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Publisher’s Note

Announcing New European Regional Editor
for Bioorganic & Medicinal Chemistry Letters

Elsevier is pleased to announce the appointment of
Professor Stephen Neidle, who takes over from Profes-
sor Léon Ghosez as Regional Editor for Europe of
Bioorganic & Medicinal Chemistry Letters on 1 Septem-
ber 2005.

Stephen Neidle is Professor of Chemical Biology at The
School of Pharmacy, University of London, UK, where
he also directs the Cancer Research UK Biomolecular
Structure Group. He was educated at Imperial College,
London, where he graduated in chemistry and then
proceeded to do his Ph.D. thesis on crystallographic
studies of natural products and antibiotics. After a
period as an ICI Fellow, he joined the Biophysics
Department at King’s College. He was appointed as one
of the first Cancer Research Campaign Career Devel-
opment Awardees, becoming a Life Fellow on moving
to the Institute of Cancer Research. In 1990, he was
appointed to the Chair of Biophysics at the Institute of
Cancer Research, where he was academic dean from
1997 to 2002. He moved to the new Chair of Chemical
Biology at the School of Pharmacy in 2002.

Professor Neidle’s research interests are primarily in
nucleic acid structure and recognition by small
molecules and in exploiting this information for the
rational design of new anticancer agents. In recent
years this has emphasised two principal classes of
molecules: G-quadruplexes and duplex DNA. Together
with colleagues at the University of Texas, he pioneered
the concept of the selective targeting of telomeric DNA
with small molecules that stabilise G-quadruplex
formation at the telomere and inhibit the action of the
enzyme telomerase, which is up-regulated in the
majority of human cancers. More recently this work

doi:10.1016/j.bmc.2005.08.028

Professor Stephen Neidle
Regional Editor for Europe
Bioorganic & Medicinal Chemistry Letters

has led him and his group to the design of a new class of
anticancer molecules, telomere targeting agents, which
are currently in pre-clinical development.

Starting 1 September 2005, papers from Europe should
be submitted to Professor Neidle via the journal’s online
submission page at www.ees.elsevier. com/bmcl.

Whilst welcoming the new editor, we would like to take
this opportunity to express our gratitude to Professor
Léon Ghosez and his editorial office for their dedication
and contribution to the journal during 13 years of
service.
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Abstract—A number of natural products, with diverse chemical structures, have been isolated as anticancer agents. Several potential
lead molecules such as camptothecin, vincristine, vinblastine, taxol, podophyllotoxin, combretastatins, etc. have been isolated from
plants and many of them have been modified to yield better analogues for activity, toxicity or solubility. Several successful molecules
like topotecan, irinotecan, taxotere, etoposide, teniposide, etc. also have emerged as drugs upon modification of these natural leads
and many more are yet to come. In this review, the authors have focused on four important anticancer leads, that is, camptothecin,
taxol, combretastatin A-4 and podophyllotoxin. Their chemistry, structure and activity relationships, biological activities, modes of
action, analogue synthesis and future prospects have been discussed.

© 2005 Published by Elsevier Ltd.
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1. Introduction

Cancer is a growing public problem whose estimated
worldwide new incidence is about 6 million cases per
year. It is the second major cause of deaths after cardio-
vascular diseases. It is a disease characterized by unreg-
ulated proliferation of cells. The search for natural
products as potential anticancer agents dates back, at
least, to the Ebers papyrus in 1550 BC, but the scientific
period of this search is much more recent, beginning
with the investigations by Hartwell and co-workers in
late 1960s on the application of podophyllotoxin and
its derivatives as anticancer agents. A large number of
plant, marine, and microbial sources have been tested
as leads, and many compounds have survived the poten-
tial leads.

2. Camptothecin
2.1. Introduction

In the early sixties, the discovery of camptothecin
(CPT, 1) by Wall and Wani as an anticancer drug with
a unique mode of action, that is, inhibition of DNA
topoisomerase I, added an entirely new dimension to
the field of chemotherapy. This naturally occurring
alkaloid was first extracted®® from the stem wood of
the Chinese ornamental tree Camptotheca acuminata
during the screening of thousands of plants in a search
for steroids. Preliminary studies revealed a substantial

antitumour activity in standard in vitro test system
as well as in mouse leukaemia cells. These astonishing
findings greatly increased interest in this natural prod-
uct as a possible antitumour agent. The molecule be-
came so important that during 1966-2004 over 3000
research papers appeared on it. Presently, the first
generation analogues of CPT, hycamtin (2, topotecan)
and camptosar (3, irinotecan, CPT-11), marketed by
Glaxo-SmithKline and Pfizer, respectively, are used
for the treatment of ovarian and colon cancers*> (see
Fig. 1).

2.2. Chemistry

Camptothecin was first isolated from the Chinese orna-
mental tree Camptotheca acuminata, also known as the
‘tree of joy’ and ‘tree of love’. It has also been isolated
from Ophiorrhiza pumila and Mapia foetida. It is a mem-
ber of the quinolinoalkaloid group. It consists of a pen-
tacyclic ring structure that includes a pyrrole (3,4pB)
quinoline moiety and one asymmetric centre within the
o-hydroxy lactone ring with 20(S) configuration (ring
E). Camptothecin occurs in different plant parts like
the roots, twigs and leaves.

2.3. Structure and activity relationship of CPT

The planar pentacyclic ring structure (rings A-E) was
suggested to be one of the most important structural fea-
tures. Earlier, it was reported that the complete pentacy-
clic ring system is essential for its activity, but recently
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1, CPT

Figure 1. CPT and its analogues.

reported results show that the E-ring lactone is not
essential for its activity. However, this ring in the present
lactone form with specific C-20 configuration is required
for better activity. A brief description® of its SAR is as
follows:

e Rings A-D are essential for in vitro and in vivo
activity.

Saturation of ring B: compounds show little activity.
a-Hydroxy lactone ring is necessary for activity.

e Oxygen at 20 is essential for activity. Replacement of
this oxygen with sulfur or nitrogen abolishes the
activity of CPT.

e Conformation at C-20 is crucial for better activity as
the 20(S) isomer is 10- to 100-fold more active than
20(R).

e D-ring pyridone is required for antitumour activity.
Modifications in rings A and B are well tolerated
and resulted in better activity than CPT in many
cases.

2.3.1. The stereochemistry at C-20. The stereochemistry
at C-20 of CPT is very crucial for its activity, as 20(S)
hydroxyl is active while the corresponding 20(R)
hydroxyl is inactive.” One of the major drawbacks ob-
served in the use of CPT analogues in clinical studies
was a marked loss of therapeutic activity due to their
intrinsic instabilities resulting from the rapid hydrolysis
of the lactone ring in the body. Thus, synthesizing an
analogue with adequately long biological life/activity
in its active lactone form has been an important task
for scientists.

2.4. Biological activity

CPT is a potent cytotoxic agent. It shows anticancer
activity mainly for solid tumours. It inhibits DNA topo-
isomerase 1.8° It shows anticancer activity mainly
against colon and pancreatic cancer cells. But its ana-
logues showed anticancer activity in breast, liver, pros-
tate, etc.

2, Topotecan

3, Irinotecan

2.5. Mode of action

In the early 1970s, initial studies examining the mecha-
nism of action of CPT suggested that cytotoxicity might
result from its immediate synthesis, which was found to
be reversible following brief exposure to camptothecin,
but DNA topoisomerase I inhibition progressively be-
came irreversible with increasing concentration and
exposure duration. These studies also suggested that
camptothecin is selectively cytotoxic to S-phase cells, ar-
rests cells in the G-2 phase and induces fragmentation of
chromosomal DNA.

Topoisomerase I and topoisomerase Il catalyze the
relaxation of supercoiled chromosomal DNA during
DNA replication. The relaxation of DNA by topoiso-
merase II involves the transient double strand breakage
of DNA, followed by strand passage and relegation of
the DNA strand. In contrast, topoisomerase I involves
the transient single strand cleavage of duplex DNA, fol-
lowed by unwinding and relegation.!® Topoisomerase 1
cleaves DNA at multiple sites, and the highest efficiency
cleavage sites exhibit significant sequence homology.
CPT was approved by US Food and Drug Administra-
tion in the 1970s against colon carcinoma and thus it
was evaluated!'®!1® as a possible drug in the treatment
of human cancer in phase I and phase II studies.
Although camptothecin showed strong antitumour
activity among patients with gastrointestinal cancer, it
also caused unpredictable and severe adverse effects
including myelosuppression, vomiting, diarrhoea, and
severe haemorrhagic cystitis. These findings eventually
resulted in the discontinuation of phase II trials in 1972.

2.6. Synthetic analogues of CPT

CPT as such could not be used as a drug of choice due
to its severe toxicity. Several groups have tried to syn-
thesize derivatives having lower toxicity. Thus, the
development of these synthetic and semisynthetic strate-
gies have facilitated the study of the CPT mechanism, as
well as the identification of analogues with improved
properties.

2.6.1. Modifications in quinoline A and B rings. The most
successful derivatives of CPT have been obtained due to
modifications of rings A and B. To date, the only CPT
analogues approved for clinical use'>!3 are topotecan
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(2) and irinotecan (3), which were obtained by modifica-
tions of these rings. Modifications can involve additions
to the quinoline ring or the complete replacement of the
quinoline ring with an alternative ring system. Several
other heterocyclic ring systems have been found to have
significant cytotoxicity on replacement of the quinoline
ring.'* But the quinoline ring system was found to be
the most potent and hence, most of the modifications
were done with retention of the quinoline ring system.

Within this series of compounds, the water-soluble ana-
logues irinotecan (CPT-11, 3), which is a prodrug of SN-
38, and topotecan were found to be the most promising
anticancer agents, and currently they are being market-
ed. In view of the clinical success of the water-soluble
CPT derivatives topotecan and irinotecan, efforts to
increase the water solubility of camptothecin have
comprised a major research focus. The most successful
derivative of this class is lurtotecan (5), that is, 10,11-
(methyl ethylenedioxy)-7-((N-methylpiperazino) methyl)
camptothecin. The compound is presently in clinical tri-
als for breast, colorectal and small cell lung cancers.!>1©

Water-insoluble analogues of CPT such as IDEC-132
(9-amino camptothecin or 9-AC, 6) and 10,11-dimethy-
lenedioxy camptothecin analogues (10,11-MDC) have
shown strong antitumor activities against solid tumours.
IDEC-132 showed much stronger topoisomerase I
inhibitory activity than topotecan and irinotecan.!’
Unfortunately, in phase I and II clinical trials, it did
not perform well and it was dropped afterwards. Rubi-
tecan (9-nitro camptothecin, 9-NC) serves as a metabol-
ic precursor to 9-amino CPT and is currently in phase
IIT clinical trials for the treatment of pancreatic can-
cer.'®19 Recently, several camptothecin analogues have
shown a very promising cytotoxicity against L1210
mouse leukaemia cells (Table 1).

All these analogues of CPT have proved to be potent
cytotoxic agents by inhibiting cellular DNA topoisomer-

Table 1. Camptothecin analogues on A and B ring modifications

Ry

ase I by a mechanism similar to CPT with similar or bet-
ter activity.

2.6.2. Modifications in C and D rings. In general, mod-
ifications at the C and D rings of camptothecin led to
complete loss of cytotoxicity. If we see these rings, the
only positions available for modifications are C-5, C-
14 and C-17. Several derivatives have been reported
either with less activity or with loss of activity. It
might be because the CPT molecule loses its planarity
on these modifications to some extent, which is pre-
sumed essential for enzyme-DNA-CPT ternary com-
plex stabilization. This was further supported by
deaza derivatives, which showed significant cytotoxici-
ty due to their shape and planarity being quite close to
camptothecin.?® Reduction of 17-carbonyl leads to
inactive molecules as the pyridine carbonyl is essential
for receptor binding. The rest of the positions, that is,
C-5 and C-14, yielded derivatives with very poor activ-
ity (Fig. 2).

S. No. Analogue R; R, ICso (uM)  ICs¢ (uM) (Proliferation)
(Topo- I)
1. CPT H H H H 0.6-1.4 23 (L1210) 0.046 (HT-29)
Topotecan H OH CH,N(CH3), H 1.1 56 (L1210)
O
3. Irinotecan H o ,(‘JL N/\:>* N \ H Ethyl >100 1200 (L1210)
4, Rubitecan H H NO, H NA
S. Lurtotecan 0/\0 H H,C.N N.CH, 0.42 0.006 (HT-29)
6. 9-Amino CPT H H NH, H 0.9 12 (L1210)
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Figure 3. CPT analogues modified at ring E.

2.6.3. Modifications in E ring. The o-hydroxy lactone
system of ring E has been found to be important for
the inhibition of the topoisomerase enzyme as well as
for in vivo potency. Modifications in ring E generally re-
duce or abolish the activity. Under physiological condi-
tions, due to o-hydroxy group, the lactone ring is
opened to inactive carboxylate group. Several stable
derivatives have also been synthesized having a lactam
group instead of a lactone, but the compounds were de-
void of topoisomerase inhibitor activity. Several other
derivatives having thiolactone, imide and carbinol lac-
tam have also been reported without activity?' (see
Fig. 3).

2.7. Future prospects

CPT and its analogues exhibit a broad spectrum of antit-
umour activity and represent a very promising class of
agents. The discovery of topoisomerases as new targets
for cancer chemotherapy and the mechanism of action
of camptothecin put camptothecin back on the frontlines
of anticancer drug development.?? Two of the successful
drugs, topotecan and CPT-11, have achieved nearly $750
million in annual sales. Camptothecin will continue to
remain a target for new synthetic methods, which are
certainly expected considering the fast development of
modern organic synthesis. Continued studies on the
camptothecin-DNA-topoisomerase [ interaction in
addition to its detailed mechanism of action may suggest
new directions in the synthesis of new camptothecins.

3. Taxol
3.1. Introduction

Taxol (17, now known by the generic name paclitaxel
and the trade name taxol) is a complex polyoxygenated

OQmn

17: R;=-C¢Hs, Ry=Ac; (Taxol)

18: R= O—é , R,=H;(Taxotere)

Figure 4. Paclitaxel (taxol) and Docetaxel (taxotere).

diterpenoid isolated from the pacific yew, Taxus
brevifolia, by the same research group of Dr. Wall and
Dr. Wani.?? It was discovered during extensive screening
of different plant materials for antineoplastic agents in
the late 1960s by a systematic research approach. Later
on, it was isolated from several other species of Taxus
including Taxus wallichiana, the Himalayan yew. So
far, more than 300 taxoids have been isolated and char-
acterized from different species of Taxus.?* Taxol as a
drug has been developed by the National Cancer Insti-
tute, USA. In 1992, Bristol-Myers—Squibb received
approval to market taxol for the treatment of refractory
ovarian cancer, metastatic breast and lung cancer and
Kaposi’s sarcoma. Taxotere (18), one of its semisynthet-
ic derivatives, is now known as a better anticancer drug
than taxol (see Fig. 4).

3.2. Chemistry

Taxol for the first time was isolated and characterized by
Wall and Wani, National Cancer Institute, USA. It has
a basic [9.3.1.0%8] pentadecane, tetracyclic ring system.
It has a N-benzoyl-B-phenylisoserine side chain attached
at the C-13 hydroxyl as an ester linkage.

3.3. Structure and activity relationship of taxol

The comprehensive SAR of taxol?> is depicted in
Figure 5.

3.3.1. SAR at the C-13 side chain. This side chain is
essentially required in taxol for anticancer activity.
The C-2’-hydroxyl is important for activity. When this
hydroxyl is protected, activity is reduced to a great ex-
tent and if the protection is made with a labile group
it shows similar activity in vivo, while no activity is
shown in in vitro testing. It is because in vivo the
protecting group is hydrolyzed due to its labile nature.
Thus this type of modifications acts as prodrugs of tax-
ol. A summary?®?7 of interesting features is shown in
Figure 5. The studies reveal:

1. C-3' aryl group is critical, while the amide’s aryl group
may be replaced by similar aryl or alkyl groups.

2. The C-3’ aryl group is required for better activity. On
replacement with a methyl group, activity is reduced
19-fold.
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Phenyl isoserine chain is essential for activity.
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Reduction enhances activity slightly.

Removal of acetyl reduces activity,
esters, deoxy active.

Ester, Amino ester, epimer or deoxy
active

1 Oxetane ring essential
6

Free hydroxyl active in-vitro & in-vivo but,

ester active only in-vivo.

Figure 5. A brief description of SAR of taxol.

3. Replacement of the C-3’ bound nitrogen with an
oxygen atom is acceptable without significant loss
of activity.

4. Stereochemistry at C-2’ and C-3’ has a dramatic effect
on activity. The (2'R,3’S) isomer is significantly less
active than the natural (2’'R,3’S) isomer, but the
(2'S,3'S) and (2’R,3’R) isomers show comparable
activity with the natural isomer.

The side chain of taxol as such is inactive but it plays a
crucial role in the biological activity of taxol. Although
it is not fully understood, it is expected that the taxol
side chain orients through hydrogen bonding and may
fit into a hydrophobic cleft on the taxane-binding site,
which stabilizes the drug—tubulin interactions.

3.3.2. SAR at the diterpenoid moiety. Several diverse
analogues of taxol have been prepared by Samaranayke
et al.”® Figure 5 shows the effect of different groups on
the biological activity of taxol. Specifically, these work-
ers have observed that modifications at the C-2, C-7 and
C-10 positions have less effect on the biological action of
the drug. The oxetane ring is crucial for its cytotoxicity.
C-1 hydroxyl, C-2 benzoyloxy, and C-4 acetate are very
important for maintaining cytotoxic activity. Overall,
the structure of taxol may be divided into two hemi-
spheres, that is, northern and southern hemispheres.

If we see overall modifications, we can summarize that
the modifications in the northern hemisphere are al-
lowed while the modifications in the southern hemi-
sphere are strictly forbidden. It may be because the
southern hemisphere plays a crucial role in microtubulin
binding. Overall,

e The removal of C-1-hydroxyl reduces the activity.

e The C-2-benzoyloxy is essential for activity. Howev-
er, some substituted benzoyloxy groups are also
acceptable. Removal of the 4-acetyl group reduces
the activity. The 4,5,20-oxetane ring is essential for
activity.

e The derivatization of the C-7-hydroxyl or change of
its stereochemistry has no significant effect on anti-
cancer activity of the molecule.

e Reduction of 9-ketone slightly increases the activity.

e The 10-acetate has better activity in the case of taxol
but in some analogues 10-hydroxyls have better
activity.

3.4. Biological activity

Taxol showed promising results in phase I and phase II
clinical trials in lung, ovarian and breast cancers and
squamous cell carcinoma of the head and neck. Taxol
was approved by US FDA in 1992 for the treatment
of drug refractory metastatic ovarian cancer.?’ The ap-
proved dose of 135 mg/m? by continuous infusion over
24 h reflects the cautious recommendation of the FDA’s
oncology advisory committee. A major drawback of
taxol is that it has poor bioavailability due to its poor
solubility in water. The widely used technique to solubi-
lize taxol is in a vehicle cremophore EL (polyethoxylated
castor oil/ethanol).’® The dose recommendations are
generally in the range of 200-250 mg/m?.

Recently, it was reported! that nanoparticle taxol in the
form of a drug-eluting stent is likely to gain FDA
approval for preventing restenosis following balloon
angioplasty treatment of coronary arterial blockage.

3.5. Mode of action

Taxol exhibits a unique mode of action.>? It acts as
microtubulin stabilizing agent while the other anticancer
agents destabilize this process.>* Actually, tubulin poly-
merizes to microtubulin and again microtubulin con-
verts into tubulin. In a normal case, this process is in
equilibrium. Later on, fixed-size 24-nm microtubulin
bundles are formed and the cell multiplication process
takes place, whereas taxol makes stabler bundles of
microtubulins of size 22 nm. Due to this, a defective
polymerization process occurs and thus, these cells have
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1. Normal Case

Equilibrium
Tubulin Microtubulin—— microtubulin bundles Normal cell cycle
(monomer) (polymer) normal size=24A°
2. In case of Taxol
Tubulin Microtubulin —— Stabl.er bundl§s Defective cell cycle, new cells
(monomer) (polymer) Of mlczrggl?ulm without spindles; instant cell
size=

polymerisation process stabilised
but depolymerisation process is
destabilised by Taxol

Figure 6. Tubulin polymerization in normal cell cycle and effect of taxol.

unnatural ‘bundles’ of microtubules and no mitotic spin-
dle. The cancerous cells lack a check point to detect the
absence of a spindle and attempt to continue the cell cy-
cle, which leads to cell death. Because of this reason,
taxol is sometimes also referred as a ‘spindle poison’*
(see Fig. 6).

3.5.1. Side effects. Taxol is thought to be tolerated by its
recipients better than any other anticancer drug used to-
day, but as most drugs do, it also has some side effects.
Of the several side effects, the major ones include numb-
ness, nausea (quite severe in some cases), tingling in toes
and fingers, and a reduction in the infection-fighting
white blood cells due to taxol’s effect on bone marrow.
However, if a growth factor, a protein called granulo-
cyte colony-stimulating factor, is used, the bone marrow
is protected. This means that white blood cells and
platelets are maintained even when the dosage is in-
creased. Taxol is a drug that is hard to obtain due to
the reproduction and growth rates that characterize it.
Another problem concerns direct infusion of the drug
into the body, due to poor solubility, and is severe when
dosages are higher.

3.6. Synthetic analogues

3.6.1. Taxotere. Taxotere (18, docetaxel) is a structurally
related analogue of taxol. It shows potent anticancer
activity better than taxol.3>3¢ It also has better pharma-
cological properties such as improved water solubility,
and acts at the microtubules. It enhances polymerization
of tubulin into stable microtubule bundles leading to cell
death. It is used for the treatment of patients with locally
advanced metastatic breast cancer and nonsmall cell
lung cancer.3"The use of this drug is also associated with
several side effects like bone marrow suppression, hyper-

sensitivity reactions, vomiting, alopecia, etc (see Fig. 7).

3.6.2. Water-soluble prodrugs of taxol. Taxol is sparingly
soluble in water, that is, 0.00025 mg/ml. In drug formu-
lations it is given with a carrier cremophore EL (poly-
ethoxylated castor oil or polysorbate 80). Several
hypersensitive reactions have been reported due to these
carriers. Hence, several water-soluble prodrugs of taxol
have been synthesized. A number of derivatives at C-7,
C-2’ or both hydroxyls have been synthesized, including
carboxylic acid salts, basic moieties (quaternary ammo-
nium salts) and other designed functionalities.?® Most of

death.

Figure 7. Taxotere.

these derivatives had better water solubility and some of
them showed better pharmacological profiles also.

Recently, a prodrug isotaxel (19) has been reported.?® It
is nearly 1800-fold more soluble than taxol. Its solubility

12 min.
O-N Intramolecular acyl migration

17

Figure 8. Conversion of isotaxel to taxol under physiological
conditions.
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in water is 0.45 £ 0.04 mg/ml. Isotaxel itself is an inac-
tive molecule, but, at physiological pH, O-N intramo-
lecular acyl migration takes place and within 12 min it
converts into taxol, the active molecule.

3.6.3. Conversion of isotaxel to paclitaxel. In physiolog-
ical solution an O-N intramolecular acyl migration
takes place and isotaxel is converted into taxol. O-N
intramolecular migration is a known side reaction of ser-
ine and threonine containing peptides (see Fig. 8).

3.6.4. Future prospects. Earlier, the availability of paclit-
axel was a problem due to its poor abundance in the
plant. Several research groups now have devised the to-
tal synthesis of taxol, but being a complex molecule it is
not economic. The last decade has witnessed paclitaxel
and related taxanes emerging as aggressive frontline
therapies for advanced tumours including breast, lung
and ovarian carcinomas, but their high toxicity and
poor solubility may ultimately limit their utility.

4. Combretastatin A-4
4.1. Introduction

Combretastatins are mitotic agents isolated from the
bark of the South African tree Combretum caffrum.
The most potent combretastatin A-4 [20, cis-1-(3,4,5-tri-
methoxyphenyl)-2-(3’-hydroxy-4’-methoxy phenyl) eth-
ene] is a simple stilbene that has been shown to
compete with colchicines for binding sites on tubulin.
It has been found to be a potent cytotoxic agent which
strongly inhibits the polymerization of brain tubulin
by binding to the colchicine site. CA-4 shows potent
cytotoxicity against a wide variety of human cancer cell
lines including MDR cancer cell lines. CA-4 is thus an
attractive lead molecule for the development of antican-
cer drugs*®*! (see Fig. 9).

4.2. Chemistry

In 1982 Pettit et al.*>** reported the isolation and struc-
ture of Combretastatin, the first member of a series of
biologically active bibenzyls, stilbenes and phenanthe-
renes from the bark of African willow tree C. caffrum
at Arizona State University, USA. Combretastatins
A-1 21D* and A-4 (20)* were isolated by the same
group in 1987 and 1989, respectively. Chemically, they
are stilbene derivatives having two phenyl rings separat-
ed by a C-C double bond. Ring-A has three methoxy
groups in 3.4,5-positions while in ring B one hydroxy

H5CO - ‘ OH
H3CO ‘ OCH3
OCH,

20, CA-4
Figure 9. Combretastatins CA-4 and CA-1.

group is at the C-3 position and one methoxy group at
the C-4 position.

4.3. Structure and activity relationship

A number of studies have been reported on the structure
and activity relationship of combretastatins.*”*® For a
minimal cytotoxic activity of such compounds, a diaryl
system should be separated through a double bond
along with a trimethoxy system in one of the rings.

H3CO O - @
H3CO OCH,
OH

OCH,

Overall,

e Trimethoxy benzene moiety is essential for its
activity.*

e The two aryl groups should be separated through a
double bond and the cis (Z) isomer is preferred over
the trans (E) as cis is much more active than trans.>°

Cushman et al.>® reported that the 3-hydroxyl group on
ring B of CA-4 is not necessary for potent activity. How-
ever, a 4-methyl or 4-methoxy group is required in the
ring B for strong cytotoxic activity.’! An additional
hydroxyl group at C-2 on ring B of CA-4 is less pre-
ferred as it decreases its activity as in CA-1.32 Introduc-
tion of an amino group in ring B significantly decreased
antimitotic activity but showed strong cytotoxicity,
more potent than that of CA-4.4

4.4. Biological activity

CA-4 is an investigation drug of the National Cancer
Institute and the University of Arizona, USA. The com-
pound is active against colon, lung and leukaemia can-
cers. It is stated about this molecule that it is the most
cytotoxic phytomolecule isolated so far. CA-4 exhibited
an LDs, value of 7 nm (0.007 uM) against murine L1210
leukaemia cell lines.>->*

4.5. Mode of action

In vitro studies have shown that CA-4 competes with
colchicine for binding sites on tubulin. Hence, it is a
member of the colchicine-like inhibitors of microtubulin
assembly rather than the vinca alkaloid type compound
(i.e., tubulin polymerization inhibitors).>> McGown and
Fox suggested that the trimethoxy benzene moiety in all

OH
H4CO ‘ OCHjz
OCH;

21, CA-1
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these compounds (colchicine, CA-4 and podophyllotox-
in) probably provides a favourable binding site for tubu-
lin.*3-3¢ Several in vivo experiments have been done in
rats. Magnetic resonance imaging (MRI) experiments
showed>” that CA-4P (combretastatin-4, 3-O phosphate)
significantly reduces blood flow to the tumour cells in a
dose-dependent manner. Thus, it acted as an antivascu-
lar targeting agent,’® which blocks tumour blood sup-
ply. Thus, it is one of a new class of anticancer
therapies that act by attacking a tumour’s blood supply.
In animal tumours, it can cause the shutdown of blood
flow*® leading to extensive tumour necrosis. A sodium
phosphate derivative of CA-4 induced a complete vascu-
lar shutdown within metastatic tumours at doses
one-tenth of the maximum tolerated dose,°® while the
reduction in blood flow by CA-4 is up to 70%.

4.6. Synthetic analogues of CA-4

Varied modifications have been reported in the CA-4
molecule. In some analogues, only the functional
groups have been modified but in several analogues
the total aryl ring is either replaced or totally modified
by some other groups. However, in almost all cases
3,4,5-trimethoxy aryl or ring A was kept intact, which
is considered to be indispensable for cytotoxicity of the
molecule.

4.6.1. Modifications in aromatic rings. Pinney et al.%!
synthesized several nitrogen-containing stilbene deriva-
tives. In these derivatives, the nitrogen atom was pre-
sent as a nitro, amino or azide group and some of
the derivatives exhibited excellent activity against the
NCI 60 human cancer cell line. Similarly, Lawrence
et al.®? synthesized mono/difluoro derivatives of CA-4
at the C-3 and/ C-5 positions of ring B. Melero
et al.%® replaced one of the aryl groups with a naphtha-
lene group and synthesized naphthylcombretastatins,
where they modified ring B of CA-4 to some quinoline
and quinoxaline derivatives. All the compounds exhib-
ited cytotoxicity comparable to or better than CA-4
and concluded that ring B in the present form is not
essential for the cytotoxicity of CA-4.

Table 2. Cytotoxicities of sulfonate derivatives of CA-4

Compound HCT-15 human colon NCI-H460 Human lung
carcinoma ICsg (nM)  carcinoma ICso (nM)

20, CA-4 1.7 3

17, Paclitaxel 450 15

22 33 3.1

23 4.1 2.7

OCHj
H3CO
H;CO >5<0 N—-Me
22

Figure 10. Novel sulfonate analogues of CA-4.

Several phosphate esters of CA-4 have been reported at
phenolic hydroxyl of ring B, but none of the analogues
showed better activity than CA-4 or CA-4P by MTT
assay.

4.6.2. Modifications in linker alkene. From the SAR
studies, it is concluded that the presence of an alkene
is not necessary for activity. However, the restricted
rotation of rings A and B of CA-4 can also be main-
tained by introducing suitable conformationally restrict-
ed arrangements. Sun et al.®* reported 1,4-disubstituted
azetidinone ring system having good cytotoxicity
against MCF-7, CHO-K, and NCI-H69 cancer cell lines.
Thiophene-based analogues of CA-4 have shown tubu-
lin polymerization inhibition activity comparable to
CA-4. Gwaltney et al.®> used a sulfonate group between
the aryl groups for restricted rotation, and compounds
22 and 23 showed cytotoxicity comparable to CA-4
(see Table 2; Fig. 10).

In the place of a stilbene arrangement of the two aryl
rings, several benzophenone type analogues have also
been synthesized. Few of the derivatives showed potent
cytotoxicity, while phenastatin (25) showed much better
activity than the CA-4 itself.°® Recently, several benz-
ophenones having an additional amino group and
methoxy/chloro substitution also showed potent cyto-
toxicities®” (see Fig. 11).

Ohsumi et al.>® synthesized several modified stilbene
derivatives in which ring B and the olefin group were
substituted. Several compounds showed potent activity
against colon-26 cancer cells and antitubulin activity.
Pettit et al.®® synthesized several asymmetric diols on
the alkene part of CA-4 by using the well-known Sharp-
less reactions. But these compounds were found to be
less potent than CA-4 or its disodium phosphate deriv-
ative (see Table 3; Fig. 12).

4.7. Future prospects

A large number of combretastatins has been synthesized
and evaluated. Natural and synthetic compounds of di-
verse structures have been shown to inhibit tubulin poly-
merization through interaction with a protein at
different binding sites. The colchicine, taxol and vinca
alkaloid sites are the best known of them. Among li-
gands of the colchicine-binding site, combretastatins
are highlighted as strongly cytotoxic and angiogenic
agents. CA-4 itself has shown a new mode of action
by targeting at vascular system. But the main problem
associated with this class of compounds is their poor
water solubility. Therefore, the main emphasis on com-

OCHj
HCO /@OM@
HsCO ~g-O NH;
-0

23
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o) R
H5CO N

HsCO
OCHg

o)
T L
H3CO OCH;

OCH3
24
O NH,
O
HsCO OCHs
OCHj
26

O—N
P oP
Z
OCH3
23 Z=CH, O, N, CHR;
P= protective group
o OH
T
H;CO OCHj3
OCHj;

25, Phenastatin

Figure 11. CA-4 analogues having different moieties; azetidinone, benzophenone, etc.

Table 3. Several modified stilbene derivatives with cyano substitution
at alkene part

S. No. Compound Colon-26 Antitubulin activity 1Cs
ICso (nM) (M)

1. CA-4 18.0 4.0

2. 27 63.7 >20

3. 28 12.6 >20

4, 29 5.9 10

S. 30 36 8

6. 31 8.1 7

bretastatins research has been diverted towards water-
soluble prodrugs.®®7> One of the prodrugs, that is,
CA-4 phosphate (36), is currently in phase II clinical tri-
al in the UK and the USA (see Ref. 13).

Combretastatin or its analogues may come up as anti-
cancer drugs of choice in near future.

5. Podophyllotoxin
5.1. Introduction

Podophyllotoxin (PDT, 37) and deoxypodophyllotoxin
are two well-known naturally occurring aryltetralin lign-
ans. Podophyllotoxin, a bioactive lignan, was first iso-
lated by Podwyssotzki in 1880 from the North
American plant Podophyllum peltatum Linnaeus (Amer-
ican podophyllum), commonly known as the American
mandrake or May apple.”® Later on, it was isolated
from several other species like P. emodi Wall (Indian
podophyllum, syn. P. hexandrum Royle) and P. pleiant-

hum (Taiwanese podophyllum). Other than these, 4-
deoxypodophyllotoxin has also been isolated”’ from
Anthriscus sylvestris and Pulsatilla koreana. It is a potent
cytotoxic agent. Two of the semisynthetic derivatives of
PDT, that is, etoposide and teniposide, are currently
used in frontline cancer chemotherapy against various
cancers’® (see Fig. 14).

5.2. Chemistry

Chemically, it is an aryltetralin lignan, having a lactone
ring.

OH
OO0
A
o : f
- (6]
H,CO ; OCHj

OCH,

5.3. Structure and activity relationship

Podophyllotoxin contains a five-ring system (i.e., A, B,
C, D and E rings).

e Only the A and E rings are essential for its activity.
Earlier it was reported that all the rings are essential
for its activity, but now the statement is modified.

e D-ring in lactone form is preferred for better activity.
Modifications at the C-4 position in ring C are mostly
acceptable and bulky groups at this position enhance
both anticancer and topoisomerase activities.
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CN OCH,3

H3CO X O
ne "
H3CO

OCH,3

OCHs

Figure 12. Several stilbene nitriles and asymmetric diols of CA-4.

IOI/O_ Na+

H5CO O-R""
ONa*
H5CO OCHs
OCHs
36

Figure 13. CA-4 disodium phosphate, a prodrug of combretast-
atin A4.

OH
10
@]
o __ \{
= (0]
HsCO OCH;4
OCH;

37, Podophyllotoxin

Figure 14. Podophyllotoxin and its two successful analogues.

29: R1=R2=R3=OCH3;
30: R1=R2=R3=H;
31: R1=R2=OCH3; R3=H

OH
OH OCHj
HaCO O
SRS

H3CO
OCH; 33
OH
oH° OCHj
H3CO O
H
HsCO ©
OcH; 39

5.4. Biological activity

Podophyllotoxin shows strong cytotoxic activity against
various cancer cell lines. It is effective in the treatment of
Wilms tumours, various genital tumours and in non-
Hodgkin’s and other lymphomas and lung cancer.”®-80
The attempts to use PDT in the treatment of human
neoplasia were mostly unsuccessful due to complicated
side effects®'#2 such as nausea, vomiting, damage of nor-
mal tissues, etc. Because of this reason, PDT as such is
not used as a drug. Extensive structure modifications
were performed to obtain more potent and less toxic

o
< 7 o
o) - E

0

HsCO OCH,
OH

38, R=CHg;, Etoposide;

39, R=/@ , Teniposide
S
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anticancer agents, which resulted in two semisynthetic
glucosidic cyclic acetals of epipodophyllotoxin, etopo-
side and teniposide. These are the most widely used
derivatives for the treatment of lymphomas, acute
leukaemia, testicular cancer, small cell lung cancer,
ovarian, bladder, brain cancers, etc.%?

5.5. Mode of action

Podophyllotoxin acts as an inhibitor of assembly of
microtubules and arrests the cell cycle in meta-
phase.8+8° These PDT lignans block the catalytic
activity of DNA topoisomerase II by stabilizing a
cleavage enzyme-DNA complex in which the DNA
is cleaved and covalently linked to the enzyme.®¢ It
binds at the colchicine site of the tubulin.’’-% From
podophyllotoxin to etoposide/teniposide, some chemi-
cal modifications were made that also led to a change
in the mechanism of action, from the inhibitor of
microtubule formation by the parent compound PDT
to DNA topoisomerase II inhibitor by etoposide and
congeners.

Podophyllotoxin — Etoposide/Teniposide
Antimicrotubule agent DNA topoisomerase II inhibitor
5.6. Synthetic analogues of podophyllotoxin

Extensive structural modifications have been performed
on PDT to obtain analogues with better activity and/or
less toxicity. These modifications have been done mainly
in rings C, D and E. Of these, the C-4 positions of ring C
have been found to yield better derivatives. However,
there are a few reports on ring A modifications. Castro
et al.”® synthesized podophyllotoxin derivatives lacking
the methylenedioxy group or with different functional-
izations of the A ring of the cyclolignan skeleton. Most
of the derivatives showed cytotoxic activities on four
neoplastic cell lines (P-388, A-549, HT-29 and MEL-
28). Most of them maintained their cytotoxicity at the
mM level.

5.6.1. Modifications at ring C of PDT. As stated earlier,
the C-4 position is found to be most amenable to mod-
ifications, and it is also reported that the presence of a
bulky group at this position enhances cytotoxic as well
as topoisomerase inhibitor activities.

Several 4B-amino derivatives as hydrochloride salts,
have been synthesized having 4’-demethylated PDT as
in etoposide.”! Having good water solubility and bio-
availability, these derivatives were found to possess bet-
ter pharmacological profiles. Both 42 and its
hydrochloride salt 43 were found to be highly active to-
wards etoposide-resistant KB cell lines (see Table 4;
Fig. 15).

Cho et al.”? synthesized several 4B-nitro aniline deriva-
tives as potent inhibitors of topoisomerase II. Ana-
logues 46 and 47 showed better activities than
etoposide against KB and KB/7d (VP-16 resistant) cells
(Fig. 16).

Table 4. Cytotoxicity and DNA topo II inhibition by 4f-amino
derivatives and their corresponding hydrochloride salts of 4'-
demethylepipodophyllotoxin

Compound Cytotoxicity Inhibition of DNA
IDso KB(uM)  topoisomerase 11 IDsy (uM)
38, etoposide 0.2 50
40 1.4 25
41 1.6 50
4?2 0.027 100
43 0.021 50
44 0.18 25
45 0.74 25
R
<O
O
o i
= (0]
HsCO OCH;
OH
H
40,R= ~N——N )
H
AMR= —N———\ ) 2Ha
42, R= —N N—CHz@
H
43,R= —N N—CHZQ . 2HCI
H
/
44, R= —NH/\/—N\

1]
45, R= —NH—CN—C—OEt

Figure 15. 4B-Amino derivatives and their corresponding hydrochlo-
ride salts of 4’-demethylepipodophyllotoxin.

NO,

NO, @/
00" OO
O
( o @[ 2 :
hy N v
o /\{O Y \<o
H3CO OCH
OCH 3 3
HsCO' ; 3 OH

OH
46 47

Figure  16. 4B-Nitro  aniline  derivatives of  4’-demethyl-

epipodophyllotoxin.
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Kamal et al.”3 have synthesized 4B-amido and sulfon-
amido derivatives of PDT having these A, B and C
prototypes. Among these compounds, compounds 47—
50 were found to be highly potent against all the six
cancer cell lines given in Table 5, while compounds
51-54 have exhibited promising cytotoxicity (see Table
6; Fig. 17).

Several sulfonamide derivatives were also reported® in
which the main nucleus was epipodophyllotoxin in the
place of PDT. The main substitutions were methyl,
propyl, 3-chloropropyl, azidopropyl, etc. These deriva-
tives were found to possess cytotoxic activity better than
etoposide against several cancer cell lines (see Fig. 18).

Table 5. ICso(1tM) drug concentration that inhibit 50% of the control
in DMSO

Analogue KB KB/7d

38, Etoposide 0.164 +0.044 23.8+1.5
46 0.032 = 0.008 0.55%0.26
47 0.11£0.03 0.56 £ 0.13

Table 6. Gls values of some of the 4B-amido and 4B-sulfonamido
derivatives of podophyllotoxin

Compound Cytotoxicity Glsg (uM)
DU145 HT29 MCF7 NCI H460
(prostate) (colon) (breast) (lung)

Etoposide 0.8 59 4.3 1.1

48 0.02 0.004 0.03 0.02

49 23 1.7 5.0 43

50 27.2 28.9 46.2 30.8

52 0.16 0.03 0.05 0.08

53 2.7 1.8 3.5 3.7

54 0.05 0.019 0.12 0.03

MeO OMe MeO

47. R=Me, R4;=H;
48. R=Me, R,=Me;
49. R=H, R,=H;
50. R=H, R;=Me

Roulland et al.> reported several acetamido and form-

amido derivatives at the C-4 position. Compounds 56,
57, 58 and 59 showed high antiproliferative activity
against L1210 cell lines. Compound 59 was the most ac-
tive with an 1Cso of 35 nM (see Table 7; Fig. 19).

5.6.2. Modifications in ring E. The modification in ring E
was found to be crucial for the mode of action of PDT.
PDT, where the ring E is a 3,4,5-trimethoxy aryl, shows
antimicrotubule activity. But when the p-methoxy group
is demethylated, that is, ring E is 3,5-dimethoxy, 4-hy-
droxy aryl, compounds generally show DNA topoiso-
merase II inhibition activity as in etoposide and
teniposide.

Modifications in ring E are not much reported, but
recently several fatty acid esters have been synthesized
at the 4-hydroxyl group of ring E and most of these
derivatives showed cytotoxic activity better than etopo-
side and DPT (deoxypodophyllotoxin),””. In in vitro as-
says shorter alkyl chain esters showed stronger
cytotoxicities, while in animal models moderate alkyl
chain esters had better activities (see Fig. 20).

(0]
\_R

N\
0

Figure 18. Basic unit of sulfonamide derivatives of epipodophyllotoxin.

MeO OMe

51. R=Me, Ry=Cl, R,=H
52.R=H, Ry=Cl, R,=H
53. R=Me, Ry=H, R,=CI
54. R=H, Ry=H, R,=Cl.

Figure 17. Several 4B-amino benzophenone, 4f3-amido and sulfonamido derivatives of PDT.
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Table 7. ICs, values of active molecules as acetamido and formamido derivatives of PDT

Compound L1210 ICsq (uM)  Inhibition of microtubule assembly ICsy (uWM) Topoisomerase I inhibition Topoisomerase II inhibition

55 0.06 0.7
56 0.07 0.7
57 0.08 1.6
58 0.035 23

0 18
0 21
0 13
nd* nd*

nd* = not determined.

Gy

MeO OMe
OMe

MeO OMe
OH
59

56. R= CHO;
57.R=COCH;
58.R=H

Figure 19. Several acetamido and formamido derivatives at C-4
position.

OH

4 , P
0 \{
o)

H,CO OCH,
0

)R

o)

Figure 20. Several fatty acid esters at C-4” phenolic hydroxyl of PDT
on modification at E-ring.

5.7. Future prospects

Podophyllotoxin and their analogues are potent anti-
cancer agents. But their toxicities limit the clinical use
of these agents. Two of the semisynthetic derivatives
have overcome these problems. Etoposide, a clinical
drug, is also associated with the problems of drug, resis-
tance and poor bioavailability.”® % Therefore, efforts to-
wards the development of new etoposide analogues are
very much required.

6. Conclusion

Over the years, a number of approaches have been
developed for clinical use and a number of anticancer
drugs have come out of these as a result. The main prob-
lem with these agents is the toxicity associated with them
due to their lack of specificity, as these agents also kill
healthy cells. Other than this, drug resistance is another
problem which arises after some time. Nowadays, com-
bination therapy is used® to combat this problem,

which seems to be a temporary one. But this approach
threatens the possibility of the development of drug
resistance. Though a good number of anticancer agents
have been developed from plants or their derived agents,
development of a safe, economic and site-specific anti-
cancer drug is still a challenge. Perhaps, scientists will
have to look towards nature for another diverse mole-
cule with a novel mode of action to tackle this dreadful
disease.
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Abstract—Histone deacetylases (HDACs) have recently attracted considerable interest as targets in the treatment of cell proliferative
diseases such as cancer. In the present work, a general framework is proposed for chemical groups that bind into the HDAC cat-
alytic core. Based on this framework, a series of groups was selected for further investigation. A method was developed to rank the
HDAC inhibitory potential of these moieties at the B3LYP/6-31G* level, making use of extra diffuse functions and of the PCM
solvation model where appropriate. The resulting binding geometries indicate that very stringent constraints should be satisfied
in order to have bidental zinc chelation, and even more so to have a strong binding affinity, which makes it difficult to predict
the binding mode and affinity of such zinc-binding groups. The chemical hardness and the pK, were identified as important criteria
for the binding affinity. Also, the hydrophilicity may have a direct influence on the binding affinity. The calculated binding energies
were qualitatively validated with experimental results from the literature, and were shown to be meaningful for the purpose of rank-
ing. Additionally, the insights gained from the present work may be useful for increasing the accuracy of QSAR models by providing

a rational basis for selecting descriptors.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Histone deacetylases (HDACs) are very promising tar-
gets for so-called mechanism-based anticancer drugs,
which may combine clinical efficacy with relatively mild
toxicological side-effects.!”> Medicinal applications of
HDAC inhibitors are however not limited to the treat-
ment of cancer, but may vary from fibrotic diseases,’
including liver fibrosis,*> an important cause of death
in Western society, over autoimmune® and inflammato-
ry’ diseases, to polyglutamin disease.®° Also, they have
been shown to inhibit dedifferentiation in cell cultures.’
Not only do HDACs regulate chromatin structure,
recent discoveries indicate that the HDAC isoform
HDACG6 actually functions as a tubulin deacetylase
and plays a major role in tubulin remodelling events,
which are vital for mitosis.!°

Keywords: Histone deacetylase inhibition; Density functional theory;

Quantitative structure—activity relationships; Zinc hydrolase.

