (s, 1H), 4.91 (d, J = 16.6 Hz,
1H), 4.64 (d, J = 10.5 Hz, 2H), 4.42 (s, 2H), 3.63 (d, J = 10.6
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Hz, 1H), 3.09 (d, J = 14.8 Hz, 4H), 3.00 (s, 3H), 2.67 (d, J = 9.7
Hz, 2H), 2.10 (t, J = 12.0 Hz, 1H), 1.98 (s, 1H), 1.67 (s, 3H),
1.48–1.41 (m, 4H), 1.28 (s, 1H), 1.04 (d, J = 7.8 Hz, 3H), 0.94
(d, J = 6.0 Hz, 5H), 0.82–0.77 (m, 4H), 0.73 (d, J = 6.3 Hz, 3H).
13C NMR (101 MHz, DMSO) δ 170.32, 169.69, 168.86, 167.53,
164.20, 150.70, 139.82, 138.10, 136.53, 133.44, 129.07, 127.83,
127.04, 126.04, 124.90, 122.63, 83.91, 78.72, 71.68, 65.78,
61.22, 59.56, 58.90, 58.19, 55.16, 50.30, 41.86, 31.06, 29.71,
29.04, 27.99, 24.56, 24.02, 14.91, 14.80, 10.73, 10.12, 9.74.
HRMS–MALDI (m/z): [M + Na]+ calcd for C42H56N4O10Na

+,
799.3889; found: 799.3893. HPLC purity: 96.5%, tR = 8.168
min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl
2,4-dimethylthiazole-5-carboxylate (9k). The title compound
was synthesized from 8 and 2,4-dimethylthiazole-5-carboxylic
acid following the general procedure described for 9e. Flash
column chromatography with hexane and acetone (6 : 1) as
eluants afforded the product 9k in 45% yield as a white solid.
1H NMR (400 MHz, MeOD) δ 7.47 (d, J = 7.3 Hz, 2H), 7.32 (t, J
= 6.9 Hz, 3H), 7.25 (d, J = 6.9 Hz, 1H), 6.48–6.39 (m, 1H), 6.15
(d, J = 10.6 Hz, 1H), 6.04 (d, J = 23.1 Hz, 2H), 4.71–4.62 (m,
3H), 4.39 (d, J = 9.9 Hz, 1H), 3.70 (d, J = 10.5 Hz, 1H), 3.18 (d,
J = 9.7 Hz, 4H), 3.08 (s, 3H), 2.90 (d, J = 10.1 Hz, 1H), 2.69 (d,
J = 6.4 Hz, 1H), 2.66 (s, 3H), 2.61 (s, 3H), 2.18 (dd, J = 23.6,
14.9 Hz, 3H), 1.73 (s, 3H), 1.52 (s, 3H), 1.29 (m, 1H),1.24 (s,
3H), 1.10 (s, 3H), 1.07 (d, J = 6.4 Hz, 3H), 0.92–0.85 (m, 8H).
13C NMR (101 MHz, MeOD) δ 172.88, 172.18, 171.55, 170.66,
169.18, 162.57, 161.30, 140.92, 138.66, 134.45, 131.33, 129.05,
128.38, 127.48, 126.59, 122.17, 85.91, 80.93, 73.39, 65.99,
62.71, 61.55, 61.19, 59.92, 55.95, 52.95, 43.45, 32.44, 32.31,
30.73, 28.56, 25.47, 25.30, 19.02, 17.24, 15.83, 15.52, 10.80,
10.49, 10.37.HRMS–MALDI (m/z): [M + Na]+ calcd for C42H58-
N4O10Na

