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ABSTRACT: A series of previously unknown aromatic polyether macrodiolides containing a cis,cis-1,5-diene moiety in the molecule
were synthesized in 47−74% yields. Macrocycle compounds were first obtained by intermolecular esterification of aromatic
polyether diols with α,ω-alka-nZ,(n+4)Z-dienedioic acids mediated by N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide
hydrochloride (EDC·HCl) and 4-(dimethylamino)pyridine (DMAP). For the synthesized compounds, studies of cytotoxicity on
tumor (Jurkat, K562, U937), conditionally normal (HEK293) cell lines, and normal fibroblasts were carried out. CC50 was
determined, and the therapeutic selectivity index of cytotoxic action (SI) in comparison with normal fibroblasts was evaluated. With
the involvement of modern methods of flow cytometry for the most promising macrocycles, their effect on mitochondria and the cell
cycle was investigated. It was found that a new macrocycle exhibits pronounced apoptosis-inducing activity toward Jurkat cells and
can retard cell division by blocking at the G1/S checkpoint. Also, it was shown that the synthesized macrodiolides influence
mitochondria due to their high ability to penetrate the mitochondrial membrane.

■ INTRODUCTION
The large diversity of macrocyclic compounds in nature and
the broad range of useful properties they exhibit have always
attracted researchers to work in various areas. Currently, quite
a number of macrocycles are used in pharmaceutics,1 materials
science, supramolecular chemistry,2−5 and catalysis.6−10

Strained macrocycles, including cyclophanes, are of special
interest. Owing to their rigid structure and stable configuration,
these compounds can be used in medicinal chemistry as both
full-value biologically active substances and bases for the
development of highly efficient systems for drug delivery to
biological targets.1 Antitumor, antiviral, antibacterial, and
fungicidal properties were found for numerous natural and
synthetic cyclophane derivatives.11−14

Since 1967, when Pedersen reported the synthesis and study
of properties of a new class of polyether macrocyclic
compounds,15,16 called crown ethers, the research interest in
this class of macrocycles has been steadily growing. Today,
these polyether macrocycles represent groups of compounds

that, apart from their high versatility and broad use in
chemistry and industry, could also find biomedical applications
as modern effective antibacterial and antitumor agents.17−22

Important features determining the biological activity of
crown ethers are high lipophilicity, selectivity of complex
formation, and the ability to transport ions and some neutral
molecules across biological membranes, similar to natural
ionophores. Owing to these properties, the indicated macro-
cycles are rather often utilized for targeted delivery of
antitumor and antimicrobial agents and polyfunctional
molecules exhibiting multitarget properties. Polyether macro-
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cycles can affect the enzymatic activity, interact with DNA,
cleave DNA, and also act as antibacterial agents.23−29

In addition, these polyether macrocycles are attractive as
molecular scaffolds for the preparation of hybrid compounds
by the introduction of known pharmacophore fragments into
the molecules, which may give rise to new products with high
biological activities.
It is known that the 1Z,5Z-diene moiety is encountered in

numerous biologically active compounds, for example, fatty
5Z,9Z-dienoic acids, lembehynes, acetogenins, and insect
pheromones.30 Our previous studies were related to the
development of efficient stereoselective syntheses of cis,cis-
unsaturated natural and synthetic compounds, which exhibit
antitumor, antibacterial, and neuritogenic properties.31−33

Previously, we showed that macrocycles with a 1Z,5Z-diene
moiety possess in vitro cytotoxicity against some tumor cell
lines. The highest activity against T-cell leukemia (Jurkat),
chronic myeloid leukemia (K562), histiocytic lymphoma
(U937), and cervical cancer (HeLa) cells was found for
macrodiolides that contained an aromatic moiety in the
molecule (CC50 = 0.04−0.17 μM). The subsequent studies
demonstrated that, being inducers of programmed cell death,
macrodiolides initiate apoptosis in Jurkat cells by the
mitochondrial pathway and suppress the growth and
proliferative activity of tumor cells by inhibiting Akt, p38,
and CREB kinases.34

In view of the above, we intended to continue the research
aimed at the stereoselective synthesis of cis,cis-unsaturated
macrocyclic compounds, the study of their cytotoxicity, and
the exploration of the relationship between the structure and
antitumor activity of the macromolecules. In particular, it was
of interest to synthesize macrocyclic compounds, crown ether

derivatives, which contain both aromatic and mono-, di-, and
triethylene glycol moieties, and to carry out comparative
analysis of their antitumor properties.