* Corresponding author. Tel.: +32 2 6293300; fax: +32 2 6293304;
e-mail: Kenno.Vanommeslaeghe@vub.ac.be

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.06.009

TSA (Trichostatin A, 1) was the first potent HDAC
inhibitor discovered.!! Although the synthesis'? of the
compound itself is too complex to allow economical
pharmaceutical use and its metabolisation is too rapid,'3
it was an interesting lead compound for the develop-
ment of HDAC inhibitors as it features a high affinity
for HDAC'* and a small size in comparison with other
natural HDAC inhibitors like Trapoxin B'> (2). Follow-
ing the discovery of the HDAC inhibitory activity of the
antitumour agent TSA,!' a wide variety of HDAC
inhibitors has been identified, synthesised and tested.'®
Some of these products are already in clinical trials,'”
such as MS-275'® (3), which is in phase II, and SAHA'
(suberoylanilide hydroxamic acid, 4), which has recently
entered phase III (Fig. 1).

As can be seen in X-ray structures of inhibitor-bound
HDLP,?® an HDAC analogue with the same active site
as any member of the HDAC family, and of
HDACS,?!?? an HDAC isoform, the active site consists
of a narrow apolar pocket, at the bottom of which the
polar catalytic core can be found, containing a zinc
ion. This geometry is reflected in the common template
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Figure 1. Molecular structures of TSA (1), Trapoxin B (2), MS-275 (3) and SAHA (4).

(Cap)—{ Spacer_}—X

Figure 2. Common template for HDAC inhibitors. ‘Cap’, cap group
that binds on the surface of the protein and supposedly is responsible
for specificity. ‘X’, zinc-binding, enzyme-inhibiting group. ‘Spacer’,
links the cap and X groups and must fit into the narrow hydrophobic
pocket.

for HDAC inhibitors, which was proposed by Jung et
al.? before any of the above-mentioned X-ray structures
were available (Fig. 2).

Extensive research has been conducted on the derivatisa-
tion of the cap group and the spacer, yielding potent*2¢
and in some cases isoform-selective’?’-*® HDAC inhibi-
tors.?? Also, efforts have been made to model the binding
of HDAC inhibitors using empirical methods.!#30-32
However, most of these computational and synthetic
studies were focused on hydroxamate-based inhibitors.
Although the hydroxamate moiety is known to strongly
bind to the HDAC catalytic core, it is pharmacokineti-
cally unfavourable.'*33 However, combinatorial studies
on the zinc-binding moiety proved it difficult to find
other potent HDAC-inhibiting groups.?*3¢ Noteworthy
exceptions are the thiol group and the mercaptoaceta-
mide group, on the basis of which fairly potent inhibitors
were recently described,?”*® and the o-aminoanilide
group,® which features as a zinc chelator in MS-275
(3). These examples prove that alternative zinc ligands
may be of interest. Still, we feel that a large part of the
possible chemical space of the zinc-binding group is still
unexplored. Therefore, we evaluate some alternatives
with theoretical calculations, in order to provide guide-
lines for the selection of new synthetic targets.

2. Methodology

Previously, we conducted an extensive study of the
HDAC active site,***! using models based on the X-
ray structure of HDLP,?® which was the only available
structure that provided information in this respect. After
completion of the present work, X-ray structures of
inhibitor-bound human HDACS, were published by
two independent groups,?!-?> showing that the catalytic
core geometry is essentially the same as in HDLP,*!
which confirms the validity of our model for the HDAC

His 132 /

His 131

Figure 3. Common framework for bidentate zinc chelators as HDAC
inhibitors.

active site. The catalytic core comprises a Zn>* ion coor-
dinated by two histidine residues and an aspartate, two
His—Asp dyads and a tyrosine residue. This structural
motif forms the polar bottom of the apolar active site
pocket and is the target of the present study. From
previous work, a general framework for the catalytic
core-binding moiety can be derived (Fig. 3)" where

e A should be a soft nonbonding electron pair donor in
order to coordinate the zinc ion** and a H-bond
acceptor in order to accept a hydrogen bond from
the tyrosine OH. A H-bond donor may also be valid
because in that case, a H-bond could be donated to
the phenolic oxygen of Tyr 297.

e B should link the zinc-chelating moiety to the spacer
and hence be at least trivalent.

e C should be a H-bond donor in order to donate a H-
bond to His 132. Consequently, C also needs to be tri-
valent or higher.

e D should be a proton donor, in order to protonate His
131 and subsequently accept an ionic H-bond from it
and form a strong interaction with the zinc ion.

o L links the zinc-chelator to the spacer.

Considering this framework, it can be easily seen
why hydroxamates are such good HDAC inhibitors.
However, for therapeutic purposes, these compounds

T Throughout this article, the residue numbering from HDLP will be
used.
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Figure 4. Molecular fragments studied in the present work. 5, acetohydroxamic acid (AHA); 6, N-methyl-mercaptothioacetamide (NMMTAA); 7,
acetothiohydroxamic acid (ATHA); 8, 1-mercaptopropane (1MP); 9, N-methyl-formohydroxamic acid (NMFHA); 10, N-methyl-mercaptoacetamide

(NMMAA); 11, hydroxyacetone (HA); 12, N-methyl-N’-hydroxyurea (NMNHU); 13, N-methyl-hydroxyacetamide (NMHAA).
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Scheme 1. Formal mechanism for calculating the binding energy of
environment.

often suffer considerable drawbacks and as a conse-
quence, alternative chemical moieties fitting this frame-
work are sought. On the basis of the framework in
Figure 3, similarity to known inhibitors of other zinc
hydrolases, and synthetic feasibility, nine groups were
selected for in silico testing (Fig. 4).

Because metal coordination in general and zinc coordi-
nation in particular remains a problem for classical scor-
ing functions and force fields,*>** ranking a dataset of
zinc ligands with such methods would be inadequate.
Therefore, the scoring in this study will be based on
the quantum chemically determined energy of interac-
tion between the proposed ligand and the active site.
More specifically, a DFT method was chosen because
this allows for inclusion of electron-correlation effects,
necessary for accurate determination of intermolecular
interactions, at a relatively modest computational cost.

Apart from the interaction energy between the active
site and the ligand, solvation and protonation effects
also influence the energy of interaction. The solvation
can be included at an acceptable computational cost
by employing a continuous solvent model for the calcu-
lations on the free ligand. No solvent model was used
for the calculations on the catalytic core because it is
buried at the bottom of a narrow hydrophobic pocket.
As for the protonation, a previous study showed that
a water molecule in the HDAC active site is spontane-
ously deprotonated by His 131, partially because of
the acidifying effect of the zinc coordination.*! Thus, it
can be argued that any zinc-binding group with an esti-
mated pK, lower than that of water also binds as an an-
ion. This is probably the case for all of our proposed
molecular fragments. Nevertheless, as these are weak
to very weak acids, in solution, they will be present al-
most exclusively in protonated form. Consequently,
the proton affinity of the ligand has to be subtracted
from the binding energy. However, on binding, the

&0

— —— +
.+ -
HDAC-His" HDAC-His" . L

i H

an inhibitor L, relative to a hydroxide ion. The ovals denote an aqueous

ligand displaces the above-mentioned hydroxide-ion
from the active site, which will in turn be protonated
in solution, counteracting the contribution of the li-
gand’s proton affinity to the energy. Overall, the process
depicted in Scheme 1 has to be considered. The energy
associated with this process is given by Eq. 1. In the
present study, this energy will be determined for the
set of possible ligands presented above, as a measure
of their HDAC inhibitory potential.
AEi = — AE(E+OH7) + [E;?(I){I—; (OHi)
- EbOiI:d(EOH) (OH™)]+AE'(H'OH")

+ [Egi;d(EL) (EY) *Egizd(EOH)(EJr)]
—AE'(H'L™) - [Efy (L7) _E]b“i;d(EL)(Li)]
+AE(ETL7)

(1)

This equation describes the method for calculating the
total binding energy AE., of a ligand in the active site
of HDAC. E§(A) denotes the energy of molecule A at
geometry B and with the basis sets of C, A and C being
either the enzyme E, the ligand L or the complex EL.
AE(AC) denotes the interaction energy between A and
C. E' denotes the energy calculated using a solvent mod-
el, as opposed to the vacuum energy E.

3. Computational details

3.1. Catalytic core model

To the HDLP/TSA complex obtained from the Brook-
haven Protein Data Bank* (entry code 1C3R, resolu-

¥ Strictly spoken, a double delta (in this case AAE,,,) should be written,
but in order not to complicate notation, single deltas will be used
throughout this article.
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Figure 5. Empty catalytic core model for HDAC.

tion: 2.1 A), hydrogen atoms were added, and their posi-
tions were optimised using the ESFF force field* as
implemented in the Insight II software.*” The resulting
geometry was used as a starting point for the generation
of the catalytic core model containing a total number of
103 atoms, shown in Figure 5.

This model comprises the catalytically important zinc
ion, together with the side chains of its coordinating res-
idues Asp 168, His 170 and Asp 258. The main chain be-
tween Asp 168 and His 170 was retained, because the
hydrogen bonds from aspartates 168 and 258 to the
two amide NH atoms in this backbone segment will
likely influence the electrostatic interactions upon coor-
dination of the catalytic zinc ion. The phenolic side
chain of Tyr 297 was included, as well as the side chains
of the two His—Asp pairs, His 131-Asp 166 and His
132—-Asp 173, because of their role in binding and catal-
ysis.?*~22 Finally, the C, atom of Asp 173 was retained,
together with the carbonyl group of Asp 173 and the
NH group of Gly 174, because this NH is hydrogen
bonded to Asp 173, which may directly influence the
basicity of the whole dyad. We consider this model suf-
ficiently extended for a pure quantum chemical ap-
proach, as the closest polar centre that was not
included in the model is the amide nitrogen of Gly
295, located at a distance of 4.6 A from the catalytic
Zn*" ion, and the closest charged group is a sodium
ion at 7.4 A." Moreover, these groups, as well as all
other polar moieties surrounding the catalytic side mod-
el, are shielded from the catalytic Zn** ion by bulk pro-
tein, so that they are not likely to interfere directly with
inhibitor binding. On this model system, a DFT/B3LYP
study was conducted, using the 6-31G* basis set as a
starting point for all atoms. Diffuse functions were add-
ed to all nonhydrogen atoms involved in binding or in
proton transfers (the catalytic zinc ion, the phenolic oxy-
gen atom of Tyr 297, the four nitrogen atoms of His 131
and His 132 and the four side chain oxygen atoms of
Asp 166 and Asp 173) and to any nitrogen, oxygen
and sulfur atoms present in the ligand. Throughout this

Y Vannini et al. argue that this Na* ion may need to be replaced by a
K* ion in order for HDACS to display optimal stability and
catalysis.?

work, Gaussian 03*® was used for all subsequent DFT

calculations, using the default convergence criteria for
the energy minimisations and ‘“‘tight” convergence crite-
ria for any SCF calculations.

3.2. Full minimisation of catalytic core model

Prior to evaluating the interactions of this model with dif-
ferent ligands, a full minimisation was attempted in the
presence of hydroxamate AHA (6), the common zinc-
chelating group of all HDAC inhibitors used in crystallo-
graphic studies.?’ 2> Only the atoms in our model that
were originally connected to the rest of the protein were
frozen, namely the C, atoms of Asp 168, His 170 and
Asp 173, the backbone N atom of Gly 174, and the Cg
atoms of His 131, His 132, Asp 166, Asp 258 and Tyr
297. This minimisation took a considerable amount of
computer time, and more importantly, unlikely geometri-
cal deviations were observed in the final structure. For
these reasons, a more rigid approach was adopted for
the evaluation of the protein—ligand interactions.

3.3. Protein-ligand interaction

The original catalytic core model described above was
again taken as a starting point. Based on the binding
geometry of the hydroxamate moiety of TSA in HDLP,
molecular fragments were manually docked into this
model. Subsequently, energy minimisations were
performed, this time keeping the heavy atoms of the
X-ray structure fixed. The whole ligand was allowed to
move, as well as all of the hydrogen atoms present in
the active site. In the case of AHA, this approach took
about half the CPU time of the above-mentioned full
minimisation. After the optimisations reached conver-
gence, protein-ligand interaction energies were calculat-
ed using the counterpoise method for correcting the
Basis Set Superposition Error (BSSE).#

3.4. Aqueous deprotonation of the ligand

Prior to the determination of a ligand’s proton affinity, its
respective solution conformation needs to be established.
Because a full conformational analysis at BSLYP/6-31G*
level including a solvent model would computationally
be rather costly, for each ligand, a systematic conforma-
tional search was set up at HF/3-21G* level in vacuum,
using Spartan 5.1.%° The resulting minima within an ener-
gy window of 10 kcal mol ™! above the absolute minimum
and differing more than 0.2 A rms after superposition
were then further refined at B3LYP/6-31G* level with
Gaussian 03, adding diffuse functions on all noncarbon,
nonhydrogen atoms and using the PCM>'=3 solvent
model. Finally, the minimum with the lowest solvated
energy was selected for determining its proton affinity.
PCM proton affinities were not BSSE corrected because
this method for constructing the solvent cavity is incom-
patible with the counterpoise correction scheme.

3.5. Chemical hardness of the ligand

Similar to the determination of the proton affinity, the
chemical hardness was calculated for each ligand. First,
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the selected minima from the HF/3-21G* searches were
refined at B3LYP/6-31G* level in vacuum, with the
inclusion of the same diffuse functions as described
above. Then, the vertical ionisation energy (/) and elec-
tron affinity (4) of the lowest minimum was determined
by calculating the energy of its doublet state anion and
cation. This makes it possible to estimate the global
hardness of the ligand, using the finite difference
approach: n = (1/2) (I — A). However, since the mole-
cules considered here are all closed-shell structures, the
values for A are always negative. In this case, the appli-
cability of the above-mentioned formula is debatable,
and A is set equal to zero, so that the chemical hardness
is reduced to y=(1/2) I>*

4. Results and discussion
4.1. Binding geometries

After the minimisations of the different ligands in the ac-
tive site, the fixed atoms in the final geometries of all of
the ligands were superposed, as depicted in Figure 6.
Additionally, some relevant noncovalent bond distances
are listed in Table 1. Hydrogen bonds are identified by the
following geometric criterion: the H---A distance d
should be smaller than 2.7 A, and the D-H- - -A angle 0
should be larger than 90°.°° In case the acceptor is a sul-
fur atom, the maximum distance was increased to 3.0 A,
in order to compensate for the fact that sulfur’s van der
Waals’ radius is 0.3 A larger than oxygen’s. However, this
criterion is designed to include even the weakest hydro-
gen bonds. In our dataset, there is a clear segregation into
moderate hydrogen bonds (d = 1.6-2.2 A, or2.2-2.4 Ain
case the acceptor is sulfur, and 0 > 120 °, marked green in
the table) and weak hydrogen bonds (d =2.5-2.7 A, or
2.9 A in case the acceptor is sulfur, marked yellow in
the table). It should also be noted that the two hydrogen
bonds having a carbon atom as a donor that fall into the
range of the moderate hydrogen bonds (coloured blue in
Table 1), are expected to be roughly half as strong as the
other members of this group.>®>7

Despite the use of a bidentate template for the choice of
the ligands, many of the optimised structures coordinate
the catalytic zinc ion in a monodentate fashion, resulting
in a nearly perfect tetrahedral coordination (Figs. 6B
and C). In fact, next to AHA (5), which is a known
bidentate chelator in this context,?%2>4 only NMFHA
(9) and NMNHU (12) bind in a bidentate fashion. These
two zinc-chelating groups are chemically very similar to
the hydroxamate (5), and display a binding mode that is
almost identical to AHA’s (5) (Fig. 6A), and very similar
to the binding mode of the hydroxamate function in the
available inhibitor-bound X-ray structures.?’>?> The
monodentate binding mode of the other molecular
fragments may be attributed to a combination of the
following factors:

e an unfavourable geometry of the proposed zinc-bind-
ing centres A and D,

e a favourable interaction between the ligand and His
170,

e a hydrogen bond between L and His 132.

This is supported by the fact that, surprisingly, mono-
dentate coordination occurs for all sulfur-containing
groups, and the atom that coordinates the zinc is always
atom D, whether this is the sulfur atom or, in the case of
7, an oxygen atom. Since sulfur is thought to interact
well with zinc,37-384238 the monodentate binding mode
of ATHA (7) indeed suggests that the inhibitor-exposed
surface area of the catalytic zinc ion is simply too small
to accommodate both the relatively large sulfur atom
and a second coordinating centre.

Still, these arguments do not explain why HA (11) and
NMHAA (13) also bind in a monodentate fashion. This
could be attributed to the presence of an sp” carbon at
position C, which might give rise to a geometric prefer-
ence that disfavours bidentate chelation. Indeed, all
molecules in which this is the case, bind in a monoden-
tate fashion. However, within our dataset, the difference
in distance between the two zinc-coordinating oxygen
atoms is 0.05 A at most, so it is very unlikely that this
geometrical factor has a significant impact on the bind-
ing mode. Rather, the hydrogen bond between atom C
and His 132 might be required to force the ligand into
bidentate chelation. This, in turn, suggests that the elec-
tronegative sp> carbon atom in NMFHA (9) is a suffi-
ciently strong hydrogen bond donor to influence the
binding geometry. It also implies that, in this specific
environment, a tetrahedral zinc coordination might be
preferred over the ‘distorted tetragonal pyramid’ geom-
etry that is observed when a five-membered chelate ring
is formed by binding an appropriate bidentate chelator
in the active site. This should not necessarily be disad-
vantageous for the catalytic activity, since in the tetrahe-
dral transition state of the proposed catalytic
mechanism, a four-membered chelate ring is formed.

One noteworthy exception in our dataset is NMMTAA
(6). As already suggested by the conformational search-
es preceding the determination of the proton affinity
(see Section 3), the size of the two sulfur atoms ex-
cludes any gauche conformations, resulting in a trans
conformation, which prohibits bidentate chelation
and causes a totally different binding mode. However,
this does not explain the monodentate coordination
for the other sulfur-containing zinc-binding groups, as
it does not occur with ATHA (7, perfectly cisoid thio-
amide bond) and NMMAA (10, ABCD torsion
angle = 27°).

It should also be noted that, when the present binding
geometries are transposed into the complete HDLP ac-
tive site, some steric clashes arise with Phe 198. This res-
idue was not included in our active site model because, if
the ligands had bound in a bidentate fashion, it would
have been out of their reach. However, after the minimi-
sation, in which a monodentate coordination was adapt-
ed, the terminal methyl groups of NMMTAA (6) and
NMHAA (13) occupy the same space as Phe 198. Con-
sequently, the actual binding geometries and energies of
these groups may vary significantly from the present
result. Although this does not affect our discussion
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Figure 6. (A) Front and side views of the final conformation of NMFHA (9, carbon atoms in green), AHA (5, carbon atoms in magenta) and
NMNHU (12, carbon atoms in cyan) in the catalytic core of HDAC. (B) Front and side views of the final conformation of 1MP (8, carbon atoms in
magenta), NMMAA (10, carbon atoms in green) and ATHA (7, carbon atoms in cyan) in the catalytic core of HDAC. (C) Front and side views of
the final conformation of HA (11, carbon atoms in magenta), NMHAA (13, carbon atoms in green) and NMMTAA (6, carbon atoms in cyan) in the
catalytic core of HDAC. Hydrogen atoms are omitted for the sake of clarity.

regarding the factors that influence binding affinity, no methyl group of ATHA (7) and NMMAA (10) makes
predictions can be made about the actual binding geom- sterical contact with Phe 198. In these cases, only small
etry and affinity of these two groups. Likewise, the deviations from the present geometries are expected.
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Table 1. Lengths (A) of noncovalent bonds between the ligand and the HDAC catalytic core

Compound A-Zn* A-Y2970H" D-Zn" D-HI13IN"H* D-Y2970H" CH-H132N"H* LH-HI132N"H"
AHA (5) 2.335 1.642 2.035 1.86: n/a 1.714 n/a

NMNHU (12) 2.500 1.656 1.996 n/a 1722 n/a

NMFHA (9) 2.240 1.602 2.098 1.98 n/a 1.962 n/a

ATHA (7) n/a 2.266 1.979 2.881 2.731 1.906 2,601
NMMAA (10) n/a 2.801 2292 2.947 2256 2.143 3.174

IMP (8) n/a n/a 2.296 3.035 2.254 2.663 n/a

HA (11) n/a 3.104 1.945 3.718 1,18;13 2.522 n/a

NMHAA (13) n/a 3.251 1.942 3.758 [0 2.500 2.008
NMMTAA (6) n/a n/a 2.334 3.201 2322 n/a 2.006

Moderate hydrogen bonds are marked in green, weak hydrogen bonds in yellow (see text for a discussion of the criterion on which this distinction is
based). Bond lengths involving a sulfur atom are coloured red; possible hydrogen bonds with carbon acting as a donor are coloured blue.

“see Fig. 3.

Still, the binding energies, which are sensitive to subtle
geometric effects, cannot be relied upon for predictive
purposes. Also, while the bidentate chelators are expect-
ed to have little or no conformational freedom, the same
cannot be said for the monodentate ligands. Moreover,
some of our monodentate binding groups, in particular
the sulfur-containing moieties, may in fact be able to
adapt a bidentate binding mode if they are capable of
inducing large geometric deviations in the active site,
which our model does not allow. By consequence, for
all monodentate ligands except IMP (8), there is a rea-
sonable probability that the present geometries differ
significantly from the lowest-energy binding modes,
and that the actual binding affinities are more favour-
able than the estimated ones (see below).

4.2. Binding energies

The binding energies of the ligands, as calculated in Eq.
1, are the sum of four contributions:

1. The relative ‘vertical’ proton affinity of the ligand,
defined as the energy of transferring a proton from
the ligand to a hydroxide ion in aqueous
environment:

AEyo = AE'(HOH™) — AE'(H'LY).  (2)

2. The energetic cost of bringing the active site from its
hydroxide-bound conformation to its ligand-bound
conformation:

AEcont = [EEi;d(EL)(E+) - EE;d(EOH)(E+)]' (3)

3. The relative interaction energy of the ligand, defined
as the difference in interaction energy between the
hydroxide-bound active site and the ligand-bound
active site:

AEie: = AE(E'L™) — AE(ETOH"). 4)

4. The energy of bringing the deprotonated ligand from
its protonated conformation in solution to its binding
conformation in vacuum, relative to the hydroxide
ion:

AE eian = [Efgon (OHT) — Efppom (OH )]
— [Ef (L) = Egjpgqen) (L)1 (5)

Physically spoken, this residual term consists of the
relaxation energy of the ligand after deprotonation,
the desolvation energy of the ligand and the energetic
cost of bringing the ligand in its binding conformation,
all of this relative to the hydroxide ion. These three
contributions cannot be obtained separately without
substantial additional calculations. Based on the
observation that the absolute [E’}{(L:l) ~ Epaen) (L)
values are always above 60 kcal mol™ ", which is, espe-
cially in the case of the OH -ion, too large to reflect a
purely conformational change, we speculate that the
trends in AE . q, roughly reflect trends in desolvation
energies.

These different contributions are listed in Table 2,
together with the total binding energies, as well as the
chemical hardnesses of the protonated ligands in their
respective lowest energy conformation in vacuum.

Two of the three bidentate chelators, AHA (5) and
NMNHU (12), have the most favourable AE;;, and
as these groups are chemically very similar, their differ-
ence in AFEj,., is insignificant. Surprisingly, NMHAA
(13), a monodentate ligand, also has a similar AEj,,
while the AEj,., of NMFHA (9), the third bidentate
chelator, is 11.4 kcal mol™! less optimal. The former
case can be explained by the presence of a hydrogen
bond between the amide linker and His 132, while in
the latter case, a weak hydrogen bond, in which carbon
acts as a donor, is present between centre C and His
132. This indicates that centre C plays an important
role in inhibitor binding, confirming similar findings
in the discussion of the binding geometries. To further
explain the weak AE;,, of NMFHA (9) one should
consider that this fragment is the only one in the data-
set that lacks a negative charge on centre D, which
should form an ionic hydrogen bond with His 131, as
in AHA (5).

It is also noteworthy that the sulfur-containing ligands
(6-8 and 10) have the least optimal AFEj,., by a large
margin: the difference in AFEj, .. between NMMAA
(10) and NMFHA (9) is 7.4 kcal mol~'. One could argue
that, in spite of what is commonly stated, sulfur is per-
haps not a good zinc-binding centre in this particular
case. However, this still does not explain why ATHA
(7), in which the oxygen atom instead of the sulfur atom
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Table 2. Energetic contributions (kcal mol™"), estimated HDAC-binding energies (kcal mol™!) and chemical hardnesses # (kcal mol™") of molecular

fragments 1-10

Compound AE o AE ons AEiner AE esiqu AE o n
NMMTAA (6) —25.5 -0.3 35.6 —23.5 —13.7 93.8
AHA (5) —13.6 0.6 8.5 -5.8 —10.3 110.7
ATHA (7) -21.9 0.4 29.3 -16.9 -9.2 101.2
IMP (8) —-19.2 0.1 30.4 —19.2 —8.0 105.0
NMFHA (9) —14.1 0.3 19.9 —11.6 -5.5 106.2
NMMAA (10) —-23.2 —0.1 27.3 —6.9 -2.9 103.9
HA (11) -0.9 -0.5 13.1 —11.3 0.4 117.8
NMNHU (12) -8.5 0.8 8.4 1.7 2.5 109.7
NMHAA (13) —-2.8 -1.3 8.5 -0.3 4.0 110.8

coordinates the zinc ion, falls within the range of the sul- 170

fur-containing compounds. A more satisfactory expla- g

nation is provided by the chemical hardness. As shown 160

in Figure 7, there is a significant correlation between this y = 1.03x + 111.90 <

descriptor and the AEj,.,. The slope of the curve sug- 150 R2=0.35

gests that, contrary to our criteria for selecting candi- :

date zinc-binding groups, harder groups are better g

ligands, and despite the supposed ‘softening’ effect of a 40T ¢ .

the His—Asp dyads, the catalytic core as a whole behaves =

predominantly as a hard interacting entity. This also ex- 130

plains why all AE;,., values are positive, or in other 0/

words, why the hydroxide ion interacts better with the 120 * *

catalytic core than any of our proposed zinc ligands.

Alternatively, the observed correlation could be ex- - *

plained by stating that the hardness decreases with 110

5 15 25 35 45

increasing volume, and that the more voluminous frag-
ments in our dataset fit worse into the active site due
to steric hindrance. However, the absence of correlation
in Figure 8 indicates that this is not the case.

Unfortunately, within the present dataset, the correla-
tion observed in Figure 7 does not imply that # can be
used as a measure for the total binding energy (Fig. 9).
This is because AE,, encompasses AFE,, which
decreases with # (Fig. 7), as well as AE,., which
increases with # (Fig. 10). Consequently, the residual im-
pact of the hardness on AE,, is so small that it is over-

120
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Figure 7. Correlation between the chemical hardness # (kcal mol™")
and AE (kcal mol™").

AEinter

Figure 8. Correlation between the molecular volume as calculated by
the PCM algorithm (A®) and AE;y, (kcal mol™").
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Figure 9. Correlation between the chemical hardness 1 (kcal mol™")
and AE,, (kcal mol™").

ruled by other contributions. More precisely, AE csiqu
also has a considerable impact on AE,,.. The most strik-
ing example of this is NMMTAA (6), which has both
the worst AFE; . and the best AE,,. This is the result
of its low AE .44, Which may implicate a less favourable
interaction with water, as well as its low AE,., which
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Figure 10. Correlation between the chemical hardness » (kcal mol™")
and AE,, (kcal mol ).

reflects its ease to donate a proton. As a general trend,
AE,csiqu and AE,., favour the sulfur-containing zinc-
binding moieties in the ranking. At the other end of
the range, HA (11) and NMHAA (13) are disfavoured
by their low acidity. In fact, the AE,, for HA (11) is
so close to zero, that, taking into account the error on
our calculations, it actually might not be deprotonated
in the active site. Consequently, our results for this
zinc-binding group might be inadequate for the purpose
of validation and prediction.

NMNHU (12), on the other hand, is disfavoured by its
high AE,.squ, Which is consistent with its presumed high
polarity.

Finally, the contribution of AE, is always small. This
reflects the high degree of rigidity in the active site mod-
el, and also indicates that our choice of constraining
none of the active site hydrogen atoms might not be
worth its computational cost. Added together, all these
energetic contributions produce the ranking listed in
Table 2.

4.3. Similarities between HDLP and hHDACS

The significance of the present results depends on the pre-
mise that the catalytic core of HDLP is a good model for
human HDAC:S in general and the class | HDACs in par-
ticular.?8>%% For one member of this class, HDACS, a
TSA-bound X-ray structure was recently published
(PDB* entry code 1T64, resolution: 1.9 A2!). This struc-
ture can serve as a point of reference to test the validity of
our model. Superposition of all 56 heavy atoms in this
model with the corresponding atoms in HDACS (Fig.
11) yields an RMSD value of 0.41 A. A closer examina-
tion learns that the measured RMSD is mainly the result
of a repositioning of atoms that do not directly participate
in binding (e.g., the phenyl ring of Tyr 297; for a detailed
argumentation, see Ref. 41). Therefore, it is likely that the
presented conclusions for HDLP also hold for HDACS
and the other class I HDAC:sS, albeit qualitatively.

4 N

34

Figure 11. Superposition between the catalytic cores of HDLP (green)
and hHDACS (red).

4.4. Experimental validation

Although the methodology of this study has a firm the-
oretical basis, an experimental validation is necessary to
check the validity of the assumptions on which the ac-
tive site model was based and to establish whether inter-
action energies of molecular fragments at 0 K have a
practically useful predictive power. Unfortunately, the
majority of the literature data is not useful for this pur-
pose, because the present results cannot be correlated to
assays performed on cell cultures. Therefore, only stud-
ies on free enzymes were considered. Still, these assays
are often conducted on various mixtures of HDAC iso-
forms, which introduces a large uncertainty. Finally, re-
sults are almost always published as ICs, values, while
K; values are needed for a correct comparison. Because
determination of the molar concentration of acetylated
lysine side chains in a partially purified histone mixture
is not a trivial task, this concentration is often not avail-
able, which rules out the option of directly converting
ICsy values to K; values with the Cheng—Prussoff
equation:®!
ICs

Ki=—2
1+S/Kpy

However, starting from this equation, it can be shown
that, within the same assay, ApICs, values can be consid-
ered equal to ApK; values, which makes extrapolation
possible:
ICsy
i =—> < —logK; = —logICsy + log Cst,
Csty
= pKl = pIC50 + Cstz,

where Cst; and Cst, are constants that depend on the
assay.

The known pK; of TSA was taken as a starting point.3°
Then, an assay was performed in which both the pICs
values of TSA and acetohydroxamate (AHA, 5) were
determined.®? This makes it possible to use the above-
mentioned equality of ApK; and ApICs, so that

PK,(AHA) = pK,(TSA) + ApIC,,(AHA — TSA)
= 8.97 — 3.88 = 5.09 (see Table 3, row 2)
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The corresponding AGying of —7.2 kcal mol™' could be
regained by adding a —TAS term of +3.1 kcal mol™!
to a AH value approximated as equal to our AE,, value.
Since this —TAS value is within the range that can be
expected for protein-ligand interactions,® it can be con-
cluded that our calculations resulted in a realistic bind-
ing energy.

Likewise, the pK; value of any zinc-binding group can be
approximated by adding to pKij(AHA) the ApICs, value
between a hydroxamate-based HDAC inhibitor and an
identical molecule with a different zinc-binding moiety,
yielding the values in Table 3.

It should be noted that, since the cap group and the
spacer part of the inhibitor molecule also contribute
significantly to binding, ApICsy values from complete
HDAC inhibitors are expected to be smaller than they
would be if isolated molecular fragments were tested.
The magnitude of this discrepancy will depend on the
nature of the spacer and the cap group. For instance,
the first data points for IMP (8) and NMFHA (9) were
determined on a cyclic tetrapeptide,3”-°4% while the
second data points for IMP (8) and NMFHA (9), as
well as the values for NMMAA (10) and NMNHU
(12), were taken from studies of SAHA (4) deriva-
tives.38% Because of these important differences, not
all of the experimental results may be comparable. Also,
in the case of NMMAA (10), the calculated binding
energy was shown to be unreliable due to steric interac-
tions with a residue that was not included in our model
(see Section 4.1), and thus is excluded from the regres-
sion analysis (Fig. 12). Given the many possible sources
of error, this graph shows a good correlation, and at
least suggests that the present method is suitable for
the ranking of different zinc-binding moieties.

5. Conclusions

5.1. Design of new zinc ligands for incorporation in
HDAC inhibitors

The current results show that designing new zinc-bind-
ing moieties for the purpose of incorporation in HDAC
inhibitors is not a trivial task. As could be expected,
bidentate chelators are shown to bind better than
monodentate ligands. However, the conditions for

4

2

AE -4

-8

 /
L 3

y = -3.57x + 8.75
10 R =0.74

12 ! !
25 30 35 40 45 50 55

pKi

Figure 12. Correlation between theoretical AE (kcal mol™!) and
extrapolated experimental pK; of HDAC-binding molecular frag-
ments. The black line is the ‘best fit’ between all of the data points
except NMMAA (10), which is shown in grey.

having a bidentate binding mode like the hydroxamate
(5) are very stringent. Indeed, the current results suggest
that this goal cannot be accomplished if either centre A
or D is a sulfur atom, or if centre C is an sp’ carbon
atom, ruling out many of the possibilities. Also, having
a good hydrogen bond donor at centre C seems to be
important for the binding affinity. Lastly, groups with
a high chemical hardness interact best with the catalytic
core, which is a drawback for strategies involving
heavier atoms such as sulfur and phosphorus. However,
it is interesting to note that increasing the acidity of the
zinc-binding group may overcome some of these
problems. Nevertheless, the acidity cannot be increased
indefinitely, because the inhibitory potency of the zinc-
binding group is expected the decrease exponentially
when its pK, is decreased below physiological pH, as
argumented by Babine and Bender for the analogous
case of the matrix metalloproteinases®’ and illustrated
by the low binding affinities of carboxylate-based
inhibitors.!!-2434

5.2. Empirical QSAR studies on HDAC inhibitors

The present breakdown of the binding energies of sever-
al zinc-binding groups into different contributions pro-

Table 3. Theoretical and extrapolated experimental affinities of HDAC-binding molecular fragments

Compound AE (PCM)* ICso (AHA)®/(nM) I1Cso (nM) ApICsq pK; References
TSA (1) 8.97 30

AHA (5) —10.3 12¢ 91000 —3.88 5.09 62

IMP (8) -8.0 0.38 1.25 -0.52 4.57 64,37
NMFHA (9) -5.5 4.81 84 —1.24 3.85 65

IMP (8) -8.0 280 210 +0.12 5.22 38
NMFHA (9) -5.5 73 7800 -2.03 3.06 66
NMNHU (12) +2.5 280 80000 —2.46 2.63 38
NMMAA (10) -29 280 390 —0.14 4.95 38

3 kcal mol ™!

® This is the ICs, of the corresponding hydroxamate.
°TSA.
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vides a unique opportunity to increase the accuracy of
QSAR models by providing a rational basis for selecting
descriptors. As already noted above, the pK, of the zinc-
binding group plays a key role in this respect. From the
energetic breakdown of NMNHU (12) versus AHA (5)
and NMMAA (10) versus 1MP (8), it can be concluded
that the energy of solvation also has an important influ-
ence of the binding energy, which suggests that the
hydrophilicity, which is well known to affect pharmaco-
kinetics, additionally could have a direct influence on
pharmacodynamics. This finding supports the work of
Sarkhel and Desiraju,” in which indications were found
that the count of hydrogen donors and acceptors, which
is integrated in ‘Lipinsky’s rule of five’ as a measure for
the hydrophilicity,®® also may have implications in the
context of intermolecular interactions.

However, the most interesting finding in this respect is
the correlation between the chemical hardness and
AE;, ;- Chemical hardnesses of zinc-binding groups
are easy and fast to calculate, and could provide a sig-
nificant improvement for QSAR models, possibly even
beyond HDAC inhibition research. However, if the li-
gand is a charged species like in the current study, it is
shown that a QSAR model that incorporates the hard-
ness should also include the pK, in order to produce
meaningful results. Providing that the active site geom-
etry does not change too much upon ligand binding,
the energetic breakdown in the current study could
be completely mimicked by adding to this QSAR mod-
el a descriptor related to the hydrophilicity. Examples
of these are the number of hydrogen bond donors
and/or acceptors,®® the hydrophobic component of
the solvent-accessible surface, and log P, the latter
two having been recently applied on a set of hydroxa-
mate-based HDAC inhibitors.®

5.3. Replacement of the hydroxamate in existing HDAC
inhibitors

Based on the geometry, the N-hydroxyformamide group
(9) and the N’-hydroxyurea group (12) appear to be the
most interesting possible replacements for the hydroxa-
mate group (5) commonly found in HDAC inhibitors,
because these groups display an identical binding mode,
so that re-optimisation of the spacer is not required.
However, the AE, values in Table 1 suggest that an
N-hydroxyformamide (9) will not bind as good as a
hydroxamate, probably because the H-bond with centre
C is weaker. Also, substitution with the N’-hydroxyurea
group (12) may have a large adverse effect on the bind-
ing affinity, because of the large energetic penalty on
desolvation.

Since this study failed to identify any bidentate ligands
containing sulfur, and since the presence of soft sulfur
atoms negatively influences the AE, ., the present re-
sults suggest that it is unlikely that sulfur-containing
zinc-binding groups better than the hydroxamate will
be found. However, as already suggested by Babine
and Bender,%” the ease of ionisation of the SH group
compensates for its lower intrinsic affinity, and our
study confirms that thiol-based zinc-binding moieties

(8) are a viable alternative for the hydroxamate,
although their binding affinities are still somewhat low-
er. The thiohydroxamate group (7) also might have a
similar affinity as the hydroxamate, but this group
may be less stable and synthetically challenging.”® The
results for the other groups considered in this study
are inconclusive for the purpose of predicting binding
affinities. Still, it is likely that they do not have the same
bidentate-binding mode as the hydroxamate (5). For the
sulfur-containing groups, this implies that the binding
affinities will probably be close to that of the thiol-
group, while the other groups are likely to display a low-
er binding affinity than the hydroxamate (5) and maybe
even the N-hydroxyformamide (9). Still, some of these
groups might be valid alternatives, for reasons of
absorption and stability.
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In the search for new types of ketolide antibiotics active against key respiratory pathogens including erythromycin-resistant strains,
we conducted an extensive study on the modification at the C-11,12-diol moiety of 9-oxime-3-ketolide derivatives.
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Abstract—In the search for new types of ketolide antibiotics active against key respiratory pathogens including erythromycin-resis-
tant strains, we conducted an extensive study on the modification at the C-11,12-diol moiety of 9-oxime-3-ketolide derivatives.
Among the derivatives prepared, compound 6 with carbonate at the C-11,12 position was found to have potent antibacterial activ-
ities against erythromycin-resistant Staphylococcus aureus as well as other erythromycin-susceptible strains.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Macrolide antibiotics such as erythromycin A (EM)
have been widely used for the treatment of gram-posi-
tive bacterial infection. Some semi-synthetic analogues
of erythromycin, such as clarithromycin (CAM) and
azithromycin, have also been developed to improve the
antibacterial activity or pharmacokinetic profile. How-
ever, the extensive clinical application of macrolide anti-
biotics has resulted in an increasing emergence of
macrolide resistance.! This situation has led researchers
to search for new types of macrolide antibiotics that can
overcome this resistance. In recent years, 3-keto deriva-
tives of erythromycin A, the ketolides, were found to be
active against macrolide-resistant pathogens, and teli-
thromycin? was marketed in 2001 as the first ketolide?
in the EU. A number of ketolides with the 9-keto func-
tionality,* including telithromycin, have been reported,
but only a few ketolides with the 9-oxime group’ are
known, and no systematic study on the structure-activ-
ity relationship for 9-oxime ketolides has been reported
yet. We report herein the preparation of 9-oxime keto-
lides with various C-11,12-diol moieties and describe
their antibacterial activities (see Fig. 1).

Keywords: 9-Oxime-3-ketolide; Ketolide; Antibacterial activity; Eryth-

romycin-resistant; Macrolide antibiotics.

* Corresponding author. Tel.: +81 6 6458 5861; fax: +81 6 6458
0987; e-mail: takashi.nomura@shionogi.co.jp

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.06.003

R=H EM
R=Me CAM

Telithromycin 9-oxime-3-ketolide

Figure 1. Structure of macrolide antibiotics.

2. Chemistry

Scheme 1 shows the synthesis of compound 6 with C-
11,12-carbonate. Treatment of 1,° prepared from eryth-
romycin A, with concentrated HCl in THF gave the
deglycosylated compound 2, which was subsequently
subjected to DMSO oxidation and afforded ketolide 3.
The formation of C-11,12-carbonate was accomplished
using triphosgene and pyridine in THF giving 4,
which was subsequently deprotected and N-methylated
to give 6 bearing C-11,12-carbonate-9-oxime. A com-
pound with cyclic sulfate 11 was prepared as shown in
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Scheme 1. Reagents: (a) conc. HCI, THF; (b) (CF3CO),0, DMSO, NEt;, CH,Cl,; (¢) (CCl150),CO, pyridine, THF; (d) Pd(OAc),, PPh;, HCO,H,
NEts; (e) (1) Hy, 20% Pd(OH),/C, (2) H,, 20% Pd(OH),/C, HCHOagq, acetate buffer (pH 4.4).

3:R=allyl 5 769 9 :X=80 ) d: 78%
7:R=H 10: X =S80,
§:R=Cbz 2 b:99%

Scheme 2. Reagents: (a) Pd(OAc),, PPh;, HCO,H, NEt;, EtOH-H,O; (b) CbzCl, NaHCO;, 1.4-dioxane; (c) SOCl,, pyridine, THF; (d) cat. RuCls,
NalO,4, CCl;—CH;CN-H,0; (e) (1) H,, 20% Pd(OH),/C, (2) H,, 20% Pd(OH),/C, HCHOaq, acetate buffer (pH 4.4).

Scheme 2. Tri carbobenzoxy-protected ketolide 8, pre-
pared from 3, was converted to C-11,12-sulfite 9 using
SOCl,—pyridine. Treatment of 9 (mixture of diastereo-
mers) with a catalytic amount of RuCl; and NalO,4 gave
compound 10, which was transformed to 11 bearing C-
11,12-sulfate.

Compound 12°® with C-11,12-diol and compound 15
with C-11,12-acetonide were prepared from compounds

}3 : Ef’;‘{“yl ) e 56%

Scheme 3. Reagents: (a) (1) H,, 20% Pd(OH),/C, (2) H,, 20%
Pd(OH),/C, HCHOaq, acetate buffer (pH 4.4); (b) Me,C(OMe),, p-
TsOHEH,O0, (CH,Cl),, reflux; (¢) Pd(OAc),, PPh;, HCO,H, NEts,
EtOH-H,0.

7 and 3, respectively (Scheme 3). Acetonide formation at
the C-11,12-diol moiety giving 13 was accomplished
using 2,2-dimethoxypropane and p-toluenesulfonic acid
as an acid catalyst.

Schemes 4 and 5 show the synthesis of compounds 21
and 28 bearing C-11,12-methyleneacetal and difluoro-
methyleneacetal moieties. Compounds 3 and 8 could
not be used as key intermediates for the synthesis of
21 and 28, because C-2 alkylation occurred under the
conditions of using alkyl halide and strong base. There-
fore, we used compounds 16 and 23 bearing C-11,12-di-
ol-3-cladinose as substrates for modification of the
C-11,12 moiety. After functionalization of the C-11,12
moiety and subsequent removal of the sugar moiety at
C-3, oxidation of C-3 hydroxyl and deprotection/N-
methylation resulted in obtaining 21 and 28, respective-
ly, as illustrated in Schemes 4 and 5.

3. Antibacterial activities

The antibacterial activities (MICs) of 6, 11, 12, 15, 21,
28 and CAM7 as a reference compound against both
erythromycin-susceptible and erythromycin-resistant
Staphylococcus aureus and Streptococcus pneumoniae,
as well as one strain of Haemophius influenzae are
shown in Table 1. MICs were determined by the stan-
dard serial twofold agar dilution method using Muel-
ler-Hinton agar.
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Cbz-NMe

Scheme 4. Reagents: (a) Im,CO, K,CO3; (b) BnOH, NaH, THF; (c) CICH,I, NaH, DMF; (d) conc. HCI, MeOH; (e) (CF;CO),0, DMSO, NEts,
CH,Cly; (f) Pd(OAc),, PPh;, HCO,H, NEt;, EtOH-H,O0; (g) (1) H,, 20% Pd(OH),/C, (2) H,, 20% Pd(OH),/C, HCHOaq, acetate buffer (pH 4.4).

22:R=H

23R = Cbs D abi75%

Cbz-NMe

28 27

Scheme 5. Reagents: (a) Im,CO, K,COs; (b) BnOH, NaH, THF; (c) CS,, Mel, NaH, THF; (d) Et,NSF;, CH,Cl,; (e) conc. HCI, MeOH;
(f) (CF5CO0),0, DMSO, NEt;, CH,Cl,; (g) (1) H,, 20% Pd(OH),/C, (2) H,, 20% Pd(OH),/C, HCHOaq, acetate buffer (pH 4.4).