+, 833.3766; found: 833.3770. HPLC purity: 95.8%, tR
= 9.199 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl cyclobut-1-
ene-1-carboxylate (9l). The title compound was synthesized
from 8 and cyclobut-1-ene-1-carboxylic acid following the
general procedure described for 9e. Flash column
chromatography with hexane and acetone (6 : 1) as eluants
afforded the product 9l in 49% yield as a white solid. 1H
NMR (400 MHz, DMSO) δ 8.60 (d, J = 9.8 Hz, 1H), 7.82 (d, J =
8.3 Hz, 1H), 7.53 (d, J = 7.5 Hz, 2H), 7.32 (t, J = 7.5 Hz, 3H),
7.26 (d, J = 7.3 Hz, 1H), 6.37 (dd, J = 14.6, 11.7 Hz, 1H), 6.09
(dd, J = 19.9, 8.0 Hz, 2H), 5.93 (s, 1H), 5.12 (s, 1H), 4.78–4.72
(m, 1H), 4.61 (dd, J = 10.5, 8.0 Hz, 2H), 4.12 (ddd, J = 17.1,
11.0, 5.2 Hz, 2H), 3.64 (dd, J = 10.4, 2.9 Hz, 1H), 3.09 (s, 3H),
2.99 (s, 3H), 2.70–2.65 (m, 2H), 2.41 (s, 1H), 2.12–2.05 (m,
3H), 2.01–1.95 (m, 1H), 1.81–1.75 (m, 1H), 1.68 (s, 3H), 1.45
(s, 3H), 1.24 (s, 3H), 1.11 (s, 3H), 0.99 (s, 3H), 0.95 (d, J = 6.8
Hz, 3H), 0.83 (dd, J = 8.7, 6.9 Hz, 6H). 13C NMR (101 MHz,

DMSO) δ 174.58, 170.72, 170.15, 169.16, 168.17, 148.00,
140.24, 138.44, 133.90, 129.46, 128.27, 127.49, 126.51, 125.40,
84.33, 79.15, 72.18, 61.63, 59.97, 59.43, 58.60, 55.61, 50.94,
42.24, 37.58, 31.40, 31.27, 30.13, 29.47, 28.54, 25.08, 24.94,
24.46, 18.27, 15.40, 15.25, 11.20, 10.53, 10.26. HRMS–MALDI
(m/z): [M + Na]+ calcd for C41H57N3O10Na

+, 774.3936; found:
774.3940. HPLC purity: 96.0%, tR = 10.141 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl
cyclopropanecarboxylate (9m). The title compound was
synthesized from 8 and cyclopropanecarboxylic acid
following the general procedure described for 9e. Flash
column chromatography with hexane and acetone (6 : 1) as
eluants afforded the product 9m in 60% yield as a white
solid. 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 12.9 Hz, 4H),
7.28 (s, 1H), 6.99 (d, J = 6.6 Hz, 1H), 6.84 (d, J = 9.0 Hz, 1H),
6.39–6.30 (m, 1H), 6.14 (d, J = 10.6 Hz, 1H), 5.99 (s, 1H), 5.91
(dd, J = 15.3, 4.4 Hz, 1H), 4.71 (d, J = 8.8 Hz, 2H), 4.54 (d, J =
11.4 Hz, 1H), 4.22 (d, J = 5.4 Hz, 1H), 3.68 (d, J = 9.7 Hz, 1H),
3.18 (s, 3H), 3.11 (s, 3H), 3.00 (d, J = 9.9 Hz, 1H), 2.68 (s, 1H),
2.60 (s, 1H), 2.18–2.08 (m, 2H), 1.75 (s, 3H), 1.60 (d, J = 9.1
Hz, 1H) 1.53 (s,3H), 1.25 (s, 6H), 1.18 (s, 3H), 1.09 (d, J = 6.7
Hz, 3H), 0.95 (s, 2H), 0.86 (dd, J = 18.6, 12.8 Hz, 9H).13C NMR
(101 MHz, CDCl3) δ 174.51, 170.95, 170.25, 169.16, 168.14,
138.65, 136.39, 134.13, 129.27, 128.35, 127.97, 126.74, 126.20,
84.60, 80.33, 72.58, 63.96, 61.93, 60.75, 60.14, 58.80, 55.96,
52.03, 42.00, 31.81, 31.46, 30.12, 29.83, 27.35, 26.43, 24.50,
15.65, 15.52, 12.75, 11.24, 10.77, 10.67, 9.02. HRMS–MALDI
(m/z): [M + Na]+ calcd for C40H57N3O10Na

+, 762.3936; found:
762.3940. HPLC purity: 95.5%, tR = 8.740 min.