■ RESULTS AND DISCUSSION
It is known that high potential for the development of
antitumor drugs is inherent in fatty unsaturated acids with
different chain lengths between the 1Z,5Z-diene moiety and
the carboxyl group and in various α,ω-alka-nZ,(n + 4)Z-
dienedioic acid derivatives, which inhibit human topoiso-
merases I and II when present in low concentrations and also
have cytotoxic activity against some cancer cell lines.35,36 In
view of the above, we synthesized the target macrocycles by
the cyclocondensation of α,ω-alka-nZ,(n + 4)Z-dienedioic
acids with various aromatic diols.
The key diene precursors (1,12-dodeca-4Z,8Z-dienedioic

acid (4a), 1,14-tetradeca-5Z,9Z-dienedioic acid (4b), and 1,18-
octadeca-7Z,11Z-dienedioic acid (4c)) were synthesized in
∼43−46% yields by a previously developed three-step route
using homocyclomagnesiation reaction of O-containing 1,2-
dienes (Scheme 1).34

It is known that macrocyclization of α,ω-alka-nZ,(n + 4)Z-
dienedioic acids with aromatic compounds in which the
hydroxyl group is directly bound to the aromatic ring
(dihydroxybenzenes, naphthalenediols) gives products in very
low yields.34 Meanwhile, we ascertained that the separation of
the hydroxyl group from the ring, even by one methylene unit,
substantially facilitates macrocyclization and increases the
yields of products. Therefore, in this study, for the synthesis
of target polyether cyclophanes, we prepared aromatic diols in
which the functional groups were separated from the aromatic
ring. The reactions of dibromoxylenes (o-dibromoxylene, m-

Scheme 1. Synthesis of α,ω-Alka-nZ,(n + 4)Z-dienedioic Acids 4a−c

Scheme 2. Synthesis of Aromatic Diols 5a−f
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dibromoxylene, and p-dibromoxylene) with methyl salicylate in
the presence of K2CO3 gave their derivatives as esters.

37 Then,
the ester group was reduced with LiAlH4 in THF, thus
furnishing the target aromatic diols 5a−c (Scheme 2). Target
polyether aromatic diols 5d−f were obtained by a similar route
starting from ethylene glycol ditosylates and methyl salicylate
with subsequent transformations (Scheme 2).37

While addressing the final stage of the synthesis of the target
macrocycles, we first tested the intermolecular macrolactoniza-
tion induced by catalytic amounts of transition metal
triflates.38,39 However, despite all our efforts toward the
development of optimal conditions, the yields of the target
macrocycles were less than 30%. Meanwhile, the use of
macrocyclization reaction involving carbodiimides proved to
be fairly successful.40 As a result, by cyclocondensation of α,ω-
alka-nZ,(n + 4)Z-dienedioic acids and polyether aromatic diols
in the presence of DMAP and EDCI, we synthesized
previously unknown polyether macrocycles in 47−74% yields
(Scheme 3).

Under the conditions we developed earlier,40 at a molar ratio
of reagents diacid (4)/diol (5)/DMAP/EDCI = 1:1:0.5:2 with
strong dilution in dichloromethane ([5 mM]), the reaction
proceeds with the formation of a single product (adduct 1:1
cycloaddition). The yields of the reactions varied according to
definite patterns and increased in the series of diols from 5a to
5c and also in the series from 5d to 5f. Furthermore, the yields
increased with increasing hydrocarbon chain length in
dienedicarboxylic acid from 4a to 4c. Indeed, the reaction of
1,12-dodeca-4Z,8Z-dienedioic acid 4a with diol 5a afforded the
target cyclophane in 49% yield, whereas the reaction of 1,18-
octadeca-7Z,11Z-dienedioic acid 4c with diol 5c gave the
product in 74% yield (Scheme 3).
The structure of the synthesized macrocycles 6−8 was

established by high-resolution mass spectrometry, 1H and 13C
NMR spectroscopy, and heteronuclear two-dimensional (2D)
correlation experiments (HSQC, HMBC).
Previously, it was found that crown ether compounds can

inhibit tumor cell growth by disrupting potassium ion

Scheme 3. Synthesis of Polyether Macrocycles 6−8
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homeostasis, which, in turn, leads to cell cycle disruption and
apoptosis.19 In order to expand the library of polyether
macrocycles with antitumor activity and assess their potential
clinical applicability, we studied the products for in vitro
cytotoxicity and the ability to affect the cell cycle and induce
apoptosis (Table 1).
The choice of cell lines for the cytotoxicity studies is not

random. We are actively studying the effect of various
compounds specifically on hemoblastosis cells. Therefore, all
of the cell lines we selected (Jurkat, K562, U937) are different
types of hemoblastosis. The HEK293 line is a conditionally
normal cell line; fibroblasts were taken into the study as
control healthy cells to calculate the selectivity index.
The results of cytotoxicity assays of the prepared macro-

diolides using tumor cells (Jurkat, K562, U937), conditionally
normal cells (Hek293), and normal fibroblasts provide the
following conclusions (Table 1):