Table 1. In vitro antibacterial activities of 6, 11, 12, 15, 21, and 28

X, Y
0,-% 0..0,-% HO, "
NMe, O:<OJ: 858( H8
o, S S T
0 6 1 12
0., 0. % FE_0, %
ol “oL oL
S SN & >
15 21 28
Strain MIC (pg/mL)
6 11 12 15 21 28 CAM
S. aureus Smith 0.2 >100 0.2 0.78 0.2 0.2 0.2
S. aureus SR17347(EM-R) 0.2 >100 3.13 1.56 0.78 0.39 >100
S. pneumoniae Type 1 0.025 100 0.1 0.2 0.05 0.025 0.025
S. pneumoniae SR16651(EM-R) >100 >100 >100 >100 >100 >100 >100

H. influenzae SR88562 strain 6.25 >100 12.5 >100 25 25 3.13
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Comparison of compound 12 and CAM indicates that
ketolide 12 is inferior to CAM for activity against both
erythromycin-susceptible S. pneumoniae and H. influen-
zae though it has potent activity against erythromycin-
resistant S. aureus. For improvement of activities
against both erythromycin-susceptible S. pneumoniae
and H. influenzae, five cyclic C-11,12 derivatives were
prepared and their antibacterial activities were evaluat-
ed. Among them, compound 6 with C-11,12-carbonate
was found to have significantly enhanced activity
against erythromycin-resistant S. aureus and erythromy-
cin-susceptible S. pneumoniae, and to have twofold more
potent activity against H. influenzae than compound 12.
However, it was disappointing to find that it did not
show any activity against erythromycin-resistant S.
pneumoniae.

To investigate the steric effect of the C-11,12 moiety, two
compounds with cyclic acetal 15 and 21 were evaluated.
Compared to compound 12, compound 15 showed less
activity against almost all strains except for erythromy-
cin-resistant S. aureus. Compound 21 showed potent
activities against almost all strains except for H. influen-
zae. These results suggest that the steric effect on the C-
11,12 moiety influences the binding of ketolides with
bacterial ribosome.® In the case of compound 11 with
cyclic sulfate, it was almost inactive against all the
strains tested. The great difference of activities between
6 and 11 was also presumably due to the steric factor
of the C-11,12 moiety, and the sterically hindered C-
11,12 moiety is considered to be unfavorable for binding
with bacterial ribosome. Compound 28 bearing C-11,12-
difluoromethyleneacetal showed slightly superior activi-
ties to compound 21 with C-11,12-methyleneacetal. It is
possible that the electronic effect on the C-11,12 moiety
does not influence the binding to ribosome as much as
the steric effect. With respect to the activity against
erythromycin-resistant S. aureus, all cyclic C-11,12
moieties except for cyclic sulfate were found to be
preferable.

In conclusion, we prepared various cyclic C-11,12-mod-
ified-9-oxime-3-ketolides and found that the C-11,12
cyclic carbonate has the best functionality at the C-
11,12-diol moiety. Compound 6 bearing the C-11,12-
carbonate showed the most potent activities against
erythromycin-resistant S. aureus (MIC: 0.2 pg/mL) and
moderate activity against H. influenzae (MIC: 6.25 ng/
mL), though it was inactive against erythromycin-resis-
tant S. pneumoniae. For the improvement of activity
against H. influenzae and erythromycin-resistant S.
pneumoniae, we should study modification of the C-9
oxime moiety, which will be reported elsewhere in the
future.

4. Experimental

Infrared (IR) spectra were recorded on a JASCO FT/IR-
700 spectrometer. '"H NMR (300 MHz) and '>°C NMR
(75 MHz) spectra were recorded on a Varian Gemini-
300 spectrometer. Chemical shifts are reported in ppm
using tetramethylsilane (TMS) as an internal standard.

HR-FAB/MS were recorded on a JEOL LMS-SX/SX
102A. Analytical thin layer chromatography (TLC)
was carried out on Merck precoated TLC plates silica
gel 60 Fys4 and visualized with UV light or 10%
H,SO, containing 5% ammonium molybdate and 0.2%
ceric sulfate. Flush chromatography was performed with
Merck silica gel 60 (230-400 mesh).

4.1. Measurement of in vitro antibacterial activity

MICs were determined using a serial twofold dilution
method in Sensitivity Disk Agar-N (Nissui Pharmaceu-
tical, Tokyo, Japan). The overnight cultures of antibac-
terial strains in  Mueller-Hinton broth (Becton
Dickinson) were diluted to about 10° CFU/mL. Bacte-
rial suspensions of 1 pul. were spotted onto agar plates
containing various concentrations of an antibiotic and
incubated for 20h at 37 °C before the MICs were
scored.

4.2. Preparation of compound 2

To a solution of 1 (60 g, 56.7 mmol) in THF (250 mL)
was added concentrated HCI (12 N, 4.8 mL) under cool-
ing with an ice-water bath, and the mixture was stirred
at room temperature for 1.5h. The reaction mixture
was carefully quenched with 5% aqueous NaHCOj;
(300 mL), and extracted with AcOEt (200 mL). The
aqueous layer was extracted with AcOEt (200 mL)
again, and the combined organic layer was washed with
brine, dried over MgSQy, filtered, and concentrated in
vacuo. The residue was purified by column chromatog-
raphy on silicagel (n-hexane/AcOEt =4:1-3:2) to give
50.8 g of 2 as a colorless foam (99%).

"H NMR (CDCls) 6 2.82, 2.86 (3H, two s), 2.94, 2.96
(3H, two s); C NMR (CDCly) & 7.30, 10.4, 15.2,
15.3, 16.3, 18.4, 19.2, 20.7, 21.1, 26.2, 28.8, 32.8, 35.7,
35.8, 36.2, 36.9, 44.1, 49.8, 54.8, 67.0, 67.1, 68.2, 69.4,
70.4, 73.8, 74.4, 74.5, 77.8, 77.9, 78.0, 81.0, 99.2, 99.3,
117.3, 127.4, 127.5, 127.7, 128.1, 128.2, 128.3, 134.1,
134.9, 135.1, 136.5, 154.2, 154.3, 155.9, 156.2, 169.5,
174.3; MS (FAB) 899* (M+H"); HRMS (FAB) calcd
for CagH71N»O14 (M+H™): 899.4905; found 899.4902;
IR (KBr) 3503, 3066, 3033, 2976, 2938, 2878, 2831,
1752, 1732, 1706, 1629, 1497, 1455, 1406, 1380, 1334,
1292, 1255, 1165, 1120, 1076, 1002 (cm™Y).

4.3. Preparation of compound 3

To a solution of DMSO (16.8 mL) in CH»Cl, (250 mL)
was added (CF;CO),0O (16.8 mL) at —78 °C, and the
mixture was stirred at —78 °C for 20 min. To this solu-
tion, 50.8 g (56.5 mmol) of 2 diluted with CH,Cl,
(250 mL) was added dropwise at —78 °C and the reac-
tion mixture was stirred at —78 °C for 1.5h. NEt;
(41.2 mL) was added dropwise to the reaction mixture
at —78 °C and stirred for additional 1 h. The reaction
mixture was poured into saturated aqueous NH,4CI
and extracted with CHCl; (150 mL). The aqueous layer
was extracted with CHCIl; (150 mL) again, and the com-
bined organic layer was washed with brine, dried over
MgSQOy,, filtered, and concentrated in vacuo. The residue
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was purified by column chromatography on silicagel (n-
hexane/AcOEt = 8:1-2:1) to give 42.8 g of compound 3
as a colorless foam (85%).

'"H NMR (CDCl;) 6 2.71, 2.73 (3H, two s), 2.81, 2.85
(3H, two s); '*C NMR (CDCly) § 13.7, 13.9, 14.0,
15.1, 16.3, 18.4, 19.4, 20.6, 21.5, 26.1, 28.9, 32.8, 35.7,
36.2, 37.4, 45.6, 45.7, 49.5, 50.7, 54.9, 67.0, 67.1, 68.5,
69.3, 69.6, 70.1, 73.5, 74.5, 76.5, 77.5, 78.0, 78.1, 100.1,
117.5, 127.4, 127.5, 127.6, 127.7, 128.1, 128.2, 128.3,
134.0, 135.0, 135.2, 136.5, 154.2, 154.3, 155.9, 156.2,
169.0, 169.1, 205.1, 205.5; MS (FAB) 897" (M+H");
HRMS (FAB) caled for C48H69N2014 (M+H+):
897.4749; found 897.4742; IR (KBr) 3513, 3417, 3066,
3033, 2977, 2938, 2877, 1748, 1705, 1497, 1455, 1406,
1380, 1333, 1292, 1254, 1169, 1115, 1069 (cm™1).

4.4. Preparation of compound 4

To a solution of compound 3 (480 mg, 0.54 mmol) in
THF (6 mL) was added pyridine (210 pL, 2.6 mmol),
(CCl130),CO (208 mg, 0.7 mmol) at 0 °C, and the reac-
tion mixture was stirred at room temperature overnight.
The reaction mixture was cooled to 0 °C and then satu-
rated aqueous NaHCO; was carefully added to the reac-
tion mixture, which was then stirred for 0.5h at 0 °C.
The reaction mixture was extracted with AcOEt
(20 mL). The aqueous layer was extracted with AcOEt
(20 mL) again and the combined organic layer was
washed with brine, dried over MgSQ,, filtered, and con-
centrated in vacuo. The residue was purified by column
chromatography on silicagel (n-hexane/AcOEt = 6:1-
1:1) to give 400 mg of compound 4 as a colorless foam
(80%).

'"H NMR (CDCl5) 6 2.65 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCls) 6 10.4, 13.1, 13.8, 15.4, 15.6, 15.7,
18.8, 19.6, 20.6, 22.5, 26.0, 28.9, 33.0, 35.7, 36.2, 37.8,
47.1, 47.2, 49.5, 51.0, 54.8, 67.1, 67.2, 68.6, 69.2, 69.4,
74.5, 74.6, 76.4, 76.5, 76.9, 77.3, 78.1, 78.2, 82.8, 84.4,
100.6, 116.9, 127.4, 127.5, 127.7, 128.0, 128.2, 134.3,
135.3, 135.4, 136.5, 154.1, 154.3, 155.9, 156.3, 163.7,
168.7, 203.4, 203.6; MS (FAB) 923" (M+H"); HRMS
(FAB) calcd for C4oHg7N,O;5 (M+H™): 923.4541; found
923.4545; IR (KBr) 3428, 3066, 3032, 2976, 2938, 2880,
1811, 1752, 1704, 1644, 1497, 1455, 1382, 1330, 1292,
1254, 1167, 1114, 1067 (cm™1).

4.5. Preparation of compound 5

To a solution of compound 4 (490 mg, 0.53 mmol) in
EtOH (10 mL) was added THF (10 mL) and PPh;
(21 mg, 0.08 mmol), Pd(OAc), (6 mg, 0.027 mmol),
HCO,H (61 pL, 1.62 mmol), NEt; (227 uL, 1.62 mmol)
at room temperature, and the mixture was refluxed for
90 min. The reaction mixture was cooled to room tem-
perature and then concentrated under reduced pressure
to evaporate EtOH. The residue was dissolved in
AcOEt, washed with saturated NH4Cl, and brine, dried
over anhydrous MgSQO4, and evaporated at reduced
pressure. The residue was purified by column chroma-
tography on silicagel (n-hexane/AcOEt = 16:1-1:1) to
give 389 mg of compound 5 as a colorless foam (83%).

'"H NMR (CDCls) 6 2.65 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCly) 6 10.2, 13.1, 13.8, 15.4, 15.5, 15.6,
18.6, 19.6, 20.6, 22.3, 25.1, 28.7, 32.7, 35.7, 36.1, 37.9,
47.0, 47.1, 49.5, 50.9, 54.6, 67.0, 67.1, 68.6, 69.2, 69.4,
747, 76.1, 76.2, 78.1, 78.3, 82.7, 84.2, 100.4, 100.5,
127.3, 127.5, 127.6, 127.7, 128.0, 128.1, 128.2, 128.3,
135.2, 135.3, 136.4, 153.5, 154.1, 154.2, 155.8, 156.2,
164.5, 168.7, 203.2, 203.4; MS (FAB) 883" (M+H");
HRMS (FAB) caled for C4HgN,Oys (M+H):
883.4229; found 883.4231; IR (KBr) 3422, 3090, 3065,
3032, 2975, 2938, 2880, 1812, 1752, 1703, 1587, 1497,
1455, 1382, 1352, 1330, 1289, 1253, 1167, 1113, 1085,
1067, 1049 (cm™1).

4.6. Preparation of compound 6

Compound 5 (150 mg, 0.17 mmol) was diluted with
EtOH (15mL) and 0.2 M acetate buffer (3 mL, pH
4.4). To this solution was added 20% Pd(OH),/C
54 mg (0.1 mmol) with stirring at room temperature un-
der H, atmosphere for 1.5 h. After confirming the disap-
pearance of compound 5 by TLC, 37% aqueous HCHO
(1.3 mL) was added to the reaction mixture, which was
stirred at room temperature under H, atmosphere for
an additional 2.5 h. The mixture was filtered and con-
centrated. After being diluted with water, the mixture
was basified with 5% aqueous NaHCO; and then
extracted with AcOEt. The resultant residue was puri-
fied by column chromatography on silicagel (CHCls/
MeOH = 80:1-10:1) to give 94 mg of compound 6 as a
colorless foam (88%).

'"H NMR (CDCl5) § 0.89 (3H, t, J = 7.5 Hz), 0.99 (3H,
d, J=69Hz), 1.24 3H, d, J=6.0Hz), 1.25 (3H, d,
J=63Hz), 1.27 3H, d, J=7.5Hz), 1.37 (3H, d,
J=6.9Hz), 1.48 (3H, s), 1.55 (3H, s), 1.20-1.72 (5H,
m), 1.9 (1H, m), 2.27 (6H, s), 2.50 (2H, m), 2.68 (3H,
s), 3.04 (1H, quintet, J=7.8 Hz), 3.20 (1H, dd, J=7.3
and 9.9 Hz), 3.57 (2H, m), 3.83 (1H, q, J=6.7 Hz),
4.20 (1H, d, J=8.2 Hz), 4.30 (1H, d, J = 7.3 Hz), 4.80
(1H, s), 5.04 (1H, dd, J=2.5 and 10.1 Hz); '*C NMR
(CDCly) 6 10.2, 13.0, 14.2, 15.4, 15.8, 18.6, 19.7, 21.1,
22.2, 25.3, 28.3, 32.6, 38.3, 40.2, 47.8, 49.7, 51.0, 65.7,
69.3, 70.4, 76.1, 78.4, 79.4, 82.9, 84.4, 103.7, 153.9,
164.7, 169.1, 203.7; MS (FAB) 629" (M+H™"); HRMS
(FAB) calcd for C31H53N2011 (M+H+): 6293649, found
629.3646; IR (KBr) 3433, 2974, 2938, 2879, 2787, 1810,
1752, 1717, 1636, 1456, 1381, 1322, 1305, 1284, 1252,
1233, 1220, 1167, 1142, 1110, 1083, 1048, 1006 (cm ).

4.7. Preparation of compound 7

To a solution of compound 3 (4.5 g, S mmol) in EtOH
(90mL) was added PPh; (198 mg, 0.75 mmol),
Pd(OAc), (56mg, 0.25mmol), HCO,H (549 pL,
14.5 mmol), NEt; (2.1 ml, 15 mmol) at room tempera-
ture, and the mixture was refluxed for 60 min. The reac-
tion mixture was cooled to room temperature and then
concentrated under reduced pressure to evaporate
EtOH. The residue was dissolved in AcOEt, washed
with saturated aqueous NH4CI, and brine, dried over
anhydrous MgSQO,, and evaporated at reduced pressure.
The residue was purified by column chromatography on
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silicagel (n-hexane/AcOEt = 8:1-1:1) to give 3.26 g of
compound 7 as a colorless foam (76%).

"H NMR (CDCl3) 6 2.72 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCly) 6 10.6, 13.9, 14.9, 16.3, 18.4, 19.5,
20.6, 21.5, 25.2, 28.9, 32.8, 35.8, 36.2, 37.5, 45.9, 49.8,
50.8, 54.9, 67.1, 67.2, 68.6, 69.4, 69.6, 70.3, 73.7, 74.6,
76.5, 76.9, 71.4, 77.6, 78.0, 78.1, 100.2, 127.4, 127.5,
127.7, 127.8, 128.2, 128.3, 128.4, 135.1, 135.2, 136.5,
154.2, 154.3, 156.0, 156.3, 169.2, 169.6, 205.0, 205.3;
MS (FAB) 857" (M+H™); HRMS (FAB) caled for
CasHesN,Op, (M+H™): 857.4436; found 857.4438; IR
(KBr) 3421, 3065, 3033, 2976, 2938, 2877, 1748, 1706,
1640, 1587, 1497, 1455, 1406, 1381, 1333, 1292, 1253,
1168, 1114, 1086, 1069, 1034 (cm™).

4.8. Preparation of compound 8

To a solution of compound 7 (429 mg, 0.5 mmol) in
1,4-dioxane (9 mL) was added NaHCO; (63 mg,
7.5 mmol), CbzCl (93 pL, 0.65 mmol) at room tempera-
ture, and the mixture was stirred at room temperature
overnight. To the reaction mixture was added the satu-
rated aqueous NHyCl, and extracted with AcOEt
(20 mL). The aqueous layer was extracted with AcOEt
(20 mL) again, and the combined organic layer was
washed with brine, dried over MgSQy,, filtered, and con-
centrated in vacuo. The residue was purified by column
chromatography on silicagel (toluene/AcOEt = 10:1-
6:1) to give 490 mg of compound 8 as a colorless foam
(99%).

"H NMR (CDCl;) 6 2.48 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCly) 6 10.5, 13.1, 14.0, 14.8, 16.5, 18.0,
19.4, 20.6, 21.6, 27.8, 28.9, 34.1, 35.7, 36.2, 37.4, 44.9,
49.2, 50.6, 54.9, 66.8, 67.1, 67.2, 68.5, 69.3, 69.6, 69.8,
69.9, 73.8, 74.5, 75.3, 75.4, 77.4, 78.2, 78.3, 99.8, 127 .4,
127.5, 127.6, 127.7, 127.9, 128.0, 128.2, 128.3, 128.4,
128.5, 134.8, 135.0, 135.1, 136.0, 136.5, 153.3, 154.2,
154.3, 155.9, 156.2, 156.3, 169.2, 177.0, 205.4, 205.8;
MS (FAB) 991" (M+H"); HRMS (FAB) calcd for
Cs3H71N,O (M+H™): 991.4804; found 991.4825; IR
(KBr) 3443, 3090, 3065, 3034, 2977, 2939, 2878, 1956,
1745, 1704, 1637, 1605, 1497, 1455, 1405, 1381, 1334,
1254, 1232, 1171, 1114, 1083, 1066 (cm ™).

4.9. Preparation of compound 9

To a solution of compound 8 (498 mg, 0.50 mmol) in
THF (10 mL) was added SOCI, (72.3 pL, 1 mmol) and
pyridine (121 pL, 1.5 mmol) at 0 °C, and the reaction
mixture was stirred at room temperature for 30 min.
The reaction mixture was poured into saturated aqueous
NaHCOj; and extracted with AcOEt (20 mL). The aque-
ous layer was extracted with AcOEt (20 mL) again, and
the combined organic layer was washed with brine, dried
over MgSQy, filtered, and concentrated in vacuo. The
residue was purified by column chromatography on sil-
icagel (toluene/AcOEt = 10:1-8:1) to give 500 mg of
compound 9 as a colorless foam (96%).

"H NMR (CDCl5) § 2.64, 2.69 (3H, two s), 2.81, 2.82,
2.85, 2.86 (3H, four s); '3*C NMR (CDCl;) § 10.0,

10.6, 13.8, 14.0, 14.2, 14.3, 14.5, 14.6, 16.5, 18.7, 19.6,
19.7, 20.6, 22.3, 22.8, 27.8, 28.8, 33.5, 35.6, 36.1, 37.7,
38.0, 45.9, 49.5, 49.8, 50.8, 51.2, 54.6, 66.7, 67.1, 67.2,
68.6, 69.1, 69.2, 69.3, 69.4, 69.6, 69.7, 74.4, 74.5, 76.7,
71.5, 71.6, 71.7, 89.4, 90.1, 100.0, 127.3, 127.5, 127.6,
127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 134.8,
134.9, 135.1, 135.2, 135.3, 136.0, 136.4, 153.3, 153.4,
154.0, 154.1, 154.2, 155.8, 156.2, 156.4, 168.6, 168.7,
173.4, 204.1, 204.5; MS (FAB) 1037" (M+H"); HRMS
(FAB) caled for C53H69N2017S (M+H+) 10374317,
found 1037.4301; IR (KBr) 3484, 3391, 3090,
3065, 3033, 2976, 2939, 2880, 1752, 1702, 1633, 1604,
1498, 1455, 1383, 1330, 1255, 1163, 1114, 1066, 1029
(cm™Y).

4.10. Preparation of compound 10

To a solution of compound 9 (500 mg, 0.48 mmol) in
CH;CN (10 mL) was added CCly (10 mL) and H,O
(10 mL). RuCl3nH,0 (20 mg, 0.096 mmol) and NalO,
(412 mg, 1.93 mmol) were added to the mixture at room
temperature with stirring for 1 h. This reaction mixture
was poured into saturated aqueous NaHCO; and
extracted with AcOEt (40 mL). The aqueous layer was
extracted with AcOEt (40 mL) again, and the combined
organic layer was washed with brine, dried over MgSO,,
filtered, and concentrated in vacuo. The residue was
purified by column chromatography on silicagel (tolu-
ene/AcOEt = 8:1-4:1) to give 395 mg of compound 10
as a colorless foam (78%).

'"H NMR (CDCl;) 6 2.64, 2.73 (3H, two s), 2.81, 2.85
(3H, two s); '*C NMR (CDCly) § 10.0, 13.8, 14.1,
14.7, 16.6, 18.8, 19.6, 20.6, 22.1, 27.9, 28.8, 28.9, 34.2,
35.6, 36.1, 37.9, 46.6, 49.7, 50.9, 54.7, 67.0, 67.1, 68.6,
69.2, 69.4, 69.7, 74.9, 75.5, 78.1, 90.0, 100.4, 127.3,
127.4, 127.6, 127.7, 128.0, 128.1, 128.2, 128.3, 134.7,
135.1, 135.2, 136.4, 153.1, 154.0, 154.1, 155.8, 156.1,
168.5, 172.5, 203.2; MS (FAB) 1053" (M+H"); HRMS
(FAB) caled for C53H69N20185 (M+H+) 10534266,
found 1053.4255; IR (KBr) 3428, 3065, 3033,
2977, 2940, 2881, 1753, 1703, 1636, 1587, 1497, 1455,
1381, 1349, 1329, 1254, 1213, 1161, 1113, 1066, 1027
(cm™Y).

4.11. Preparation of compound 11

Compound 11 was prepared from 10 by the procedure
described for the preparation of compound 6.

"H NMR (CDCly) 6 0.91 (3H, t, J=7.5 Hz), 1.03 (3H,
d, J=6.0Hz), 1.26 (6H, d, J=6.3Hz), 1.37 (3H, d,
J=6.6Hz), 1.39 (3H, d, J= 6.9 Hz), 1.47 (3H, s), 1.63
(3H, s), 1.20-1.77 (5H, m), 1.97 (1H, m), 2.30 (6H, s),
2.52 (2H, m), 2.70 (3H, s), 3.01 (1H, quintet,
J=7.8Hz), 3.22 (1H, dd, J=7.2 and 9.9 Hz), 3.55
(2H, m), 3.81 (1H, q, J=69Hz), 4.19 (IH, d,
J=8.1Hz), 431 (1H, d, J= 7.2 Hz), 5.18 (1H, s), 5.58
(1H, dd, J=2.4 and 10.5Hz), 9.14 (1H, brs); *C
NMR (CDCls) 6 10.0, 14.3, 14.5, 15.7, 16.7, 18.7, 19.6,
21.1, 22.0, 25.5, 28.4, 33.2, 38.4, 40.1, 47.7, 49.7, 50.9,
65.8, 69.2, 70.3, 75.1, 78.5, 79.4, 90.4, 91.2, 103.6,
164.0, 168.6, 203.4; MS (FAB) 665" (M+H"); HRMS
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(FAB) caled for C30H53N20128 (M+H+): 6653319,
found 665.3313; IR (KBr) 3419, 2978, 2939, 2880,
2788, 1755, 1717, 1636, 1457, 1380, 1323, 1277, 1254,
1213, 1161, 1107, 1080, 1052, 1033 (cm ™).

4.12. Preparation of compound 12

Compound 12 was prepared from 7 by the procedure de-
scribed for the preparation of compound 6.

'"H NMR (CDCl;) 6 0.86 (3H, t, J = 7.5 Hz), 1.00 (3H,
d, J=69Hz), 1.15 (3H, d, J=6.9Hz), 1.23 (3H, s),
1.25 (3H, d, J=6.0 Hz), 1.30 (3H, d, J=7.8 Hz), 1.32
(3H, d, J=6.6Hz), 1.43 (3H, s), 1.20-1.72 (5H, m),
1.98 (1H, m), 2.29 (6H, s), 2.55 (2H, m), 2.76 (3H, s),
3.12 (1H, quintet, J=7.5Hz), 3.22 (I1H, dd, J=7.5
and 10.2 Hz), 3.27 (1H, brs), 3.57 (1H, m), 3.75 (1H,
m), 3.86 (1H, q, J = 6.9 Hz), 3.91 (1H, d, J = 1.5 Hz),
431 (1H, d, J=17.2Hz), 432 (1H, d, J = 6.3 Hz), 5.17
(1H, dd, J=2.1 and 10.8 Hz); >*C NMR (CDCl;) ¢
10.6, 14.4, 14.5, 14.7, 16.1, 18.4, 19.5, 21.1, 25.3, 28.5,
32.7, 37.9, 40.1, 46.6, 49.9, 50.8, 65.6, 69.2, 70.1, 70.3,
73.7, 777, 71.8, 78.2, 103.3, 169.1, 169.5, 204.9; MS
(FAB) 603" (M+H"); HRMS (FAB) caled for
C30HssN,Opo (M+H™): 603.3857; found 603.3866; IR
(KBr) 3425, 2974, 2938, 2877, 2788, 1746, 1715, 1640,
1456, 1404, 1378, 1354, 1336, 1303, 1282, 1253, 1170,
1110, 1075, 1051, 1035 (cm™1).

4.13. Preparation of compound 13

To a solution of compound 3 (750 mg, 0.83 mmol) in
toluene (15mL) was added 2,2-dimethoxypropane
(10 mL) and p-TsOHH,O (157 mg, 0.83 mmol) at room
temperature, and this was refluxed for 3 days. The
reaction mixture was cooled to room temperature and
then poured into saturated aqueous NaHCO; and
AcOEt (30 mL). The organic layer was separated and
the aqueous layer was extracted with AcOEt (30 mL)
again, then the combined organic layer was washed
with brine, dried over MgSQy, filtered, and concentrat-
ed in vacuo. The residue was purified by column
chromatography on silicagel (toluene/AcOEt = 8:1—
4:1) to give 671 mg of compound 13 as a colorless
foam (86%).

'"H NMR (CDCls) 6 2.75 (3H, two s), 2.83, 2.87 (3H,
two s); '°C NMR (CDCl;) 6 101.8, 14.1, 14.3, 15.4,
15.9, 16.9, 19.9, 20.1, 20.5, 22.9, 25.1, 27.8, 28.9, 29.3,
35.6, 36.1, 38.0, 47.8, 49.8, 51.9, 54.6, 67.0, 67.1, 68.5,
69.1, 69.3, 74.0, 74.4, 74.5, 78.8, 81.2, 85.0, 87.4, 101.3,
107.6, 116.4, 127.3, 127.4, 127.5, 127.6, 127.7, 128.0,
128.1, 128.2, 128.3, 134.6, 135.2, 135.3, 136.4, 154.0,
154.2, 155.8, 156.2, 165.8, 169.0, 203.1; MS (FAB)
937+ (M+H+), HRMS (FAB) caled for C51H73N2014
(M+H"): 937.5062; found 937.5078; IR (KBr) 3416,
3065, 2977, 2938, 2878, 1750, 1705, 1497, 1455, 1406,
1379, 1330, 1293, 1252, 1166, 1118, 1066 (cm™1).

4.14. Preparation of compound 14

Compound 14 was prepared from 13 by the procedure
described for the preparation of compound 5.

'"H NMR (CDCl;) é 2.61 (3H, two s), 2.82, 2.85 (3H,
two s); *C NMR (CDCls) ¢ 10.9, 14.2, 14.3, 15.9,
16.9, 17.0, 18.4, 19.7, 19.8, 20.4, 22.9, 25.4, 28.1, 28.8,
34.4, 35.7, 36.1, 38.8, 47.5, 47.6, 49.1, 51.3, 54.6, 67.0,
67.1, 68.4, 69.1, 69.3, 74.6, 78.0, 80.1, 83.6, 83.9, 100.8,
108.0, 127.3, 127.4, 127.6, 127.7, 128.0, 128.1, 128.2,
128.3, 128.4, 135.3, 135.4, 136.4, 154.1, 154.2, 155.8,
156.1, 165.4, 168.9, 203.6, 203.8; MS (FAB) 897*
(M+H+); HRMS (FAB) caled for C48H69N2014
(M+H"): 897.4749; found 897.4733; IR (KBr) 3413,
3090, 3065, 3032, 2979, 2938, 2878, 1751, 1706, 1497,
1455, 1405, 1379, 1350, 1330, 1292, 1249, 1214, 1166,
1117, 1066 (cm™ ).

4.15. Preparation of compound 15

Compound 15 was prepared from 14 by the procedure
described for the preparation of compound 6.

'"H NMR (CDCl;) 6 0.88 (3H, t, J = 7.5 Hz), 1.08 (3H,
d, J=6.6Hz), 1.23 (3H, d, J=5.4Hz), 1.25 (3H, d,
J=75Hz), 1.35 (3H, d, J=4.8Hz), 1.39 (3H, d,
J=6.3Hz), 1.41 (3H, s), 1.46 (3H, s), 1.20-1.78 (5H,
m), 1.97 (1H, m), 2.29 (6H, s), 2.49 (2H, m), 2.67 (3H,
s), 3.09 (IH, m), 3.21 (1H, dd, J=7.5 and 10.2 Hz),
3.53 (2H, m), 3.74 (1H, q, J=6.9 Hz), 4.03 (I1H, d,
J=93Hz), 4.18 (IH, d, J=1.8Hz), 4.32 (IH, d,
J=7.2Hz), 5.04 (1H, dd, J = 3.0 and 9.3 Hz), 9.2-10.0
(1H, brs); >°C NMR (CDCl;) ¢ 10.9, 14.7, 16.0, 17.0,
17.9, 19.7, 20.0, 21.0, 23.0, 25.8, 28.2, 28.3, 28.8, 39.0,
40.2, 48.2, 49.3, 51.6, 65.7, 69.2, 70.2, 78.2, 80.1, 81.1,
83.3, 84.1, 103.9, 107.9, 165.7, 169.1, 204.1; MS (FAB)
643" (M+H"); HRMS (FAB) caled for C33HsoN>Oq
(M+H"): 643.4170; found 643.4163; IR (KBr) 3424,
2978, 2938, 2878, 2838, 2787, 1749, 1714, 1637, 1456,
1378, 1324, 1245, 1213, 1165, 1108, 1076, 1050 (cm ™).

4.16. Preparation of compound 16

To a solution of compound 1 (4 g, 3.78 mmol) in THF
(60 mL) was added 1,1’-carbonyldiimidazole (919 mg,
5.67 mmol) and K,COj; (1.04 g, 7.56 mmol) at room
temperature, and the reaction mixture was stirred at
the same temperature for 2 h. The precipitate was fil-
tered and the filtrate was poured into H>,O and AcOEt
(50 mL). The organic layer was separated and the
aqueous layer was extracted with AcOEt (50 mL) again
and combined organic layer was washed with brine,
dried over MgSQ,, filtered, and concentrated in vacuo.
The residue was dissolved in THF (60 mL) and the
solution was cooled with an ice-water bath. To this
solution was added benzyl alcohol (584 pL, 5.67 mmol)
and NaH (197 mg, 4.91 mmol), and the reaction mix-
ture was stirred at room temperature for 0.5 h. The
reaction mixture was poured into saturated aqueous
NH4Cl and AcOEt (100 mL). The organic layer was
separated and the aqueous layer was extracted with
AcOEt (100 mL) again, and the combined organic
layer was washed with brine, dried over MgSQOy,, fil-
tered, and concentrated in vacuo. The residue was puri-
fied by column chromatography on silicagel (toluene/
AcOEt = 10:1-8:1) to give 2.8 g of compound 16 as a
colorless foam (66%).
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'"H NMR (CDCls) 6 2.79, 2.83 (3H, two s), 3.03, 3.04
(3H, two s), 3.26, 3.38 (3H, two s); '*C NMR (CDCl;)
5 8.61, 8.69, 10.6, 152, 15.9, 16.2, 18.1, 18.2, 18.5,
19.8, 20.8, 20.9, 21.0, 21.2, 26.2, 28.7, 32.8, 35.0, 35.8,
36.3, 36.7, 38.2, 44.6, 48.8, 49.3, 50.7, 54.6, 62.8, 66.8,
66.9, 67.2, 69.2, 69.5, 69.6, 69.7, 70.0, 72.2, 72.3, 73.8,
74.4, 75.0, 75.2, 76.6, 76.7, 71.1, 77.2, 78.2, 79.5, 82.6,
95.2, 953, 98.8, 117.2, 127.3, 127.4, 127.6, 127.8,
127.9, 128.1, 128.2, 128.3, 128.4, 134.0, 134.9, 135.0,
135.1, 135.2, 136.3, 135.5, 154.4, 154.5, 155.2, 155.3,
155.9, 156.3, 169.5, 175.0; MS (FAB) 11917 (M+H™);
HRMS (FAB) caled for CgHoN,O9 (M+H™):
1191.6216; found 1191.6224; IR (KBr) 3516, 3428,
3066, 3033, 2978, 2940, 2831, 1750, 1705, 1628, 1587,
1497, 1456, 1405, 1382, 1337, 1293, 1254, 1170, 1116,
1073, 1046, 1010 (cm™").

4.17. Preparation of compound 17

To a solution of compound 16 (1 g, 0.84 mmol) in DMF
(15 mL) under cooling with an ice-water bath was added
chloroiodomethane (1.53 mL, 21 mmol) and NaH
(134 mg, 3.36 mmol) and the reaction mixture was stir-
red at room temperature for 2 h. Next, the reaction mix-
ture was poured into saturated aqueous NH4Cl and
AcOEt (30 mL). The organic layer was separated and
the aqueous layer was extracted with AcOEt (30 mL)
again, and the combined organic layer was washed with
brine, dried over MgSQy, filtered, and concentrated in
vacuo. The residue was purified by column chromatog-
raphy on silicagel (toluene/AcOEt = 8:1-4:1) to give
525 mg of compound 17 as a colorless foam (52%).

'"H NMR (CDCl;) 6 2.80, 2.83 (3H, two s), 2.94, 3.38
(3H, two s), 3.02, 3.03 (3H, two s); '*C NMR (CDCl;)
o 8.51, 8.60, 10.5, 14.3, 15.6, 16.4, 18.1, 18.2, 19.1,
19.8, 20.8, 20.9, 21.0, 21.8, 26.0, 28.7, 33.7, 34.9, 35.8,
36.3, 36.6, 38.4, 44.8, 48.8, 49.3, 50.2, 54.6, 62.7, 66.8,
66.9, 67.2, 69.2, 69.4, 69.6, 69.7, 72.2, 72.3, 74.1, 75.0,
75.1, 75.2, 76.7, 78.3, 79.5, 80.6, 82.6, 83.4, 95.0, 95.1,
95.2, 98.8, 116.2, 127.3, 127.4, 127.6, 127.8, 127.9,
128.0, 128.1, 128.2, 128.3, 128.4, 134.6, 134.9, 135.0,
135.1, 135.3, 136.3, 136.5, 154.3, 154.4, 155.2, 155.3,
155.9, 156.3, 167.4, 175.3; MS (FAB) 12037 (M+H™);
HRMS (FAB) caled for C65H91N2019 (M+H+):
1203.6216; found 1203.6205; IR (KBr) 3440, 3066,
3033, 2975, 2940, 2881, 2832, 1750, 1630, 1587, 1497,
1455, 1382, 1334, 1294, 1255, 1169, 1119, 1098, 1075,
1010 (cm ™).

4.18. Preparation of compound 18

To a solution of 17 (525 mg, 0.436 mmol) in MeOH
(11 mL) was added concentrated HCI (12 N, 0.11 mL)
under cooling with an ice-water bath, and the mixture
was stirred at room temperature for 15 min. The reac-
tion mixture was stirred at 50 °C for 1 h and cooled to
room temperature. The reaction mixture was poured
into saturated aqueous NaHCO; and AcOEt (20 mL).
The organic layer was separated and the aqueous layer
was extracted with AcOEt (20 mL) again, then the com-
bined organic layer was washed with brine, dried over
MgSO,, filtered, and concentrated in vacuo. The residue

was purified by column chromatography on silicagel
(toluene/AcOEt = 8:1-3:1) to give 395 mg of compound
18 as a colorless foam (98%).

"H NMR (CDCl;) 6 2.81, 2.85 (3H, two s), 2.94 (3H, s);
13C NMR (CDCly) ¢ 7.34, 10.3, 14.3, 15.1, 16.5, 19.1,
19.2, 20.7, 21.8, 25.9, 28.7, 33.5, 35.5, 35.7, 36.2, 36.9,
44.1, 49.4, 54.7, 66.9, 67.1, 68.1, 69.3, 69.5, 74.0, 74.5,
75.3, 75.4, 71.7, 77.9, 80.7, 81.2, 83.3, 95.0, 99.1, 99.2,
116.1, 127.4, 127.5, 127.6, 128.1, 128.2, 128.3, 134.7,
135.0, 135.1, 136.4, 154.1, 154.3, 155.8, 156.2, 167.3,
174.4, 174.5; MS (FAB) 911" (M+H"); HRMS (FAB)
caled for CuH;N,O;; (M+H): 911.4905; found
911.4912; IR (KBr) 3495, 3066, 3033, 2973, 2938,
2878, 2767, 1752, 1735, 1705, 1645, 1587, 1497, 1455,
1407, 1381, 1331, 1293, 1255, 1163, 1120, 1098, 1078,
1004 (cm ™).

4.19. Preparation of compound 19

Compound 19 was prepared from 18 by the procedure
described for the preparation of compound 3.

"H NMR (CDCls) § 2.72 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCls) 6 10.6, 13.9, 14.3, 15.3, 15.8, 19.1,
19.6, 20.6, 22.3, 26.6, 28.8, 34.6, 35.7, 36.1, 37.7, 46.7,
49.4, 51.1, 54.7, 67.0, 67.1, 68.5, 69.2, 69.4, 74.1, 74.5,
76.5, 78.0, 78.4, 80.1, 83.3, 94.6, 100.5, 116.4, 127.3,
127.4, 127.6, 127.7, 127.9, 128.1, 128.2, 128.3, 134.5,
135.2, 135.3, 136.4, 154.1, 154.2, 155.8, 156.1, 166.4,
168.8, 203.9, 204.2; MS (FAB) 909" (M+H"); HRMS
(FAB) caled for C49H69N2014 (M+H+): 9094749,
found 909.4760; IR (KBr) 3423, 3066, 3033, 2974,
2938, 2877, 2766, 1750, 1704, 1628, 1578, 1497, 1455,
1406, 1381, 1330, 1293, 1254, 1166, 1117, 1098, 1068,
1027, 1005 (cm™ ).

4.20. Preparation of compound 20

Compound 20 was prepared from 19 by the procedure
described for the preparation of compound 5.

"H NMR (CDCl,) 6 2.67 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCl;) 6 10.5, 13.8, 14.1, 15.0, 15.1, 16.4,
18.8, 19.4, 20.6, 22.2, 25.2, 28.8, 33.6, 35.7, 36.2, 37.8,
46.5, 46.6, 49.4, 51.0, 54.8, 67.0, 67.1, 68.5, 69.2, 69.4,
74.6, 76.1, 76.2, 71.7, 78.0, 80.7, 83.0, 94.9, 100.4,
127.4, 127.5, 127.6, 127.7, 128.1, 128.2, 128.3, 135.2,
135.3, 136.5, 154.2, 154.3, 155.9, 156.2, 165.8, 165.9,
168.9, 204.1, 204.4; MS (FAB) 869" (M+H"); HRMS
(FAB) calcd for C46HgsN>O 4 (M+H™): 869.4436; found
869.4452; IR (KBr) 3416, 3090, 3065, 3033, 2973, 2938,
2877, 1750, 1705, 1497, 1455, 1381, 1350, 1329, 1293,
1253, 1166, 1116, 1098, 1068, 1006 (cm ™).

4.21. Preparation of compound 21

Compound 21 was prepared from 20 by the procedure
described for the preparation of compound 6.

'"H NMR (CDCl;) 6 0.87 (3H, t, J = 7.5 Hz), 1.00 (3H,
d, J=69Hz), 1.16 (3H, d, J=6.9Hz), 1.25 (3H, d,
J=63Hz), 128 (3H, d, J=7.5Hz), 1.34 (3H, d,
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J=6.9Hz),1.41 (3H,s), 1.44 (3H, s), 1.20-1.71 (5H, m),
1.85 (1H, m), 2.30 (6H, s), 2.47 (2H, m), 2.73 (3H, s),
3.11 (1H, quintet, J=7.5Hz), 3.22 (I1H, dd, J=7.5
and 10.2 Hz), 3.56 (1H, m), 3.73 (1H, m), 3.83 (1H, q,
J=6.6Hz), 421 (1H, d, J=7.8Hz), 432 (I1H, d,
J=7.5Hz), 437 (IH, s), 498 (1H, s), 5.05 (1H, dd,
J=2.4 and 10.2 Hz), 5.16 (1H, s); '*C NMR (CDCl;)
o 10.5, 14.1, 14.3, 154, 16.3, 18.8, 19.6, 21.1, 22.1,
25.4, 28.4, 33.6, 38.2, 40.2, 47.3, 49.5, 51.1, 65.7, 69.2,
70.2, 76.0, 77.8, 79.2, 80.7, 83.1, 94.8, 103.4, 166.2,
168.9, 204.3; MS (FAB) 615* (M+H"); HRMS (FAB)
caled for CsHssN,O;, (M+H"): 615.3857; found
615.3837; IR (KBr) 3423, 2972, 2937, 2877, 2786,
1750, 1716, 1636, 1456, 1379, 1322, 1306, 1277, 1255,
1166, 1141, 1098, 1076, 1051, 1009 (cm ™).

4.22. Preparation of compound 23

Compound 23 was prepared from 22° by the procedure
described for the preparation of compound 16.

'"H NMR (CDCl5) 6 2.79, 2.83 (3H, two s), 2.95, 2.96
(3H, two s), 3.26, 3.38 (3H, two s); '*C NMR (CDCl;)
5 8.62, 8.70, 10.5, 15.2, 15.9, 16.2, 18.1, 18.2, 18.5,
19.8, 20.8, 20.9, 21.0, 21.2, 26.4, 28.7, 33.0, 35.0, 35.8,
36.3, 36.7, 38.1, 44.6, 48.8, 49.3, 50.5, 54.6, 62.8, 66.8,
66.9, 67.2, 69.2, 69.4, 69.6, 69.7, 69.9, 72.2, 72.3, 72.5,
73.8, 75.0, 75.2, 76.6, 76.7, 77.0, 77.1, 78.2, 79.5, 82.5,
95.2, 95.3, 98.7, 126.3, 127.3, 127.4, 127.6, 127.8,
127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 129.0,
129.3, 132.9, 134.9, 135.0, 135.1, 135.2, 135.5, 136.3,
136.5, 154.1, 154.4, 155.2, 155.3, 155.9, 156.3, 170.7,
175.0; MS (FAB) 1275 (M+H"); HRMS (FAB) calcd
for CegHooCIN,Oj9  (M+H™):  1275.5983; found
1275.6001; IR (KBr) 3436, 3065, 3033, 2976, 2939,
2884, 2831, 1750, 1705, 1627, 1574, 1497, 1455, 1404,
1381, 1336, 1293, 1255, 1170, 1116, 1072, 1010 (cm™").

4.23. Preparation of compound 24

To a solution of 23 (779 mg, 0.61 mmol ) in THF
(15mL) was added CS, (370 uL, 6.1 mmol) and NaH
(100 mg, 2.4 mmol), and the mixture was stirred at
60 °C for 30 min. The reaction mixture was cooled with
an ice-water bath, and CS, (185 pL, 3.0 mmol) and Mel
(380 pL, 6.1 mmol) were added to the mixture. The reac-
tion mixture was sealed and stirred at 60 °C for 2 h. The
reaction mixture was cooled with an ice-water bath, CS,
(185 pL, 3.0 mmol) and Mel (380 uL, 6.1 mmol) were
added again to the mixture. This reaction mixture was
sealed and stirred at 60 °C for an additional 2 h. The
reaction mixture was then cooled to room temperature
and poured into saturated aqueous NH4Cl and AcOEt
(30 mL). The organic layer was separated and the aque-
ous layer was extracted with AcOEt (30 mL) again, and
the combined organic layer was washed with brine, dried
over MgSQy, filtered, and concentrated in vacuo. The
residue was purified by column chromatography on sil-
icagel (toluene/AcOEt = 15:1-12:1) to give 579 mg of
compound 24 as a pale yellow foam (72%).