((1R,4S,7R,10S,13S,14R,15E,17E,19R,21S)-4-((S)-sec-Butyl)-
10-(2-hydroxypropan-2-yl)-19-methoxy-1,3,14,18-tetramethyl-
2,5,8,11-tetraoxo-13-phenyl-12,22-dioxa-3,6,9-
triazabicyclo[19.1.0]docosa-15,17-dien-7-yl)methyl
7-(diethylamino)-2-oxo-2H-chromene-3-carboxylate (9n). The
title compound was synthesized from 8 and
7-diethylaminocoumarin-3-carboxylic acid following the
general procedure described for 9e. Flash column
chromatography with hexane and acetone (5 : 1) as eluants
afforded the product 9n in 90% yield as a yellow solid. 1H
NMR (400 MHz, CDCl3) δ 8.51 (s, 1H), 7.80 (d, J = 9.8 Hz,
1H), 7.41–7.35 (m, 6H), 6.62 (d, J = 9.2 Hz, 1H), 6.45–6.35 (m,
1H), 6.34 (d, J = 14.1 Hz, 1H), 6.16 (s, 1H), 6.16 (s, 1H), 6.14
(s, 1H), 6.02–5.97 (m, 1H), 4.94 (d, J = 9.8 Hz, 1H), 4.68 (d, J =
6.5 Hz, 1H), 4.61 (d, J = 11.4 Hz, 1H), 3.91 (t, J = 11.6 Hz, 1H),
3.68 (d, J = 10.3 Hz, 1H), 3.56 (s, 1H), 3.46–3.41 (m, 3H),
3.19–3.15 (m, 4H), 3.09 (s, 3H), 3.00 (d, J = 10.5 Hz, 1H), 2.75
(s, 1H), 1.77 (s, 3H), 1.63 (s, 6H), 1.51 (s, 3H), 1.29–1.20 (m,
6H), 1.18 (s, 3H), 1.08 (d, J = 6.3 Hz, 3H), 0.91 (d, J = 9.1 Hz,
6H). 13C NMR (101 MHz, CDCl3) δ 170.92, 169.93, 168.76,
168.17, 164.08, 159.76, 158.73, 153.57, 151.23, 139.12, 137.15,
133.87, 131.62, 130.23, 128.32, 127.48, 126.84, 126.40, 125.76,
110.26, 108.24, 96.81, 85.07, 79.56, 72.66, 63.76, 61.99, 61.04,
60.62, 58.61, 55.75, 51.27, 45.36, 41.89, 31.88, 31.10, 29.98,
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29.84, 27.67, 27.26, 26.78, 15.79, 12.53, 10.66, 9.99. HRMS–
ESI (m/z): [M + H]+ calcd for C50H66N4O12H

+, 915.4750; found:
915.4750. HPLC purity: 95.8%, tR = 8.807 min.

Biology

Cell culture. HCT-116 and HCT-8 cells were purchased
from Procell (Wuhan, China) and cultured in a RPMI-1640
medium (Thermo Fisher Scientific, MA, USA) supplemented
with 10% fetal bovine serum (FBS, ExCell Bio, Shanghai,
China). MDA-MB231 cells were purchased from Procell
(Wuhan, China) and maintained in Dulbecco's modified
Eagle's medium (DMEM, Thermo Fisher Scientific, MA, USA)
supplemented with 10% FBS.

CCK-8 assay. Cell viability was assessed by a cell
counting kit-8 (CCK-8) assay (C0042, Beyotime, China). For
this, 5 × 103 cells were seeded into 96-well plates for 24
hours. After treatment with different concentrations of
nannocystin derivatives for 72 h, the cells were incubated
with 10 μL CCK-8 solution per well for 1 h. The absorbance
at a wavelength of 450 nm was detected using a Microplate
Photometer (Thermo Fisher Scientific, MA, USA) for further
IC50 analysis.

Cellular uptake. First, 6 × 104 MDA-MB231 cells were
seeded into cell slides for 24 h. Then, the concentration-
dependent uptake experiment was carried out by incubating
MDA-MB231 cells with 0 nM, 250 nM, 500 nM, 1 μM, or 2
μM of 9n for 1 h followed by the time-dependent uptake
experiment conducted by incubating MDA-MB231 cells with 1
μM of 9n for 0 min, 10 min, 20 min, 40 min, or 60 min. After
washing twice with PBS, the cells were fixed with 4%
formaldehyde for 2 min, mounted with a mounting fluid,
and then observed using a laser scanning confocal
microscope (Leica, TCS SP8, Wetzlar, Germany).

Subcellular localization. First, 4 × 104 HCT-8 and MDA-
MB231 cells were seeded into cell slides for 24 h and treated
with 9n for 8 h at a concentration of 250 nM and 500 nM,
respectively. Then, the cells were washed with HBSS and
incubated with ER-Tracker Red (C1041, Beyotime, China) for
20 min at 37 °C. After washing twice with a cell culture
medium, the cells were fixed with 4% formaldehyde for 2
min, mounted with a mounting fluid, and then observed
using a laser scanning confocal microscope (Leica, TCS SP8,
Wetzlar, Germany).
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