• the cytotoxicity of macrodiolides (6a−c)-(8a−c) against
any of the used cells markedly exceeds the cytotoxicity of
the initial aromatic diols 5a−c; the most pronounced
cytotoxicity in this series of compounds is inherent in
macrodiolides based on ortho- and meta-isomers;

• the introduction of one, two, or three ethylene glycol
moieties into macrodiolide molecules, instead of the
central benzene moiety of the aromatic diol, leads to a
pronounced decrease in the cytotoxicity of macro-
diolides (6d−f)-(8d−f);

• the cytotoxicity of all macrodiolides was shown to barely
change with increasing number of methylene units in the
moiety formed by dienedicarboxylic acids 4a−c; and

• the selectivity index (SI) of the cytotoxic action of the
macrodiolides is 3−9 for conditionally normal human
embryonic kidney cells (Hek293) and 4−28 for normal
fibroblasts.

The most active compounds 6a−c were chosen for
subsequent studies of the induction of apoptosis, the effect
on the cell cycle, and the possible mechanism of the cytotoxic
action.
We analyzed the selectivity index of the synthesized

compounds (Table 1). The table shows that there is a certain
pattern in the cytotoxicity of compounds, depending on their
chemical structure. To study the effect on mitochondria, we
selected a group of compounds 6a−6c as compounds with
some average difference between the highest toxic concen-
tration values in normal cells and the lowest CC50 value in a
tumor culture. For all biological experiments, we performed
three independent experiments. Jurkat is a T-cell leukemia,
U937 is a histiocytic lymphoma cell, and K562 is an
immortalized myelogenous leukemia. A study of apoptosis
together with damage to mitochondria and the cell cycle was
performed on the P53-deficient cell line Jurkat for the purpose
of ensuring that the internal p53-dependent apoptosis pathway
is turned off in the cells.
We studied new compounds as inducers of apoptosis and

their effects on the cell cycle. Apoptosis and mitochondrial
damage were studied by flow cytometry using annexin V,
mitochondrial dye X-red, and 7-aminoactinomycin D (7AAD)
(Millipore, Bedford, MA). If cells positive for h-red and
negative for other dyes were detected in the cells, then we
defined them as living since the mitochondrial dye h-red is a
vital dye. Apoptotic cells are characterized by the external-
ization of phospholipid phosphatidylserine (PS), which is
normally located on the inner surface of the cell membrane in
living cells. The arrangement of phospholipids on the outer
surface of the membrane can be detected from early apoptosis
to complete cell degradation. Thus, the use of recombinant
annexin V protein, which exhibits a high affinity for
phosphatidylserine, conjugated with the fluorescent dye Alexa

Table 1. Cytotoxic Activities In Vitro of Synthesized Macrocycles 6−8 Measured on Cell Cultures (Jurkat, K562, U937,
Hek293, and Normal Fibroblasts) (μM)

Comp.
Jurkat

(CC50,μM)a
K562

(CC50,μM)a
U937

(CC50,μM)a
Hek293

(CC50,μM)a
Fibrobl.