'"H NMR (CDCls) 6 2.71, 2.78 (3H, two s), 2.78, 2.82
(3H, two s), 2.92, 3.36 (3H, two s); '°C NMR (CDCl;)

0 8.45, 8.53, 10.2, 12.5, 15.5, 16.0, 18.0, 18.1, 18.8,
19.8, 20.9, 21.0, 22.2, 25.9, 28.3, 33.4, 34.9, 35.8, 36.3,
36.6, 38.9, 44.8, 48.8, 49.3, 50.0, 54.5, 62.8, 66.9, 67.2,
69.2, 69.3, 69.6, 69.7, 72.2, 72.6, 74.5, 75.0, 75.2, 76.2,
78.5, 79.2, 82.0, 87.8, 89.4, 95.1, 98.9, 126.3, 127.3,
127.4, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2,
128.3, 128.4, 128.5, 128.6, 128.7, 131.2, 133.4, 134.8,
135.0, 135.2, 135.3, 135.6, 136.3, 136.5, 154.3, 155.2,
155.9, 156.3, 164.8, 175.4, 191.0; MS (FAB) 1317°
(M+H+); HRMS (FAB) caled for C69H90C1N20195
(M+H"): 1317.5547; found 1317.5564; IR (KBr)
3853, 3674, 3648, 3434, 3065, 3032, 2976, 2940, 2884,
2832, 1748, 1704, 1635, 1574, 1558, 1540, 1497, 1455,
1382, 1355, 1330, 1296, 1254, 1166, 1126, 1071, 1047,
1011 (cm™ ).

4.24. Preparation of compound 25

Compound 24 (500 mg, 0.38 mmol) was dissolved in
CH,Cl, (20mL), and diethylaminosulfur trifluoride
(DAST) (251 pL, 1.9 mmol) was added to this solution
under N, atmosphere. This reaction mixture was stirred
at room temperature for 3 days under the same atmo-
sphere. The mixture was cooled with an ice-water bath
and saturated aqueous NaHCO; (20 mL) was carefully
added. This mixture was poured into AcOEt (30 mL)
and H,O. The organic layer was separated and the aque-
ous layer was extracted with AcOEt (30 mL) again, and
the combined organic layer was washed with brine, dried
over MgSQ,, filtered, and concentrated in vacuo. The
residue was purified by column chromatography on sil-
icagel (toluene/AcOFEt = 12:1-8:1) to give 315mg of
compound 25 as a pale yellow foam (63%).

'"H NMR (CDCl;) 6 2.71, 2.78 (3H, two s), 2.82, 2.84
(3H, two s), 2.93, 3.36 (3H, two s); '°C NMR (CDCl;)
o 8.44, 8.54, 10.2, 13.5, 15.6, 16.8, 18.0, 18.1, 19.1,
19.8, 20.8, 20.9, 21.0, 21.9, 26.0, 28.8, 33.1, 34.9, 35.8,
36.3, 36.7, 38.8, 44.9, 48.8, 49.3, 50.0, 54.5, 62.7, 66.9,
67.0, 67.2, 69.1, 69.3, 69.6, 69.7, 72.2, 72.3, 72.4, 75.0,
75.1, 75.2, 75.5, 76.3, 78.4, 79.3, 82.5, 85.6, 86.9, 95.0,
95.1, 98.9, 126.2, 127.3, 127.4, 127.6, 127.8, 127.9,
128.0, 128.1, 128.2, 128.3, 128.4, 128.7, 129.6 (t,
Jer =239 Hz), 130.4, 133.1, 134.9, 135.0, 135.2, 135.3,
136.0, 136.3, 136.5, 154.3, 154.4, 155.1, 155.2, 155.9,
156.2, 166.4, 175.5; MS (FAB) 13237 (M+H"); HRMS
(FAB) caled for C69H90C1F2N2019 (M+H+):
1323.5749; found 1323.5812; IR (KBr) 3444, 3066,
3033, 2977, 2886, 2833, 1748, 1705, 1631, 1574, 1497,
1455, 1382, 1334, 1254, 1218, 1167, 1115, 1079, 1057,
1047, 1011 (cm™ ).

4.25. Preparation of compound 26

To a solution of 25 (300 mg, 0.226 mmol) in MeOH
(6 mL) was added concentrated HCI (12 N, 57 pL) un-
der cooling with an ice-water bath, and the mixture
was stirred at room temperature for 15 min. The reac-
tion mixture was stirred at 50 °C for 1.5 h and cooled
to room temperature. The reaction mixture was poured
into saturated aqueous NaHCO;, and extracted with
AcOEt (20 mL). The organic layer was separated and
the aqueous layer was extracted with AcOEt (20 mL)
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again, and the combined organic layer was washed with
brine, dried over MgSQy, filtered, and concentrated in
vacuo. The residue was purified by column chromatog-
raphy on silicagel (n-hexane/AcOEt = 8:1-3:2) to give
205 mg of compound 26 as a colorless foam (88%).

"H NMR (CDCl;) 6 2.68 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCly) § 7.25, 10.1, 13.4, 15.1, 16.9, 17.0,
19.1, 19.2, 20.7, 22.0, 25.9, 28.7, 32.8, 35.6, 35.7, 36.2,
37.0, 44.2, 49.1, 54.7, 67.0, 67.1, 68.2, 69.3, 69.5, 72.3,
74.5, 75.6, 77.7, 81.2, 81.3, 85.9, 86.8, 99.2, 99.3, 126.2,
127.4, 127.5, 127.6, 127.7, 128.0, 128.2, 128.3, 128.4,
128.7, 129.6 (t, Jor =239 Hz), 130.7, 132.8, 133.2,
135.0, 135.1, 136.0, 136.4, 136.5, 154.1, 154.2, 155.9,
156.2, 166.1, 174.4, 174.5; MS (FAB) 10317 (M+H™);
HRMS (FAB) calcd for C53H70C1F2N2014 (M+H+):
1031.4484; found 1031.4486; IR (KBr) 3461, 3066,
3033, 2977, 2938, 2881, 1742, 1704, 1635, 1574, 1497,
1455, 1406, 1382, 1362, 1332, 1291, 1254, 1217, 1166,
1115, 1079, 1058, 1004 (cm™ ).

4.26. Preparation of compound 27

Compound 27 was prepared from 26 by the procedure
described for the preparation of compound 3.

"H NMR (CDCls) d 2.50 (3H, s), 2.81, 2.85 (3H, two s);
13C NMR (CDCls) 6 10.4, 13.6, 14.0, 16.0, 19.1, 19.6,
20.6, 22.4, 26.7, 28.8, 35.7, 36.1, 38.0, 47.2, 49.2, 51.2,
54.8, 67.0, 67.1, 68.6, 69.2, 69.4, 72.6, 74.6, 78.2, 85.1,
86.9, 100.6, 126.2, 127.3, 127.5, 127.6, 127.7, 127.9,
128.0, 128.2, 128.3, 128.6, 128.8, 129.3 (t, Jcr = 239 Hz),
130.9, 133.4, 135.1, 135.2, 135.8, 136.4, 154.1, 154.2,
155.8, 156.2, 165.2, 168.6, 203.4 203.5; MS (FAB)
1029"  (M+H"); HRMS (FAB) caled for
C53H68C1F2N2014 (M+H+): 10294327, found
1029.4344; TR (KBr) 3423, 3066, 3033, 2977, 2938,
2880, 1752, 1704, 1497, 1455, 1382, 1329, 1292, 1254,
1221, 1166, 1113, 1067 (cm™ ).

4.27. Preparation of compound 28

Compound 27 (182 mg, 0.18 mmol) was diluted with
EtOH (10 mL) and 0.2 M acetate buffer (2 mL, pH
4.4). To this solution was added 20% Pd(OH),/C
(57 mg, 0.1 mmol) and stirred at room temperature un-
der H, atmosphere for 6 h. After confirming the disap-
pearance of compound 27 by TLC, 37% aqueous
HCHO (1.3 mL) was added to the reaction mixture,
and stirred at room temperature under H, atmosphere
for an additional 2.5 h. The mixture was filtered and
concentrated. After being diluted with water, the mix-
ture was basified with 5% aqueous NaHCOj; and then
extracted with AcOEt. The resultant residue was puri-
fied by column chromatography on silicagel (CHCI;/
MeOH = 80:1-20:1) to give 84 mg of compound 28 as
a colorless foam (73%).

'H NMR (CDCls) § 0.88 (3H, t, J = 7.2 Hz), 1.00 (3H,
d, J=69Hz), 1.25 3H, d, J=6.0Hz), 1.25 3H, d,
J=78Hz), 126 (3H, d, J=6.0Hz), 1.36 (3H, d,

J=69Hz), 147 (3H, s), 1.49 (3H, s), 1.20-1.70 (5H,
m), 1.91 (1H, m), 2.72 (6H, s), 2.48 (2H, m), 2.68 (3H,
s), 3.04 (1H, quintet, J =7.8 Hz), 3.21 (1H, dd, J=7.2
and 10.2 Hz), 3.54 (2H, m), 3.79 (1H, q, J = 6.6 Hz),
4.18 (1H, d, J=28.1 Hz), 4.30 (1H, d, J = 7.2 Hz), 4.70
(1H, d, J=3.3Hz), 5.17 (1H, d, J=9.0 Hz), 9.26 (1H,
brs); *C NMR (CDCls) ¢ 10.3, 13.5, 14.2, 15.8, 16.5,
18.7, 19.5, 21.1, 22.1, 25.3, 28.2, 32.7, 38.4, 40.1, 47.7,
49.6, 51.0, 65.7, 69.3, 70.2, 76.2, 76.3, 78.1, 79.4, 85.9,
86.6, 103.5, 129.336 (t, Jcp =239 Hz), 165.3, 168.6,
203.7; MS (FAB) 6517 (M+H"); HRMS (FAB) calcd
for C31H53F2N2010 (M+H+)I 6513668, found
651.3660; IR (KBr) 3425, 2976, 2938, 2880, 2841,
2788, 1752, 1717, 1638, 1457, 1381, 1362, 1324, 1255,
1220, 1167, 1140, 1110, 1049 (cm™ ).
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Abstract—Twenty-six epoxide and corresponding pyrazole derivatives, of the structurally related chalcones and combretastatin A-4
(CA-4), were synthesized and tested for in vitro cytotoxicity. These molecules were synthesized by epoxidation of the relevant chal-
cones, followed by reaction with hydrazine. The structures of epoxides 3 and 7, and pyrazole 17, were confirmed by X-ray diffraction
studies. The relatively coplanar conformation of a 3’,3",4',4",5',5"-hexamethoxypyrazole 17 was in good agreement with the shape
for 3/,3",4’.4" 5'-pentamethoxypyrazole 16, which was determined from molecular mechanics optimization. In vitro cytotoxicity of
each class of compounds was obtained using a 72 h continuous exposure MTT assay against two murine cancer cell lines; B16 mel-
anoma and L1210 leukemia. The effect of substitution in the A-ring is addressed: three methoxy groups versus two, generally
increased cytotoxicity across both cell lines. In the majority of cases, the pyrazoles are generally more active than the epoxides, with
the most active, 5-(3”-amino-4"-methoxyphenyl)-3-(3’,4’,5'-trimethoxyphenyl)pyrazole 21, possessing an ICs value of 5 and 2.4 uM
(B16 and L1210, respectively). Due to their planar conformations, the pyrazoles are typically less active than the corresponding chal-
cones, which adopt angular conformations similar to CA-4. B-ring modifications confirmed that in general the amino compounds
are more active than the corresponding nitro compounds. Varying the number and orientation of methoxy groups on the A-ring did

not produce any significant differences in toxicity in the cell lines studied.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Research into the antitumor properties of chalcones has
received significant attention over the last few years,
particularly with the discovery that these compounds
possess a similar mode of action to the structurally relat-
ed combretastatins.! Combretastatin A-4 (CA-4, Fig. 1)
is isolated from the African willow tree (Combretum
caffrum)'® and binds to the colchicine site of tubulin,
thus preventing tubulin polymerization.>> Further-
more, CA-4 interrupts metaphase of the cell cycle: the
lack of microtubules (primarily composed of tubulin)
prevent the formation of mitotic spindles.® Moreover,

Keywords: Combretastatins; Chalcones; Epoxides; Pyrazoles; Antican-

cer; Cytotoxicity.
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3559; e-mail: moses.lee@furman.edu
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doi:10.1016/j.bmc.2005.06.028

tumor growth is also delayed and inhibited by the
obstruction of blood flow in tumor microvasculature.’

The development of CA-4 as a potential antitumor
drug has been compromised by its poor solubility in
biological media and low bioavailability. This physio-
chemical limitation led to the development of a water
soluble phosphate derivative (CA-4P, Fig. 1), designed
to improve in vivo efficacy. This prodrug is currently
undergoing clinical evaluation for the treatment of
cancer.® Another derivative of CA-4 that shows excel-
lent potency and improved solubility in biological
media is AC-7739 (Fig. 1), which has an amino group
in place of the hydroxyl moiety in CA-4.> The afore-
mentioned limitations of the combretastatins have
fuelled further research into structural analogs of these
compounds with the goal of enhancing bioavailability
and antitumor activity. A wide range of structural
analogs have been reported, which include substitution
of the A- and/or B-ring in the combretastatin frame-
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AC-7739

Figure 1. Structure of combretastatin A-4 (CA-4), the water soluble prodrug (CA-4P), and an amino derivative (AC-7739).

work with different heterocycles.” B-ring modifications
have also included aroylindoles,'® quinoline, and qui-
noxaline moieties.!! Replacing the stilbene core with
different functionality has also been attempted by
several groups, including our own laboratory, for
example, enones (the chalcones).!> We have recently
described the synthesis and in vitro cytotoxicity of
methoxy-substituted chalcones, comparing the effect
of nitro and amino groups on both the A- and B-
ring.!?> Other functional groups that bridge the two
aryl moieties have also been investigated, and they in-
clude carbonyl!® and different heterocycles, including,
for example, furanones,!® isoxazoles,'* imidazoles,'
triazoles'®, and azetidinone'” compounds; all of which
possess varying levels of cytotoxicity. The rationale
behind the central heterocyclic ring is to ‘lock’ the
molecule into the cis-orientation; identified previously
as crucial for activity.

During our design of novel derivatives of chalcones, as
analogs of the combretastatins, with tubulin binding
and antitumor properties, it was apparent that hetero-
cyclic derivatives of chalcones had not been systemati-
cally investigated for this purpose. Eleven chalcone
epoxide precursors (1-11), and the fifteen 3,5-diarylpy-
razoles (12-26), were synthesized and studied to estab-
lish the cytotoxicity. These compounds were designed
to test any structure—activity relationships arising from
the number and position of methoxy groups in the A-
and B-rings, and the effect of a nitro versus an amino
group on cytotoxicity. Both classes of compounds were
assessed for biological activity against the growth of
two murine cell lines (B16 and L1210) grown in cul-
ture. Several 3,5-diarylpyrazoles have been prepared
and studied as ligands in transition metal chemistry'®
and some have been proposed to have herbicidal prop-
erties.'” Substituted 3,5-diarylpyrazole compounds are
particularly intersting as they can be readily prepared
from their corresponding chalcones, via the corre-
sponding chalcone epoxide, di- or o-bromochal-
cones.'”?® They can also be synthesized by 1,3-
dipolar cycloadditions of diazo compounds generated
in situ.?!

Chalcone

Epoxide

2. Results and discussion
2.1. Synthesis

Synthesis of the chalcones was achieved in high chemical
yields using the Claisen—Schmidt condensation of func-
tionalized acetophenones and benzaldehydes using the
published method.'> The general method used in the
synthesis of the epoxides and the subsequent pyrazoles
is depicted in Scheme 1. Chalcones were treated with
powdered potassium carbonate in methanol followed
by excess hydrogen peroxide. The epoxides (1-11,
Table 1) were isolated as pure solids (in most cases) in
good yields (67-89%). The functionalized pyrazoles were
synthesized by dissolving the epoxide in xylenes and
treating with p-toluenesulfonic acid and hydrazine hy-
drate and the solution stirred at reflux until the product
precipitated (12-18, 20, 22, 23, 25, Table 1). Removal of
the xylenes and washing with hexane produced the pure
products in good yields (43-95%). The pyrazole synthe-
sis, via the epoxide intermediate, allows relatively large
numbers of compounds to be produced readily without
the need for tedious purification, as the crude product in
most cases, is sufficiently pure and can be used directly.
The synthetic strategy reported in this paper improves
on yield, reaction time, and purification compared to
reported approaches.!3!?

Several attempts were made to prepare the amino epox-
ide compounds by reduction of the nitro precursors (10,
11, 23, 25) with stannous chloride dihydrate (Scheme 2).
In all cases, the amino products were unstable and
decomposed during the work-up procedures. The amin-
opyrazoles (19, 21, 24, 26) were prepared in 78%-95%
yields by atmospheric pressure catalytic hydrogenation
over 5% palladium-on-carbon (Scheme 2). The struc-
tures of all compounds described in this study were
characterized using FT-IR, 500 MHz '"H NMR, mass
spectrometry, and accurate mass measurements.

Crystals of epoxides 3 and 7, and pyrazole 17 were ob-
tained following recrystallization from hexane/ethyl ace-
tate and their structures were unequivocally confirmed

N—NH
! 7
(ii) = A
R | | R
NS =
Pyrazole

Scheme 1. Synthesis of epoxides and pyrazoles from the starting chalcones. Reagents and conditions: (i) K,CO3;, MeOH, room temperature, H,O,

(ii) Hydrazine hydrate, p-toluenesulfonic acid, xylenes, A.
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Table 1. Cytotoxicity data for compounds 1-26
ICso (LM)
Meo XS L1210
G
Meo™ Y B= o N—NH 0 N-NH
Me v - /i = /
— B X= AMB X= A&/\B X = A)K(PB X A Z B
A (0] O
OMe
\@ >100 (1) 55(12) 40 (1) 15 (12)
OMe
U 25 (2) 38 (13) 5(2) 24 (13)
\©\ >100 (3) 46 (14) >100 (3) 30 (14)
OMe
OMe
\© >100 (4) 40 (15) 45 (4) 40 (15)
OMe
OMe
\©i >100 (5) 35 (16) 81 (5) 24 (16)
OMe
OMe
\@OMe 38 (6) 34 (17) 32 (6) 24 (17)
OMe
\©\ 29 (7) >100 (18) 3.9 >100 (18)
NO,
\©\ N/A® >100 (19) N/A® 43 (19)
NH,
NO,
\©: 31 (8) 32 (20) 5.3(8) 37 (20)
OMe
NH,
\©i N/A? 521 N/A? 2.4 (21)
OMe
OMe
©/X [ Q N—NH Q NH
2 R _ N—
=
- X= A)K(“B x= A g X= A)K(“B x= A A s
OMe (0} (6}
- B
A
OMe
\@[OMe 59 9) 50 (22) >100 (9) 22 (22)
OMe
NO,
\©i >100 (10) >100 (23) >100 (10) >100 (23)
OMe
NH,
\©i N/A® 40 (24) N/A? 35(24)
OMe
\©\ >100 (11) >100 (25) >100 (14) >100 (25)
NO,
\©\ N/A® >100 (26) N/A® >100 (26)

NH,

# Compounds not tested as the epoxide-amine could not be synthesized due to decomposition of the amine before isolation.
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Scheme 2. Synthesis of amino compounds. Reagents: (i) SnCl,-2H,0, EtOAc, A. (ii) H,, 5% Pd/C, THF.

A

o o

Figure 2. X-ray structures of epoxides, 7 (A) and 3 (B), and pyrazole 17, aerial view (C) and side view (D).

pyrazole 17 is in agreement with an MM2 (Cache 3.9)
optimized structure of pyrazole 16 (Fig. 3), which differ
by one methoxy group (five cf. six). The coplanar con-

by single crystal X-ray analysis (Fig. 2). The X-ray struc-
ture of compound 17 affirmed the high degree of coplan-
arity between the aromatic rings. This conformation of

4— C(Chalcone 27

44— Pyrazole 16

Q I;I*NH
YT e
H,CO OCH, HyCO OCH;

OCH,

OCH3
Chalcone 27 Pyrazole 16
IC50 = 4.6 uM (B16) ICs0 = 35 UM (B16)
ICs0 = 2.6 UM (L1210) ICsq = 24 uM (L1210)

Figure 3. MM2 structures of chalcone 27 and pyrazole 16. The calculations were performed using CAChe 3.9 software and augmented MM?2
parameters. Optimization of each structure was accomplished using a conjugate gradient procedure and a convergence to 0.001 kcal mol~'. The
cytotoxicity ICso values for both compounds with B16 and L1210 cells are given in the figure.
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formation of compounds 16 and 17 is dramatically dif-
ferent from the angular shape of CA-4.?? Interestingly,
the MM2 optimized structure of the pentamethoxychal-
cone 27, which exhibits appreciable cytotoxicity, also
adopts an angular conformation (Fig. 3), similar to
CA-4. The difference in conformation between the pla-
nar pyrazole compounds 16 and 17 from angular CA-4
and chalcone 27 could influence their ability to bind to
tubulin and inhibit cell growth, assuming the former
compounds to have a similar mechanism of action as
the chalcones.?

2.2. Cytotoxicity

The epoxides and pyrazoles were subjected to cytotoxic-
ity testing to determine if a structure—activity relation-
ship could be identified. In vitro cytotoxicity
experiments were performed on all synthesized com-
pounds using a 72 h continuous exposure MTT assay>*
with murine melanoma and leukemia cells (B16 and
L1210, respectively). Ninety-six-well plates were treated
with the compound of interest dissolved firstly in
DMSO, at concentrations of 1.75 x 1072 M, then diluted
1 in 10 with media to final concentrations of 1.0 x 10~*-
1.0x 107> M. Concentrations of compounds that
inhibited the growth of tumor cells by 50% relative to
an untreated control, or ICsy (uM) values, for both cell
lines are shown in Table 1 (compounds 1-26). The re-
sults show that for both the pyrazoles and the epoxides
(in both cell lines) the compounds containing three
methoxy groups in the A-ring are generally more active
than those containing two methoxy groups [e.g., epoxide
6 and pyrazole 16 vs epoxide 9 and pyrazole 21
(Table 1)]. This discovery is consistent with the activity
of the combretastatins, such as CA-4 (IC5o =7 uM in
L1210 cells),> which also has three similarly positioned
methoxy substituents in the A-ring.2® Comparison of the
cytotoxicity of CA-4 with the L1210 data shown in Ta-
ble 1 indicates that several of the epoxides are more ac-
tive in these cells; namely compounds 2, 7, and 8. From
the pyrazole series compound 21 is the most active with
an ICsy of 2.4 uM. The data highlights that both series
of compounds are worthy of further investigation.

Amino chalcones are in general more active than the
corresponding pyrazoles.!? For example, the ICs, values
of pyrazole 16 for B16 and L1210 cancer cells were 35
and 24 uM, respectively. In contrast, the cytotoxicity
of corresponding chalone 27 (Fig. 3) against the same
cancer cells was 4.6 and 2.6 uM, respectively.'> More-
over, if B16 cells were considered, nitro-chalcone 28
(Fig. 4) shows less activity than the corresponding

o
H3CO. O = O R
H3CO OCHj;
OCH3

28, R = NO, (IC 5 = > 100 uM)
29, R = NH, (ICs, = 0.24 uM)

nitro-pyrazole 20 (cf. > 100'°-32 uM, respectively).
However, the amino-chalcone 29 (Fig. 4) is highly cyto-
toxic and it has an ICs, of 0.24 uM'“ in B16 cells, com-
pared to lower activity for amino pyrazole 21 (ICsy of
5 uM). A similar relationship can be observed if chal-
cones 30 and 31 are considered (Fig. 4), when compared
with their respective pyrazoles 18 and 19 (Table 1). This
difference in cytotoxicity could be related to their con-
formation; the pyrazole being coplanar and the chal-
cones twisted. Guided by the shape of CA-4 and its
conformational relationship to colchicine,?’ it is reason-
able to suggest that the chalcones are more cytotoxic
than the pyrazoles because they prefer a twisted shape,
which allows them to fit more snugly into the binding
site of tubulin.?® These results indicate that shape should
be an important factor in the design of future molecules.
Despite their angular conformation, and in contrast to
the relevant chalcones, the epoxides were less cytotoxic
than their corresponding pyrazoles. For example, epox-
ide 5 was 3—4 times less active than pyrazole 16, which in
turn was 5-15 times less active than the relevant
chalcone.

When an amino group is present in the meta position of
the B-ring, increased activity is seen, in both cell lines,
compared with an amine in the para position for the tri-
methoxy compounds [e.g., ICsy = >100 and 43 vs 5 and
2.4 uM for pyrazoles 19 and 21 in B16 and L1210,
respectively (Table 1)]. The same trend can be observed
for the dimethoxy compounds [e.g., ICso = >100 vs 40
and 35 uM for pyrazoles 26 and 24 in B16 and L1210,
respectively (Table 1)]. This finding correlates with the
potency of CA-4 which has a hydroxy group in the meta
position®> and AC-7739 that also has an amino group in
the meta position.>8

Consistent with the chalcone series,'? increased cytotox-
icity is observed when the nitro groups of the epoxides
and pyrazoles are reduced to the amines. However,
when the amine is present in the para position no change
in activity is observed for the 2’,5’-dimethoxy com-
pounds (ICsq = >100 uM for both 25 and 26 in both cell
lines, Table 1). When the 3’,4',5'-trimethoxy compounds
are considered, no change in activity is seen in the B16
cell line (ICso = >100 uM for 18 and 19, Table 1), how-
ever, in the L1210 cell line the activity of the amine com-
pound 19 is increased compared to the nitro, 18
(ICs5o =43 and 100 uM, respectively). In general the
L1210 cell line appears more sensitive to these two clas-
ses of compounds when compared with the B16 results.
This was particularly evident within the epoxides, for
example, an epoxide 2 with a 3”-methoxy group

(0]
H3CO. O = O
H3CO R
OCHj3

30, R = NO, (ICs0 = > 100 uM)
31, R = NH, (IC 50 = 30 uM)

Figure 4. Structures and cytotoxicity of representative chalcones, 28-31. The respective ICs, values for B16 cells are given inside the parentheses.
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produced ICsy values of 25 and 5uM for B16 and
L1210. This difference in activity between cell lines could
be due to the nature of the cells. In general leukemia
cells (e.g., L1210) are more sensitive to antiproliferative
agents than solid tumor cells (B16) which are known to
be chemoresistant, shown in the literature with other
anticancer agents, particularly the duocarmycins.?’

The significant enhancement in the activity of amino
compounds over their respective nitro counterparts
could be useful in the quest for bioreductively active
prodrugs. The nitro group could be reduced in vivo to
the amino compound, reducing problems with stability
and potential nonselective toxicity. For example,
CB1954, a nitro-compound substrate for DT-diapho-
rase is reduced in vivo and is active against the growth
of cancer cells.’® Similarly, the nitro moiety of a 4-
nitrobenzyloxycarbonyl prodrug of seco-cyclopropy-
lindoline (CI) of CC-1065 was effectively reduced by
nitroreductase, thereby releasing the active drug.’!

3. Experimental
3.1. Synthesis

Solvents and organic reagents were purchased from
Aldrich or Fisher, and were used without further purifi-
cation. Melting points (mp) were performed using a
Mel-temp instrument and are uncorrected. Infrared
(IR) spectra were recorded using a Perkin-Elmer Para-
gon 500 FT-IR instrument as films on KBr discs, unless
otherwise stated. "H NMR spectra were obtained using
a Varian Unity Inova 500 instrument unless otherwise
stated. Chemical shifts (0) are reported at 20 °C in parts
per million (ppm) downfield from internal tetramethylsi-
lane (MeySi). High-resolution mass spectra (HRMS)
and low-resolution mass spectra (LRMS) were provided
by the Mass Spectrometry Laboratory, University of
South Carolina, Columbia. Reaction progress was as-
sessed by thin-layer chromatography (TLC) using
Merck silica gel (60 F,s4) on aluminium plates unless
otherwise stated. Visualisation was achieved with UV
light at 254 nm and/or 366 nm, I, vapor staining, and
ninhydrin spray.

3.2. General preparation of substituted chalcone epoxides
(1-11)

Powdered K,COj3 (332 mg, 3 mol equiv) was added to a
suspension of the required chalcone (300 mg, 1 mol
equiv) in MeOH (30 cm?), followed by excess aqueous
hydrogen peroxide (35%, 1 cm®, 10 mol equiv); added
over 10 min. The mixture was stirred at room tempera-
ture for 3 h and reaction progress was monitored by
TLC (30:70 v/v EtOAc/hexanes). Upon completion,
the MeOH was removed under reduced pressure and
the resulting residue dissolved in CH,Cl, (50 cm?), and
washed with H,O (20 cm?). The organic phase was sep-
arated, dried (Na,SO,) and the solvent removed under
reduced pressure to yield the corresponding epoxide.
The compounds were generally pure by TLC and
500 MHz 'H NMR analyses. If required, the com-

pounds were purified by silica gel column chromatogra-
phy using a 10%-30% gradient ethyl acetate/petroleum
ether solvent.

3.2.1. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-(2"-
methoxyphenyl)propanone (1). White solid (210 mg,
67%), mp 124-126°C: '"H NMR (CDCl3) § 3.84 (s,
3H), 3.90 (s, 6H), 3.93 (s, 3H), 4.11 (d, 1H,
J=195Hz), 440 (d, 1H, J=1.95Hz), 6.90-6.93 (m,
1H), 6.98-7.04 (m, 1H), 7.29-7.32 (m, 2H), 7.34 (s,
2H); IR (KBr) v 2936, 2833, 1679, 1581, 1498, 1456,
1415, 1342, 1249, 1160, 1124, 1020, 1000, 756 cm™';
MS (EI) m/z (rel intensity) 344 (M™, 36). 195 (100).

3.2.2. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-(3"-
methoxyphenyl)propanone (2). White solid (280 mg,
89%), mp 79-81 °C: 'H NMR (CDCl;) § 3.83 (s, 3H),
3.89 (s, 3H), 3.93 (s, 3H), 4.08 (d, 1H, J=1.8 Hz),
4.18 (d, 1H, J=1.8 Hz), 6.86-6.95 (m, 3H), 7.25 (s,
2H), 7.26-7.29 (m, 1H); IR (KBr) v 3620, 3536, 2939,
2834, 1678, 1583, 1494, 1458, 1416, 1337, 1227, 1164,
1128, 1038, 1002, 885 cm ™ '; MS (EI) m/z (rel intensity)
344 (M™, 50), 195 (100).

3.2.3. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-(4"-
methoxyphenyl)propanone (3). Clear oil (170 mg, 54%):
"H NMR (CDCl;) 6 3.82 (s, 3H), 3.88 (s, 6H), 3.92 (s,
3H), 4.04 (d, 1H, J=1.5Hz), 4.20 (d, 1H, J = 1.5 Hz),
7.00 (d, 2H, J=9.0Hz), 7.30 (s, 2H), 7.83 (d, 2H,
J=9.0Hz); IR (KBr) v 3007, 2941, 2838, 1714, 1678,
1585, 1510, 1461, 1415, 1333, 1252, 1168, 1126, 1029,
1001, 832, 760 cm™'; MS (EI) m/z (rel intensity) 344
(M, 55), 195 (100).

3.24. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-(2",5"-
dimethoxyphenyl)propanone (4). White crystalline solid
(516 mg, 82%), mp 81 °C: 'H NMR (CDCls) 6 3.79 (s,
3H), 3.80 (s, 3H), 3.89 (s, 3H), 3.93 (s, 3H), 4.08 (d,
1H, J=2.0 Hz), 4.38 (d, 1H, J = 2.0 Hz), 6.85 (s, 1H),
6.86 (s, 1H), 6.88 (s, 1H), 7.26 (s, 1H), 7.33 (s, 1H); IR
(KBr) v 2999, 2936, 2833, 1679, 1586, 1503, 1461,
1415, 1337, 1269, 1217, 1160, 1124, 1041, 1020, 880,
808, 735cm™'; MS (EI) m/z (rel intensity) 374 (M,
46), 195 (100).

3.2.,5. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-(3",4"-
dimethoxyphenyl)propanone (5). Yellow oil (461 mg,
74%): '"H NMR (CDCl;) 6 3.88 (s, 3H), 3.89 (s, 3H),
3.92 (s, 3H), 3.94 (s, 3H), 3.96 (s, 3H), 4.04 (d, 1H,
J=195Hz), 417 (d, 1H, J=1.95Hz), 6.83-6.99 (m,
2H), 7.25 (s, 2H), 7.40-7.47 (m, 1H); IR (KBr) v 2999,
2936, 2833, 1679, 1586, 1513, 1461, 1415, 1332, 1269,
1238, 1124, 1020, 859, 808, 756 cm™'; MS (EI) m/z (rel
intensity) 374 (M*, 42), 195 (100); HRMS [M*] for
C,9H5707: obsd 374.1536, caled 374.1566.

3.2.6. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-
(3",4",5"-trimethoxyphenyl)propanone (6). Purified by
flash column chromatography using silica (30:70 v/v
EtOAc—petroleum ether). Yellow solid (416 mg, 80%),
mp 83°C: 'H NMR (CDCl3) § 3.82 (s, 3H), 3.84
(s, 6H), 3.86 (s, 3H), 3.90 (s, 3H), 4.02 (d, 1H,
J=15Hz), 4.12 (d, 1H, J=1.5Hz), 6.57 (s, 4H); IR
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(KBr) v 3005, 2941, 2837, 1681, 1588, 1504, 1462, 1416,
1327, 1236, 1165, 1127, 1003, 884, 855, 755 cm™'; MS
(EI) ml/z (rel intensity) 404 (M*, 63), 195 (100); HRMS
[M™] for C,1H,405: obsd 404.1469, calcd 404.1471.

3.2.7. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-(4"-
nitrophenyl)propanone (7). Yellow solid (462 mg,
78%), mp 140 °C: 'H NMR (CDCl;) é 3.91 (s, 6H),
3.95 (s, 3H), 4.18 (d, 1H, J=1.75Hz), 4.23 (d, 1H,
J=1.75Hz), 7.30 (s, 2H), 7.56 (d, 2H, J = 8.25 Hz),
8.28 (d, 2H, J=8.25Hz); IR (KBr) v 3397, 2936,
2843, 1679, 1583, 1520, 1456, 1415, 1342, 1162,
1126, 994, 849 cm™'; MS (EI) m/z (rel intensity) 359
(M+, 55), 195 (100), HRMS [M+] for C18H17NO7:
obsd 359.1010, calcd 359.1005.

3.2.8. 2,3-Epoxy-1-(3',4',5'-trimethoxyphenyl)-3-(4"-
methoxy-3”-nitrophenyl)proPanone (8). Yellow solid
(0.23 g, 74%), mp 148 °C: '"H NMR (CDCly) 6 3.90 (s,
6H), 394 (s, 3H), 399 (s, 3H), 4.10 (d,
1H,J =1.80 Hz), 4.17 (d, 1H, J=1.80 Hz), 7.13 (d,
1H, J=28.7 Hz), 7.26 (s, 2H), 7.56 (dd, 1H, J = 8.7 Hz,
2.4 Hz), 7.85 (d, 1H, J=2.4Hz); IR (KBr) v 2999,
2943, 2840, 1679, 1622, 1582, 1534, 1503, 1459, 1416,
1346, 1278, 1163, 1126, 1005, 882, 818, 756 cm™'; MS
(EI) m/z (rel intensity) 389 (M™, 35), 195 (100); HRMS
[M™] for C;oH;oNOg: obsd 389.1106, caled 389.1111.

3.2.9. 2,3-Epoxy-1-(2’,5'-dimethoxyphenyl)-3-(3",4",5"-
trimethoxyphenyl)propanone (9). White solid (250 mg,
78%), mp 130-132 °C: '"H NMR (CDCl3) § 3.61 (s, 3H),
3.81 (s, 3H), 3.86 (s, 3H), 3.88 (s, 6H), 3.96 (d, 1H,
J=18Hz), 4.28 (d, 1H, J = 1.8 Hz), 6.61 (s, 2H), 6.88
(d, 1H, J=9.0 Hz), 7.09 (dd, 1H, J=9.0, 3.3 Hz), 7.35
(d, 1H, J = 3.3 Hz); IR (KBr) v 2995, 2941, 2835, 1663,
1589, 1491, 1454, 1418, 1276, 1265, 1230, 1221, 1189,
1168, 1121, 1022, 1005, 978, 912, 882, 819, 725cm™';
MS (EI) m/z (rel intensity) 374 (M ™, 45), 165 (100).

3.2.10. 2,3-Epoxy-1-(2’,5'-dimethoxyphenyl)-3-(4"-meth-
oxy-3"-nitrophenyl)propanone (10). White-yellow pow-
der (177 mg, 67%), mp 179 °C: '"H NMR (CDCl;) §
3.65 (s, 3H), 3.82 (s, 3H), 3.99 (s, 3H), 4.01 (d, 1H,
J=18Hz), 432 (d, 1H,J=1.8Hz), 6.09 (d, 1H,
J=9.0Hz), 7.11 (dd, 1H, J=9.0 Hz, 3.3 Hz), 7.13 (d,
1H, J=8.8 Hz), 7.35 (d, 1H, J=3.3 Hz), 7.57 (dd, 1H,
J=8.8Hz, 2.3 Hz), 7.88 (d, 1H, J=2.3 Hz); IR (KBr)
v 3061, 2939, 2833, 1672, 1609, 1577, 1541, 1498, 1452,
1418, 1353, 1268, 1226, 1168, 1041, 1018, 888, 836,
730 cm™'; MS (EI) m/z (rel intensity) 359 (M*, 27).
165 (100); HRMS [M*] for C;sH;;NO;: obsd
359.1008, caled 359.1005.

3.2.11. 2,3-Epoxy-1-(2’,5’-dimethoxyphenyl)-3-(4” -nitro-
phenyl)propanone (11). White-yellow powder (735 mg,
87%), mp 152°C: "H NMR (CDCls) é 3.60 (s, 3H),
3.82 (s, 3H), 4.11 (d, 1H, J=1.8Hz), 4.31 (d, 1H,
J=18Hz), 6.89 (d, IH, J=9.0Hz), 7.13 (dd, 1H,
J=9.0Hz, 3.1 Hz), 7.36 (d, 1H, J=3.1 Hz), 7.56 (d,
2H, J=8.7 Hz), 8.27 (d, 2H, J=28.7 Hz); IR (KBr) v
3082, 2936, 2833, 1677, 1604, 1517, 1496, 1463, 1416,
1346, 1278, 1224, 1169, 1044, 893, 840, 804, 729 cm ™ ;
MS (EI) m/z (rel intensity) 329 (M™, 43), 165 (100).

3.3. General preparation of 3,5-diarylpyrazoles (12-18,
20, 22, 23, 25)

The required epoxide (170 mg, 1 mol eq;uiv) was dis-
solved in xylenes (4 cm3). CH,Cl, (2cm”) was added,
if required, to achieve dissolution. p-Toluenesulfonic
acid monohydrate (22 mg) and hydrazine hydrate
(0.23 cm®, 3 mol equiv) were then added to the epoxide
solution. The reaction mixture was stirred under reflux-
ing conditions for 3 h until a yellow precipitate formed.
The xylenes were removed under reduced pressure and
the obtained solid washed with hexanes and air dried
for 12-14 h to yield the corresponding Pyrazole com-
pound. Analyses by TLC and 500 MHz "H NMR con-
firmed their purity. However, in a few cases the
products were purified by flash column chromatography
using silica gel (2:98 v/v MeOH-CHCl,).

3.3.1. 3-(3',4',5'-Trimethoxyphenyl)-5-(2”-methoxyphe-
nyl)pyrazole (12). Yellow solid (131 mg, 63%), mp 78—
81 °C: '"H NMR (CDCl3) § 3.89 (s, 3H), 3.95 (s, 6H),
4.01 (s, 3H), 6.90 (s, 1H), 7.03-7.10 (m, 2H), 7.11 (s,
2H), 7.31-7.37 (m, 1H), 7.74-7.77 (m, 1H); IR (KBr) v
3195, 2934, 2836, 1899, 1584, 1488, 1466, 1438, 1427,
1381, 1299, 1237, 1176, 1121, 1020, 1000, 852,
751 ecm™'; MS (EI) m/z (rel intensity) 340 (M*, 100).

3.3.2. 3-(3,4',5'-Trimethoxyphenyl)-5-(3"-methoxyphe-
nyl)pyrazole (13). Yellow semisolid (148 mg, 83%): 'H
NMR (CDCly) ¢ 3.62 (s, 3H), 3.66 (s, 3H), 3.82 (s,
3H), 6.63 (s, 1H), 6.74-6.78 (m, 1H), 6.85 (s, 2H),
7.12-7.26 (m, 3H); IR (KBr) v 3107, 3000, 2938, 2835,
1590, 1494, 1466, 1430, 1391, 1314, 1233, 1170, 1123,
1039, 1001, 858, 729 cm™'; MS (ES™) m/z (rel intensity)
340 (M™, 100); HRMS [M"] for C;oH»N>O,4: obsd
340.1425, calcd 340.1423.

3.3.3. 3-(3,4',5'-Trimethoxyphenyl)-5-(4"-methoxyphe-
nyl)pyrazole (14). Light yellow solid (80 mg, 48%), mp
230 °C: "H NMR (CDCl;) 6 3.84 (s, 3H), 3.85 (s, 3H),
3.86 (s, 6H), 6.84 (s, 1H), 6.98 (d, 1H, J=8.5Hz),
7.02 (s, 2H), 7.14 (d, 1H, J=7.5Hz), 7.69 (d, 1H,
J=8.5Hz), 7.72 (d, 1H, J = 8.5 Hz); IR (KBr) v 3392,
2048, 1171, 1459, 1376, 1215, 1167, 761 cm™'; MS (EI)
mlz (rel intensity) 340 (M™, 100).

3.3.4. 3-(3',4',5'-Trimethoxyphenyl)-5-(2",5"-dimethoxy-
phenyl)Pyrazole (15). Yellow solid (81 mg, 53%), mp
99 °C: '"H NMR (CDCly) ¢ 3.84 (s, 3H), 3.88 (s, 3H),
3.89 (s, 3H), 3.95 (s, 6H), 6.82 (d, 1H, J=28.5Hz),
6.87 (s, 1H), 6.96 (d, 1H, J=28.5Hz), 7.11 (s, 2H),
7.69 (s, 1H); IR (KBr) v 3341, 2999, 2936, 2833, 1622,
1591, 1508, 1461, 1264, 1233, 1124, 1020, 808,
756 cm™'; MS (EI) m/z (rel intensity) 370 (M*, 100).

3.3.5. 3-(3',4',5'-Trimethoxyphenyl)-5-(3",4"-dimethoxy-
phenyl)Pyrazole (16). Yellow solid (96 mg, 78%), mp
68 °C: '"H NMR (CDCly) ¢ 3.65 (s, 6H), 3.66 (s, 3H),
3.82 (s, 3H), 3.84 (s, 3H), 6.56 (s, 1H), 6.68-6.71 (m,
1H), 6.87 (s, 2H), 7.14-7.18 (m, 2H); IR (KBr) v 3331,
3123, 3009, 2936, 2833, 1586, 1508, 1467, 1430, 1249,
1129, 1025, 865, 756 cm™'; MS (EI) m/z (rel intensity)
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370 (M+, 100), HRMS [M+] for C20H22N205: obsd
370.1523, caled 370.1529.

3.3.6. 3-(3',4',5'-Trimethoxyphenyl)-5-(3",4",5"-trimeth-
oxyphenyl)pyrazole (17). Brown-yellow solid (82 mg,
43%), mp 200 °C: '"H NMR (CDCly) d 3.73 (s, 12H),
3.85 (s, 6H), 6.59 (s,1H), 6.90 (s, 4H); IR (KBr) v
3130, 3005, 2938, 2834, 1591, 1503, 1472, 1429, 1389,
1328, 1241, 1187, 1166, 1128, 1005, 864, 838,
754 cm™'; MS (EI) m/z (rel intensity) 400 (M*, 100);
HRMS [M™] for C, H,4N,Og: obsd 400.1636, calcd
400.1634.

3.3.7. 3-(3',4',5'-Trimethoxyphenyl)-5-(4"-nitrophen-
ylpyrazole (18). Yellow solid (174 mg, 64%), mp
192 °C: '"H NMR (CDCl;) 6 3.86 (s, 6H), 3.88 (s, 3H),
6.85 (s, 2H), 6.87 (s, 1H), 7.91 (d, 2H, J=8.7 Hz),
8.23 (d, 2H, J=8.7 Hz); IR (KBr) v 3310, 2925, 2843,
1592, 1517, 1464, 1415, 1341, 1240, 1126, 1000, 855,
754 cm™'; MS (EI) ml/z (rel intensity) 355 (M™, 100);
HRMS [M*] for C;gH;7;N3Os: obsd 355.1170, calcd
355.1168.

3.3.8. 3-(3'.4',5-Trimethoxyphenyl)-5-(4"-methoxy-3"-
nitrophenyl)Pyrazole (20). Yellow solid (0.10 g, 60%),
mp 82°C: '"H NMR (DMSO-dy) 6 3.72 (s, 3H), 3.84
(s, 6H), 3.92 (s, 3H), 6.85 (s, 1H), 7.00 (s, 2H), 7.16 (d,
1H, J =9 Hz), 7.98 (dd, 1H, J =9 Hz, 2.1 Hz), 8.22 (d,
1H, J=2.1 Hz); IR (KBr) v 3009, 2936, 2833, 1621,
1581, 1531, 1462, 1353, 1276, 1126, 1009, 755cm '
MS (EI) m/z (rel intensity) 385 (M*, 100); HRMS
[M™] for C;oH;oN3Og: obsd 385.1273, caled 385.1274.

3.3.9. 3-(2’,5'-Dimethoxyphenyl)-5-(3",4",5"-trimethoxy-
Phenyl)pyrazole (22). Yellow semisolid (225 mg, 94%):
H NMR (CDCl;) ¢ 3.85 (s, 3H), 3.89 (s, 3H), 3.96 (s,
6H), 3.97 (s, 3H), 6.86 (s, 1H), 6.87 (dd, 1H, J=9.0,
3.0 Hz), 6.94 (d, 1H, J=9.0 Hz), 7.11 (s, 2H), 7.27 (d,
1H, J=3.0 Hz); IR (KBr) v 3714, 2247, 3002, 2939,
2834, 2352, 1589, 1500, 1463, 1227, 1122, 1038,
1002 cm™'; MS (EI) m/z (rel intensity) 370 (M, 100);
HRMS [M*] for C,0H»,N,Os: obsd 370.1529, calcd
370.1529.

3.3.10. 3-(2’,5'-Dimethoxyphenyl)-5-(4"-methoxy-3"-
nitrophenyl)Pyrazole (23). Brown solid (183 mg, 83%),
mp 57°C: 'H NMR (CDCl;) 6 3.86 (s, 3H), 3.98 (s,
3H), 4.01 (s, 3H), 691 (s, 1H), 7.15 (d, I1H,
J =8.7Hz), 8.08 (dd, 1H, J=8.7 Hz, 2.3 Hz), 8.33 (d,
1H, J=2.3Hz); IR (KBr) v 2923, 2843, 1622, 1537,
1493, 1456, 1351, 1279, 1226, 1176, 1041, 1019, 805,
745 cm~'; MS (EI) m/z (rel intensity) 355 (M*, 100);
HRMS [M*] for C;sH;7;N;3Os: obsd 355.1170, calcd
355.1168.

3.3.11. 3-(2',5'-Dimethoxyphenyl)-5-(4" -nitrophenyl)pyr-
azole (25). Brown solid (161 mg, 83%), mp 184 °C: 'H
NMR (CDCl3) 6 3.86 (s, 3H), 4.00 (s, 3H), 6.91 (dd,
1H, J=8.8, 3.0 Hz), 7.00 (d, 1H, J=8.8 Hz), 7.01 (s,
1H), 7.26 (d, 1H, J = 3.0 Hz), 8.04 (d, 2H, J = 8.5 Hz),
8.30 (d, 2H, J = 8.5 Hz); IR (KBr) v 2999, 2940, 2833,
1601, 1515, 1338, 1226, 1176, 1109, 1041, 984, 953,
854, 797, 750 cm~'; MS (EI) m/z (rel intensity) 355

(M+, 100), HRMS [M+] for C18H17N305Z obsd
355.1170, caled 355.1168.

3.4. General preparation of aminopyrazoles (19, 21, 24,
26)

A suspension of a nitro-3,5-diarylpyrazole (20 mg) and
5% Pd/C (10 mg) in THF was hydrogenated at atmo-
spheric pressure and room temperature for 4 h. The cat-
alyst was removed by filtration over Celite and the
desired products were obtained by concentration of
the filtrate. TLC and 500 MHz '"H NMR analyses indi-
cated that the compounds were homogeneous.

34.1. 5-(4”-Aminophenyl)-3-(3’,4',5'-trimethoxyphe-
nyl)pyrazole (19). Tan solid (20 mg, 95%), mp 90 °C:
"H NMR (CDCl3) & 3.89 (s, 3H), 3.95 (s, 6H), 6.68 (s,
1H), 6.76 (d, 2H, J=8.5Hz), 7.01 (s, 2H), 7.46 (d,
2H, J=8.5Hz); IR (KBr) v 2999, 2935, 1619, 1589,
1506, 1465, 1368, 1238, 1179, 1126, 1001, 833,
756 cm™'; MS (EI) m/z (rel intensity) 325 (M*, 100);
HRMS [M*] for C;sH;oN3O5: obsd 325.1430, calcd
325.1426.

3.4.2. 5-(3"-Amino-4"-methoxyphenyl)-3-(3',4',5'-tri-
methoxyphenyl)p?frazole (21). Yellow  semisolid
(22.6 mg, 78%): '"H NMR (CDClIs) ¢ 3.90 (s, 3H), 3.91
(s, 3H), 3.95 (s, 6H), 6.69 (s, 1H), 6.73-6.75 (m, 1H),
6.84-6.86 (m, 1H), 7.01 (s, 2H), 7.03-7.07 (m, 1H); IR
(KBr) v 3368, 2949, 2834, 1620, 1589, 1510, 1458,
1227, 1122, 1028, 907 cm™'; MS (EI) m/z (rel intensity)
355 (M", 100); HRMS [M™] for C;oH,N3O4: obsd
355.1538, caled 355.1532.

3.4.3. 5-(3’-Amino-4"-methoxyphenyl)-3-(2’,5'-dimeth-
oxyphenyl)pyrazole (24). Tan solid (12 mg, 94%), mp
73°C: '"H NMR (CDCls) 6 3.85 (s, 3H), 3.90 (s, 3H),
3.96 (s, 3H), 6.83-6.89 (m, 4H), 6.96-6.98 (m, 2H),
7.22-7.24 (m, 1H); IR (KBr) v 2931, 2843, 1617, 1498,
1461, 1254, 1227, 1171, 1025, 909, 802, 735cm™'; MS
(EI) m/z (rel intensity) 325 (M, 100); HRMS [M™] for
C18H19N303Z obsd 3251430, calcd 325.1426.

3.4.4. 5-(4"-Aminophenyl)-3-(2’,5'-dimethoxyphenyl)pyr-
azole (26). Brown-yellow solid (24 mg, 88%), mp 115 °C:
"H NMR (CDCl;) 6 3.85 (s, 3H), 3.98 (s, 3H), 6.75 (d,
2H, J=28.5Hz), 6.84 (s, 1H), 6.90 (dd, 1H, J=8.5,
3.0Hz), 697 (d, 1H, J=85Hz), 727 (d, 1H,
J=3.0Hz), 7.66 (d, 2H, J = 8.5 Hz); IR (KBr) v 2962,
2843, 1619, 1497, 1453, 1262, 1227, 1179, 1088, 1043,
910, 803, 734cm™'; MS (EI) m/z (rel intensity) 295
(M*, 100).

4. X-ray crystallography

The molecular structure of derivative 17, C>;H,4N5Og,
was determined by X-ray diffraction methods. The sub-
stance crystallizes in the monoclinic space group P2,
with a =14.950(3) A, b =43.39009) A, ¢ =14.980(3) A,
p =116.76(3)°, and Z = 16 refined to an agreement R1
factor of 0.0862. The hydrogen atoms were positioned
in ideal positions and refined with the riding model.
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Two regions of electron density not related to any of the
molecules were refined as partial ethyl acetate molecules.
Intramolecular bond distances and angles, along with
other crystallographic data, are given as supporting
information. The structure of compound 17 has been
deposited in the Cambridge Crystallographic Data Cen-
tre, reference number CCDC-269383. The structures of
compounds 3 and 7 were determined using a similar
procedure.

5. Cytotoxicity

All biological solutions were purchased from Atlanta
Biologicals, Atlanta. DMSO was purchased from Sig-
ma-Aldrich PLc. The B16 and L1210 cell lines were ob-
tained from the American Type Tissue Culture
Collection (ATCC). Cells were cultured using Del-
beucco’s modified Eagle medium (DMEM) supplement-
ed with fetal bovine serum (10%), Hepes buffer (2 mM),
L-glutamine (2 mM), penicillin/streptomycin (50,000 U
penicillin, 50,000 ug streptomycin). Cells were main-
tained at 37 °C in a 5% humidified CO, atmosphere in
a Revco Ultima II incubator.

Dose-response curves were obtained for each com-
pound using a 72 h continuous exposure MTT assay
detailed by Carmichael et al.?* Cultured cells were
counted and suspended in DMEM at concentrations
of 4 and 8 x 10* cells/cm?® for B16 and L1210 cell lines,
respectively. Ninety-six-well plates were seeded at con-
centrations of 4000 and 8000 cells/well for the respec-
tive cell lines. Each compound was dissolved in
DMSO to produce a 1.75x1072M stock solution.
Serial 1 in 10 dilutions were performed (with the addi-
tion of DMEM) to produce final ligand concentrations
ranging from 1.0 x 107* to 1.0x 107'> M. The plates
were treated with the compound dilutions (5 pL/well)
in quadruplicate.

Plates were then incubated at 37 °C in a 5% humidified
CO, atmosphere for 72 h. MTT in PBS (5 mg/cm?) was
added (20 pL/well) and the plates incubated as before
for a further 4 h. Acid IPA solution (16 uL, 12.1 M
HCl in 5 cm?® IPA) was then added (100 pL/well). Fol-
lowing mixing, the plates were analyzed using a Bio-
Rad 680 microplate reader at 570 nm. Dose-response
curves were plotted using the average of the quadrupli-
cate results. ICsy values were calculated at 50% of the
cell growth using at least two separate replicates.
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Abstract—A detailed analysis of four different collections of the sponge genus Zyzzya yielded nine pyrroloiminoquinones of the
makaluvamine, batzelline, and isobatzelline/damirone classes. Dereplication analyses of additional Zyzzya extracts did not disclose
more potent or additional new compounds. Comparative testing of these compounds in the National Cancer Institute’s 60 cell line
human tumor screen revealed varying levels of potency and differential cytotoxicity, apparently related to the unsaturation levels in
and substitution patterns on the core ring system. Further studies on the topoisomerase II-mediated DNA cleavage were conducted.
Reductive activation of the pyrroloiminoquinones led to DNA damage in vitro, which correlated with half wave potentials and
reversibility parameters. DNA damage could be abrogated by ascorbate. Fluorescence displacement was used to measure interca-
lation with DNA; intercalation efficiency did not correlate with DNA-damaging proficiency. Makaluvamine H (5) emerged as the
most potent and differential of our isolates, roughly comparable to makaluvamines C (in vitro) and I (in vivo). 3,7-Dimethyl guanine

was isolated from one of the Zyzzya collections and from the sponge Latrunculia purpurea.
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1. Introduction

Following the first report of pyrroloiminoquinone alka-
loids from sponge extracts,! there was rapid growth of
interest and effort in this class of distinctively colored
compounds. Numerous tricyclic and pentacyclic analogs
have been isolated and identified. While sponges have
provided the majority of such alkaloids isolated to date,
tunicates were subsequently found to contain them as
well.? Molinski provided an early review on this class of
compound,® and Faulkner’s annual reviews* (and now
Blunt et al.>) have updated progress since then. Antunes
et al. have just published a review of the chemistry and
bioactivity of this class.® Ding et al. have also reviewed
these compounds from a pharmacological perspective.’

In the course of our continuing search for new antitu-
mor agents from natural sources, we found that numer-
ous extracts from the sponge genus Zyzzya®® exhibited
very similar and striking differential cytotoxicity profiles
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in the National Cancer Institute’s (NCI) 60 cell line
primary screen.!© We report here the bioassay-guided
isolation, identification, and biological testing of 10
compounds (1, 2, 4-10, 12) from these extracts, along
with the results of comparative testing of makaluva-
mines C (16) and H (5) and mechanistic studies.
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. o) o)
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2. Results and discussion
2.1. Chemistry

Specimens of Zyzzya from four different sites in Austra-
lia revealed somewhat different chemistry, although the
aqueous and organic extracts of all the collections (Ta-
ble 1) were quite cytotoxic. The organic extracts of Zyz-
zya fuliginosa (South Murion Island) yielded the known
isobatzelline C!! (1) as a major constituent (10.3% of the
extract) upon solvent-solvent partitioning and gel
permeation of the active partition fraction through
Sephadex LH-20. Comparison of spectral data from
our sample with the literature report'! confirmed the
structure.

A collection from Marchinbar Island provided four pyr-
roloiminoquinones: isobatzelline C (1),'! isobatzelline E
(2),'? batzelline C (6),'* and 6-dechlorobatzelline C (7).
The organic extract was found to contain 1 and 2, which
were separated and purified by solvent-solvent parti-
tioning, followed by Sephadex LH-20 and silica gel vac-
uum liquid chromatography (VLC).!'* Two approaches
were used to separate the aqueous extract. Application
of the EtOH precipitation protocol that we employ in
the dereplication of anionic polysaccharides and remov-
al of other high molecular weight compounds'® gave a
cytotoxic supernatant fraction from which 1 could be
isolated in high yield (~13%) by gel permeation through
Sephadex LH-20. Alternatively, partitioning the aque-
ous extract between n-BuOH and H,O dispersed the
cytotoxicity in both fractions. Isobatzelline C (1) and
6-dechlorobatzelline C (7) were recovered from the
H,O fraction, while 1 and batzelline C (6) were isolated
from the n-BuOH solubles. As was the case for the
South Murion Island collection, isobatzelline C was
the major cytotoxin in this collection of Zyzzya massalis,
comprising 37% of the organic extract and >13.5% of
the aqueous extract.

The molecular formula of 7 was determined to be
C1;H19N>O, by HRFABMS. The o-quinone structure
was apparent from the molecular formula, and the ab-
sence of chlorine pointed to a damirone analog. The eth-
ano bridge (C3—C4) and two aromatic protons were
obvious from the 'H NMR spectrum. Placement of
the methyl group at N-1 was suggested by the 'H and
13C NMR (Table 2) chemical shifts and confirmed by
an NOE with H-2. Thus, 7 is identical to the compound
obtained by catalytic hydrogenation of batzelline A;'?
this compound has also been reported in a patent,'¢
but not as a natural product.

The Goss passage collection of Z. fuliginosa yielded only
small quantities (~1.2%) of makaluvamine A (4) and a
trace of batzelline D (8),? along with small quantities
of the guanine derivative 12 from the aqueous extract.
Makaluvamine A was readily identified by comparison
with literature data.!”

HRFABMS of 12 provided the molecular formula
C7H (N0 for the pseudomolecular ion. The '"H NMR
spectrum was quite simple, with a one proton aromatic
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Table 1. Extraction/bioassay data for sponge collections

Organic extract Aqueous extract Compounds
Mass (g) % dry wt Mean panel TGI® (ug/mL) Mass (g) % dry wt Mean panel Gls,' (ug/mL) isolated

Zyzzya fuliginosa®  9.13 4.1 0.53 63.80 28.3 ND# 1
Zyzzya fuliginosa®  8.72 5.6 3.1 65.78 42 3.8 1,2,6,7
Zyzzya fuliginosa®  5.51 5.5 0.11 21.09 21.6 0.1 4,8, 12
Zyzzya sp.d 4.95 2.3 1.48 27.17 13 10 5,9, 10, 11

4 From South Murion Island.

®From Marchinbar Island.

“From Goss passage.

4 From Assail Bank.

¢Total growth inhibition (net).

T Growth inhibition to 50% controls.

£Not determined.

Table 2. 125 MHz '>*C NMR data for compounds 1, 2, 4-10
Carbon 1° 2b 4 5 6 74 8 9 10°
1(NMe) 359 37.7 359 36.6 359 39.5 36.0
2 131.3 130.8 131.1 131.8 129.9 128.8 124.9 127.5 125.2
2a 118.5 124.1 117.8 119.1 117.1 116.5 117.5 115.8 118.5
3 18.0 113.3 18.0 20.3 19.2 19.0 19.1 20.2 21.0
4 434 141.5 42.0 54.1 42.0 41.1 41.9 51.9 533
5(NMe) 39.8 38.5 38.6
5a 152.5 145.7 156.8 158.1 149.3 153.8 149.4 154.7 157.5
6 92.7 106.5 86.5 86.8 97.3 92.5 97.2 93.4 93.2
7 151.7 144.1 156.1 157.9 169.5 171.6 168.7 171.3 172.4
8 166.0 165.5 168.3 169.0 171.8 177.7 171.8 178.5 180.6
8a 122.5 119.0 123.1 124.8 123.9 124.4 124.3 124.6 125.9
8b 121.4 118.6 122.4 124.4 123.3 123.9 123.1 124.5 126.0

#Recorded in DMSO-dg.
®Recorded in CDCly/CD;0D (1:1).
°Recorded in CD;0D.

singlet (6 7.79), two N-methyl groups at ¢ 3.62 and 3.97,
and a broad, exchangeable, three proton singlet at 6 6.87
(in DMSO-d;). The '*C NMR spectrum contained five
aromatic carbons, of which only one was protonated,
along with two methyl groups (6 31.4 and 33.8). These
data, the UV spectrum, and EIMS fragmentation pat-
tern pointed to a guanine derivative. NOE experiments
revealed the effects between one N-methyl and the aro-
matic proton, and between the other N-methyl and the
exchangeable protons. HMBC experiments showed cor-
relations of the aromatic proton to C-4 (6 150.0), C-5 (6
112.4), and the N-methyl (C-11, 6 33.8); the C-11 methyl
group was coupled to C-5 and C-8 (6 142.6). The other
N-methyl group had correlations to C-4 and C-2 (6
156.0), while the exchangeable (NH;") protons were cor-
related with C-2, C-4, and C-6 (6 164.9). These data led
to structure 12, 3,7-dimethylguanine, which had been
reported from a Latrunculia sp.'® Shortly thereafter,
we also found quantities of 12 in extracts of Latrunculia
purpurea from Horseshoe Reef, Australia. The closely
related 1,3,7-trimethylguanine (13),'° 1,7,-dimethylgua-
nine (14),%°, and 3,7-dimethylisoguanine (15)?! have
been reported from the sponges Latrunculia brevis,
Jaspis sp., and Agelas longissima, respectively.

A collection of Zyzzya sp. from the Assail Bank yielded
four compounds from the organic extract. Makalu-
vamine H?? [N(5)-methyl makaluvamine A, 5] was the

most abundant metabolite (16% of the extract), while
damirones A (9) and B (10)** and the new compound
discorhabdin Q (16,17-dehydrodiscorhabdin B, 11)*
were obtained in much smaller quantities (0.3-1.7%).

2.2. Antitumor activity

Comparative in vitro antitumor screening!'®?® of this
group of compounds in the NCI 60 cell line panel
provided some intriguing observations. At 50 ug/mlL,
3,7-dimethylguanine (12) was not cytotoxic to any of
the tumor cell lines in the NCI panel. The fully aroma-
tized 2 was only weakly cytotoxic, while isobatzelline C
(1) displayed relatively potent and differential cytotoxic-
ity (mean panel Gls, approximately 10~ M). Barrows
et al. have reported similar differences in cytotoxicity
for an analogous pair, makaluvamines A and B (4 and
3).26 Makaluvamine H (5), however, showed even great-
er potency (mean panel Glsg approximately 50 nM) and
a highly characteristic differential cytotoxicity profile
(see Fig. 1). The melanoma panel and some breast,
colon, and non-small cell lung cancer lines were quite
sensitive to 5, while the leukemia, renal, and CNS panels
were less sensitive.

Several trends were evident from the results of testing
this group of compounds. First, the makaluvamine/
isobatzelline class (p-iminoquinones) is, in general,
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Figure 1. Mean bar graphs for NCI 60 cell line antitumor assay of makaluvamine H (5), based on average of quadruplicate tests at three response
levels: Glsp, TGI, and LCsq. Cell lines: leukemia—CCRF-CEM, HL-60(TB), K-562, MOLT-4, RPMI-8226, SR; non-small cell lung—AS549/ATCC,
EKVX, HOP-62, HOP-92, NCI-H226, NCI-H23, NCI-H322M, NCI-H460, NCI-H522; colon—COLO 205, HCC-2998, NCT-116, NCT-15, NT29,
KM12, SW-620; CNS—SF-268, SF-295, SF-359, SNB-19, SNB-75, U251; melanoma—LOX IMVI, MALME-3M, M14, SK-MEL-2, SK-MEL-28,
SK-MEL-5, UACC-257, UACC-62; ovarian—IGROV1, OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8, SK-OV-3; renal—786-0, A498, ACHN,
CAKI-1, RXF-393, SN12C, TK-10, UO-31; prostate—PC-3, DU-145; breast—MCF7, MCF7/ADR-RES, MDA-MB-23/ATCC, HS 578T, MDA-

MB-435, MDA-N, BT-549, T-47D.

considerably more potent than the batzelline/damirone
class (o-quinones); the o-quinones also exhibit less differ-
ential cytotoxicity than the former group (1 vs 6; 5 vs 9).
Second, full aromatization of the tricyclic system in 1-10
(A**-series) considerably reduces potency and cell type
specificity (1 vs 2). Third, a 6-chloro group appears to
enhance potency (1 vs 4). Fourth, the N(5)-methyl sub-
stituent also enhances potency (4 vs 5).

Since the Ireland/Barrows research collaboration had
independently and concurrently identified makaluv-
amine C (16) as the preferred lead compound from this
class, makaluvamines C (16) and H (5) were compared
side-by-side against ten cell lines from the NCI panel,
revealing that the two compounds were roughly

equivalent in potency (Table 3). Makaluvamine H was
more potent against five lines, makaluvamine C against
two, and the two compounds were equipotent in three.
Follow-up quadruplicate testing of 5 and 16 in the full
60 cell line panel provided virtually identical mean
Glsq values for the two compounds.

2.3. Mechanism of action

In the meantime, efforts to identify the mechanism of
action of the makaluvamines were underway. The
topoisomerase II-mediated DNA cleavage of various
makaluvamines was compared to that of an equimolar
concentration of etoposide. Topoisomerase II cleavable
complex stabilization could be demonstrated for the
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Table 3. Comparative cytotoxicity of makaluvamines C and H

Panel Cell line 1Cs0 (ng/mL)
Makaluvamine Makaluvamine
C (16) H (5)
Lung A549 4.13 0.80
HOP92 2.25 1.05
CNS SF-295 1.17 0.77
SF-539 0.68 0.31
SNB-19 1.20 0.78
Melanoma LOX 0.54 0.95
M-14 0.32 0.37
MALME-3 0.15 0.15
Ovarian OVCAR-3 0.06 0.25
Breast MCF-7 0.53 0.50

makaluvamines, but the relative degree of stabilization
was markedly less than for etoposide. Makaluvamines
H (5) and T (17) gave the highest percentage of DNA
cleavage (33% and 61%, respectively), while the lowest
percentages were provided by the N(9)-substituted mak-
aluvamines D and V.?’

Subsequently, we demonstrated that reductive activa-
tion of the makaluvamines can also produce DNA dam-
age in vitro. Table 4 shows the percentage of DNA
cleavage observed after dithionite reductive activation.
Reductive DNA cleavage correlated with two physico-
chemical parameters of the makaluvamines—the half
wave potential (E},,), a measure of the energy necessary
to reduce the compound by one electron, and the revers-
ibility parameter (0E;equction), @ measure of the revers-
ibility of one electron reduction. These data indicated
that activation is a two step process initiated by a revers-
ible one electron reduction to generate a radical interme-
diate. DNA damage could be inhibited by the addition
of the radical scavenging agent ascorbate.

The ability of makaluvamines to intercalate with DNA
was also measured by fluorescence displacement.
Fluorescence displacement curves were generated from
the addition of a range of concentrations of
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pyrroloiminoquinones to genomic salmon testes DNA
containing ethidium bromide. From these curves, the
values of FCs, (concentration reducing fluorescence by
50%) could be calculated. Figure 2 shows the fluores-
cence displacement curves produced by makaluvamines
H and L. The calculated FCs, values and standard devi-
ations are summarized in Table 5; these ranged from 1.2
to 40 uM, or 1.2- to 40-fold the amount of ethidium bro-
mide present. The compounds clustered into three dis-
tinct groups. Makaluvamines E and L exhibited FCs,
values of 1.2 and 1.6, respectively, while all but one of
the remaining pyrroloiminoquinones had values be-
tween 10 and 20; makaluvamine V had the weakest affin-
ity for DNA, with an FCs, of 40.

A second, qualitative observation of note concerns the
rate of fluorescence attenuation, or steepness of the
dose-response curves. The displacement curves for
makaluvamines A, C, F, H, I, and N and damirone B
appear to change more abruptly from maximal to
minimal fluorescence than do the curves representing
makaluvamines D, E, L, and V.

While the majority of the makaluvamines were found to
have a high affinity for DNA, intercalation efficiency
did not correlate with the DNA damage proficiency.
This indicates that intercalation is not a limiting step
in the generation of DNA damage. However, intercala-
tion may help concentrate the makaluvamines in the
nucleus.

Makaluvamines H (5) and I (17) were chosen for in vivo
antitumor evaluation, based on their ability to induce
topoisomerase II DNA damage and to damage DNA
directly under reductive conditions; makaluvamine H
had also exhibited a powerful effect in the NCI 60 cell
line tumor panel. In studies published elsewhere,?’
makaluvamines H and I were compared to etoposide
in a nude mouse xenograft model using KB tumor cells.
The positive control, etoposide, was dosed at 50 mg/kg
and gave a T/C 40% (tumor volume in treated mice/tu-
mor volume in untreated control mice). At 22 mg/kg,
makaluvamine H gave a response similar to etoposide
(T/C 38%), but at less than half the dose (22 vs
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Table 4. Calculated DNA cleavage® and one electron reduction parameters

Compound DNA cleavage/(STD) (¢ u)b/(" 0)° E, versus AgCl (V)¢ E,;; versus NHE (V)° OE can (V)f
Makaluvamine A 50/(4) —0.453 —0.256 0.061
Makaluvamine C 75/(5) —0.435 —0.238 0.050
Makaluvamine D 80/(6) —0.501 —0.304 0.032
Makaluvamine E 63/(3) —0.420 —0.223 0.053
Makaluvamine F 62/(2) —0.434 —0.237 0.045
Makaluvamine H 60/(3) —0.468 —0.271 0.057
Makaluvamine 1 85/(4) —0.406 —0.209 0.044
Makaluvamine L 79/(6) —0.415 —0.218 0.037
Makaluvamine N 93/(5) —0.307 —0.173 0.028
Makaluvamine V 73/(4) —0.460 —0.263 0.054
Doxorubicin 56/(4) —0.591 —0.394 0.056
Mitoxanthrone 1/(2) —0.765 —0.568 0.074

# Under dithionite reducing conditions.

®Mean DNA cleavage (n = 3) was calculated by subtracting background amount of nicked DNA present in DNA with STD control reaction from
each nicked value after adjusting for total intensity of the DNA in the lane. Amount of nicked DNA remaining is calculated as a percentage of total
DNA (supercoiled plus nicked) present in the lane. Higher numbers represent greater DNA cleavage produced by the reduced compounds.

¢Standard deviations were calculated only to one significant figure, based on the DNA cleavage values from three experiments.

4 Calculated as the mean of the Eforwarg a0d Epeverse values for each cyclic voltammetry plot.

¢ Standardized electrochemical values referenced to a normal hydrogen electron (NHE), calculated by subtracting 0.197 V from the Ej,, values

referenced to a Ag/AgCl electrode.

1 S E requction values are the difference between the Eporward a0d Ereverse reactions for one-electron reductions; these are understood to be a measure of

reversibility for the reaction.
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Figure 2. Fluorescence displacement curves for (A) makaluvamine H, and (B) makaluvamine L.

Table 5. Calculated ethidium bromide displacement constants (FCsg)
for pyrroloiminoquinones

Pyrroloiminoquinone Mean FCs,* Standard deviation®
(uM) (uM)
Damirone B 18 6
Makaluvamine A 20 5
Makaluvamine C 16 6
Makaluvamine D 10 3
Makaluvamine E 1.6 3
Makaluvamine F 12 2
Makaluvamine H 16 4
Makaluvamine I 17 6
Makaluvamine L 1.2 2
Makaluvamine N 18 5
Makaluvamine V 40 7

#Mean FCs, values were extrapolated directly from the half-maximal
fluorescence values on three displacement curves. Higher numbers
represent lesser competition with ethidium bromide, and thus a
weaker DNA binding profile.

®Standard deviations were calculated to only one significant figure,
based on the values of FCs, from three curves.

50 mg/kg). Makaluvamine I, at 22 mg/kg, proved toxic
(by body weight loss) and the mice received only one
injection; nevertheless, a T/C of 34% was achieved.

3. Conclusions

The results presented here and elsewhere!”>%?7 sug-
gest that the cytotoxicity of makaluvamines may be
caused by multiple mechanisms or pathways. As a
class, the makaluvamines promote topoisomerase II
DNA cleavage in vitro; the makaluvamines can also
cause direct DNA damage under reductive activation
conditions. There may be yet other mechanisms of
action involved in the antitumor activity of the pyr-
roloiminoquinones. In light of these mechanistic in-
sights and demonstrated in vivo and significant
differential in vitro activities, makaluvamines H and
I may warrant further in vivo evaluation in a broad-
er panel of solid tumors.
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4. Experimental
4.1. Collection, extraction, and isolation

Zyzzya sp. was collected at Assail Bank, between North
Island and the Wallab Group, Australia (September,
1990). Z. fuliginosa was collected on the seaward side
of South Murion Island, Australia (August, 1988), off
Marchinbar Island, southeast of Cape Wessel, Australia
(September, 1990), and in Goss passage near Abrohlos
Island, Australia (September, 1990). The latter three col-
lections were originally identified variously as either
Inflatella sp. or Z. massalis, but have all been reclassified
as Z. fuliginosa, after careful reexamination. The species
name massalis is now considered invalid and replaced by
its senior synonym fuliginosa.>® Voucher specimens are
maintained at the Smithsonian Institute Sorting Center,
Suitland, MD.

All sponge samples were extracted with the standard
National Cancer Institute protocol. Frozen sponge was
ground to small pellets in a meat grinder with dry ice
and soaked in distilled H,O at 4 °C for 4 h. The aqueous
extract was removed in a basket centrifuge, lyophilized,
and weighed. The marc was freeze-dried and then
extracted successively with CH,Cl,/MeOH (1:1) and
MeOH. The combined organic extracts were evaporated
in vacuo and weighed (Table 1).

4.1.1. Zyzzya massalis (South Murion Island). A portion
of the organic extract (992 mg) was subjected to solvent—
solvent partitioning; the aqueous fraction (301 mg) was
permeated through Sephadex LH-20 with MeOH/H,O
(9:1) to yield isobatzelline C, 1, 102 mg (10.3% of the
crude extract).

4.1.2. Zyzzya massalis (Marchinbar Island). In one ap-
proach, the aqueous extract (1.81 g) was dissolved in
18 mL distilled H,O; 18 mL EtOH was added and the
mixture was stored at —5 °C overnight. The precipitate
was separated by centrifugation; the supernatant was
evaporated (1.25 g). A portion (224 mg) of the superna-
tant was permeated through Sephadex LH-20 with
MeOH/H,O (9:1) to yield isobatzelline C, 1, 44 mg
(13.5%). In an alternative approach, the crude aqueous
extract (1.177g) was partitioned between H,0
(100 mL) and n-BuOH (3 x 100 mL) to give fractions
of 734 and 254 mg, respectively. Some of the aqueous
fraction (400 mg) was chromatographed on Sephadex
LH-20 as described above to give 1, 25 mg (3.9%) and
7, 3 mg (0.5%), while Sephadex LH-20 gel permeation
of the n-BuOH solubles (184 mg) provided 91 mg of 1
(10.7%) and 29 mg (3.3%) of batzelline C (6).

The organic extract (2.9 g) was subjected to solvent—sol-
vent partitioning to give cytotoxic CHCI; (506 mg) and
aqueous MeOH (1.02 g) fractions. The aqueous fraction
was essentially pure isobatzelline C (35.2%). The CHCl;
fraction (243 mg) was permeated through Sephadex LH-
20 with CH,Cl,/MeOH (1:1) to provide a mixture of 1
and 2. VLC on silica with a CHCI;-MeOH gradient sep-
arated the mixture, yielding 25 mg (1.8%) of 1 and
10.5 mg (0.8%) of A*“*-isobatzelline C (2).

4.1.3. Zyzzya massalis (Goss passage). The aqueous ex-
tract (4.43 g) was partitioned between n-BuOH and
H,O to give 1.09 g n-BuOH solubles and 3.3 g H,O sol-
ubles. Gel permeation of the n-BuOH fraction (205 mg)
through Sephadex LH-20 with MeOH/H,O (9:1) gave
makaluvamine A, 4, 10 mg (1.2%). A portion (361 mg)
of the aqueous fraction was permeated through Sepha-
dex LH-20 with CH,Cl,/MeOH (1:1); a mixture
(72mg) of 4, 8, and 12 was obtained. Compounds 8
and 12 were purified by VLC on silica with a CHCl3—
MeOH gradient, followed by preparative TLC (silica,
CHCIl3/MeOH, 7:3); 9.3 mg (1.1%) of 12 and 0.1 mg of
8 were obtained.

4.1.4. Zyzzya sp. (Assail Bank). The organic extract
(1.99 g) was partitioned to give cytotoxic CHCIl;
(522 mg) and H,O-MeOH (638 mg) fractions. The latter
fraction was mostly makaluvamine H (5) by NMR anal-
ysis. Purification by Sephadex LH-20 gel permeation
gave pure 5 in high yield (16% of the extract). A portion
of the CHCI; fraction (295 mg) was submitted to vacu-
um liquid chromatography (VLC, silica gel, CHCl3—
MeOH gradient) to obtain an additional 53 mg of 5
(4.7%) and fractions containing 9 and 11. Damirone A
(9) was purified by reversed phase VLC (C;g) with a
MeOH-H,0/HOACc gradient; 17 mg of 9 was obtained
(1.5%). The novel compound 11, 9.4 mg (0.8%), was
purified by gel permeation through Sephadex LH-20
with CH,Cl,/MeOH (1:1). The remainder (215 mg) of
the CHCI; solubles was chromatographed on Sephadex
LH-20 with CH,Cl,/MeOH (1:1) to give three cytotoxic
fractions. Fraction one gave 14 mg of 9 (1.7%) after suc-
cessive VLC operations on amino- and C,g-bonded
phases. Fraction two provided 7.7 mg of 11 (1%) after
VLC on silica. Fraction three yielded 2.1 mg of 10
(0.3%) after VLC on C;g-bonded phase.

4.1.5. Isobatzelline C (1). Green solid, HRFABMS m/z
236.0591 (MH*, caled for C,;H;;*’CIN;0, 236.0591);
'"H NMR identical to literature report;'' '*C NMR
(Table 2).

4.1.6. Isobatzelline E (2). Orange solid, HRCIMS mi/z
233.0343 (M*, caled for C;Hg> >CIN;0, 233.0343); UV
(MeOH) Amax 224 nm (e = 21,500), 290 (4800), 422
(13,400); '"H NMR (CDCl;-CD;OD, 1:1) 6 4.31 (s,
CHs-1), 643 (br s, NH»-7 in DMSO-d;x), 7.52 gd,
J=6Hz, H-3), 7.99 (s, H-2), 8.19 (d, 6, H-4);'2 1°C
NMR (Table 2).

4.1.7. Makaluvamine A (4). Green solid, DEIMS m/z 201
(M*, C;H,)N;0); 'H NMR (DMSO-d), same as
reported in literature;'” '>*C NMR (Table 2).

4.1.8. Makaluvamine H (5). Brown-purple solid,
HRFABMS m/z 216.1129 (MH™, calcd for C;,H 4N;0,
216.1137); UV (MeOH) Anax 242 (¢ = 1260), 360 (1040),
532 (800); '"H NMR (CD;0D) 6 2.98 (t, J = 7.6 Hz, H-
3), 3.38 (s, N(5)-CHs3), 3.91 (t, 7.6, H-4), 3.95 (s, CH;-1),
5.73 (s, H-6), 7.1 (s, H-2); '*C NMR (Table 2).

4.1.9. Batzelline C (6). Brown-purple solid, HRFABMS
miz 259.0246 ([M+Na]", caled for C;Ho>>CIN,O,Na,





6042 M.-G. Dijoux et al. | Bioorg. Med. Chem. 13 (2005) 6035-6044

259.02511): "H NMR (CD;0D) same as reported in liter-
ature;'? 3C NMR (Table 2).

4.1.10. 6-Dechlorobatzelline C (7). Three milligram,
HRFABMS m/z 203.0821 (MH*, caled for
C1H,N,0,, 203.0820); LRFABMS m/z 225 (M+Na®,
22%), 203 (MH™*, 15), 176 (38), 154 (100); '"H NMR
(DMSO-dg): ¢ 8.26 (1H br s), 7.07 (1H, s), 5.01 (1H, s),
3.81 (3H, s), 3.46 (2H, t, J=7Hz), 2.68 (2H, t,
J=7Hz); >C NMR (Table 2).

4.1.11. Batzelline D (8). 0.1 mg, HRFABMS m/z 223.0279
(MH™, caled for CoHg*>CIN,0,, 223.0274); LRFABMS
miz 245/247 (M+Na*, 19/6%), 223/225 (MH™, 28/7), 176
(33), 154 (100), 136 (70); '"H NMR (DMSO-dq): d 8.30
(1H, brs), 7.13 (1H, s), 3.58 (2H, t, J = 7 Hz) 2.75 (2H,
t, J =7 Hz); 3*C NMR (Table 2).12

4.1.12. Damirone A (9). Brown-purple solid, HRFABMS
mlz217.0979 (MH+, calcd for C12H13N202, 2170977), 1I‘I
NMR (CD;0D), same as reported in literature;?* '*C
NMR (Table 2).

4.1.13. Damirone B (10). Brown-purple solid,
HRFABMS m/z 203.0823 (MH®, caled for
C11H; N>Os, 203.0821); 'H NMR (CD,0D), same as
reported in literature;?> '>*C NMR (Table 2).

4.1.14. 3,7-Dimethylguanine (12). Colorless solid,
HRFABMS m/z 180.0892 (M™, caled for C,H;(N;O,
180.0885); UV (MeOH) /pmax 216 nm (& = 16,000), 238
(7700), 266 (9100); '"H NMR (CD;OD): 6 3.62 (s,
CHs5-3), 3.97 (s, CH5-7), 6.87 (br s, NH,, in DMSO-
dg), 7.79 (s, H-8); °C NMR (CD;0D): 6 164.9 (C-6),
156.0 (C-2), 150.0 (C-4), 142.6 (C-8), 112.4 (C-5), 33.8
(C-11), 31.4 (C-10).

4.2. Cleavage of DNA produced by dithionite-reduced
pyrroloiminoquinones

The reductive cleavage assay was used to compare the
pyrroloiminoquinones based on their ability to cause
in vitro DNA cleavage under reducing conditions. The
reducing agent sodium dithionite (SDT) was used in
an adaptation of a protocol published by Islam et al.?°
and Radisky et al.!”

The optimal conditions, time, and concentrations of the
reagents were previously determined by experiments in
which the time of incubation and ratios of reagents were
varied. This experiment began by adding 4 uL of 1 mM
makaluvamines A, C, D, E, F, H, I, L, N, V, or dami-
rone B or control compounds (mitoxantrone and doxo-
rubicin) in DMSO to a 0.75mL polypropylene
microcentrifuge tube. Since DMSO may act as a scaven-
ger of free electrons, the compound-containing tubes
were dried in vacuo for 24 h to remove the solvent.
From this point on, all manipulations were carried out
under argon.

After removal of the solvent, 17 uL. of degassed, argon-
purged Dulbecco’s phosphate buffered saline (PBS) was
added to each tube. The tubes were sonicated briefly to

aid in the dissolution of the pyrroloiminoquinone. A
measure of 1 pL. of 1 mg/mL pBR322 supercoiled plas-
mid DNA was added to each reaction, vortexed, and al-
lowed to equilibrate for 30 min.

A measure of 2 pL of 2mM SDT in degassed, argon-
purged, distilled H>O was added to each of the reaction
tubes to initiate the reactions. Two tubes served as con-
trols, one containing only pBR322 and the other
pBR322 plus reducing agent. Final concentrations of
all reagents were: 200uM pyrroloiminoquinone,
200 uM SDT, and 50 ng pBR322 (3.75 uM nucleotide
pairs) in a total volume of 20 pL. The reactions were al-
lowed to incubate for 3 h in the dark to allow for reduc-
tion of the compounds. The reactions were completed by
the introduction of O, (air) by vortexing the tubes for
30 min with the caps perforated; the reductive cleavage
of DNA occurred after the addition of O,. The DNA
was then precipitated by the addition of 20 uL of 3 M
NaOAc, pH 5.5, and 200 pL of EtOH at 0 °C. The solu-
tions were vortexed for 30 s and immersed in crushed
dry ice for 1 h. Precipitated DNA was then pelleted by
centrifugation at 7000g at 4 °C. The supernatant was
decanted and the pellet resuspended in 20 uL PBS. To
this was added 10 uL loading dye (1% bromophenol
blue/50% glycerol/50% of 1x TAE, pH 7.6, w/v/v). The
solution was again vortexed and 10 pL was added to a
0.8% agarose, 1x TAE, pH 7.6, gel containing 2 pg ethi-
dium bromide per 100 mL. Electrophoresis was per-
formed for 5h at 80 V constant voltage in a 1x TAE
electrophoresis chamber containing ethidium bromide.

The gel was visualized on a UV transilluminator and
photographed. The photographs were then subjected
to scanning densitometry to quantify the DNA present
in the supercoiled and nicked bands on the gel. The val-
ues obtained were listed as a percentage of nicked rela-
tive to total DNA. Total DNA was defined as the
amount of supercoiled plus nicked in the densitogram.
Background nicked DNA visualized in the SDT plus
DNA control was subtracted from these values
beforehand.

4.3. Ascorbate inhibition of DNA reductive cleavage

To examine whether reductive activation of a pyrroloi-
minoquinone leads to the potential for radical-mediated
damage to DNA, an experiment was conducted using
the radical scavenger ascorbate as a trap during the
SDT reductive cleavage assay. The experiment was con-
ducted in a manner similar to the previous SDT reduc-
tive cleavage assays.

To four 0.75 mL polypropylene microcentrifuge tubes,
were added 4 L. of 1 mM makaluvamines C or E in
DMSO, two tubes per drug. The tubes were dried in vac-
uo for 24h to remove the solvent. All subsequent
manipulations were carried out under argon. After dry-
ing, 15 puL. of degassed, argon-purged PBS, and 1 pL
(1 mg/mL) pBR322 supercoiled plasmid DNA were add-
ed to each tube. After vortexing and a 30 min equilibra-
tion, 2 puLL of 100 mM ascorbate, buffered to pH 7.6 with
NaOH, was added to each tube, except for the control,
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to which 2 pL of distilled H,O was added. After vor-
texing, 2 uL. of 2 mM SDT in degassed, argon-purged,
distilled H>,O was added to each of the reaction tubes
to initiate the reactions. Two additional tubes were re-
served as controls, one containing only pBR322 DNA
and the other containing pBR322 plus dithionite reduc-
ing agent. Final concentrations of all reagents were:
200 uM PIQ, 200 uM SDT, 10 mM ascorbate, and
50 ng pBR322 in a total volume of 20 pL. The reactions
were allowed to incubate for 3 h in the dark with mixing
to ensure complete reduction of the pyrroloiminoqui-
none in solution. The reactions were completed by the
introduction of air, and the DNA was then precipitated
by the addition of 20 uL. of 3 M NaOAc, pH 5.5, and
200 uL. EtOH at 0 °C. The solutions were vortexed for
30 s and immersed in dry ice for 1 h. The samples were
then worked up and analyzed by electrophoresis as de-
scribed above.

The gel was visualized on a UV transilluminator and pho-
tographed. The photographs were then subjected to scan-
ning densitometry to quantitate the amount of DNA in
the supercoiled and nicked bands on the gel. The amounts
were listed as a percentage of the total DNA that was
nicked. Total DNA was defined as the amount of super-
coiled plus nicked in the densitogram; background nicked
DNA visualized in the SDT plus DNA control was sub-
tracted from these values beforehand.

4.4. Determination of pyrroloiminoquinone reductive
potentials by cyclic voltammetry

Electrochemistry was performed using a platinum
1.6 mm microdisk working electrode with Ag/AgCl ref-
erence and 0.75 mm diameter platinum wire auxiliary
electrode. The current was controlled via an RDE-4 Bio-
potentiostat and the output voltage was monitored by a
voltammeter, using the LabView software package
(National Instruments, Austin, TX). Background
subtraction and analysis made use of Delta Graph 4.0
(Delta Point, Monterey, CA). The scanning rate was
50 mV/s and voltage was scanned from 0 to —800 mV
vs the Ag/AgCl reference.

The makaluvamines and controls were prepared by dis-
solution in 500 pL DMSO, followed by dilution with
4.5 mL PBS, pH 7.4, as the aqueous electrolyte. A back-
ground cyclic voltammetry curve of 10% DMSO in PBS,
pH 7.4 (v/v) was used for subtraction. Each cyclic vol-
tammetry curve was allowed to reach equilibrium for
10 passes before data collection; all measurements were
performed on thoroughly degassed solutions at 23 °C.
The results obtained for the reductive cleavage assay
and the calculated values of Ej,, obtained from the cyc-
lic voltammetry curves were plotted against one another
and subjected to linear regression analysis.

4.5. DNA intercalation by the pyrroloiminoquinones

Genomic salmon testes DNA was added to a black 96-
well plate at a final concentration of 2 pM nucleotide
pairs and 1 pM ethidium bromide in PBS (final concen-
trations). These concentrations allowed for the

maximum number of ethidium bromide binding sites
to be filled according to the nearest neighbor exclusion
principle.? This mixture was allowed to equilibrate for
30 min at 23 °C. After the preincubation period, the pyr-
roloiminoquinones were added in separate wells across
the rows in increasing concentrations (0, 0.01, 0.10,
1.0, 20, 50, 100, 200, 500, and 1000 uM). The first row
was reserved for 2uM DNA plus 1uM ethidium
bromide controls (wells A1-A6) and the fluorescent
background of 1 puM ethidium bromide only (wells
A7-A12). After a second equilibration for 30 min at
23 °C, the microtiter plates were loaded into the Cytoflu-
or 2300 fluorescent microplate reader. Fluorescent anal-
ysis of the wells included excitation via a 530 nm filter
(25 nm bandwidth) and a measurement of the concomi-
tant emission using a 620 nm filter (40 nm bandwidth).