(CC50,μM)a
selectivity
Index CC50max/CC50min

5a 1.69 ± 0.18 1.98 ± 0.21 1.76 ± 0.17 7.88 ± 0.81 9.24 ± 0.95 1.69−9.24 4.71
5b 1.84 ± 0.19 2.27 ± 0.24 1.97 ± 0.19 8.19 ± 0.84 9.83 ± 0.98 1.84−9.83 5.34
5c 2.96 ± 0.31 3.34 ± 0.35 2.84 ± 0.27 10.47 ± 1.12 12.67 ± 1.36 2.96−12.67 4.28
6a 0.19 ± 0.02 0.17 ± 0.03 0.11 ± 0.02 1.84 ± 0.19 3.08 ± 0.34 0.19−3.08 16.21
6b 0.15 ± 0.01 0.19 ± 0.02 0.17 ± 0.01 1.61 ± 0.17 2.73 ± 0.28 0.15−2.73 18.20
6c 0.61 ± 0.05 0.39 ± 0.03 0.49 ± 0.04 2.57 ± 0.27 3.82 ± 0.37 0.39−3.82 9.79
6d 2.04 ± 0.21 2.57 ± 0.25 1.98 ± 0.19 8.91 ± 0.92 10.68 ± 1.05 1.98−10.68 5.39
6e 2.57 ± 0.25 2.98 ± 0.28 2.39 ± 0.23 9.47 ± 0.96 11.37 ± 1.24 2.39−11.37 4.75
6f 2.78 ± 0.28 3.24 ± 0.32 2.59 ± 0.26 9.93 ± 1.02 12.09 ± 1.31 2.59−12.09 4.66
7a 0.21 ± 0.02 0.16 ± 0.03 0.14 ± 0.01 1.91 ± 0.21 2.98 ± 0.31 0.21−2.98 14.19
7b 0.17 ± 0.02 0.22 ± 0.02 0.19 ± 0.02 1.86 ± 0.19 2.69 ± 0.26 0.17−2.69 15.82
7c 0.67 ± 0.07 0.41 ± 0.04 0.47 ± 0.04 2.84 ± 0.28 3.72 ± 0.36 0.41−3.72 9.07
7d 2.12 ± 0.22 2.49 ± 0.24 2.02 ± 0.18 9.07 ± 0.91 10.11 ± 1.01 2.02−10.11 5.00
7e 2.49 ± 0.24 3.02 ± 0.31 2.44 ± 0.25 9.51 ± 0.93 11.59 ± 1.19 2.44−11.59 4.75
7f 2.81 ± 0.29 3.18 ± 0.30 2.74 ± 0.28 9.28 ± 0.93 11.24 ± 1.26 2.74−11.24 4.10
8a 0.20 ± 0.02 0.18 ± 0.02 0.12 ± 0.01 1.86 ± 0.19 2.74 ± 0.28 0.12−2.74 22.83
8b 0.18 ± 0.02 0.20 ± 0.02 0.17 ± 0.03 1.79 ± 0.17 2.93 ± 0.30 0.18−2.93 16.27
8c 0.59 ± 0.08 0.44 ± 0.05 0.42 ± 0.04 2.79 ± 0.29 3.89 ± 0.37 0.42−3.89 9.26
8d 2.31 ± 0.23 2.51 ± 0.25 2.06 ± 0.19 8.95 ± 0.90 11.23 ± 1.27 2.06−11.23 5.45
8e 2.61 ± 0.26 3.17 ± 0.33 2.59 ± 0.26 9.81 ± 1.01 12.07 ± 1.29 2.59−12.07 4.66
8f 2.89 ± 0.29 3.12 ± 0.31 2.81 ± 0.28 9.93 ± 0.97 12.04 ± 1.21 2.81−12.04 4.28
staurosporin 1.72 ± 0.15 4.35 ± 0.85 3.77 ± 0.54 8.16 ± 0.88 18.08 ± 2.12 1.72−18.08 10.51

aData are presented as the mean _ SEM calculated from the results of at least 3 independent experiments.
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Figure 1. Detection of apoptosis caused by the change in the mitochondrial potential (ΔΨ) in Jurkat cells treated with compounds 6a, 6b, and 6c
at concentrations of 1.5 CC50. The control sample contained untreated live cells; overall histogram of the phases of apoptosis with allowance for
the cells with damaged mitochondria. The cells treated with staurosporine at a concentration of 0.2 μM served as the positive control. The cells
were stained with MitoSense Red, annexin V-CF488A, and 7-AAD. The incubation time was 4 h. Detection of ROS ion production under the
influence of the studied compounds in Yurkat culture cells. The incubation time was 4 h. Cell cycle phases for Jurkat cells treated with compounds
6a, 6b, and 6c at CC50 concentration. The incubation time of compounds with the cells was 24 h.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09566
ACS Omega 2024, 9, 19923−19931

19927

https://pubs.acs.org/doi/10.1021/acsomega.3c09566?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09566?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09566?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09566?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Fluor 488, makes it possible to detect cell apoptosis with high
accuracy. The use of annexin V in combination with 7AAD and
h-red allows simultaneous discrimination between viable cells
(V−/7AAD ∓ h-red), early apoptotic cells (V+/7AAD−/ ± h-
red), and late apoptotic or necrotic cells (V+/7AAD ± h-red).
Mitochondrial regulation of apoptosis and mitochondrial

membrane permeability by changing the potential difference
between the inner and outer parts of the membrane are closely
interrelated, as has been demonstrated by a large number of
research groups around the world. According to Mitchell’s
theory, the electrochemical potential of the proton δΨ, which
arises during the transfer of an electron through the inner
membrane, determines the interaction of the processes of
oxidation and phosphorylation, the coupling of which serves as
a source of energy for the formation of adenosine
triphosphate.41−43

Various changes in δΨ detected by MitoSense Red dye, in
combination with the externalization of phosphatidylserine to
the surface of the cell membrane, are reliable signs of apoptosis
due to mitochondrial damage and the formation of ROS ions.
Membrane phosphotidylserine expression is assessed by
annexin V binding, and plasma membrane permeability to
dye 7AAD is a clear indicator of cellular apoptosis. Parallel
detection of MitoSense Red dye in the presence of membrane
changes with externalization of phosphotidylserine and 7AAD
DNA staining is strong evidence of the detection of
mitochondrial membrane damage. This multiparameter
staining method is also used by many research groups around
the world to detect changes in the mitochondrial membrane. It
is also necessary to take into account that these processes in
the cell develop in a fairly short period of time, 4 h of
incubation. This is precisely the time when mitochondrial
damage in the cell will ultimately initiate apoptosis via the
mitochondrial pathway.
The most pronounced late apoptosis was observed when