The emission measurements were transferred to a
Microsoft Excel spreadsheet in which the average back-
ground fluorescence of ethidium bromide free in solu-
tion (wells A7-A12) was subtracted. The experiment
was repeated three times (n = 3).
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Abstract—The enediyne moiety is a versatile functional group found in natural anticancer and anti-infective agents, undergoing the
Bergman cyclization reaction to afford a diradical which cleaves double-stranded DNA. We have incorporated the enediyne group
into 10- (4-10) and 12-membered ring (11) cyclic amino acids and dipeptides, respectively, and explored their relative reactivity
toward cyclization, varying N-substitution in the case of the 10-membered ring substrate, which gave the expected cyclization prod-
ucts in good yields when using either thermal conditions in the presence or absence of microwave irradiation. The N-tosyl substi-
tuted derivative (4) was shown to nick double-stranded supercoiled DNA. N-Arylsulfonyl substitution on the ring promoted the
cyclization, when compared to N-mesyl or acyl substitution, possibly because of a n—n stacking effect as an endo-relationship of
the aryl group with the enediyne was demonstrated in both the solid state and in solution. The 12-membered ring enediyne dipeptide
(11) was inert to the Bergman cyclization under a variety of conditions. When this substrate was irradiated with ultraviolet light,
regio- and stereospecific reduction was observed in which one of the alkynes was reduced to a Z-olefin (47).

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

cis-1,2-Enediyne anticancer and antibiotic agents such
as calicheamicin y, dynemicin, and neocarzinostatin
have attracted much interest because the enediyne sys-
tem 1 undergoes the Bergman aromatization reaction
forming a diradical intermediate which nicks and cleaves
double-stranded DNA.! The Bergman reaction is pro-
moted either thermally, photochemically, or by metal
catalysis, and the study of substituted model enediynes
has provided insight into the factors which influence
reactivity and selectivity.? In addition to the well-studied
nicking of double-stranded DNA, proteins are also
attractive targets for enediyne radical-mediated cleav-
age. Enediynes have been attached to a substructure
which directs the reactive portion to a specific molecular
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target such as conjugation with steroids and then bind-
ing and inactivation of the human estrogen A receptor.’
Few enediynes incorporating amino acids or peptides
have been prepared. In one example, Basak et al. found
that the association of two pendant tripeptide chains via
the PB-sheet hydrogen bonding of 2 promoted the
thermal Bergman cyclization of the central core
enediyne.* Jones and co-workers described an acyclic
enediyne 3 bearing a tri-aspartic acid side chain that
cleaved the basic protein histone I specifically into one
observed component.’
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As part of a program looking at constrained peptidom-
imetics and structure-function relationships,® we rea-
soned that incorporation of an enediyne into a cyclic
peptide scaffold might afford useful structures with
defined and characteristic secondary structures such as
the B-turn. In addition, cyclic enediyne amino acids
may display affinity for biological targets such as recep-
tors or transcriptional regulators thereby promoting
nicking and degradation. Such interactions could also
provide information as to the location of ligand binding
by inspection of where the target is cleaved. We have
investigated the incorporation of benzofused enediynes
into 10- and 12-membered cyclic a-amino acids 4-10
and dipeptide 11, respectively, and examined their reac-
tivity and conformational preferences.

@COZME
'R
= R

4R=Ts /2

5 R=H

6 R=Ac NHM
7 R=Ms cszN/ﬁfN ¢
8 R=Ns o M o

9 R =4-(MeO)PhSO, 11

10 R = 3,4-(MeO),PhSO,

2. Results and discussion
2.1. Ten membered cyclic enediyne amino acids

Cyclic enediynes containing a 10-membered ring have
been the most widely investigated because the distances
between their terminal alkyne carbons are optimally dis-
posed for Bergman cyclization (2.9-3.2 A).” Among the
enediyne model systems that have been prepared are
carbocyclic with pendant substitution®®® and incorpora-
tion of a heteroatom directly into the ring as an ether,>’
secondary amine,'? thioether,'! or sulfone.'? Insertion
of the enediyne into a ring has proven to be a general
way to change strain energy and modulate enediyne
reactivity.!3 In the calicheamycin system, addition of a
thiol to an sp? center transformed it to sp> which altered
the conformation of the ring sufficiently enough to pro-
mote the reaction.! A similar effect was recently reported
in the transannular reaction of a reactive functionality

Table 1. Sonogashira coupling of L-propargylglycine 12 with iodobenzenes
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to give a bicyclic system which facilitated the Bergman
reaction. '

We envisioned that construction of enediyne 4 could be
achieved by using either Sonogashira alkynyl coupling
or C-N bond formation as the key step. Although intra-
molecular Sonogashira coupling has been used in the
construction of enediyne 10-membered rings, the yields
were modest (ca. 30%).!> Alternatively, C-N bond for-
mation during the construction of an enediyne ring
has been accomplished by sulfonamide displacement of
a mesylate.' We decided to explore the use of the
Mitsonobu reaction to form the required C-N bond
because it is simple and compatible with diverse func-
tional groups.!® Intramolecular Mitsonobu reactions
have been used to prepare three- to six-membered cyclic
amines and fB-lactams even when the amine or amide
precursors were not activated,!” but it had not yet been
used in the preparation of enediynes. We reasoned that
the required acyclic enediyne precursor to the Mitson-
obo reaction could be assembled by two consecutive
Sonogashira couplings of both propargyl glycine deriva-
tive 12 and propargyl alcohol with 1,2-diiodobenzene.

Sonogashira coupling is an efficient way to prepare con-
jugated enynes from alkenyl halides or triflates with 1-
alkynes.'® Applications of this method to the coupling
of propargyl amino acid derivatives with phenyl or vinyl
halides has been reported when using Pd(PPh;),,'”
PdCl,(dppf),,>° and Pd/C.?' Recently, it was reported
that certain alkynes could couple with aryl halides under
the catalysis of PdCl,(PPh3), in THF at room tempera-
ture using aqueous ammonia as base.>> We have used
these later conditions on the amino acid substrate 12
in coupling to aryl iodides with either electron with-
drawing or donating substitution to afford enynes 13-
16 in good yields (Table 1). When 1,2-diiodobenzene
was used, the use of DME was found to be preferred
over MeCN and THF (entries 4-6).

Alkyne 16 was coupled in a second Sonogashira reaction
with propargyl alcohol to form 1,2-diynylbenzene 17
(Fig. 1, 94%). Intramolecular Mitsunobu reaction of
17 conducted at 0 °C provided enediyne 4 (90%). Com-
pound 4 and 1,4-cyclohexadiene (100 mol equiv) were
dissolved in DMF, and subjected to microwave irradia-
tion producing cyclized product 18 in 84% yield after

NHR NHR R
CH—=— - CHz%@Rl
O= H " R o= H
2
OMe — OMe
PACI,(PPhy)
12 Culz, NH; 4 13-16
Entry R, R, Solvent Time (h) Product Yield (%)
1 H H THF 14 13 80
2 OMe H THF 14 14 55
3 CF; H THF 14 15 71
4 H I THF 24 16 50
5 H I CH;CN 24 16 50
6 H I DME 4 16 60
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H co.Me
propargy! _ NHTs
alcohol =
Pd(PPh3),Cl»
Cul, NH3 \_oH
94% 17

DEAD

PPh;

90%

H
SO MPE AN sl g
N
N. Ts Microwaves = “Ts
DMF, 120°C, 84%

18 4
Figure 1. Synthesis of 10-membered cyclic enediyne amino acid 4.

10 min at 120 °C. Although microwaves have been used
in organic synthesis extensively,?® this appears to be
their first application to the Bergman reaction. Alterna-
tively, the reaction was also achieved under heating in
the absence of microwaves. We compared the conver-
sion of 4 to 18 by either heating or microwave irradia-
tion at different temperatures during a 10 min period.
Although it appeared that the use of microwaves accel-
erated the reaction to a modest extent when compared
with thermal conditions alone, there was not a dramatic
difference between the two.

Compound 4 was stable for several months at room
temperature in the solid state. We carefully monitored
the rate of conversion of 4 to 18 at 0.1 mM in DMF with
1,4-cyclohexadiene (100 mol equiv), and determined
that the half-life (¢,,) for depletion of 4 and formation
of 18 was 131 h at 37°C and 9.5h at 55°C without
any other products being detected. A single-crystal
X-ray structure of 4 was obtained and revealed that
the tosyl group adopts an endo-orientation placing it
above the enediyne ring (Fig. 2). A NOESY NMR
experiment of 4 in CDCl; was conducted revealing a po-
sitive NOE between hydrogens on the tosylate methyl
and phenyl hydrogens on the benzo group of the fused
enediyne ring, as well as the phenyl hydrogens ortho to
sulfonyl of the tosylated with methylene hydrogens of
the enediyne ring. Therefore, the endo-conformation
revealed in the X-ray structure of 4 in the solid state
was also observed for the compound in solution.

To investigate the possibility that 4 could cleave double-
stranded DNA, we incubated it with supercoiled DNA
at 37°C for a period of 24h while varying the

Figure 2. X-ray crystal structure of 4 revealing an endo-orientation of
the tosylate group with the enediyne ring.

Hz0 DMSO

MW Std Only Only 50 mM 10 mM 1 mM 500 pM 250 pM 100 uM 10 pM 1 pM

Figure 3. Cleavage of ¢-X DNA mediated by differing concentrations
of 4. The compound was dissolved in 100% DMSO and incubated with
the DNA for 24 h followed by analysis on a 1% agarose gel and
visualization using ethidium bromide.

concentration from 1 uM to 50 mM and evaluated the
progress of the reaction by agarose gel electrophoresis
(Fig. 3).2* Cleavage of supercoiled DNA was seen at
concentrations 10 pM and higher, with many fragments
being observed at the highest concentrations.

Several factors are known to influence Bergman cycliza-
tion such as the distance between the bond-forming
alkynyl carbons, electronic effects, and strain energy.
However, the effect of pendant substitution on stabiliza-
tion of a diradical intermediate is not well characterized.
We prepared NH compound 5 and N-substituted deriv-
atives 6-10 to complement 4, to investigate the effect of
N-substitution upon the Bergman cyclization. Since the
tosylate of 4 was in an endo-orientation relative to the
enediyne ring by X-ray structure determination and in
solution, we reasoned that varying the tosylate to other
groups would influence the rate of the Bergman reaction.
The synthesis of 7-10 was initiated by conducting con-
secutive Sonagashira coupling reactions starting with
N-substituted L-propargyl glycines 19-22 and 1,2-diiod-
obenzene to give 23-26, followed by reaction with prop-
argyl alcohol to give 33-36 (Fig. 4). Subsequent ring
closing via the Mitsunobu reaction on 33-36 provided
enediynes 7-10 (62-85% yield). Treatment of N-nosyl
compound 8 with thiophenol provided amine 5, which
furnished 6 upon treatment with acetyl chloride.!?-?°

The Bergman cyclizations of enediynes 4, and 6-10 were
compared at 55 °C and the half-lives for conversion are
presented in Table 2. Sulfonamides 4 and 7-10 were ob-
served to react with a faster rate (¢;, = 4.0-18.5 h) than
acetamide 6 (¢;, = 55.4 h). Mesylate 7 had a longer rate
of reaction (z;, = 18.5h) than the aryl sulfonamides 4
and 8-10 (¢, of 4.0-9.4 h). Therefore, aryl substitution
increased the rate of the reaction, and N-sulfonyl mesy-
late 7 reacted ca. 3x faster than N-acetyl 6. The reaction
was not influenced by either electron withdrawing (viz.,
8) or electron donating substitution on the aryl ring
(viz., 9 and 10). Since arylsulfonamides promoted the
reaction to the greatest degree, it is possible that m—n
stacking could stabilize the Bergman diradical interme-
diates, as documented for through-space radical stabil-
ization.?® The rate-limiting step of the enediyne
cycloaromatization of benzofused enediynes such as 4
has been determined to be hydrogen abstraction by the
diradical intermediate,?’ so that stabilization of this
intermediate would be expected to promote the reaction.
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NHR NHR
—CH,—== 1 2.diiodobenzene
(0] H
oMe PACl,(PPhs), OMe
Cul, NH.
19 R=Ms 23 R = Ms (43%)
20 R=Ns 24 R = Ns (68%)

21 R = 4-(MeO)PhSO,
22 R = 3,4-(MeO),PhSO,

H
=Lco,me AcC —=—YHco,me
EtsN
SN 72% N,
== Ac = H
6 5

Figure 4. Synthesis of enediynes 5-10.

Table 2. Half life for the Bergman reactions of enediynes 4 and 6-10

(55 °C in DMF)
O ook
N\R

18

DMF, 55°C

—

H
@cozm
N.
= R

4 610 18 R=Ts

37 R=Ac

38 R=Ms

39 R=Ns

40 R = 4-(MeO)PhSO,
41 R = 3,4-(MeO),PhSO,

Enediyne 4 6 7 8 9 10
t12 (h) 9.5 55.4 18.5 7.6 4.0 5.9

The nitrogen atom of sulfonamides can adopt either
pyramidal or planar geometry (sp’ vs sp> hybridization),
and sulfonamides exhibit the pyramidal form more fre-
quently than do amides.?® Single-crystal X-ray struc-
tures were obtained for acetamide 6 and mesylate 7.
However, in both cases the nitrogens involved adopt
the planar sp” configuration (Fig. 5). As with enediyne
4, the methyl group of mesylate 7 is positioned endo rel-
ative to the enediyne system.

2.2. Twelve membered cyclic enediyne amino acids

We employed a route in which the amide bond was con-
structed in the last step for the preparation of 12-mem-

25 R = 4-(MeO)PhSO, (45%)
26 R = 3,4-(MeO),PhS0, (60%)
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HO

| \\
_ propargyl
— CHy— z > alcohol NHR _
o H - —CHy—

PACl,(PPhg), O= H
Cul, NH OMe

33 R=Ms (87%)

34 R =Ns (79%)

35 R = 4-(MeO)PhSO, (87%)

36 R = 3,4-(MeO),PhSO, (93%)

DEAD
PhsP

H
@COZME
= N
== R
7 R =Ms (62%)
8 R =Ns (93%)

9 R = 4-(MeO)PhSO, (64%)
10 R = 3,4-(MeO),PhSO, (85%)

PhSH

-~

93%

bered ring enediyne 11 (Fig. 6). N-Cbz propargyl glycine
42 was coupled in the Sonogashira reaction with 1,2-di-
iodobenzene using ammonia as a base at room tempera-
ture to give alkyne 43. Consecutive coupling of 43 with
propargyl glycinamide 44 furnished acyclic enediyne 45
(69%). Removal of the Boc group of 45 followed by pep-
tide coupling with HATU/HOAT or DPPA did not afford
desired 11. However, treatment of 45 with thionyl chlo-
ride in methanol removed the Boc group and the corre-
sponding methyl ester was formed. Further reaction
with trimethylaluminum (2 mol equiv)?® provided desired
product 11 (37%). Trimethylaluminum has recently been
reported to convert carbamates to acetamides by substitu-
tion of the oxygen substituent of the carbamate with
Me;*° however, no acetamides were isolated upon reac-
tion of 45.

A single crystal X-ray structure of enediyne 11 was
obtained, revealing a reversed turn structure with hydro-
gen bonding between the carbonyl on the benzyloxycar-
bonyl group, and NHs on both the N-methyl amide
terminus and the bridging internal amide (Fig. 7). A B-
turn will fall into a particular defined class if three of
the four backbone torsional angles do not deviate more
than 30 °C and the other not more than 45 °C from ideal
values. Evaluation of the torsional angles of 11 indicated
that it adopts a Type II B-turn conformation in the solid
state.3! The Type II B-turn comprises ca. 13% of B-turns
among structures deposited in the Protein Data Bank.3?

Figure 5. X-ray structures for enediyne acetamide 6 (left) and mesylate 7 (right).
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PACI,(PPhy),, Cul I
1.5 DME / 1 (0.5M NHg/H,0) I

55% (4 hrs)

CH,
1 oH
42 CszN/Y
o
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CH, PdCI,(PPhs),
NHMe | Cul, NH3
BocHN 69%
o
a4
N o)
7/ \ 1. MeOH / SOCl, I CHZ\HL\NHMG
2. AlMe
NHMe ) 3 CH, NHBoc
CbzHN N 37% OH
o H o CbzHN
o]
11 45

Figure 6. Synthesis of 12-membered ring enediyne 11.
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Figure 7. X-ray structure of enediyne 11 revealing a Type II B-turn
conformation in the solid state.

The distance between the two reacting alkynyl carbons
generally required for spontaneous Bergman cyclization
is 2.9-3.3 A.7 Accordingly, we were not surprised that 11
was thermally stable either with or without microwave
activation because the distance between the two relevant
alkynyl carbons of 11 (C11 and C8) in the solid state is
3.86 A3 The photochemical variant of the Bergman
reaction has been used for acyclic enediynes that

have longer terminal alkyne carbon distances than are
required for the thermal reaction.>* When 11 was
irradiated with ultraviolet light in the presence of 1,4-
cyclohexadiene in DMF, Bergman product 46 was not
observed but Z-alkene 47 was obtained (58%, Fig. 8).
Although expected product 46 and alkene 47 have the
same molecular weight, the presence of only one alkyne
in 47 could be seen by the presence of characteristic res-
onances at 83.1 and 89.6 ppm in the 3*C NMR spec-
trum. The combination of HMBC and COSY allowed
for unambiguous assignment of a highly regioselective
reduction as shown and no reduction of the other alkyne
was observed. The cis bond geometry was determined by
a strong, positive NOE between the two vinyl protons,
along with an 11 Hz coupling constant. Turro and co-
workers have observed that photoirradiation of an acy-
clic 1,2-dialkynylbenzene substrate reduced only one
of the olefins to afford a single Z-olefin product.®
Although we do not fully understand the factors leading
to the formation of 47 upon irradiation of 11, we pro-
pose that the distance between the alkynes was too long
for the Bergman cyclization allowing for the competing
addition of a hydrogen radical to the exo face of the
alkyne at the B-position providing an aryl-stabilized
radical. Computational analysis has suggested that
a-alkyl vinylic radicals are generally sp*-hybridized-rad-
icals, whereas o-phenyl vinylic radicals are the linear
sp-hybridized m-radicals.?® An unpaired electron in the
p orbital of sp-hydridized intermediate could suffer at-
tack of an additional hydrogen radical from both sides
of the alkene and this process would be expected to be
diffusion controlled showing a strong preference for
the kinetic Z-product.

Since radicals were proposed to be generated in the
photoreduction process, we incubated bovine serum
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Figure 8. Regioselective photoreduction of enediyne 11.
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Figure 9. Cleavage of BSA by photoirradiation of enediyne 11 (units in Dalton).

albumin with 11 (at 1.0 uM), irradiated the mixture at
ambient temperature for a period of 1 h, and evaluated
the reaction mixture by SELDI-MS analysis (Fig. 9).
Fragmentation to several protein species of lower mass
(e.g., 9703 Da) was observed when 11 was present with
UV irradiation, when compared to controls in the ab-
sence of 11 or irradiation. Therefore, photoreduction
of enediyne 11 could also lead to non-specific protein
degradation in addition to formation of Z-olefin 47.

3. Conclusions

We here, report the synthesis of benzofused enediynes,
which are incorporated onto a cyclic amino acid scaf-
fold. The synthesis entailed the Sonogashira and Mits-
unobu reactions, which appears to be the first time in
which a Mitsunobu reaction has been used in the con-
struction of a cyclic enediyne system. N-Acyl and sul-
fonyl substituted variants of 5 were prepared to study
the Bergman cyclization to give 18 and 37-41. We
found that N-arylsulfonyl substitution promoted the
reaction, which may be due to m—n stacking and sta-
bilization of the Bergman diradical intermediate. The
Bergman cyclization of 4 was also carried out in high
yield using microwave radiation. In addition, 4
cleaved double-stranded DNA upon heating in a dose
dependent manner. We then prepared and studied the
12-membered enediyne substrate 11, which we found
to adopt a Type II B-turn conformation in the solid
state. It did not undergo the Bergman cyclization pos-
sibly because the terminal alkynes are too far apart.
Upon irradiation with light, regioselective reduction
provided Z-olefin 47. In addition, 11 induced fragmen-
tation of the protein BSA when irradiated, consistent

with the formation of radical intermediates under
these conditions.

4. Experimental
4.1. General

"H NMR spectra were obtained on either Bruker 500-
MHz DRX500 or 300-MHz DPX300 Bruker NMR
spectrometers with Me,4Si as an internal standard. Stan-
dard conditions (300 MHz, CDCl; for 'H, and 75 MHz,
CDCl; for '*C) were used unless otherwise noted. Ele-
mental analyses were determined by Robertson Micro-
lit, Madison, NJ, and QTI Quantitative Technologies
INC, Whitehouse, NJ. X-ray crystallographic analysis
was done by Crystalytics, Lincoln, NE. Mass spectra
were generated using a MicroMass Platform LC electro-
spray mass spectrometer or by chemical ionization on a
Hewlett—Packard 5989A mass spectrometer. HRMS was
measured by Micromass LCT (ES-TOT). Most reagents
and solvents were purchased, and used without further
purification. ®X174 RF I DNA was purchased from
New England Biolabs and BSA fraction V protein was
purchased from J. T. Baker. Protected propargyl glycine
12, 19-22, 42, and 44 were prepared according to general
and accepted methods.

4.2. Bergman cyclization of 4 in the presence and absence
of microwaves

A quantity of 3.9 mg of 4 was dissolved in degassed
DMF (10 mL) to give a 1 mM stock solution and
1.8 mg acetophenetidin was dissolved in degassed
DMF (100 mL) to give a 0.1 mM stock solution. The
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reaction solution was prepared by mixing the enediyne 4
stock solution (1 mM, 2mL) and the acetophenetidin
stock solution (0.1 mM, 2mL) in degassed DMF
(16 mL) to give enediyne 4 at a concentration of
0.1 mM, and acetophenetidin at 0.0l mM concentra-
tion. The reaction solution (2 mL) prepared above was
added to a 10-mL CEM vial containing a magnetic
stir bar and then sealed. After purging with nitrogen
and vacuum degassing, 1,4-cyclohexadiene (0.01 mL,
0.1 mmol, 500 mol equiv) was added into the vacuumed
system via syringe. The mixture was then submitted to
either microwave irradiation (CEM Discovery appara-
tus setting: 150 W) or an oil bath at the temperature
indicated and kept at this temperature for 10 min. The
vial was then removed from the appropriate heating
sources and frozen immediately on dry ice, and then
thawed immediately before analysis. LC/MS-MS was
used to follow the formation of 18 with acetophenetidin
as an internal standard. The relative conversion of 4 to
18 under these conditions was very similar in the pres-
ence or absence of microwaves, with the microwave-
assisted reactions proceeding to a slightly higher degree.

4.3. Kinetic studies

Reaction solutions (30 mL) prepared as described above
containing 4 or 6-10 were added to a 250 mL flask con-
taining a magnetic stir bar and then sealed. After vacuum
degassing and refilling with nitrogen, 1,4-cyclohexadiene
(0.028 mL, 0.3 mmol, 100 mol equiv) was added. The
mixture was then submitted to an oil bath at 55 °C. After
defined periods of time, a sample from the reaction mix-
ture (0.8 mL) was taken via syringe and immediately fro-
zen on dry ice, and thawed before analysis. LC/MS-MS
was used to follow the reaction with acetophenetidin as
an internal standard to detect the amount of product
formed and starting material consumed.

4.4. S-1-(4-Toluenesulfonyl)-[6,7]-benz-1-azacyclodec-4,8-
diyne-2-carboxylic methyl ester (4)

To a solution of 17 (132.7 mg, 0.32 mmol) and PPh;
(169.0 mg, 0.64 mmol) in THF (35mL) was added
DEAD (40% in toluene, 0.29 mL, 0.64 mmol) slowly at
0 °C. The resulting mixture was stirred at this temperature
for 1 h and the solvent was then removed in vacuo. The
residue was purified on silica gel (EtOAc/heptane gradient
from 1:9 to 5:5) afforded 4 (114.0 mg, 90%) as a white sol-
id: "HNMR 67.86-7.79 (m, 2H), 7.30-7.22 (m, 4H), 7.16~
7.10 (m,2H),4.78 (d, J = 19.0 Hz, 1H), 4.33 (dd, J = 10.4,
4.0 Hz, 1H), 4.22 (d, J = 19.1, 1H), 3.86 (s, 3H), 3.33 (dd,
J=18.3, 10.2 Hz, 1H), 3.23 (dd, /= 18.7, 4.0 Hz, 1H),
2.25(s, 3H). >*C NMR 6 170.4, 143.8, 138.2, 129.7 (2C),
129.2, 128.5, 128.4, 128.1, 128.0, 127.9, 127.6 (2C), 95.7,
93.1, 87.6, 84.4, 64.6, 53.3, 42.7, 22.0, 21.7. Anal. Calcd
for C,oH 9NO,S: C, 67.16; H, 4.87; N, 3.56. Found: C,
66.98; H, 4.85; N, 3.58.

4.5. S-1-Methanesulfonyl-[6,7]-benz-1-azacyclodec-4,8-diyne-
2-carboxylic methyl ester (7)

According to the procedure described for 4, compound
33 (293.2mg, 0.88 mmol) was treated with PPh;

(459.1 mg, 1.75 mmol) and DEAD (40% in toluene,
0.79 mL, 1.75 mmol) to afford compound 7 (150.4 mg,
62%) as a white solid: "H NMR & 7.41-7.25 (m, 4H),
4.78 (d, J=20.0 Hz, 1H), 4.28 (dd, /=10.3, 4.5, 1H),
4.19 (d, J=20.0, 1H), 3.81 (s, 3H), 3.38 (dd, J=18.7,
10.1 Hz, 1H), 3.29 (dd, J=18.9, 4.4 Hz, 1H), 3.08 (s,
3H). '*C NMR ¢ 170.2, 129.1, 129.0, 128.8, 128.3
(2C), 127.9, 95.2, 93.6, 87.9, 84.7, 64.7, 53.4, 43.9,
42.4, 21.4. Anal. Caled for C,;¢H;sNO,S: C, 60.55; H,
4.76; N, 4.41. Found: C, 60.33; H, 4.57; N, 4.46.

4.6. S-1-(2-Nitrobenzenesulfonyl)-[6,7]-benz-1-aza-cyclo-
dec-4,8-diyne-2- carboxylic methyl ester (8)

According to the procedure described for 4, compound 34
(1.25 g, 2.84 mmol) was treated with PPh; (1.49 g,
5.67 mmol) and DEAD (40% in toluene, 2.57 mL,
5.67 mmol) to afford compound 3 (930.0 mg, 77%) as a
white solid: "H NMR (DMSO-dq) é 8.24 (d, J = 7.4 Hz,
1H), 7.94 (d, J=7.8 Hz, 1H), 7.76 (td, J = 7.7, 0.6 Hz,
1H), 7.57 (t, J=17.7Hz, 1H), 7.43-7.32 (m, 4H), 4.99
(dd, J=10.9, 3.9 Hz, 1H), 4.72 (d, J=19.4, 1H), 4.46
(d, J=19.2, 1H), 3.65 (s, 3H), 3.22 (dd, J=18.5,
4.0 Hz, 1H), 3.13 (dd, J = 18.7, 10.2 Hz, 1H). '*C NMR
0 169.6, 148.1, 135.1, 132.3, 132.2, 129.9, 129.0, 128.6
(20), 128.3, 128.1, 127.3, 124.5, 96.4, 94.5, 87.1, 84.0,
64.3, 52.9, 42.6, 21.6. Anal. Calcd for C51H;¢N,O6S: C,
59.43; H, 3.80; N, 6.60. Found: C, 59.18; H, 3.61; N, 6.32.

4.7. §-[6,7]-Benz-1-azacyclodec-4,8-diyne-2-carboxylic
methyl ester (5)

To a solution of 8 (85.0 mg, 0.20 mmol) in DMF (4 mL)
were added potassium carbonate (82.9 mg, 0.60 mmol)
and thiophenol (0.025 mL, 0.24 mmol). The resulting
mixture was stirred at ambient temperature for 2 h
and loaded onto a silica gel column. Purification with
gradient elution (EtOAc/heptane gradient from 1:9 to
4:6) afforded 5 (44.6 mg, 93%) as a white solid: 'H
NMR (500 MHz, DMSO-dy) § 7.40-7.30 (m, 4H), 3.73
(dd, J=18.4, 2.9 Hz, 1H), 3.69-3.65 (m, 1H), 3.65 (s,
3H), 3.54 (dd, /=184, 8.0, 1H), 3.08-2.98 (m, 1H),
2.78 (dd, J=17.4, 22Hz, 1H), 2.62 (dd, J=17.3,
11.3 Hz, 1H); 3C NMR (DMSO-ds) § 173.0, 128.5,
128.4, 127.8, 127.8 (20C), 127.5, 100.1, 98.3, 84.3, 82.5,
61.7, 51.8, 39.5, 24.2. HRMS (ES) m/z: calcd for
(M+H)" C;sH4NO», 240.1025; found, 240.1028.

4.8. S-1-(2-Acetyl)-[6,7]-benz-1-azacyclodec-4,8-diyne-2-
carboxylic methyl ester (6)

To a solution of 5 (120.0 mg, 0.50 mmol) and Et3N
(0.35mL, 2.51 mmol) in CH,Cl, (20 mL) was added
acetyl chloride (0.18 mL, 2.51 mmol) at 0 °C. The result-
ing mixture was stirred at ambient temperature for over-
night. The mixture was diluted with CH,Cl,, washed
with saturated aqueous NaHCO3, and dried over MgSQOy.
The residue was purified on silica gel (heptane/EtOAc gra-
dient from 6:4 to 3:7) affording 6 (101.3 mg, 72%) as a
white solid: '"H NMR & 7.40-7.23 (m, 4H), 4.61 (d,
J=19.1 Hz, 1H), 4.22 (d, J=19.2 Hz, 1H), 4.07 (dd,
J=11.3, 2.8 Hz, 1H), 3.76 (s, 3H), 3.63 (dd, J =18.3,
11.2 Hz, 1H), 3.14 (dd, J=18.1, 2.9 Hz, 1H), 2.24 (s,
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3H). C NMR 6 170.6, 170.0, 129.9, 128.8, 128.7, 128.0,
127.9 (2C), 97.0, 93.3, 88.5, 83.2, 64.4, 53.0, 43.7, 22.2,
20.2. Anal. Calced for C17HsNO5: C, 72.58; H, 5.37; N,
4.98. Found: C, 72.42; H, 5.19; N, 4.77.

4.9. S-1-(4-Methoxybenzenesulfonyl)-[6,7]-benz-1-azacy-
clodec-4,8-diyne-2-carboxylic methyl ester (9)

According to the procedure described for 4, compound 35
(361.8 mg, 0.85 mmol) was treated with PPh; (445.9 mg,
1.70 mmol) and DEAD (40% in toluene, 0.77 mL,
1.70 mmol) to afford compound 6 (222.0 mg, 64%) as a
white solid: '"H NMR § 7.91-7.85 (m, 2H), 7.29-7.21
(m, 4H), 6.83-6.76 (m, 2H), 4.75 (d, J=19.5 Hz, 1H),
4.32 (dd, J=10.5, 39 Hz, 1H), 4.20 (d, J=19.0 Hz,
1H), 3.86 (s, 3H), 3.69 (s, 3H), 3.34 (dd, J=184,
10.5 Hz, 1H), 3.23 (dd, J = 18.2, 3.9 Hz, 1H); '*C NMR
0 170.4, 163.2, 132.7, 129.9 (2C), 129.2, 128.5, 128.4,
128.1, 128.0, 127.9, 114.3, 95.7, 93.3, 87.6, 84.3, 64.6,
55.8, 53.3, 42.6, 22.0. Anal. Calcd for C,,H9NOsS: C,
64.53; H, 4.68; N, 3.42. Found: C, 64.39; H, 4.71; N, 3.39.

4.10. S-1-(3,4-Dimethoxybenzenesulfonyl)-[6,7]-benz-1-aza-
cyclodec-4,8-diyne-2- carboxylic methyl ester (10)

According to the procedure described for 4, compound
36 (293.2mg, 0.88 mmol) was treated with PPh;
(459.1 mg, 1.75 mmol) and DEAD (40% in toluene,
0.79 mL, 1.75 mmol). The residue was purified on silica
gel (CH,Cl,) afforded 10 (663.6 mg, 85%) as a white sol-
id: 'TH NMR 6 7.59 (dd, J=8.7, 2.3 Hz, 1H), 7.41 (d,
J=18Hz, 1H), 7.30-7.20 (m, 4H), 6.80 (d,
J=8.8Hz, 1H), 4.74 (d, J=19.6 Hz, 1H), 4.35 (dd,
J=9.8, 44 Hz, 1H), 4.23 (d, J=19.4 Hz, 1H), 3.88 (s,
3H), 3.81 (s, 3H), 3.74 (s, 3H), 3.34 (dd, J=18.8,
9.6 Hz, 1H), 3.26 (dd, J = 18.4, 4.6 Hz, 1H). '*C NMR
0 170.4, 153.0, 149.4, 132.6, 128.8, 128.4, 128.4, 128.0,
127.9, 127.8, 121.9, 110.6, 110.0, 95.9, 93.3, 87.5, 84.3,
64.5, 56.2, 56.1, 53.2, 42.4, 21.8. Anal. Calcd for
Cy3H, NOGS: C, 62.86; H, 4.82; N, 3.19. Found: C,
62.64; H, 4.72; N, 3.02.

4.11. S-2-(4-Toluenesulfonylamino)-S-phenylpent-4-ynoic
acid methyl ester (13)

To a solution of compound 12 (141.0 mg, 0.50 mmol) in
THF (3.3 mL) were added iodobenzene (98%, 0.068 mL,
0.6 mmol), PdCI,(PPhs)s (10.5 mg, 0.015 mmol), and
Cul (4.8 mg, 0.025 mmol) at room temperature under
nitrogen. A solution of aqueous ammonia (0.5 M,
2mL, 1.0 mmol) was then added dropwise and the
resulting mixture was stirred at ambient temperature
for 14 h. The solvent was then removed in vacuo. The
residue was dissolved in ethyl acetate (30 mL), washed
with saturated NH4Cl, NaHCOj;, and brine sequentially,
and then dried over MgSQO,. After concentration, purifi-
cation on silica gel (EtOAc/heptane gradient from 2:8 to
5:5) afforded 13 (143.5 mg, 80%): '"H NMR 6 7.81-7.74
(m, 2H), 7.39-7.26 (m, 7H), 5.49 (d, J=9.0 Hz, 1H),
4.26-4.15 (m, 1H), 3.65 (s, 3H), 2.95 (dd, J=17.0,
4.5Hz, 1H), 2.87 (dd, J=16.9, 5.3 Hz, 1H), 2.42 (s,
3H). >C NMR 6 170.7, 144.1, 137.4, 132.1 (2C), 130.1
(20), 128.6, 122.6 (20), 127.6 (2C), 123.1, 84.7, 83.1,

54.8, 53.2, 25.4, 21.9. Anal. Calcd for C;oH;9NO,S: C,
63.85; H, 5.36; N, 3.92. Found: C, 63.59; H, 5.07; N,
3.69.

4.12. S-2-(4-Toluenesulfonylamino)-5-(4-methoxyphenyl)-
pent-4-ynoic acid methyl ester (14)

Compound 12 (141.0 mg, 0.5 mmol) was coupled with 1-
i0do-4-methoxybenzene (140.4 mg, 0.6 mmol) under the
same conditions as described for 13 to furnish compound
14(106.5 mg, 55%) as white needles: 'H NMR 6 7.81-7.74
(m, 2H), 7.33-7.25 (m, 4H), 6.86-6.78 (m, 2H), 5.48 (d,
J=9.1 Hz, 1H), 4.25-4.13 (m, 1H), 3.82 (s, 3H), 3.64 (s,
3H), 2.92 (dd, J=17.2, 5.1 Hz, 1H), 2.85 (dd, J = 17.4,
5.5Hz, 1H), 2.42 (s, 3H). '3*C NMR 6 170.7, 160.0,
144.1, 137.4, 133.5 (2C), 130.1 (2C), 127.6 (2C), 115.2,
114.3 (20), 84.5, 81.5, 55.7, 54.9, 53.2, 25.4, 21.9. Anal.
Calcd for C,0H,NOsS: C, 62.00; H, 5.46; N, 3.62. Found:
C, 61.88; H, 5.32; N, 3.38.

4.13. S-2-(4-Toluenesulfonylamino)-5-(4-trifluoromethyl-
phenyl)pent-4-ynoic acid methyl ester (15)

Compound 12 (141.0 mg, 0.5 mmol) was coupled with 1-
iodo-4-trifluoromethylbenzene (0.088 mL, 0.6 mmol) un-
der the same condition as for 13 to afford 15 (163.3 mg,
77%) as a light yellow solid: "H NMR ¢ 7.81-7.74 (m,
2H), 7.55 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H),
7.29 (d, J=8.4 Hz, 2H), 5.59 (d, J = 8.9 Hz, 1H), 4.22
(dt, J=8.5, 5.5Hz, 1H), 3.65 (s, 3H), 2.94 (d, J=
5.5Hz, 2H), 2.41 (s, 3H). *C NMR § 170.6, 144.2,
137.3, 132.4 (2C), 130.4 (q, J=32.6 Hz), 130.1 (2C),
127.6 (2C), 127.0 (q, J = 1.2 Hz), 125.5 (q, /= 3.9 Hz,
2C), 124.3 (q, J =272.3 Hz), 86.1, 83.3, 54.7, 53.3, 25.4,
21.9. Anal. Calcd for C,o0H 13F53NO,4S: C, 56.46; H, 4.26;
N, 3.29; F, 13.40. Found: C, 56.28; H, 4.03; N, 3.16; F,
13.78.

4.14. S-2-(4-Toluenesulfonylamino)-5-(2-iodophenyl)pent-
4-ynoic acid methyl ester (16)

To a solution of compound 12 (783.0 mg, 2.78 mmol) in
DME (19.0 mL) were added 1,2-diiodobenzene (0.44
mL, 3.34 mmol), PdCl,(PPh3), (60.0 mg, 0.085 mmol),
and Cul (27.0 mg, 0.14 mmol) at ambient temperature
under nitrogen. A solution of aqueous ammonia
(0.5M, 2mL, 11.0 mmol) was then added dropwise
and the resulting mixture was stirred for 4 h. The sol-
vent was then removed in vacuo. The residue was dis-
solved in ethyl acetate (60 mL), washed with saturated
NH4Cl, NaHCO3, and brine sequentially, and then
dried over MgSQ,. After concentration, purification
on silica gel (EtOAc/heptane gradient from 1:9 to 5:5)
afforded 16 (800.8 mg, 60%) as a light yellow liquid:
"H NMR 6 7.83-7.74 (m, 3H), 7.38-7.22 (m, 4H), 6.98
(td, J=17.5, 1.7 Hz, 1H), 5.75 (d, J = 9.0 Hz, 1H), 4.25
(dt, J=9.2, 48Hz, 1H), 3.64 (s, 3H), 3.00 (dd,
J=17.0, 4.5Hz, 1H), 2.92 (dd, J=17.1, 54 Hz, 1H),
2.39 (s, 3H). *C NMR 6 170.5, 144.1, 138.9, 137.5,
133.3, 130.1 (2C), 129.9, 129.7, 128.2, 127.6 (2C),
101.1, 87.5, 86.5, 54.7, 53.4, 25.4, 21.9. Anal. Calcd
for CoHgINO,S: C, 47.22; H, 3.75; N, 2.90. Found:
C, 47.41; H, 3.77; N, 2.76.
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4.15. S-2-(4-Toluenesulfonylamino)-5-[2-(3-hydroxyprop-
1-ynyl)phenyl]pent-4-ynoic acid methyl ester (17)

To a solution of 16 (166.0 mg, 0.34 mmol) in DME
(2.2mL) were added propargyl alcohol (0.040 mL,
0.69 mmol), PdCl,(PPhs); (7.2 mg, 0.01 mmol), and
Cul (3.2 mg, 0.017 mmol) at ambient temperature under
nitrogen. A solution of aqueous ammonia (0.5 M,
1.36 mL, 0.68 mmol) was then added dropwise and the
resulting mixture was stirred at rt for 4 h. The solvent
was then removed in vacuo. The residue was dissolved
in ethyl acetate (30 mL), washed with saturated NH4Cl,
NaHCOs;, and brine sequentially, and then dried over
MgSO,. After concentration, purification on silica gel
(EtOAc/heptane gradient from 1:9 to 5:5) afforded 17
(132.7 mg, 94%) as a clear liquid: '"H NMR ¢ 7.74—
7.66 (m, 2H), 7.38-7.10 (m, 6H), 6.16 (d, J=9.2 Hz,
1H), 4.53 (s, 2H), 4.14 (dt, J=9.1, 47 Hz, 1H), 3.56
(s, 3H), 3.22 (br s, 1H), 2.92 (dd, J=17.0, 4.2 Hz,
1H), 2.84 (dd, J=16.6, 5.2 Hz, 1H), 2.30 (s, 3H). 1*C
NMR ¢ 170.8, 144.1, 137.4, 132.4, 132.2, 130.1 (2C),
128.4, 128.4, 127.5 (20), 125.8, 125.6, 92.3, 87.1, 84.3,
83.5, 54.6, 534, 51.8, 25.5, 21.9. Anal. Calcd for
C,,H,NOsS: C, 64.22; H, 5.14; N, 3.40. Found: C,
63.96; H, 5.32; N, 3.38.

4.16. S-2-(4-Toluenesulfonyl)-1,2,3,4-tetrahydrobenzo]gliso-
quinoline-3-carboxylic acid methyl ester (18)

A 10-mL CEM vial containing a magnetic stir bar was
charged with enediyne 4 (11.8 mg, 0.03 mmol) and
DMF (3 mL), and then sealed. After purging with nitro-
gen and vacuum degassing, I,4-cyclohexadiene
(0.30 mL, 3.1 mmol) was added via syringe. The mixture
was then submitted to microwave irradiation (CEM
Discovery apparatus setting 120 °C, 150 W), and kept
at this temperature for 10 min. The crude reaction mix-
ture was concentrated, and the residue was separated on
silica gel (EtOAc/heptane from 15:85 to 45:55) to afford
compound 18 (10.0 mg, 84%) as a white solid: '"H NMR
0 7.78-7.70 (m, 4H), 7.58 (s, 1H), 7.54 (s, 1H), 7.48-7.40
(m, 2H), 7.25 (overlapped doublet, J = 8.0 Hz, 2H), 5.01
(t, J=5.1Hz, 1H), 4.86 (d, J=15.0, 1H), 4.69 (d,
J=15.6, 1H), 3.52 (s, 3H), 3.38-3.32 (m, 2H), 2.37 (s,
3H). 3C NMR ¢ 171.4, 143.9, 136.3, 132.8, 132.7,
130.6, 129.9 (2C), 129.8, 127.8 (2C), 127.8, 127.6,
127.3, 126.3, 126.3, 125.2, 55.0, 52.7, 45.5, 32.8, 21.8.
HRMS (ES) mi/z: caled for (M+H)" C,,H,,NO,S,
396.1270; found, 396.1272.

4.17. S-2-(Methanesulfonylamino)-5-(2-iodophenyl)pent-
4-ynoic acid methyl ester (23)

Compound 19 (335.2 mg, 1.63 mmol) was coupled with
1,2-diiodobenzene (0.43 mL, 3.27 mmol) under similar
conditions as described for 16 to afford compound 23
(284 mg, 43%) as a light yellow liquid: '"H NMR ¢
7.84 (dd, J=8.0, 0.8Hz, 1H), 7.42 (dd, J=7.7,
1.7 Hz, 1H), 7.31 (ddd, J=7.5, 7.5, 1.0 Hz, 1H), 7.03
(ddd, J=8.0, 8.0, 1.9 Hz 1H), 5.45 (d, /= 9.1 Hz, 1H),
447 (dt, J=9.0, 4.8 Hz, 1H), 3.87 (s, 3H), 3.21-3.02
(m, 2H), 3.09 (s, 3H); '*C NMR § 171.0, 139.0, 133.2,
130.0, 129.5, 128.2, 101.1, 87.3, 86.8, 54.9, 53.6, 42.6,

25.5. Anal. Calcd for C;3sH4INO,S: C, 38.34; H, 3.47,
N, 3.44. Found: C, 38.46; H, 3.16; N, 3.36.

4.18. S-2-(2-Nitrobenzenesulfonylamino)-5-(2-iodophe-
nyl)pent-4-ynoic acid methyl ester (24)

Compound 20 (1.56 g, 5.01 mmol) was coupled with 1,2-
diiodobenzene (1.31 mL, 10.03 mmol) under the similar
conditions as described for 16 to afford 24 (1.58 g, 61%)
as a light yellow liquid: "H NMR 6 8.17-8.08 (m, 1H),
7.93-7.87 (m, 1H), 7.81 (dd, J=8.1, 0.8 Hz, 1H),
7.77-7.66 (m, 2H), 7.38 (dd, J=7.7, 1.7 Hz, 1H), 7.28
(ddd, /=7.5, 7.5, 1.1 Hz, 1H), 7.00 (ddd, J=8.1, 8.1,
1.8 Hz, 1H), 6.54 (d, J=9.0 Hz, 1H), 4.53 (dt, J =9.0,
5.0 Hz, 1H), 3.65 (s, 3H), 3.15 (dd, J=17.2, 4.6 Hz,
1H), 3.07 (dd, J=17.2, 5.1 Hz, 1H). >C NMR 4
169.7, 147.6, 138.6, 134.5, 133.6, 132.9, 132.9, 130.3,
129.5, 129.1, 127.8, 125.6, 100.7, 86.6, 86.4, 55.3, 53.0,
25.0. Anal. Calcd for C|8H151N206SI C, 4204, H,
2.94; N, 5.45. Found: C, 42.25; H, 2.76; N, 5.37.

4.19. S-2-(4-Methoxybenzenesulfonylamino)-5-(2-iodophe-
nyl)pent-4-ynoic acid methyl ester (25)

Compound 25 (1.66 g, 5.60 mmol) was prepared using
the conditions described in the synthesis of 16 in cou-
pling with 1,2-diiodobenzene (1.46 mL, 11.20 mmol) to
afford 25 (1.26 g, 45%) as a white solid: '"H NMR ¢
7.88-7.79 (m, 2H), 7.40-7.25 (m, 2H), 7.05-6.92 (m,
3H), 5.63 (d, J=9.1 Hz, 1H), 4.25 (dt, J=9.1, 4.8 Hz,
1H), 3.87 (s, 3H), 3.68 (s, 3H), 3.02 (dd, J=16.9,
4.3 Hz, 1H), 2.93 (dd, J=17.1, 5.3 Hz, 1H), 2.39 (s,
3H). *C NMR 6 170.5, 163.4, 139.0, 133.2, 132.0,
129.8, 129.8 (2C), 129.7, 128.1, 114.6 (2C), 101.1, 87.4,
86.5, 56.0, 54.6, 53.4, 25.4. Anal. Calcd for CigHgl-
NOsS: C, 45.70; H, 3.63; N, 2.81. Found: C, 45.94; H,
3.71; N, 2.56.

4.20. S-2-(3,4-Dimethoxybenzenesulfonylamino)-5-(2-
iodophenyl)pent-4-ynoic acid methyl ester (26)

According to the procedure described for compound 16,
compound 22 (500.0 mg, 1.52 mmol) was coupled with
1,2-diiodobenzene (0.40 mL, 3.05 mmol) under the sim-
ilar conditions to afford compound 26 (0.97 g, 60%) as a
white solid: "H NMR & 7.83 (d, J=8.2Hz, 1H), 7.53
(dd, J=8.5, 2.1 Hz, 1H), 7.54-7.25(m, 3H), 7.02 (td,
J=7.7, 1.6 Hz, 1H), 6.92 (d, J=8.2 Hz, 1H), 5.67 (d,
J=89Hz, 1H), 4.25 (dt, J=9.0, 4.6 Hz, 1H), 3.94 (s,
3H), 3.92 (s, 3H), 3.70 (s, 3H), 3.02 (dd, J=17.1,
3.9 Hz, 1H), 2.92 (dd, J = 17.3, 5.3 Hz, 1H). '*C NMR
0 170.5, 153.2, 149.6, 139.0, 133.2, 132.0, 129.9, 129.6,
128.2, 121.6, 110.9, 110.1, 101.1, 87.4, 86.6, 56.6, 56.6,
54.6, 53.4, 25.4. Anal. Calcd for C,0H,oINOgS: C,
45.38; H, 3.81; N, 2.65. Found: C, 45.33; H, 3.76; N,
2.61.

4.21. §-2-(Methanesulfonylamino)-5-[2-(3-hydroxyprop-
1-ynyl)phenyl]pent-4-ynoic acid methyl ester (33)

Compound 23 (548.4 mg, 1.35 mmol) was coupled un-
der similar conditions as described for 17 using propar-
gyl alcohol (0.16 mL, 2.70 mmol) to afford compound
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33 (391.3 mg, 87%) as a light yellow liquid: '"H NMR 6
7.47-7.36 (m, 2H), 7.31-7.22 (m, 2H), 595 (d,
J=9.6 Hz, 1H), 4.60 (s, 2H), 4.47 (dt, J=9.4, 4.6 Hz,
1H), 3.84 (s, 3H), 3.20-3.03 (m, 6H); '*C NMR 4
171.5, 132.4, 132.2, 128.5 (2C), 125.7, 125.4, 92.2, 87.1,
84.3, 83.6, 54.9, 53.7, 51.8, 42.3, 25.8. Anal. Calcd for
Ci6H7NOsS: C, 57.30; H, 5.11; N, 4.18. Found: C,
57.14; H, 5.36; N, 3.99.

4.22. S-2-(2-Nitrobenzenesulfonylamino)-5-[2-(3-hydroxy-
prop-1-ynyl)phenyl]pent-4-ynoic acid methyl ester (34)

According to the procedure described for 17, com-
pound 24 (1.87 g, 3.49 mmol) was coupled with propar-
gyl alcohol (0.42 mL, 6.99 mmol) to afford 34 (1.25 g,
79%) as a light yellow liquid: '"H NMR ¢ 8.18-8.09
(m, 1H), 7.91-7.82 (m, 1H), 7.75-7.65 (m, 2H), 7.46—
7.39 (m, 1H), 7.38-7.30 (m, 1H), 7.30-7.20 (m, 2H),
6.68 (d, /=89 Hz, 1H), 4.60-4.47 (m, 3H), 3.66 (s,
3H), 3.14 (dd, J=17.5, 45Hz 1H), 3.06 (dd,
J=17.1, 50 Hz, 1H), 2.88 (br s, 1H). 3*C NMR ¢
170.6, 147.9, 134.8, 134.0, 133.2, 132.5, 132.4, 130.8,
128.5, 128.4, 125.8, 125.8, 125.3, 92.3, 86.6, 84.0, 83.6,
55.6, 53.5, 51.9, 25.4. Anal. Caled for C,;H 3N,O-S:
C, 57.01; H, 4.10; N, 6.33. Found: C, 56.98; H, 3.90;
N, 6.06.

4.23. S-2-(4-Methoxybenzenesulfonylamino)-5-[2-(3-hydro-
xyprop-1-ynyl)phenyl]pent-4-ynoic acid methyl ester (35)

According to the procedure described for 17, compound
25 (190.0 mg, 0.38 mmol) was coupled with propargyl
alcohol (0.044 mL, 0.76 mmol) to afford 35 (140.8 mg,
87%) as a white solid: 'H NMR 6 7.88-7.81 (m, 2H),
7.48-7.39 (m, 1H), 7.38-7.31 (m, 1H), 7.30-7.20 (m,
2H), 6.96-6.89 (m, 2H), 6.18 (d, J=9.4 Hz, 1H), 4.62
(s, 2H), 4.22 (dt, J=9.2, 44 Hz, 1H), 3.84 (s, 3H),
3.67 (s, 3H), 3.25 (s, 1H), 3.01 (dd, J=17.3, 4.1 Hz,
1H), 2.93 (dd, J=17.1, 5.1 Hz, 1H). >*C NMR 6
170.8, 163.4, 132.5, 132.2, 131.9, 129.7 (2C), 1284,
128.4, 125.8, 125.6, 114.6 (2C), 92.3, 87.1, 84.3, 83.5,
56.0, 54.5, 53.4, 51.8, 25.5. Anal. Calcd for
C,H, NOGS: C, 61.81; H, 4.95; N, 3.28. Found: C,
61.63; H, 5.15; N, 3.19.

4.24. S-2-(3,4-Dimethoxybenzenesulfonylamino)-5-[2-(3-
hydroxyprop-1-ynyl)-phenyl]pent-4-ynoic acid methyl ester
(36)

According to the procedure described for 17, compound
26 (945.0 mg, 1.78 mmol) was coupled with propargyl
alcohol (0.21 mL, 3.57 mmol) to afford 36 (810.0 mg,
93%) as a white solid: 'H NMR 6 7.53-7.46 (m, 1H),
7.41-7.35 (m, 2H), 7.34-7.27 (m, 1H), 7.26-7.17 (m,
2H), 6.87-6.82 (m, 1H), 6.40-6.30 (m, 1H), 4.60 (s,
2H), 4.21 (dt, J=9.2, 4.5Hz, 1H), 3.87 (s, 3H), 3.84
(s, 3H), 3.64 (s, 3H), 3.37 (br s, 1H), 2.97 (dd,
J=16.9, 4.1 Hz, 1H), 2.88 (dd, J=17.0, 5.0 Hz, 1H).
3C NMR 6 170.8, 153.1, 149.5, 132.4, 132.1, 132.0,
128.4, 128.3, 125.7, 125.5, 121.5, 110.8, 110.0, 92.3,
87.2, 84.2, 83.4, 56.5, 56.5, 54.6, 53.4, 51.8, 25.4. Anal.
Caled for C,3H»3NO,S: C, 60.38; H, 5.07; N, 3.06.
Found: C, 60.30; H, 4.79; N, 2.79.

4.25. §-2-Acetyl-1,2,3,4-tetrahydrobenzo|glisoquinoline-3-
carboxylic acid methyl ester (37)

According to the procedure described for 18, compound
6 (10.5 mg, 0.037 mmol) was treated with 1,4-cyclohex-
adiene (0.30 mL, 3.2 mmol) and subjected to microwave
irradiation for 60 min at 200 °C. The crude reaction
mixture was concentrated, and the residue was separat-
ed on silica gel (EtOAc/heptane gradient from 20:80 to
70:30) to afford 37 (8.4 mg, 79%) as a sticky clear oil:
'"H NMR (500 MHz, mixture of rotamers) 6 7.82-7.74
(m, 2H), 7.69-7.61 (m, 2H), 7.50-7.42 (m, 2H), 5.36 (t,
J=5.5Hz, 1H), 5.10-4.74 (m, 2H), 3.63 & 3.61 (s, 3H
in total), 3.48-3.23 (m, 2H), 2.29 & 2.15 (s, 3H in total).
HRMS (ES) m/z: caled for (M+H)" C;;H;sNOs,
284.1287; found, 284.1291.

4.26. S-2-Methanesulfonyl-1,2,3,4-tetrahydro-benzo[g]-
isoquinoline-3-carboxylic acid methyl ester (38)

According to the procedure described for 18, compound
7 (9.5 mg, 0.03 mmol) was treated with 1,4-cyclohexadi-
ene (0.28 mL, 3.0 mmol) and subjected to microwave
irradiation for 20 min. The crude reaction mixture was
concentrated, and the residue was separated on silica
gel (EtOAc/heptane gradient from 15:85 to 50:50) to af-
ford 38 (7.8 mg, 82%) as a white solid: '"H NMR & 7.84—
7.75 (m, 2H), 7.68 (s, 1H), 7.64 (s, 1H), 7.52-7.43 (m,
2H), 5.02 (t, J=5.0Hz, 1H), 496 (d, J=15.2Hz,
1H), 4.74 (d, J=15.8 Hz, 1H), 3.67 (s, 3H), 3.48 (d,
J=48Hz 1H), 3.03 (s, 3H). C NMR 4§ 171.8,
132.9, 132.8, 130.3, 129.8, 127.8, 127.7, 127.5, 126.5,
126.4, 125.2, 55.4, 53.0, 45.2, 38.8, 33.0. Anal. Calcd
for C;cH17NO,4S: C, 60.17; H, 5.37; N, 4.39. Found:
C, 60.02; H, 5.60; N, 4.16.

4.27. S-2-(2-Nitrobenzenesulfonyl)-1,2,3,4-tetrahydro-
benzo|glisoquinoline-3-carboxylic acid methyl ester (39)

According to the procedure described for 18, compound
8 (13.7 mg, 0.03 mmol) was treated with 1,4-cyclohex-
adiene (0.28 mL, 3.0 mmol). The crude reaction mixture
was concentrated, and the residue was separated on sil-
ica gel (EtOAc/heptane gradient from 15:85 to 45:55) to
afford 39 (13.5 mg, 98%) as a white solid: '"H NMR o
8.12-8.04 (m, 1H), 7.71-7.53 (m, 6H), 7.51 (s, 1H),
7.40-7.30 (m, 2H), 5.09 (t, J=4.7 Hz, 1H), 4.86 (d,
J=158Hz, 1H), 4.80 (d, J=16.3 Hz, 1H), 3.45 (s,
3H), 3.45-3.41 (m, 2H). '3C NMR & 170.7, 148.0,
133.7, 132.5, 132.4, 132.3, 131.7, 131.1, 129.2, 128.9,
127.3, 127.3, 127.2, 126.1, 126.0, 124.8, 124.3, 55.0,
52.5, 45.1, 32.3. HRMS (ES) mi/z: caled for (M+H)"
Co1H9N,06S: 427.0964, found 427.0967.

4.28. S-2-(4-Methoxybenzenesulfonyl)-1,2,3,4-tetrahydro-
benzo|glisoquinoline-3-carboxylic acid methyl ester (40)

According to the procedure described for 18, compound
9 (12.3 mg, 0.03 mmol) was treated with 1,4-cyclohex-
adiene (0.28 mL, 3.0 mmol). The crude reaction mixture
was concentrated, and the residue was separated on sil-
ica gel (EtOAc/heptane gradient from 15:85 to 45:55) to
afford compound 40 (11.9 mg, 96%) as a white solid: 'H
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NMR 6 7.73-7.67 (m, 2H), 7.67-7.61 (m, 2H), 7.48 (s,
1H), 7.44 (s, 1H), 7.38-7.31 (m, 2H), 6.85-6.78 (m,
2H), 4.89 (t, J=5.3 Hz, 1H), 4.76 (d, J = 15.5 Hz, 1H),
4.58 (d, J=15.3Hz, 1H), 3.72 (s, 3H), 3.44 (s, 3H),
3.26 (d, J=5.3Hz, 2H). >C NMR ¢ 171.1, 163.0,
132.4, 132.3, 130.5, 130.3, 129.5 (2C), 129.5, 1274,
127.2, 126.8, 125.9, 125.9, 124.8, 114.0 (2C), 55.5, 54.6,
52.4, 45.1, 32.4. Anal. Caled for CyH, NOsS: C,
64.22; H, 5.14; N, 3.40. Found: C, 64.03; H, 5.46; N,
3.03.

4.29. S-2-(3,4-Dimethoxybenzenesulfonyl)-1,2,3,4-tetrahy-
dro-benzo|glisoquinoline-3-carboxylic acid methyl ester (41)

According to the procedure described for 18, compound
10 (13.4 mg, 0.03 mmol) was treated with 1,4-cyclohex-
adiene (0.28 mL, 3.0 mmol). The crude reaction mixture
was concentrated, and the residue was separated on silica
gel (EtOAc/heptane gradient from 15:85 to 45:55) to af-
ford 41 (13.4 mg, 100%) as a white solid: '"H NMR 6
7.79-7.70 (m, 2H), 7.58 (s, 1H), 7.55 (s, 1H), 7.49 (dd,
J=8.8, 23Hz, 1H), 7.47-740 (m, 2H), 7.31 (d,
J=25Hz, 1H), 6.86 (d, J=82Hz, 1H), 497 (t,
J=53Hz, 1H), 4.86 (d, J=15.5Hz, 1H), 4.68 (d,
J=16.2 Hz, 1H), 3.89 (s, 3H), 3.85 (s, 3H), 3.56 (s, 3H),
3.35 (d, J=5.1Hz, 2H). >*C NMR ¢ 171.2, 152.7,
149.0, 132.5, 132.3, 130.5, 130.4, 129.5, 127.3, 127.2,
126.8, 126.0, 126.0, 124.7, 121.5, 110.4, 109.9, 56.1, 56.1,
54.7, 52.4, 45.2, 32.3. Anal. Calcd for C,3H»3NOgS: C,
62.57; H, 5.25; N, 3.17. Found: C, 62.52; H, 5.57; N, 2.83.

4.30. S-2-Benzyloxycarbonylamino-5-(2-iodophenyl)pent-
4-ynoic acid (43)

According to the procedure described for 16, compound
42 (1.21 g, 4.89 mmol) was coupled with 1,2-diiodoben-
zene (0.77 mL, 5.86 mmol). Purification of the product
on silica gel (EtOAc/AcOH gradient from 100:0 to
200:1) afforded 43 (1.21 g, 55%) as a light yellow liquid:
'"H NMR 6 10.88 (br s, 1H), 7.78 (d, J = 7.8 Hz, 1H),
7.45-7.30 (m, 6H), 7.26 (t, J = 7.7 Hz, 1H), 6.97 (td,
J =175, 1.3Hz, 1H), 591 (d, J = 8.4 Hz, 1H), 5.23-
5.12 (m, 2H), 4.73 (dt, J = 8.4, 4.7 Hz, 1H), 3.21-3.02
(m, 2H). *C NMR (100 MHz) § 175.6, 156.4, 139.0,
136.4, 133.2, 129.8, 129.7, 129.0 (2C), 128.6, 128.5
(2C), 128.1, 101.3, 87.9, 86.5, 67.7, 52.8, 24.0. Anal.
Calcd for CioHisINO4: C, 50.80; H, 3.59; N, 3.12.
Found: C, 50.94; H, 3.58; N, 2.87.

4.31. S,5-2-Benzyloxycarbonylamino-5-[2-(4-tert-butoxy-
carbonylamino-4-(methylcarbamoyl)-but-1-ynyl)phenyl]pent-
4-ynoic acid (45)

According to the procedure described for compound 17,
compound 43 (188.9 mg, 0.42 mmol) was treated with
44 (190.2mg, 0.84 mmol), PdCl,(PPh3), (8.8 mg,
0.013 mmol), Cul (4.0 mg, 0.021 mmol), and NHj;
(0.5M, 2.5mL). Purification on HPLC (MeCN/H,O
gradient from 40:60 to 60:40) afforded compound 45
(0.16 gm, 69%) as a white solid. "H NMR (500 MHz,
DMSO-dg, 65 °C, mixture of rotamers) 6 7.71-7.62 (m,
1H), 7.41-7.22 (m, 9H), 6.70-6.40 (br s, 1H), 5.07 (s,
2H), 4.30 (td, J=28.3, 5.4 Hz, 1H), 4.22-4.13 (m, 1H),

3.02 (d, J=6.28 Hz, 0.2H), 2.98 (dd, J=17.1, 5.5 Hz,
1H), 2.90 (dd, J =16.7, 8.2 Hz, 1H), 2.85 (dd, J = 16.9,
5.6 Hz, 1H), 2.75 (dd, J=17.0, 7.9 Hz, 1H), 2.71 (d.
J=48Hz, 0.3H), 2.62 (d, J=49 Hz, 2.7H), 1.37 (s.
9H) HRMS (ES) m/z: caled for (M+H)+ C30H34N307,
548.2397; found, 548.2384.

4.32. §,5-(8-Methylcarbamoyl-10-0x0-7,8,9,10,11,12-hexa-
hydro-9-azabenzocyclododec-5,13-diyn-11-yl)-carbamic acid
benzyl ester (11)

To a stirred solution of 45 (186.0 mg, 0.34 mmol) in
methanol was added thionyl chloride (0.1 mL) at
0 °C. The mixture was stirred at ambient temperature
for overnight and then concentrated. The residue was
dissolved in satd Na,CO; (10 mL) and extracted with
CH,Cl, (20 mL) three times. The combined organic
phase was dried over MgSO, and concentrated. Trim-
ethylaluminum (0.29 mL, 0.58 mmol, 2.0 M in hexane)
was added dropwise to the resulting free amine in
CH,Cl, (34 mL) at 0 °C. The mixture was then stirred
under reflux for 24 h. The reaction was quenched by
slow addition of aqueous HCI (0.5M, 10mL) at
0 °C. The aqueous solution was extracted with CH,Cl,
(34 mL) three times. The combined organic phase was
dried over MgSO, and concentrated. The residue was
separated by reverse phase HPLC (gradient in
CH;CN/H,O from 40:60 to 80:20) to give 11 (54 mg,
37%) as a white solid. '"H NMR (DMSO-d;) 6 8.51
(d, J=8.0Hz, 1H), 7.88 (d, J=49Hz, 1H), 7.72-
7.63 (m, 1H), 748-726 (m, O9H), 5.13 (d,
J=12.5Hz, 1H), 5.04 (d, J=12.3 Hz, 1H), 4.36 (q,
J=78Hz, 1H), 4.254.14 (m, 1H), 3.03 (dd,
J=17.5, 42Hz, 1H), 298 (d, J=7.8 Hz, 2H), 2.79
(dd, J=17.1, 6.0 Hz, 1H), 2.58 (d, J=4.4 Hz, 3H).
13C NMR (100 MHz) & 169.9, 169.8, 156.5, 136.5,
131.1, 130.5, 128.4 (2C), 128.1, 128.0, 127.9, 127.8
(20), 126.0, 125.6, 91.7, 89.7, 81.7, 81.4, 66.0, 54.9,
519, 25.7, 22.7, 21.5. Anal. Calcd for C,sH,3N304:
C, 69.92; H, 5.40; N, 9.78. Found: C, 69.68; H,
5.15; N, 9.68.

4.33. §,5-(8-Methylcarbamoyl-10-0x0-7,8,9,10,11,12-hexa-
hydro-9-aza- benzocyclododec-13-yn-5-cis-ene-11-yl)car-
bamic acid benzyl ester (47)

Photolysis experiments were carried out with a Rayo-
nette photochemical reactor with a carousel unit
equipped with eight 3000 A lamps (RMR-600). A solu-
tion of 11 (12.0 mg, 0.028 mmol) and 1,4-cyclohexadi-
ene (0.26 mL) in degassed DMF (2.8 mL) in a quartz
reaction vessel (15mL) was irradiated for 6 h. The
crude reaction mixture was concentrated, and the resi-
due was separated on a reverse phase HPLC (MeCN/
H,O gradient from 10:90 to 90:10) to afford 47
(7.0 mg, 58%) as a white solid: '"H NMR (500 MHz,
DMSO-ds, 75°C) 6 7.64-7.52 (br, 2H), 7.44-7.39 (m,
2H), 7.38-7.34 (m, 4H), 7.34-7.28 (m, 2H), 7.28-7.23
(m, 1H), 7.05 (d, J =7.5 Hz, 1H), 6.42 (d, J=11.2 Hz,
1H), 573 (dd, J=10.1, 50Hz, 1H), 571 (dd,
J=11.2, 5.1 Hz, 1H), 5.07 (s, 2H), 4.56 (td, J=9.3,
2.5Hz, 1H), 4.17 (dt, J=6.7, 4.3 Hz, 1H), 2.94 (dd,
J=17.0, 4.6 Hz, 1H), 2.65 (dd, J=16.9, 4.1 Hz, 1H),
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2.59 (d, J =4.6 Hz, 3H), 2.39-2.31 (m, 1H), 2.13-2.01
(m, 1H). 3C NMR (125 MHz, CDCls, 75 °C) 6 170.4,
168.6, 155.4, 140.5, 136.3, 130.7, 129.8 (2C), 128.0,
127.8 (3C), 127.4, 127.3, 127.1, 126.2, 121.6, 89.6,
83.1, 65.5, 55.1, 51.1, 32.8, 25.0, 22.9. HRMS (ES) m/
z: caled for (M+H)" CysHyeN304, 432.1923; found,
432.1928.

4.34. S,5-16,18-Dioxo-15,17-diaza-tricyclo[13.2.1.0%'°]-
octadeca-5(10),6,8-triene-3,11-diyne-14-carboxylic acid
methylamide (48)

A 10-mL CEM vial containing a magnetic stir bar was
charged with enediyne 11 (4.0 mg, 0.0093 mmol) and
DMF (2 mL), and then sealed. After purging with nitro-
gen and vacuum degassing, 1,4-cyclohexadiene
(0.10 mL) was added into the system via syringe, and
the mixture was stirred at 120 °C in an oil bath for 2
days. The crude reaction mixture was concentrated,
and the residue was separated on silica gel (EtOAc/
methanol gradient from 100:0 to 90:10) to afford 48
(2.1 mg, 70%) as a white solid: "H NMR & 7.45-7.34
(m, 2H), 7.32-7.23 (m, 2H), 6.78-6.68 (m, 1H), 6.41
(br s, 1H), 4.95 (dd, J=12.3, 5.2 Hz, 1H), 4.46 (br s,
1H), 3.78 (dd, J=17.2, 129Hz, 1H), 3.22 (dd,
J=17.2, 49 Hz, 1H), 3.14 (dd, J=17.7, 2.5 Hz, 1H),
2.84 (d, J=4.6 Hz, 3H), 2.76 (dd, J=17.9, 4.1 Hz,
1H). '3C NMR ¢ 173.1, 168.7, 157.9, 131.9, 131.8,
128.7, 128.5, 126.3, 125.8, 89.2, 86.8, 83.2, 82.5, 56.8,
53.8, 27.2, 22.8, 20.5. The structure assignment for 48
was based upon extensive 2-D NMR analysis. For
example, an HMBC study revealed a three-bond corre-
lation between the 2-carbonyl on the hydantoin ring
with both of the amino acid a-hydrogens. HRMS (ES)
mlz: caled for (M+H)™ C;sH cN303: 322.1192, found:
322.1188.

4.35. DNA nicking study with enediyne 4

The compound was dissolved in 100% DMSO and
diluted to the concentrations listed in Figure 3. The
¢$X174 RF I DNA (1 pg) was incubated with various
of the compound solutions at the room temperature
for 24 h and then separated on a 1% agarose gel con-
taining ethidium bromide. The DNA bands were visu-
alized using a UV transluminator, and the image was
obtained by a digital gel doc camera (8400 Fluor-
Chem, CA) and processed using Adobe Photo Deluxe
1.1.

4.36. BSA cleavage experiment with enediyne 11

Enediyne 11 (100 uM, 10 pL) was mixed with BSA (10%
in H,O, 5uL) and DMSO (50% in H,O, 85 uL). The
mixture was irradiated by UV at ambient temperature
for 1 h and then submitted for SELDI-MS analysis.
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Abstract—Retinoidal y-hydroxybutenolides 2a-d having various lengths of conjugated double bond were prepared in three steps
from the corresponding aldehyde 4. Their biological activities were then measured. Of these compounds, only compound 2¢ pos-
sessing a structure similar to that of retinoic acid showed differentiation-inducing activity and very strong apoptosis-inducing activ-

ity in HL-60 cells.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

A number of retinoids as chemopreventive and chemo-
therapeutic agents have been reported to exhibit potent
activities in the inhibition of uncontrolled cell growth,
induction of apoptosis, and promotion of differentiation
in cancer cells.! Natural retinoids, such as all-trans reti-
noic acid (ATRA) and 9-cis retinoic acid (9CRA), exert
their biological action through their binding to and acti-
vation of specific retinoic acid nuclear receptors (RARS)
and retinoid X nuclear receptors (RXRs); these recep-
tors, when formed, complex with the ligand and bind
to retinoid response clements (RAREs and RXREs),
modulating gene expression.> On the other hand, some
novel retinoid-related compounds display immense po-
tential as therapeutic agents in tumor treatment.’ Some
of them do not fit into the classical concept of ligand—
receptor interaction, but exert a growth-regulatory or
apoptogenic activity that is not receptor-mediated.*

Previously, one of the authors had found?® that the novel
retinoidal y-hydroxybutenolide 1 and its analogues
containing compound 2a had an inhibitory effect on

Keywords: y-Hydroxybutenolides; Retinoic acid; Apoptosis-inducing

activity; Differentiation-inducing activity.

* Corresponding authors. Tel.: +81 78 441 7561; fax: +81 78 441 7562
(Y.Y.); e-mail: y-yamano@kobepharma-u.ac.jp

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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the DNA synthesis of mouse neuroblastoma N18TG-2
cells. As shown in Figure 1, y-hydroxybutenolide 1 is
the equivalent of a formyl carboxylic acid 1’, which
has a structure similar to that of retinoic acid having a
formyl group at the C-13 position. During this time,
we synthesized y-hydroxybutenolides 2a-d having vari-
ous lengths of conjugated double bond and investigated
their biological activities in human promyelocytic leuke-
mia (HL-60) cells.

2. Chemistry

Known compounds 2a and 2b (Fig. 1) were obtained by
a method previously reported.® Related compounds 2¢
and 2d were synthesized, according to the method® with
modifications as shown in Scheme 1.

Aldol condensation of the aldehydes 4¢’ and 4d’ with
pyruvic aldehyde dimethyl acetal using sodium hydride
as a base afforded the acetal-ketones 5¢ (93%) and 5d
(84%), respectively. Emmons—Horner reaction of these
ketones with triethyl phosphonoacetate in the presence
of n-BuLi gave isomeric mixtures (2E:2Z ~2:3) of esters
6¢ (81%) and 6d (79%), respectively, which without sep-
aration were treated with aqueous 30% H,SO,4 and a
catalytic amount of iodine in refluxing 1,4-dioxane. In
these reactions, hydrolysis, isomerization of the double
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CHO
9 3
WC% A COZH

al-transretinoic acid (ATRA) 1'
R
Q 22 R=OH n=1 2d: R=OH n=4
T 70 2b:R=OHn=2 3:R=Hn=3
2¢: R=OH n=3
Figure 1. Chemical structures of retinoic acid and butenolides 1, 2a-d, and 3.
MeO/\\EOMe MeO_ _OMe
o o NS0 (E0),P(0)CH,CO,E
_—— >
NaOH / MeOH n-BuLi
4c: m=2 5c. m=2
4d: m=3 5d: m=3
MeO_ __OMe
30% H,SO,4
T CO2Et cat. I
——— > 2cand2d
dioxane / 110°C
6c: m=2
6d: m=3

Scheme 1. Synthesis of compounds 2¢ and 2d.

bond at C-2 position in 6¢ and 6d, and cyclization took
place in one pot to give y-hydroxybutenolides 2¢ (42%)
and 2d (16%), respectively.

3. Biological evaluation

Butenolides were initially tested for their apoptosis- and
differentiation-inducing activities in HL-60 cells. As
shown in Figure 2A, the y-hydroxybutenolides 2c,
including the same conjugated double bond chain as
ATRA, exhibited an approximately 3-fold higher apop-
tosis-inducing activity than those of ATRA and 9CRA,
while other butenolides were v1rtua11y inactive. The
apoptosis-inducing potency of 2¢ at 10~° M was almost
compatible to that of staurosporine, a well-known po-
tent inducer of apoptosis in HL-60 cells (data not
shown). Like staurosporine, 2¢ began to induce apopto-
sis at 6 h and reached the maximum at 12 h after the
treatment, while those activities of ATRA and 9CRA
showed up at 48 h and became prominent at 72 h after
the treatment (data not shown). It is interesting to note
that the induction of apoptosis by 2¢ was not dose
dependent and 2¢ displayed a very narrow apoptosis-in-
ducing wmdow such as that inducible at a concentration
of 4x 107" M or hlgher and non-inducible at a concen-
tration of 2 x 10~" M or lower, as shown in Figure 2B.
These results suggest that the mechanism by which 2c
induces apoptosis of HL-60 cells may be different from
a RAR/RXR-mediated differentiation mechanism. Since

compound 3, which does not have any hydroxy group at
the y-position, completely lacked the apoptosis-inducing
ability and other butenolides 2a, 2b, and 2d, which have

>
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N @'

Control ATRA 9CRA 2a

Apoptosis(%)

[oe]
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Figure 2. Effect of butenolides on apoptosis. (A) Percentage of apoptosis
peak in culture of HL-60 cells treated with vehicle, ATRA, 9CRA, or
butenolides 2a—d and 3 at 107° M. (B) Dose-response columns for
v-hydroxybutenolide 2¢ induced apoptosis in cultured HL-60 cells.
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different lengths of conjugated double bond, also lacked
this ability, the apoptosis-inducing mechanism by 2c is
probably highly structure specific.

To examine the differentiation-inducing activity of bute-
nolides, cell surface CD11b antigen expression as a
marker of granulocyte/monocyte/macrophage differenti-
ation and CD14 antigen expression, as a marker of
monocyte-associated antigen, were measured. As shown
in Figure 3, both ATRA and 9CRA induced CDI1b
antigen expression in a dose-dependent manner but
failed to induce CD14 antigen expression, while 2¢ in-
duced both CD11b and CDI14 antigen expression at
10-° M. Other butenolides had no effect on both anti-
gens expression. These results are consistent with the re-
sults of apoptosis-inducing activity, suggesting again
that 2¢ modulates HL-60 cell apoptosis and differentia-
tion in a manner independent from RAR/RXR signaling
pathway.

To investigate the mechanism by which 2¢ modulates
apoptosis and differentiation of HL-60 cells and whether
RAR or RXR is involved in this process, we generated
reporter plasmids including a human RARP gene
RARE or a rat CRABP II gene RXRE and measured
the transactivation activity of butenolides in the
MG-63 cells. As shown in Figure 4, both ATRA and
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9CRA at 107® M remarkably enhanced RARB/RARE-
mediated gene expression, while all the butenolides,
including 2¢, had no such effect. The result suggests that
the induction of CDI11b and CD14 antigen expression
by 2¢ may be regulated by a RAR/RARE-independent
mechanism. As shown in Figure 5, 9CRA was the most
potent modulator of RXRo/RXRE-mediated gene
expression among the compounds tested and ATRA
was approximately half as potent as 9CRA. Interesting-
ly, butenolides, 2¢ and 3, also induced RXRa/RXRE-
mediated gene expression. As mentioned above, com-
pound 3 lacked the ability to induce HL-60 cell
apoptosis and differentiation. To examine the binding
potency of butenolides to RXRa protein, we conducted
an in-cell binding assay using a human RXRa-GAL4
reporter plasmid in MG-63 cells. As shown in Figure
6, ATRA and 9CRA exhibited similar RXRa-binding
potencies, as observed in enhancing RXRa/RXRE-med-
iated gene expression, as shown in Figure 5. The RXRa-
binding affinities of butenolides 2¢ and 3 was found to
be approximately 1.3-fold higher, but not statistically
significant, than those of control (ethanol). Based on
these RAR/RXR transactivation properties of buteno-
lides, compounds 2¢ and 3, having the same length of
conjugated double bond chain as ATRA, appear to con-
serve the basic property to bind RXR and weak potency
to modulate RXR/RXRE-mediated gene expression. In

107 10 107 10°¢

Concentration (M)

Figure 3. Effect of ATRA, 9CRA, and butenolides 2a-d and 3 on cell surface CD11b antigen (A) and CD14 antigen (B) in HL-60 cells.

Control ATRA 9CRA  2a 2b 2c 2d 3

Figure 4. Transcriptional potency of ATRA, 9CRA, and butenolides
2a-d and 3 (107® M) on human RARB gene RARE in MG63 cells.
TP <0.001.

Fold induction

Control ATRA 9CRA 2a 2b 2¢ 2d 3

Figure 5. Transcriptional potency of ATRA, 9CRA, and butenolides
2a-d and 3 (107 M) on rat CRABP II gene RXRE in MG63 cells.
TP <0.001.
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Fold induction
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Control ATRA 9CRA 2a 2b 2c 2d 3

Figure 6. Transcriptional potency of ATRA, 9CRA, and butenolides
2a-d and 3 (107°M) on human RXRo-GAL4 expression gene in
MG63 cells. P < 0.001.

addition, the present study clearly indicates that, besides
apoptogenic activity, 2¢ has a unique property of differ-
entiating HL-60 cells into monocytes through a unique
mechanism that did not involve retinoid nuclear recep-
tors. At present, we have no explanation on the details
of this nuclear receptor-independent mechanism; how-
ever, there are a number of studies supporting a retinoid
receptor-independent mechanism of apoptosis and
differentiation induction in various cancer cell lines
(see References).

Hsu et al.** reported that CD437, a novel atypical reti-
noid  6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphtha-
lene carboxylic acid, inhibits the proliferation of a
ATRA-resistant leukemic cell line HL-60R, a virtually
RAR-negative cell line, and induces apoptosis within
2 h after the treatment both by cleavage and activation
of the CPP32 protease, and cleavage of poly(ADP-
ribose) polymerase, followed by the cleavage of bcl-2
and internucleosomal DNA degradation. Since CD437
does not bind to or transactivate RAR and RXR, the
mechanism by which CD437 mediates its action seems
to be independent from a RAR/RXR-dependent signal-
ing pathway. How CD437 mediates its action remains to
be fully defined, although there could be several possible
mechanisms raised by speculating that CD437 activates
mitochondrial apoptogenic signaling pathway,® death
receptor pathway,’ and transcription factors related to
proliferation and apoptosis.!°

Retinoylation, namely retinoic acid acylation, can be
another possible candidate to explain about this RAR/
RXR-independent mechanism.!! Takahashi et al.'l
reported that vimentin, an intermediate filament pro-
tein, was the most prominent retinoylated protein in
HL-60 cells and the extent of this retinoylation depends
on the initial concentration of ATRA in a saturable
manner. Furthermore, the concentration—effect relation-
ship for ATRA-induced differentiation and for retinoy-
lation was similar. They also found that different
retinoylated proteins in various cell types are consistent
with the pleiotropic effects of ATRA. Based on this find-
ing, compound 2¢ may serve to retinoylate vimentin or
other proteins, resulting in inducing apoptosis and
differentiation in HL-60 cells.

In summary, we have synthesized retinoidal butenolides,
and evaluated their apoptogenic and differentiation-
inducing effects on HL-60 cells. Among them, 2¢ was

found to possess a unique RAR/RXR-independent bio-
logical property, although the mechanism by which 2¢
mediates its action remains to be defined. Chemotherapy
has been highly effective in inducing remission in acute
myelogenous leukemia. ATRA has been found to be
effective for the treatment of a patient with acute promy-
elocytic leukemia. However, there are several limitations
on the long-term use of ATRA for chemotherapy. They
involve rapid metabolic clearance and side effects includ-
ing skeletal abnormalities, mucocutaneous toxicity,
hyperglyceridemia, hypothyroidism, and teratogenesis.
Like 2¢, retinoids lacking RAR/RXR-mediated signal-
ing pathway would be a unique and useful candidate
for development of cancer chemotherapeutic agents.

4. Experimental
4.1. General methods

Melting points (mp) were measured on a micro melting
point apparatus (Yanagimoto) and are uncorrected. UV
spectra were recorded on a JASCO Ubest-55 instru-
ment. IR spectra were measured on a Perkin—Elmer
FT-IR spectrometer, model Paragon 1000. '"H NMR
spectra were determined on a Varian Gemini-300 or a
Varian VXR-500 superconducting FT-NMR spectrome-
ter and the chemical shifts were referenced to tetrameth-
ylsilane. Mass spectra were taken on a Hitachi M-4100
spectrometer. Column chromatography (CC) was per-
formed on silica gel (Merck Art. 7734).

4.1.1. Preparation of ketones 5c and 5d. To a solution of
the aldehyde 4¢’ (1.02 g, 6.46 mmol) and pyruvic alde-
hyde dimethyl acetal (1.52g, 12.9 mmol) in MeOH
(2 mL) was added NaOH (1.0 M in MeOH; 0.5 mL) at
rt and the mixture was stirred for a further 30 min. After
being quenched with saturated aq NH4Cl, the mixture
was extracted with AcOEt. The extracts were washed
with brine, dried, and evaporated. The resulting crude
product was purified by CC (AcOEt/hexane, 1:3) to pro-
vide the ketone Sc (1.55 g, yield: 93%) as pale yellow
crystals. Compound 5d was similarly prepared (yield:
84%) from the aldehyde 4d.”

(3E,5E,TE)-1,1-Dimethoxy-8-phenylocta-3,5,7-trien-2-
one (5¢): Mp 46-47°C (from ether/hexane); IR
Vmax(CHCI3) em™': 1687, 1600, 1580, 1567; '"H NMR
(300 MHz, CDCl3) ¢: 3.43 (6H, s), 4.69 (1H, s), 6.47
(1H, dd, J =14, 11.5 Hz), 6.52 (1H, d, J =15 Hz), 6.76
(1H, d, J=15Hz), 6.81 (1H, dd, J=15, 10 Hz), 6.90
(1H, dd, J=15, 10 Hz), 7.27 (1H, t, J=7 Hz), 7.34
(2H, t, J=7Hz), 7.44 (2H, d, J=7 Hz), 7.50 (1H, dd,
J =15, 11.5 Hz). UV Anax(EtOH) nm: 364; EI-MS mi/z:
258.1262 (Calcd for C;¢H503: 258.1255).

(3E,5E,7E,9F)-1,1-Dimethoxy-10-phenyldeca-3,5,7,9-
tetraen-2-one (5d): Mp 80-81°C (from EtOH); 'H
NMR (300 MHz, CDCls) o: 3.42 (6H, s), 4.68 (1H, s),
6.41 (1H, dd, J=15, 11.5Hz), 6.44 (1H, dd, J =15,
11 Hz), 6.49 (1H, d, J = 15.5 Hz), 6.61 (1H, dd, J =15,
10.5Hz), 6.68 (1H, d, J=15.5Hz), 6.75 (1H, dd,
J=15, 11 Hz), 6.87 (1H, dd, J=15.5, 10.5Hz), 7.25
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(1H, t, J=7Hz), 733 2H, t, J=7Hz), 742 (2H,
d, J=7Hz), 747 (1H, dd, J=15.5, 11.5 Hz); UV .«
(EtOH) nm: 390; EI-MS m/z: 284.1426 (Calcd
for Ci;gH»905: 284.1412); Anal. Caled for C;gH,0s5:
C, 76.03; H, 7.09. Found: C, 75.78; H, 7.22.

4.1.2. Preparation of esters 6¢ and 6d. A solution of n-
BuLi (1.58 M in hexane; 5.78 mL) was added to a stirred
solution of ethyl (diethoxyphosphoryl)acetate (2.00 g,
8.93 mmol) in dry THF (25 mL) at 0 °C and the mixture
was stirred for a further 15 min. To this mixture was
added dropwise a solution of the ketone 5¢ (1.52 g,
5.89 mmol) in dry THF (10 mL) at 0 °C and the mixture
was heated for 1 h at 50 °C. After being quenched with
saturated aq NH4Cl, the mixture was extracted with
AcOEt. The extracts were washed with brine, dried,
and evaporated. The resulting crude product was puri-
fied by CC (THF/hexane, 1:4) to provide an isomeric
mixture (E/Z ~2:3) of the ester 6¢ (1.57 g, yield: 81%).
Purification of a part of the isomeric mixture by pre-
parative HPLC [LiChrosorb Si 60 (7 um) 1.0 x 30 cm;
AcOEt/hexane, 12:88] provided each pure isomer as
yellow solids. Compound 6d was similarly prepared
(yield: 79%) from the ketone 5d.

Ethyl (2E,4E,6E,8E)-3-(dimethoxymethyl)-9-phenylno-
na-2.4,6,8-tetraenoate (E-6¢): IR vy.(CHCl;) cm™':
1703, 1622, 1598, 1583. 'H NMR (300 MHz, CDCls)
o: 1.31 (3H, t, J=7Hz), 3.32 (6H, s), 421 (2H, q,
J=7Hz), 5.14, 6.08 (each 1H, s), 6.48 (1H, dd,
J=14.5, 10.5Hz), 6.59 (1H, dd, J=14.5, 10.5 Hz),
6.62 (1H, d, J=155Hz), 6.88 (1H, dd, J=15.5,
10.5 Hz), 6.97 (1H, dd, J=15.5, 10.5 Hz), 7.23 (1H, t,
J=75Hz), 732 2H, t, J=7.5Hz), 742 (2H, d,
J=7.5Hz), 7.62 (1H, d, J = 15.5 Hz). UV A,.(EtOH)
nm: 367. EI-MS m/z: 328.1682 (Calcd for CyoH»404:
328.1674).

Ethyl (2Z,4E,6E,8E)-3-(dimethoxymethyl)-9-phenylno-
na-2,4,6,8-tetracnoate (Z-6¢): IR v,.x(CHCly) cem” L
1702, 1612, 1598, 1579. 'H NMR (300 MHz, CDCl5)
o: 1.31 (3H, t, J=7Hz), 347 (6H, s), 4.19 (2H, q,
J=7Hz), 6.04, 6.18 (each 1H, s), 6.25 (1H, d,
J=15.5Hz), 6.40 (1H, dd, J=14.5, 11 Hz), 6.57 (1H,
dd, J=14.5, 11 Hz), 6.62 (1H, d, J=15.5Hz), 6.85
(1H, dd, J=15.5, 11 Hz), 7.11 (1H, dd, J=15.5,
11 Hz), 7.23 (1H, t, J=7Hz), 7.32 (2H, t, J =7 Hz),
7.41 2H, d, J=7Hz). UV A (EtOH) nm: 367. EI-
MS m/z: 328.1680 (Calcd for CyoH»404: 328.1674).

Ethyl (2E,AE,6E,8E,10E)-3-(dimethoxymethyl)-11-
phenylundeca-2,4,6,8,10-pentaenoate (E-6d): IR
Vmax(CHCL3) em™!: 1702, 1613, 1600, 1567. '"H NMR
(500 MHz, CDCls) 6: 1.30 (3H, t, J =7 Hz), 3.32 (6H,
s), 4.20 (2H, q, J =17 Hz), 5.13, 6.06 (each 1H, s), 6.42
(1H, dd, J=15, 10.5Hz), 643 (1H, dd, J=14.5,
10 Hz), 6.48 (1H, dd, J=14.5, 10 Hz), 6.51 (1H, dd,
J=15,10Hz), 6.61 (1H, d, J = 15.5 Hz), 6.87 (1H, dd,
J=15.5, 10 Hz), 6.95 (1H, dd, J =16, 10.5 Hz), 7.22
(1H, t, J=7.5Hz), 7.32 2H, t, J=7.5Hz), 7.41 (2H,
d, J=17.5Hz), 7.60 (1H, d, J = 16 Hz). UV A,,..(EtOH)
nm: 389. EI-MS m/z: 354.1835 (Caled for CyH»Oy4:
354.1829).