compound 6a was added to the Jurkat cell culture, while the
other two compounds 6b and 6c showed similar results (31.19,
24.67, and 17.15%). A comparison of the cytometric data for
the synthesized macrodiolides with those for staurosporine
indicates that they induced a more pronounced decrease in the
mitochondrial potential. Indeed, a comparison of the
percentages of cells characterized by damaged mitochondrial
potential and phosphatidylserine externalization that appeared
after the treatment with staurosporine and compound 6a
(Figure 1A, histogram (A)) shows that the value was 8.95% for
staurosporine-treated cells and 65.34% for the cells treated
with 6a. This attests to a higher ability of macrodiolide 6a to
penetrate the mitochondrial membrane and to act apparently
as an ionophore.34,44 Other mechanisms of macrodiolide
action on the intracellular processes such as influence on the
microtubule formation or inhibition of Akt/mTOR kinase
cannot be ruled out either.
To confirm mitochondrial damage, we conducted a series of

experiments to detect ROS ions in cells exposed to the
compounds under study. Mitochondrial regulation of apoptosis
and oxidative stress are closely related, as has been
demonstrated in a large number of studies.45 Detection of
mitochondrial stress using MitoSox Red and annexin V allows
simultaneous measurement of 2 most important parameters of
cell viability, the formation of mitochondrial superoxide,
detected by the membrane-permeable dye MitoSox Red, and
the externalization of phosphatidylserine on the cell mem-
brane, which is assessed by the binding of this phospholipid to

annexin V in one and the same cell sample simultaneously.
Multiparametric assessment of these cell viability indicators
allowed us to determine the correlation and relationship of
oxidative stress with apoptosis.
The highest values of oxidative stress and early apoptosis

were detected in the mitochondria of cells treated with
compounds 6a (15.10%) and 6b (15.26%). The duration of
incubation with the above compounds was 4 h. Compound 6c
turned out to be less active compared to compounds 6a and 6b
(13.05%, respectively) (Figure 1).
Analysis of the cell cycle in Jurkat cells pretreated with

compounds 6a−c demonstrated a marked decrease in the
percentage of cells in the M/G2 and S phases and an increase
in the percentage of cells in the G0/G1 phase compared to the
control, which may indirectly attest to retardation of the cell
division process due to the block at the G1/S checkpoint.
Similar results were obtained in our earlier study.34 Thus, apart
from acting on mitochondria, the macrodiolides we prepared
can apparently retard cell division by a more intricate
mechanism, which is still to be studied in detail.

■ CONCLUSIONS
Stereoselective syntheses of previously undescribed polyether
macrodiolides containing a 1Z,5Z-diene moiety in the
molecule were implemented in good yields and investigated
for their antitumor activity. It was established that the resulting
macrocycles exhibit cytotoxic activity in vitro against cell lines
Jurkat, K562, U937, and Hek293 and are capable of inducing
apoptosis of immortalized T cells (Jurkat). The compounds
have been shown to affect the mitochondrial membrane
through mitochondrial uncoupling and induce the production
of ROS ions, as well as block the G1/S fission checkpoint. All
of the above studies confirm that the synthesized macro-
diolides apparently cause dissipation of mitochondrial potential
and are promising drug candidates with antitumor activity.

■ EXPERIMENTAL SECTION
Materials and Methods. Chemistry. 1H, 13C NMR

spectra were obtained using a Bruker AVANCE 400 in
CDCl3 operating at 400.13 MHz for 1H, 100.62 MHz for 13C
and Bruker Ascend-500 (500 MHz (1H), and 125 MHz
(13C)). High-resolution mass spectra of compounds were
recorded on a Bruker maXis spectrometer (tandem quadru-
pole/time-of-flight mass analyzer) equipped with an electro-
spray ionization source (ESI) and matrix-activated laser
desorption/ionization (MALDI). All solvents were dried and
freshly distilled before use. All reactions were carried out under
a dry argon atmosphere. Commercially available alkynols
(Aldrich) and Cp2TiCl2 (Aldrich) were used. The synthesis of
compounds 6a−8f was carried out similarly to the known
procedure.40 Analytical data for compounds 7a−7f (yield, 1H
NMR, 13C NMR, ESI-MS) are reported in the literature.46

Biological Evaluation. Biology studies (cell culturing,
cytotoxicity assay, viability and apoptosis, cell cycle analysis,
mitochondrial damage) were carried out following the known
procedure.34 Cells (Jurkat, K562, U937, Hek293, and
Fibroblasts) were purchased from the Russian Cell Culture
Collection (Institute of Cytology of the Russian Academy of
Sciences, Novosibirsk, Russia) and cultured according to
standard protocols and sterile technique.

Ch em i c a l E x p e r im en t a l Da t a . ( 1 0 Z , 1 4 Z ) -
8,9,12,13,16,17,26,31-Octahydro-5H,20H-tribenzo[c,g,k]-
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[1,5,10,14]tetraoxacyclohexacosine-7,18-dione (6a). White
waxy solid; yield 49%. Rf = 0.52, hexane/EtOAc 5:1. 1H NMR
(400 MHz, CDCl3): δ = 7.55 (dd, J = 5.2, 3.7 Hz, 2H), 7.43−
7.35 (m, 4H), 7.34−7.26 (m, 2H), 7.04−6.92 (m, 4H), 5.39−
5.23 (m, 8H), 5.19 (s, 4H), 2.42−2.13 (m, 8H), 2.06−1.87
(m, 4H). 13C NMR (101 MHz, CDCl3): δ = 173.1, 156.9,
134.9, 130.9, 130.5, 129.9, 128.4, 128.3, 127.9, 124.6, 120.9,
111.9, 68.1, 62.1, 34.5, 27.2, 22.8. ESI-MS: for C34H36O6 + Na+
[M + Na]+ 563.2404; found 563.2412.

(13Z,17Z)-2,6,9,22-Tetraoxa-1,7(1,2),4(1,3)-tribenzenacy-
clotricosaphane-13,17-diene-10,21-dione (6b). White waxy
solid; yield 56%. Rf = 0.55, hexane/EtOAc 5:1. 1H NMR (400
MHz, CDCl3): δ = 7.53 (s, 1H), 7.44−7.28 (m, 8H), 6.99 (dd,
J = 8.6, 6.8 Hz, 3H), 5.38−5.28 (m, 4H), 5.23 (s, 4H), 5.16 (s,
4H), 2.39−2.29 (m, 8H), 2.04−1.89 (m, 4H). 13C NMR (101
MHz, CDCl3): δ = 173.0, 156.9, 137.4, 130.7, 130.6, 129.9,
128.7, 127.9, 126.4, 125.4, 124.7, 120.8, 111.9, 69.7, 62.3, 34.5,
27.2, 22.9. ESI-MS: calcd for C34H36O6 + Na+ [M + Na]+
563.2404; found 563.2393.

(13Z,17Z)-2,6,9,22-Tetraoxa-1,7(1,2),4(1,4)-tribenzenacy-
clotricosaphane-13,17-diene-10,21-dione (6c). White waxy
solid; yield 60%. Rf = 0.52, hexane/EtOAc 5:1. 1H NMR (400
MHz, CDCl3): δ = 7.48 (s, 4H), 7.39−7.31 (m, 4H), 7.02−
6.97 (m, 4H), 5.40−5.31 (m, 4H), 5.23 (s, 4H), 5.15 (s, 4H),
2.39−2.31 (m, 8H), 2.09−1.95 (m, 4H). 13C NMR (101 MHz,
CDCl3): δ = 173.1, 157.2, 136.6, 131.1, 130.6, 130.0, 129.4,
128.0, 127.2, 124.6, 120.8, 111.9, 69.7, 62.4, 34.6, 27.1, 22.9.
ESI-MS: calcd for C34H36O6 + Na+ [M + Na]+ 563.2404;
found 563.2423.

(10Z,14Z)-8,9,12,13,16,17,26,27-Octahydro-5H,20H-
dibenzo[e,w][1,4,8,21]tetraoxacyclotetracosine-7,18-dione
(6d). White waxy solid; yield 47%. Rf = 0.50, hexane/EtOAc
3:1. 1H NMR (500 MHz, CDCl3): δ = 7.45−7.30 (m, 4H),
7.05−6.92 (m, 4H), 5.49−5.31 (m, 4H), 5.20 (d, J = 9.1 Hz,
4H), 4.38 (s, 4H), 2.44−2.30 (m, 8H), 2.13−2.01 (m, 4H).
13C NMR (126 MHz, CDCl3): δ = 172.9, 156.5, 130.6, 129.7,
129.4, 128.2, 125.2, 121.1, 111.9, 67.0, 61.4, 34.5, 27.4, 22.8.
ESI-MS: calcd for C28H32O6 + H+ [M + H]+ 462.2272; found
462.2291.

(10Z,14Z)-8,9,12,13,16,17,26,27,29,30-Decahydro-
5 H , 2 0 H - d i b e n z o [ h , z ] [ 1 , 4 , 7 , 1 1 , 2 4 ] -
pentaoxacycloheptacosine-7,18-dione (6e). White waxy
solid; yield 58%. Rf = 0.43, hexane/EtOAc 3:1. 1H NMR
(500 MHz, CDCl3): δ = 7.35−7.28 (m, 4H), 7.00−6.86 (m,
4H), 5.48−5.27 (m, 4H), 5.19 (d, J = 6.4 Hz, 4H), 4.18 (dd, J
= 11.6, 6.7 Hz, 4H), 3.97 (dd, J = 10.7, 5.7 Hz, 4H), 2.45−2.28
(m, 8H), 2.10−1.95 (m, 4H). 13C NMR (126 MHz, CDCl3): δ
= 172.9, 157.0, 130.6, 130.3, 129.7, 128.1, 124.7, 120.8, 111.8,
70.1, 68.2, 61.9, 34.5, 27.3, 22.9. ESI-MS: calcd for C30H36O7 +
Na+ [M + Na]+ 531.2353; found 531.2382.

(10Z,14Z)-8,9,12,13,16,17,26,27,29,30,32,33-Dodecahy-
d r o - 5 H , 2 0 H - d i b e n z o [ c 1 , k ] [ 1 , 4 , 7 , 1 0 , 1 4 , 2 7 ] -
hexaoxacyclotriacontine-7,18-dione (6f). White waxy solid;
yield 62%. Rf = 0.31, hexane/EtOAc 3:1. 1H NMR (500 MHz,
CDCl3): δ = 7.31 (dd, J = 19.0, 8.2 Hz, 4H), 6.99−6.87 (m,
4H), 5.48−5.30 (m, 4H), 5.18 (s, 4H), 4.19−4.16 (m, 4H),
3.91−3.88 (m, 4H), 3.78 (s, 4H), 2.45−2.27 (m, 8H), 2.14−
1.95 (m, 4H). 13C NMR (126 MHz, CDCl3): δ = 172.9, 157.1,
130.6, 130.4, 129.7, 128.1, 124.6, 120.7, 111.7, 71.1, 69.8, 68.2,
62.0, 34.4, 27.2, 22.9. ESI-MS: calcd. for C32H40O8+ Na+ [M +
Na]+ 575.2615; found 575.2624.

(13Z,17Z)-8,9,10,11,12,15,16,19,20,21,22,23,32,37-Tetra-
d e cahyd r o - 5H , 2 6H - t r i b en zo [ c , g , k ] [ 1 , 5 , 1 0 , 1 4 ] -

tetraoxacyclodotriacontine-7,24-dione (8a). White waxy
solid; yield 55%. Rf = 0.58, hexane/EtOAc = 5:1. 1H NMR
(500 MHz, CDCl3): δ = 7.55 (dd, J = 5.4, 3.5 Hz, 2H), 7.43−
7.34 (m, 4H), 7.34−7.27 (m, 2H), 7.02−6.91 (m, 4H), 5.45−
5.17 (m, 12H), 2.34−2.16 (m, 4H), 2.14−1.90 (m, 8H),
1.62−1.50 (m, 4H), 1.34−1.20 (m, 8H). 13C NMR (126 MHz,
CDCl3): δ = 173.7, 156.7, 134.9, 130.6, 130.1, 129.8, 129.4,
128.4, 124.7, 120.9, 111.8, 68.0, 61.8, 34.2, 29.2, 28.6, 27.5,
26.9, 24.8. ESI-MS: calcd for C40H48O6 + Na+ [M + Na]+
647.3343; found 647.3357.

(16Z,20Z)-2,6,9,28-Tetraoxa-1,7(1,2),4(1,3)-tribenzenacy-
clononacosaphane-16,20-diene-10,27-dione (8b). White
waxy solid; yield 60%. Rf = 0.55, hexane/EtOAc 5:1. 1H
NMR (500 MHz, CDCl3): δ = 7.54 (d, J = 5.2 Hz, 1H), 7.44−
7.29 (m, 7H), 7.02−6.95 (m, 4H), 5.45−5.27 (m, 4H), 5.26−
5.22 (m, 4H), 5.15 (s, 4H), 2.37−2.29 (m, 4H), 2.12−1.90
(m, 8H), 1.61 (dt, J = 14.4, 7.4 Hz, 4H), 1.32−1.14 (m, 8H).
13C NMR (126 MHz, CDCl3): δ = 173.7, 156.8, 137.4, 130.4,
130.0, 129.7, 129.4, 128.8, 126.6, 125.7, 124.8, 120.8, 111.9,
69.8, 61.9, 34.3, 29.2, 28.6, 27.5, 26.9, 24.8. ESI-MS: calcd for
C40H48O6 + Na+ [M + Na]+ 647.3343; found 647.3349

(16Z,20Z)-2,6,9,28-Tetraoxa-1,7(1,2),4(1,4)-tribenzenacy-
clononacosaphane-16,20-diene-10,27-dione (8c). White
waxy solid; yield 74%. Rf = 0.60, hexane/EtOAc = 5:1. 1H
NMR (500 MHz, CDCl3): δ = 7.47 (s, 4H), 7.40−7.29 (m,
4H), 7.02−6.96 (m, 4H), 5.42−5.30 (m, 4H), 5.28−5.22 (m,
4H), 5.14 (s, 4H), 2.41−2.32 (m, 4H), 2.09−1.95 (m, 8H),
1.67−1.61 (m, 4H), 1.37−1.28 (m, 8H). 13C NMR (126 MHz,
CDCl3): δ = 173.7, 156.9, 136.6, 130.4, 130.1, 129.7, 129.4,
127.2, 124.8, 120.8, 111.9, 69.6, 61.9, 34.3, 29.2, 28.6, 27.5,
26.9, 24.8. ESI-MS: calcd for C40H48O6 + NH4+ [M + Na]+
647.3343; found 642.3357.

(13Z,17Z)-8,9,10,11,12,15,16,19,20,21,22,23,32,33-Tetra-
d e c a h y d r o - 5 H , 2 6 H - d i b e n z o [ c 1 , e ] [ 1 , 4 , 8 , 2 7 ] -
tetraoxacyclotriacontine-7,24-dione (8d). White waxy solid;
yield 55%. Rf = 0.63, hexane/EtOAc 3:1. 1H NMR (500 MHz,
CDCl3): δ = 7.33 (dd, J = 14.6, 7.4 Hz, 4H), 7.03−6.93 (m,
4H), 5.47−5.31 (m, 4H), 5.19 (s, 4H), 4.38 (s, 4H), 2.31 (t, J
= 7.5 Hz, 4H), 2.11−1.94 (m, 8H), 1.66−1.56 (m, 4H), 1.38−
1.26 (m, 8H). 13C NMR (126 MHz, CDCl3): δ = 173.6, 156.6,
130.1, 129.8, 129.5, 129.4, 125.1, 121.0, 111.8, 67.0, 61.4, 34.2,
29.3, 28.7, 27.7, 26.9, 24.8. ESI-MS: calcd for C34H44O6 + Na+
[M + Na]+ 571.3030; found 571.3004.

(13Z,17Z)-8,9,10,11,12,15,16,19,20,21,22,23,32,33,35,36-
Hexadecahydro-5H,26H-dibenzo[f1,h][1,4,7,11,30]-
pentaoxacyclotritriacontine-7,24-dione (8e). White waxy
solid; yield 69%. Rf = 0.49, hexane/EtOAc 3:1. 1H NMR
(500 MHz, CDCl3): δ = 7.31 (dd, J = 20.5, 8.8 Hz, 4H), 7.01−
6.87 (m, 4H), 5.47−5.28 (m, 4H), 5.19 (d, J = 9.5 Hz, 4H),
4.19 (t, J = 4.4 Hz, 4H), 4.00−3.92 (m, 4H), 2.34 (t, J = 7.3
Hz, 4H), 2.11−1.94 (m, 8H), 1.68−1.56 (m, 4H), 1.40−1.27
(m, 8H). 13C NMR (126 MHz, CDCl3): δ = 173.6, 156.9,
130.1, 129.6, 129.4, 124.9, 120.8, 111.8, 70.1, 68.2, 61.6, 34.3,
29.3, 28.7, 27.5, 26.9, 24.8. ESI-MS: calcd for C36H48O7 + Na+
[M + Na]+ 615.3292; found 615.3313.

( 1 3 Z , 1 7 Z ) -
8,9,10,11,12,15,16,19,20,21,22,23,32,33,35,36,38,39-Octade-
cahyd ro - 5H , 26H -d i benzo [ i 1 , k ] [ 1 , 4 , 7 , 10 , 14 , 33 ] -
hexaoxacyclohexatriacontine-7,24-dione (8f). White waxy
solid; yield 72%. Rf = 0.35, hexane/EtOAc 3:1. 1H NMR (500
MHz, CDCl3): δ = 7.37−7.26 (m, 4H), 7.00−6.87 (m, 4H),
5.46−5.32 (m, 4H), 5.20 (s, 4H), 4.17 (t, J = 4.8 Hz, 4H), 3.89
(t, J = 4.7 Hz, 4H), 2.34 (t, J = 7.4 Hz, 4H), 2.11−1.95 (m,
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8H), 1.69−1.60 (m, 4H), 1.41−1.30 (m, 8H). 13C NMR (126
MHz, CDCl3): δ = 173.6, 156.9, 130.0, 129.9, 129.5, 129.4,
124.8, 120.7, 111.7, 71.1, 69.8, 68.1, 61.7, 34.3, 29.3, 28.7, 27.5,
26.9, 24.8. ESI-MS: calcd for C38H52O8 + Na+ [M + Na]+
659.3554; found 659.3573.
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