Ethyl (2Z,AE,6E8E,10E)-3-(dimethoxymethyl)-11-
phenylundeca-2,4,6,8,10-pentaenoate (Z-64d): IR
Vmax(CHCL;) em™': 1702, 1594, 1565. 'H NMR
(500 MHz, CDCls;) 6: 1.31 (3H, t, J =7 Hz), 3.46 (6H,
s), 4.19 (2H, q, J =7 Hz), 6.02, 6.18 (each 1H, s), 6.23
(1H, d, J=15.5Hz), 6.33 (1H, dd, J =15, 11 Hz), 6.41
(1H, dd, J=14.5, 10.5Hz), 6.48 (1H, dd, J=14.5,
10 Hz), 6.49 (1H, dd, J=15, 10.5Hz), 6.60 (1H, d,
J=15.5Hz), 6.85 (1H, dd, J=15.5, 10 Hz), 7.09 (1H,
dd, J=15.5, 11 Hz), 7.22 (1H, t, J= 7.5 Hz), 7.31 (2H,
t, J=7.5Hz), 7.40 2H, d, J = 7.5 Hz). UV A,..(EtOH)
nm: 388. EI-MS m/z: 354.1831 (Calcd for CyH»Oy4:
354.1829).

4.1.3. Preparation of y-hydroxybutenolides 2c and 2d. To
a solution of the ester 6¢ (661 mg, 2.02 mmol) in dioxane
(6 mL) were added aq 30% H,SO4 (2 mL) and 1, (2 mg),
and the mixture was refluxed for 1 h. After cooling, the
reaction mixture was diluted with ether, washed with
brine, dried, and evaporated. The residue was purified
by CC (acetone/hexane, 3:7) to give the butenolide 2c
(217 mg, yield: 42%) as yellow solids. Compound 2d
was similarly prepared (yield: 16%) from the ester 6d.

5-Hydroxy-4-[(1 E,3E,5E)-6-phenylhexa-1,3,5-trienyl]-
2(5H)-furanone (2¢): Mp 185-187 °C (from acetone/hex-
ane). IR vpax(nujol) em™': 3269, 3165, 1732, 1711. 'H
NMR (500 MHz, acetone-dy) o: 2.86 (1H, s), 6.02 (1H,
s), 6.36 (1H, s), 6.59 (1H, d, J=15.5Hz), 6.61 (1H,
dd, J=15, 11 Hz), 6.80 (1H, dd, J=15, 11 Hz), 6.82
(1H, d, J=15.5Hz), 7.08 (1H, dd, J=15.5, 11 Hz),
7.13 (1H, dd, J=15.5, 11 Hz), 7.28 (1H, t, J = 7.5 Hz),
7.36 (2H, t, J=7.5Hz), 7.53 (2H, d, J=7.5Hz). UV
Amax(EtOH): 368 nm. UV  1,.«(THF): 368 nm (e
61,000). EI-MS m/z: 254.0942 (Calcd for C;¢H405:
254.0942).

S-Hydroxy-4-[(1E,3E,5E,7E)-8-phenylocta-1,3,5,7-tet-
raenyl]-2(5 H)-furanone (2d): Mp 201-203 °C (from ace-
tone/hexane). IR v,.(nujol) em~ ! 3269, 3165, 1737,
1710. '"H NMR (300 MHz, DMSO-d;) : 6.12 (1H, s),
6.29 (1H, br s), 6.53 (1H, d, J=15.5 Hz), 6.49-6.60
(2H, m), 6.67 (1H, dd, J =15, 10.5 Hz), 6.72 (1H, dd,
J=15, 11 Hz), 6.74 (1H, d, J=15.5 Hz), 6.99 (1H, dd,
J=15.5, 11 Hz), 7.06 (1H, dd, J=15.5, 10.5 Hz), 7.26
(1H, t, J=7.5Hz), 7.35 2H, t, J=7.5Hz), 7.51 (2H,
d, J=75Hz), 7.86 (IH, br s). UV A,.(EtOH):
392 nm (¢ 66,500). UV J.x(THF): 391 nm (¢ 71,000).
EI-MS m/z: 280.1108 (Calcd for C;gH;505: 280.1099).

4.1.4. Preparation of butenolide 3. To a solution of y-
hydroxybutenolide 2¢ (212 mg, 0.83 mmol) in THF
(3mL) and MeOH (3 mL) was added NaBH4 (30 mg,
0.80 mmol) at 0 °C, and the reaction mixture was stirred
at rt for 20 min. After being quenched with saturated aq
NH,4CI, the mixture was extracted with ether. The ex-
tracts were washed with brine, dried, and evaporated.
The resulting crude product was purified by CC (ace-
tone/hexane, 1:2) to give the compound 3 (113 mg, yield:
57%) as yellow solids.

4-[(1E,3E,5E)-6-phenylhexa-1,3,5-trienyl]-2(5 H)-furanone
(3): IR vpax(CHCl3) cm™': 1780, 1746, 1628, 1598. 'H
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NMR (300 MHz, CDCl3) 6: 5.01 (2H, s), 5.92 (1H, s), 6.43
(1H,dd,J = 14.5,10.5 Hz), 6.50 (1H,d, J = 15.5 Hz), 6.62
(1H, dd, J=15.5, 10.5Hz), 6.65 (1H, dd, J=15.5,
10.5Hz), 6.71 (1H, d, J=15.5Hz), 6.89 (1H, dd,
J=15.5,10.5Hz), 7.27 (1H, t, J=7.5Hz), 7.34 (2H, t,
J=175Hz), 7.44 2H, d, J = 7.5 Hz). UV /,,.x(MeOH):
365nm (e 52,000). EI-MS m/z: 238.0999 (Calcd for
C16H1402: 2380993)

4.2. Biological assay

4.2.1. HL-60 cells and synchronization of cell cycle at S
phase by excess amounts of thymidine. HL-60 cells were
maintained in continuous culture in RPMI-1640 medi-
um (Nissui Seiyaku Co., Ltd., Tokyo, Japan) supple-
mented with 10% dextran-coated charcoal-treated fetal
calf serum (FCS) (Gibco BRL, Grand Island, NY,
USA) and kanamycin (0.06 mg/mL) (Sigma, St. Louis,
MO, USA) at 37° C in a humidified atmosphere of 5%
CO, in air. The doubling time of HL-60 cells was
approximately 24 h. For synchronization at S phase,
cells (4 x 10° cells/mL) were cultured in 30 mL RPMI-
1640 medium supplemented with 2.5 mM thymidine.
After washing with Ca, Mg-free phosphate-buffered sal-
ine (PBS) [PBS(-)] twice, synchronization of the cell
cycle was repeated in the same manner, and the cells
thus obtained were used in biological assays.

4.2.2. Flow cytometry. Cells (10° cells/well) were placed
in 24-well tissue culture plates and cultured for 3 days
with retinoids (107'°-107¢ M) in RPMI-1640 medium
at 37° C in a humidified atmosphere of 5% CO, in air.
To reduce the effects of contact inhibition, control cells
were adjusted to 60-70% confluency at the time of
FACS analysis. Each group of cells was collected in
PBS(—). Then, the cells were resuspended in PBS(—)
containing 0.2% Triton-X and 1 pg/pul. RNase, and incu-
bated at 37° C for 1 h. Cells were washed with PBS(—)
and incubated with 0.5 mL DNA-staining solution con-
taining propidium iodide (50 pg/mL) at 4° C for 20 min.
The cells were analyzed with a flow cytometer equipped
with an argon laser (488 nm, Becton Dickinson FAC-
Scan™) and cell cycle distribution was analyzed by
ModiFiT LT (Verity).

4.2.3. Cell surface antigen expression analysis. Cells
(10° cells/well) were placed in 24-well tissue culture
plates and cultured for 3 days in RPMI-1640 medium
with retinoids (107'°-107° M) under the same condi-
tions as described for flow cytometry. Each group of
cells was then collected and washed with PBS(—) once.
Then, the cells (2x10°cells) were resuspended in
100 pL diluent solution containing 1% bovine serum
albumin (BSA) and 1% sodium azide, and incubated
with 10 pL human monoclonal FITC-conjugated
CDI11b antibody and CDI14 antibody (Sigma) for
30 min at room temperature. The cells were washed once
with diluent solution and then fixed in 300 pL. PBS(—)
containing 2% paraformaldehyde. Fluorescence was
detected on a Becton Dickinson FACScan™ at an exci-
tation wavelength of 490 nm and an emission wave-
length of 520 nm. Results were recorded as the mean
fluorescence index, which is a product of % fluorescence

and mean fluorescence intensity, with 10* cells being
counted per treatment.

4.2.4. Transfection and luciferase activity assay. Human
osteosarcoma MG-63 cells, which are positive for
RXR gene expression, were maintained in Dulbecco’s
modification Eagle’s medium (Gibco BRL) supplement-
ed with 1% penicillin, 1% streptomycin, and 10% dex-
tran-coated charcoal-treated FCS (Gibco BRL). The
day before transfection, cells were seeded on six-well cul-
ture plates at a density of 2 x 10° cells/well so that they
reached confluence the day of transfection. Cells were
transfected with 1.0 pg of a one-hybrid plasmid (pM
vector, Promega Corp., Madison, WI, USA) containing
a human RXR cDNA connected with a yeast GAL4
DNA-binding domain cDNA (GAL-DBD), 0.5 pg of
luciferase reporter plasmid (pGVP2 vector, Toyo Ink
Co., Ltd.) containing a GAL-4 binding site (GAL-BS)
and a pRL-CMV vector as an internal control using
the Tfx-50 reagent (Promega Corp.).

Human osteosarcoma MG-63 cells, which are positive
for RAR gene expression, were maintained in Dul-
becco’s modification Eagle’s medium (Gibco BRL) sup-
plemented with 1% penicillin, 1% streptomycin, and
10% dextran-coated charcoal-treated FCS (Gibco
BRL).The day before transfection, cells were seeded
on six-well culture plates at a density of 2 x 10° cells/well
so that they became confluent the day of transfection.
The retinoid responsive luciferase reporter constructs
human RARPB-RARE5-SV40-Luc and rat CRBP II-
RXRE-SV40-Luc were generated by cloning three cop-
ies of the retinoic acid response element (RARE) from
the RARP promoter (—59/—33: GGGTAAAGTT
CACCGAAAGTTCACTCQG) or the RXRE from the
rat CRBP II promoter (—639/—605: GCTGTCA
CAGGTCACAGGTCACAGGTCACAGTTCA) in
pGL3 vector.!> The pRL-CMV vector served as an
internal control using the Tfx-50 reagent. After transfec-
tion, cells were incubated with retinoids (10~¢ M) for 2
days. luciferase activities of the cell lysates were mea-
sured with a luciferase assay system (Toyo Ink Co.,
Ltd.), according to the manufacturer’s instructions.
Transactivation measured by luciferase activity was
standardized with the luciferase activity of the same cells
determined by the Sea Pansy luciferase assay system as a
control (Toyo Ink Co. Ltd.). Each set of experiments
was repeated at least three times, and the results are
presented in terms of fold induction as means * SE.
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Abstract—In this article, we report the synthesis of hitherto unknown 5-haloethynyl and 5-(1,2-dihalo)vinyluracil nucleosides in the
2’-deoxy, 3’-deoxy- and ribosyl series, and we discuss their in vitro anti-HIV and anti-HCV activities and cellular toxicitites. As a
result, on the basis of their selectivity index (SI) obtained with the HCV replicon system, but also on their cytotoxicity on peripheral
blood mononuclear, CEM and VERO cell lines, the best compounds were the 5-bromoethynyluridine (SI = 3.2) and the 5-(1-chloro-
2-iodo)vinyluridine (SI > 2.8).

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction o
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HCV infection remains a main public health problem /Nm/lkNH2 (Njfu\iH

with 175 million people infected in the world. Cur- ~N Pz
rently, the best treatment available consists in the HO= o O o) N NH,
combination of pegylated interferon alpha 2b Me
(IFNa-2b) and ribavirin [1, 1-B-p-ribofuranosyl-1,2,4-

triazole-3-carboxamide, Fig. 1]. Twenty percent of HO OH HO  OH

patients infected with HCV genotype 2 or 3 and 1, Ribavirin 2a, 2'-C-methylaraG
50% of patients infected with HCV genotype 1 are NH

non-responders to this treatment.!> Moreover, IFN 2

and ribavirin are responsible for numerous adverse ef- | SN N//N | N
fects. Therefore, a new treatment regimen based on /g ‘N
more potent and specific inhibitors of HCV replica- HO— o N "o ﬁ (o)
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NS5B bearing the RNA-dependent RNA polymerase HO OH HO OH
g . . 4
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central role of this protein in viral replication. Thus,
specific inhibitors of this domain may represent po- Figure 1. Some nucleoside inhibitors of NS5B.

tent antiviral agents.>® The pharmaceutical impor-
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While numerous non-nucleoside inhibitors of NS5B-
mediated HCV RNA replication have been reported,’
only a few nucleoside inhibitors have been identified
so far,® (Fig. 1). Among nucleoside inhibitors,’® the 2’-
C-methylarabinoguanosine (2a) and the cytosine ana-
logue (2b)!? are phosphorylated in cultured uninfected
cells and are orally bioavailable in primates; meanwhile,
the triazolo analogue (2¢) exhibited an effective concen-
tration (ECsg) of 19.7 uM on HCV replicon without any
toxicity on peripheral blood mononuclear (PBM) and
VERO cells.!?® The use of these compounds effectively
eliminates wild-type viruses and those with mutations
in the polymerase gene survive. These selected mutants
are therefore resistant to the drugs.>!® Therefore, the
discovery of new inhibitors of HCV is mandatory in
the perspective of the development of combination
therapy.

Thus, as a part of our drug discovery programme, we
report here the synthesis and evaluation of 18, hither-
to unknown, S5-haloethynyl- and 5-(1,2-dihalo)vinyl-
uracil-(2’-deoxy-, ribo- and 3’-deoxy)-nucleosides.
The anti-HCV activity and the cellular toxicity were
evaluated for these new 5-halosubstituted uridine
derivatives using a cell line harbouring a genotype-
1b HCV subgenomic replicon,!' and for some com-
pounds, against the bovine viral diarrhoea virus
(BVDV) strain NADL. The molecules were also test-
ed on HIV-1 using different cell lines and their cyto-
toxicities evaluated in lymphocytic CEM, African
Green monkey (VERO) and activated human PBM
cells.

2. Chemistry

Halogenated pyrimidines 4a-c¢ can be prepared by
direct reaction with halogens following the procedure
recently reported by Asakura and Robins'? via a ceri-
um(IV)-mediated halogenation at the C-5 of uracil
derivatives (Scheme 1). Thus, the treatment of known
acetylated nucleosides 3a—c¢ with elemental iodine and
ceric ammonium nitrate (CAN) at 80 °C gave the cor-
responding protected S5-iodouracil nucleosides 4a—c
with excellent yields. This CAN-mediated halogena-
tion has advantages over other available methods as
mild reaction conditions and short reaction times are
employed. The introduction of a C-5-alkynyl group
was performed by a Pd(0)-mediated reaction, using
the Sonogashira conditions.'® Thus, reaction of the
resulting pure acetylated 5-iodouracil 4a—¢ with trim-
ethylsilylacetylene (TMS) in the presence of EtzN
(base), Cul (cocatalyst) and PdCl,(PPhj), (catalyst)
in anhydrous dimethylsufoxide (DMSO) at room tem-
perature, followed by the removal of the trimethylsilyl
group with n-BuyNF yielded the corresponding 5-ethy-
nyluracil nucleosides 5a—c¢ with a high efficiency (80-
99%). In most cases, it has been observed that slight
elevations in the reaction temperature led to an in-
creased rate of coupling. In all cases, a by-product,
furanopyrimidine derivatives,'* has been either isolat-
ed with a <7% yield or just detected by thin-layer
chromatography (TLC).

o 0]

@H Ifkf
AcO— N
O ol 0 Lican AP 0N o
_—
CH,CN/ A

R R R R
4a R=0Ac,R'=H

4b R=R'=0Ac
4c R=H,R'=0Ac

3a R=0Ac,R'=H
3b R=R'=0Ac
3c R=H,R'=0Ac

T 1) TMS—=—H
Ny Cul/PdCL(PPh,),
| L DMF/ELN
AcO— o'N" "0  2)TBAF/CHCN
R R

5a R=0Ac,R'=H
5b R=R'=0Ac
5¢c R=H, R =0Ac

Scheme 1. Synthesis of 5-ethynyluracil acetylated nucleosides 5a—c.

We then turned our attention to the synthesis of 5-haloe-
thynyluracil nucleosides 12a—¢ and 13a—c, for which
only the 5-bromoethynyl-2’-deoxyuridine has been al-
ready reported by Eger et al.!'> to exhibit a certain selec-
tivity [similar to the E-5-(bromovinyl)-2’-deoxyuridine]
towards HSV-1. The halogenation of alkynes 5a—¢ was
realized using either the iodonium di-syn-collidine per-
chlorate (IDCP, for iodination) or bromonium di-syn-
collidine perchlorate (Br(coll),ClOy4, for bromination)
in anhydrous CH3CN (Scheme 2). Both reagents are
known to act as very reactive electrophile (I" and Br",
respectively). The 5-iodoethynyluracil nucleosides 6a—c
were obtained with a good yield ranging from 68 to
93%, whereas the bromination yielded the desired 5-bro-
moethynyluracil derivatives 7a—c in lower yields (from
21 to 58%). The final deacylation of nucleosides 6a—c
and 7a—c was performed under smooth basic conditions
(1 M NaOH in a mixture of H,O/EtOH/pyridine), and
the 5-haloethynyluracil nucleosides 12a—c (for X =1)
and 13a—c (for X = Br) were obtained, respectively, in
good-to-moderate yields.

Finally, we worked on the dihalogenation of 5-ethynyl
nucleosides to reach the hitherto unknown 5-(1,2-
dihalogenated)vinyluracil nucleosides 14a-¢ to 17a—c
(Scheme 3). Several halogenating reagents (i.e., I, IBr,
ICl and Br;) were used to obtain the corresponding
1,2-dihaloderivatives. In all cases of halo-iodination,
the formation of vicinal halo-iodoalkenes (8a—c¢ to
10a—c) occurred with high anti-stereospecificity, impli-
cating the intermediary of an iodonium ion in the reac-
tion sequence, and a high and unique regioselectivity,
implicating a predominantly Markovnikov addition.
The formation of 11a—¢ using Br, occurs also with an
E-stereochemistry.
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Scheme 2. Synthesis of 5-haloethynyluracil nucleosides 12a—¢, 13a—c.

B
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; X
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5b R=R'=0Ac
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NaOH
H,O / EtOH/ pyridine
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14a-c, X =Y =|
15a-c, X=1,Y =Br
16a-c, X =1, Y =Cl
17a-c, X=Y =Br

Scheme 3. Synthesis of 5-(1,2-dihalo)vinyluracil nucleosides from 14a—
¢ to 17a—c.

3. Biological assay

All synthesized compounds, the 5-haloethynyluracil
nucleosides (12a—¢ and 13a—¢) and the 5-(1,2-
dihalo)vinyluracil nucleosides (14a—c to 17a—c) along
with the known antiviral compounds (ribavirin and
IFNo-2b for HCV, and AZT for HIV), were tested for
their antiviral activities in vitro, and the results are given

in Table 1. Human PBM cells were used to assay their
ability to inhibit HIV-1.'® Among the 2’-deoxyribosyl
nucleosides, 12a-17a exhibited moderate anti-HIV
activity with a median ECsy ranging from 0.9 to
73.3 uM; the best anti-HIV activity was exhibited
by the 5-(1-bromo-2-iodo)vinyl-2’-deoxyuridine (15a)
(ECs0 = 0.9 uM, SI = 14.8). Nevertheless, all those com-
pounds also showed toxicity against PBM, CEM or
VERO cells, probably by inhibiting cellular DNA syn-
thesis. Among the C-5-substituted uridines, 12b-17b,
the best (but moderate) anti-HIV activity was achieved
for compound 12b (5-iodoethynyluridine) with an
ECso of 20.8 uM (SI > 4.8); this nucleoside analogue
did not exhibited any toxicity in PBM, CEM or VERO
cells. In the 3’-deoxyribosyl series, no or very weak anti-
HIV activity was noted for compounds 12¢-17¢ that
were also not toxic.

The HCV subgenomic replicon system was used to
assess the inhibitory activity of the synthesized
compounds on the HCV replication. Among the 2’'-de-
oxyuridine analogues (12a-17a), the 5-iodoethynyl-2'-
deoxyuridine (12a) and the 5-(1-chloro-2-iodo)-2’-deox-
yuridine (16a) have the best selectivity index (SI) on
HCYV replication, respectively, of 3.2 and 2.7. It is worth
noting that ribavirin in the same system had an SI <1,
although its mechanism of action on HCV replication
remains debated. However, in this series, all iodinated
analogues were also the most toxic ones in Huh7 cells
and also in PBM, CEM and VERO cells, whereas the
bromo derivative compounds (13a and 17a) were less
toxic, but also unable to inhibit HCV significantly.
The important cell toxicity exhibited by the 2’-deoxyur-
idine derivatives is also in favour of a non-specific inhi-
bition of viral genomic replication by those compounds.
Indeed, in the replicon system, it was shown that HCV
replication is dependent on cell cycle progression. Drugs
that have a cytostatic effect may therefore exhibit HCV
replication by an indirect mechanism. Efficient com-
pounds for inhibiting HCV replication were also found
among the uridine analogues. The S5-bromoethynyluri-
dine (13b), the 5-(1,2-diiodo)vinyluridine (14b) and the
5-(1-chloro,2-iodo)vinyluridine (16b) exhibited an ECsq
of 58, 162 and 75 puM, respectively, against HCV repli-
con, with a CCsy > 200 uM for 14b and 16b. The selec-
tivity index against HCV, for 13b, 14b and 16b, was
found to be equal to 3.2, 1.5 and 2.8, respectively.
Finally, the 3’-deoxyribosyl nucleosides (12¢-17¢) did
not show any antiviral activity against neither HCV
or BVDV (Table 2).

Ribavirin, which shows activity in vivo in chronically
infected patients together with IFNa, is inactive against
HCYV replication in the replicon system, but inhibits
viral replication in the BVDV system in combination
with IFNo.!7 It is well known that ribavirin when used
alone has no anti-HCYV activity in humans infected with
HCV. On the basis of observation of possibly toxic com-
pounds (12b, 14a and 15a) that exhibited only modest
antiviral activity (SI < 1), this may therefore indicate
for 13b and 16b a specific anti-HCYV effect, as these com-
pounds were not active against the replication of BVDV,
a closely related virus member of the Flaviviridae family
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Table 1. Evaluation of the antiviral activity and cell viability (obtained with neutral red test) against HCV replication using cell line harbouring HCV
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subgenomic replicon, against HIV-1 in PBM cells and of the cytotoxicity against PBM, CEM and VERO cells in vitro

Compound Anti-HCV activity and cytotoxicity Anti-HIV activity Cytotoxicity (CCsg)
on replicon system
CCs ECs ECy SI ECso ECyg SI PBM CEM VERO
IFNo-2b >1000 19 760 52
Ribavirin 110 170 >512 <1
MPA 7 40 <1
AZT 0.016 >6250 >100 14.0 29.0
2’-Deoxyribosyl moiety 12a >182 57 >239 >3.2 9.2 34.8 <1 7.5 15.8 >100
13a >200 >200 >200 <1 73.3 >100 >1.4 >100 >100 >100
14a 77 >161 >263 <1 10.3 39.1 1.4 14.7 19.5 19.5
15a 43 >100 >100 <1 0.9 6.9 14.8 13.3 0.13 6.6
16a 213 80 >207 2.7 2.6 20.3 1.2 32 14.8 1.4
17a >200 <200 >200 <1 43.2 86.9 >2.3 >100 43.9 >100
Ribosyl moiety 12b 148 >200 >200 <1 20.8 >100 >4.8 >100 >100 >100
13b 188 58 >200 3.2 95.2 >100 1 >100 >100 >100
14b >250 >162 >250 >1.5 >100 >100 <1 100 41.7 49.5
15b >100 >100 >100 1 62.4 >100 >1.6 >100 93.6 >100
16b >200 75 >250 >2.8 90.8 >100 1.1 >100 >100 100
17b >200 >200 >200 <1 60.1 >100 >1.7 >100 >100 59.8
3’-Deoxyribosyl moiety 12¢ >200 >200 >200 <1 88.7 >100 >1.1 >100 >100 3.2
13c¢ >300 >300 >300 <1 >100 >100 <1 >100 >100 6.4
14¢ >200 >200 >200 <1 49.4 >100 1.8 87.2 >100 42.6
15¢ >200 >200 >200 <1 44.5 90.7 1.6 71.5 79.3 >100
16¢ >200 >200 >200 <1 47.8 >100 2 94.4 66.6 15.3
17¢ >200 =200 >200 <1 81.1 >100 >1.2 >100 79.3 7.8

Results are expressed in uM, except for IFN which is expressed as international units/ml. Selectivity index (SI) is the ratio between CCs, and ECs.

Table 2. Neutral red testing and antiviral assay on BVDV strain
NADL expressed in pM

Compound CCs ECs5y CPE SI
(Neutral red) inhibition®
(3rd day pi)b
Ribavirin >100 36 >2.8

12a—c, 13b, 14a—, 15c, 16a—< >100 >100 <l

# Cytopathic effect.
® Post inoculation.

(Table 2). This may suggest that the MDBK-cpBVDV
assay is not always a reliable model for predicting
anti-HCV activity. Therefore, the active and non-toxic
13b and 16b warrant further evaluation in combination
with IFNa both in in vitro and in animal models.??

In summary, the substituted 2’-deoxyuridines 12a and
16a, and the substituted uridines 13b and 16b exhibited
anti-HCV activity in the HCV replicon system. Never-
theless, the best compounds, based on their SI obtained
with the HCV replicon system, but also on their cytotox-
icity on PBM, CEM and VERO cell lines, are bearing
the 5-(2-bromoethynyl)-uridine (13b) and the (£)-5-(1-
chloro-2-iodovinyl)uridine (16b). Finally, of significance
was the finding that all active compounds have a 3’-hy-
droxyl group (either in the ribosyl or 2’-deoxyribosyl
series) while all 3’-deoxyuridine analogues did not pos-
sess any antiviral activity neither against HCV nor
against HIV-1. As all of these active compounds possess
a 3’-hydroxyl group on the ribose, our results confirm
the crucial role of the 3’-hydroxyl group for inhibition
of the HCV polymerase.!®* Thus, based on the

anti-HCYV activity and cytotoxicity, the order of potency
for these anti-HCV nucleoside analogues was found to
be: ribosyl- > 2’-deoxyribosyl- > 3’-deoxyribosyl substi-
tuted nucleoside analogues. Our results are also in
accordance with other observations of the general inca-
pacity of 3’-deoxy purine and pyrimidine ribonucleo-
sides to inhibit the HCV RNA replication in cell
assays, despite their efficient inhibition in in vitro
NS5B assays.®d

It will be interesting to compare their anti-HCV activity
to that of IFNa and to study whether their combination
with IFNa may lead to a synergistic antiviral effect.

4. Experimental
4.1. Chemistry

4.1.1. General methods. Commercially available chemi-
cals and solvents were of reagent grade and used
as received. Dry tetrahydrofuran, pyridine and dichloro-
methane were obtained from distillation over CaH, or
Na, N,N-dimethylformamide over BaO. The reactions
were monitored by TLC analysis using silica gel plates
(Kieselgel 60 Fjs4; E. Merck). Compounds were visual-
ized by UV irradiation and/or spraying with 20%
H,SO,4 in EtOH, followed by charring at 150 °C. Col-
umn chromatography was performed on Silica Gel 60
M (0.040-0.063 mm; E. Merck). Melting points were
recorded on a Biichi (Dr. Tottoli) and were uncorrected.
Optical rotations were measured at 20-25°C with a
Perkin-Elmer Model 141 polarimeter. 'H and '*C NMR
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spectra were recorded on a Bruker AVANCE DPX 250
Fourier Transform spectrometer at 250 MHz for 'H and
62.9 MHz for '3C, respectively, using tetramethylsilane
as the internal standard; signals are reported as s (sin-
glet), d (doublet), t (triplet), q (quartet), and m (multi-
plet). Mass spectra were recorded on a Perkin-Elmer
SCIEX API-300 (heated nebullizer) spectrometer.
High-resolution mass analyses (HRMS) were performed
by the CRMPO, University of Rennes 1-Fr using the
fast atom bombardment or electron spray ionization
mode. The nomenclature of the obtained compounds
is in accordance with the IUPAC rules and was checked
with Autonome. The numbering and assignment of the
chemical shifts for all described compounds are related
to the corresponding ribose derivatives. Evidence of
purity has been done from a proton-decoupled '*C
NMR spectrum with a signal-to-noise ratio sufficient
to permit seeing peak with 5% of the intensity of the
strongest peak.

4.1.2. General procedure for iodination of acetylated
nucleosides. A solution of acetylated nucleoside 3a—c
(15mmol) in dry CH3;CN (150 mL), CAN (4.94 g,
0.6 equiv) and I, (2.28 g, 0.6 equiv) was refluxed until
completion (typically 1 h, checked by TLC). After cool-
ing to rt solvents were evaporated under reduced pres-
sure, and the dark oily residue was dissolved in AcOEt
(300 mL) and H,O (50 mL). The biphasic mixture was
cooled in an ice bath, and a saturated Na,S,05 solution
was smoothly added until complete decolouration. The
organic layer was washed with water (2x 50 mL) and
brine (50 mL), dried over MgSQO,4 and concentrated un-
der reduced pressure. The white foam was triturated
with pentane (50 mL), filtered and dried under reduced
pressure to afford pure iodinated compounds 4a—c,
respectively.

4.1.3. 3',5'-Di-O-acetyl-2'-deoxy-5-iodouridine (4a). The
physicochemical data of this compound are in accor-
dance with those previously published.!>!°

4.1.4. 2',3',5'-Tri-O-acetyl-5-iodouridine (4b). The physi-
cochemical data of this compound are in accordance
with those previously published.'?!”

4.1.5. 2',5'-Di-0-acetyl-3’-deoxy-5-iodouridine (4c). 89%
yield; '"H NMR (CDCls) 6 9.53 (br s, 1H, NH), 7.93
(s, 1H, H-6), 5.82 (d, J=1.6 Hz, 1H, H-1’), 5.30 (m,
1H, H-2"), 4.55 (m, 1H, H-4'), 441 (dd, J=12.8,
2.8 Hz, 1H, H-5'a), 4.33 (dd, J=12.8, 3.8 Hz, 1H, H-
5'B), 2.31-1.95 (m, 2H, H-3’), 2.23 (s, 3H, OAc), 2.13
(s, 3H, OAc).

4.1.6. General procedure for Sonogashira cross-coupling
and subsequent desilylation. Iodinated nucleoside 4a—c
(5 mmol) was dissolved in a mixture of dry DMF
(15mL), dry Et;N (2.06 mL, 3equiv) and TMS
(2.06 mL, 3equiv). Cul (190mg, 0.2equiv) and
PdCl,(PPh3), (350 mg, 0.1 equiv) were then added and
the reaction mixture was stirred at rt until completion
(typically 5-20 h, checked by TLC). Solvents were evap-
orated under reduced pressure. The oily residue was dis-
solved in AcOEt (250 mL) and then washed with water

(5% 40 mL) and brine (40 mL). The organic layer was
dried over MgSO, and the solvents were evaporated un-
der reduced pressure to a dark oil. A first purification
using a short path flash chromatography (elu-
ent:CH,Cl,, then MeOH/CH,Cl, 95:5) afforded the de-
sired compound contaminated with coloured reaction
coproducts. Pure silylated alkynes (2 mmol), obtained
after a second flash chromatography (eluent: hexanes/
AcOEt, 7:3 then 1:1), were dissolved in dry CH5;CN
(20 mL). TBAF monohydrate (583 mg, 1.05 equiv) was
added and the resulting solution was stirred at rt until
completion (typically 30 min to 2 h, checked by TLC).
Solvents were evaporated under reduced pressure at rt
and the oily residue was submitted to a flash column
chromatography (eluent: hexanes/AcOEt 1:1 then
AcOEt then MeOH/AcOEt 98:2) to afford pure 5-ethy-
nyl nucleosides 5a—c.

4.1.7. 3',5'-Di-O-acetyl-2'-deoxy-5-ethynyluridine (5a).
The physicochemical data of this compound are fully
related with those previously published.?®

4.1.8. 2',3',5'-Tri-O-acetyl-5-ethynyluridine (Sb). The
physicochemical data of this compound are fully related
with those previously published.?!

4.1.9. 2',5'-Di-0O-acetyl-3'-deoxy-5-ethynyluridine (5c).
75% yield; [05}12)0 —42 (¢ 1.0, CHCl;); '"H NMR (CDCls)
0 9.8 (br s, 1H, NH), 7.88 (s, 1H, H-6), 5.78 (s, 1H,
H-1"), 5.31 (d, J=7.5Hz, 1H, H-2'), 448 (m, 1H, H-
4", 4.35 (dd, J=12.5, 1.8 Hz, 1H, H-5a), 4.25 (dd,
J=12.5, 3.4 Hz, 1H, H-5'B), 3.1 (s, 1H, H-Csp), 2.31-
1.95 (m, 2H, H-3'), 2.12 (s, 3H, OAc), 2.05 (s, 3H,
OAc). HRMS m/z caled for C;sH;¢N,O;Na, 360.2968;
found, 360.2971.

4.1.10. General procedure for monohalogenation of 5-
ethynyl nucleosides. 5-Ethynyl nucleoside Sa—c
(0.5 mmol) was dissolved in 5mL dry CH3;CN, and
the mixture was cooled in an ice bath. 0.7 mmol
(1.4 equiv) of the halogenating reagent (i.e., IDCP or
Br(coll),ClO4) and 11 mg Ag(coll),ClO4 (0.05 equiv)
were added and the mixture was stirred in the dark at
rt (typically 2-20 h, checked by TLC). The reaction mix-
ture was cooled to 0 °C then quenched by a saturated
Na,S,03 solution (2mL) and extracted with AcOEt
(4x 10 mL). The organic layer was washed with water
(10mL), a 1 M HCI solution (3x 5mlL), water (2x
5mL) and brine (10 mL) and then dried over MgSO,
and concentrated in vacuo. The solid residue was puri-
fied by flash chromatography (eluent: hexanes/AcOEt,
1:1, v/v) to leave the desired monohalogenated com-
pound (6a—c and 7a—c).

4.1.11. 3',5'-Di-O-acetyl-5-(2-iodoethynyl)-2'-deoxyuri-
dine (6a). 93% yield; mp 175-177 (dec) °C; [oc]f)o—32 (c
0.5, CHCly); 'H NMR (CDCls) 6 11.68 (br s, 1H,
NH), 8.02 (s, 1H, H-6), 6.12 (t, J=7.1 Hz, 1H, H-1"),
520 (m, 1H, H-3’), 4.33-4.15 (m, 3H, H-4',5'), 2.55
(m, 1H, H-2'a), 2.31 (m, 1H, H-2'B), 2.07 (s, 3H,
OAc), 2.05 (s, 3H, OAc). HRMS m/z caled for CysHsl-
N,O,Na, 486.1982; found, 486.1986.
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4.1.12. 2',3',5'-Tri-0-acetyl-5-(2-iodoethynyl)-uridine
(6b). 68% yleld mp 100-102 °C; [oc]f)o =71 (¢ 1.0,
CHCl;); '"H NMR (CDCl3) 6 9.41 (br s, 1H, NH),
7.91 (s, 1H, H-6), 6.07 (d, J=4.6 Hz, 1H, Hl’) 5.35
(m, 2H, H-2",3"), 4.38 (m, 3H, H-4',5"), 2.25 (s, 3H,
OAc), 2.12 (s, 2% 3H, 2x OAc). HRMS m/z calcd for
C17H]7IN209Na, 5442352, found 544.2349.

4.1.13. 2',5'-Di-O-acetyl-5-(2- 1odoethynyl) -3’-deoxyuri-
dine (6¢). 76% yield as an oil; [u ] —49 (¢ 0.8, CHCly);
'"H NMR (CDCl5) 6 11.68 (br s, 1H, NH), 7.98 (s, 1H,
H-6), 5.74 (s, 1H, H-1"), 5.30 (d, J = 7.5 Hz, 1H, H-2'),
443 (m, 1H, H-4’), 428 (br s, 2H, H-5"), 2.31-1.95
(m, 2H, H-3’), 2.09 (s, 3H, OAc), 2.05 (s, 3H, OAc).
HRMS m/z caled for C;sH;5IN,O;Na, 486.1982; found,
486.1986.

4.1.14. 3',5'-Di-O-acetyl-5- (2-br0m0ethynyl) -2'-deoxyur-
idine (7a). 21% yield as an oil; [o ] —68 (¢ 1.0, CHCly);
'"H NMR (CDCl5) 6 8.88 (br s, |H, NH), 7.95 (s, 1H, H-
6), 6.31 (dd, J =17.3, 6.4 Hz, 1H, H 1), 5.25 (m, 1H, H-
3%), 4.38-4.30 (m, 3H, H-4/,5/), 2.55 (m, 1H, H-2'a), 2.31
(m, 1H, H-2'B), 2.18 (s, 3H, OAc), 2.12 (s, 3H, OAc).
HRMS m/z caled for C;sH;sBrN,O;Na, 439.197S;
found, 439.1981.

4.1.15. 2',3',5'-Tri-O-acetyl-5-(2- bromoethynyl) -uridine
(7b). 58% yield as a colourless oil; [«]f, —39 (c 0.4,
CHCly); '"H NMR (CDCl3) § 9.75 (br s, 1H, NH),
7.92 (s, 1H, H-6), 6.07 (d, J=4.4 Hz, 1H, H-1'), 5.35
(m, 2H, H-2/,3’), 437 (m, 3H, H-4',5"), 2.22 (s, 3H,
OAc), 2.12 (s, 2x 3H, 2 x OAc). HRMS m/z calcd for
Cy7H7BrN,OgNa, 497.2348; found 497.2351.

4.1.16. 2',5'-Di-O-acetyl-5- (2-brom0ethynyl) 3’-deoxyur-
idine (7c). 25% yield as an oil; [« ] —52 (¢ 0.4, CHCly);
'"H NMR (DMSO-d) 6 11.75 (br s, 1H, NH), 8.07 (s,
1H, H-6), 5.85 (s, 1H, H-1’), 5.31 (d, J=7.5Hz, 1H,
H-2"), 4.43 (m, 1H, H-4’), 4.28 (br s, 2H, H-5'), 2.31-
1.95 (m, 2H, H-3’), 2.08 (s, 3H, OAc), 2.06 (s, 3H,
OAc). HRMS m/z caled for C;5sH;5sBrN,O;Na,
439.1978; found 439.1975.

4.1.17. General procedure for dihalogenation of 5-ethynyl
nucleosides. 5-Ethynyl nucleoside Sa—c (0.5 mmol) was
dissolved in 5mL dry CH;CN, and the mixture was
cooled in an ice bath. 0.6 mmol (1.2 equiv) of a solution
of the halogenating reagent (i.c., I,, IBr, ICl or Br») in
1 mL dry CH3CN was added dropwise and the mixture
was stirred at 0 °C until completion (typically 15 min to
2h, checked by TLC). The reaction mixture was
quenched at 0°C by a saturated Na,S,03; solution
(2mL) and then extracted with AcOEt (3x 10 mL).
The organic layer was washed with water (2x 5 mL)
and brine (10 mL) then dried over MgSO,4 and concen-
trated in vacuo to let the desired dihalogenated com-
pound (8a—c to 1la—c). Pure analytical samples were
obtained using flash chromatography (eluent: hexanes/
AcOEt, 1:1).

4.1.18. (E)-3',5'-Di-O-acetyl-5-(1, 2—d110d0v1nyl)-2 -deoxy-
uridine (8a). 94% yield; mp 76-78 °C; [« ] —19 (¢ 0.3,
CHCl;); '"H NMR (CDCl3) § 9.72 (br s, 1H, NH),

7.67 (s, 1H, H-6), 7.45 (s, 1H, =CHI), 6.36 (dd,
J=8.1, 5.6 Hz, 1H, H-1'), 525 (m, 1H, H-3"), 4.50—
428 (m, 3H, H-4',5"), 2.60 (m, 1H, H-2'0), 2.30 (m,
IH, H-2'), 2.17 (s, 3H, OAc), 2.08 (s, 3H, OAc).
HRMS m/z caled for C15H1612N207Na, 6141106,
found, 614.1110.

4.1.19. (F)-2',3',5'-Tri-O-acetyl-5-(1,2- d110d0v1nyl)ur1-
dine (8b). 98% yield; mp 83-85 °C; [oc] —41 (¢ 1.0,
CHCl;); '"H NMR (CDCls) § 9.56 (br s, 1H, NH),
7.58 (s, 1H, H-6), 7.40 (s, 1H, =CHI), 6.15 (d,
J=4.6 Hz, 1H, H-1'), 5.36 (m, 2H, H-2'3"), 4.38 (br s,
3H, H-4',5"), 2.19 (s, 3H, OAc), 2.14 (s, 3H, OAc),
2.11 (S, 3H, OAC) HRMS m/z calcd for C17H1812N209-
Na, 672.1476; found, 672.1480.

4.1.20. (E)-2',5'-Di-O-acetyl-5-(1, 2-d110d0vmyl) 3'-deoxy-
uridine (8c). 87% yield; mp 75-77 °C; [u ] —23 (¢ 0.3,
CHCly); 'TH NMR (CDCly) 6 9.38 (br s, 1H, NH),
7.64 (s, 1H, H-6), 7.39 (s, 1H, =CHI), 592 (d,
J=1.6Hz, lH, H-1'), 5.38 (m, 1H, H-4'), 4.58 (m,
1H, H-2'), 4.44 (dd, J=12.5, 44 Hz, 1H, H-5'a), 4.33
(dd, 1H, H-5'B), 2.31-1.95 (m, 2H, H-3'), 2.14 (s, 3H,
OAc), 2.12 (s, 3H, OAc). HRMS m/z caled for CisHqglo-
N,O,Na, 614.1106; found, m/z 614.1101.

4.1.21. (E)-3',5'-Di-0O-acetyl-5-(1-bromo-2- 1od0v1nyl)-2 -
deoxyuridine €9a) 96% yield; mp 82-84 °C; [« ] —14 (c
4.0, CHCl3); 'H NMR (CDCl;) 6 9.78 (br s, 1H, NH),
7.71 (s, 1H, H-6), 7.08 (s, 1H, =CHI), 6.25 (dd,
J=28.1, 5.6 Hz, 1H, H-1’), 5.28 (m, 1H, H-3'), 4.50-
4.05 (m, 3H, H4', 5), 2.58 (m, 1H, H-2'a), 2.20 (m,
1H, H-2'B), 2.12 (s, 3H, OAc), 1.96 (s, 3H, OAc).
HRMS m/z calcd for C;sH;cBrIN,O;Na, 567.1102;
found, 567.1107.

4.1.22. (E)-2',3',5'-Tri-O-acetyl-5-(1-bromo-2-iodovinyl)-
uridine (9b). 92% yield; mp 86-88 °C; [o]7 —39 (¢ 2.0,
CHCly); 'H NMR (CDCl;) 6 9.57 (br s, 1H, NH),
7.66 (s, 1H, H-6), 7.15 (s, 1H, =CHI), 6.15 (d,
J=47Hz, 1H, H-1), 5.38 (m, 2H, H-2',3"), 4.38 (m,
3H, H-45"), 2.18 (s, 3H, OAc), 2.15 (s, 3H, OAc),
2.13 (s, 3H, OAc). HRMS m/z calcd for C,;HgBrl-
N,OyNa, 625.1469; found, m/z 625.1473.

4.1.23. (E)-2',5'-Di-0O-acetyl-5-(1-bromo-2-iodovinyl)-3'-
deoxyurldme (9¢). 89% yield as an oil; [x ]20 —19 (¢ 0.5,
CHCl;); 'TH NMR (CDCl3) § 9.63 (br s, 1H, NH),
7.61 (s, 1H, H-6), 7.13 (s, 1H, =CHI), 5.92 (s, 1H, H-
1), 5.38 (m, 1H, H-4"), 4.58 (m, 1H, H-2'), 4.44 (dd,
J=124, 2.6Hz, 1H, H-5a), 433 (dd, J=124,
44 Hz, 1H, H-5'B), 2.31-1.95 (m, 2H, H-3'), 2.16 (s,
3H, OAc), 2.14 (s, 3H, OAc). HRMS m/z calcd for
C|5H16BI'IN207N3, 5671102, fOUl’ld, mlz 567.1105.

4.1.24. (FE)-3',5'-Di-O-acetyl-5-(1-chloro-2 -10d0v1n811)-2 -
deoxyuridine (10a) 91% yield; mp 81-83 °C; [«]; —14
(¢ 0.7, CHCl;); '"H NMR (CDCl;) § 9.28 (br s 1H,
NH), 7.75 (s, 1H, H-6), 6.91 (s, 1H, =CHI), 6.32 (m,
1H, H-1'), 5.24 (m, 1H, H-3'), 4.50-4.30 (m, 3H, H-
4’5", 2.75 (m, 1H, H-2'a), 2.18 (m, 1H, H-2'B), 2.13
(s, 2x3H, 2x OAc). HRMS m/z calcd for C;sH;cCII-
N,O-Na, 522.6592; found, 522.6597.
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4.1.25. (E)-2',3',5'-Tri-0O-acetyl-5-(1-chloro-2-iodovi-
nyluridine (10b). 97% yield; mp 85-87 °C; [o]5y —27 (c
0.8, CHCI;); '"H NMR (CDCl5) 6 9.43 (br s, 1H, NH),
7.68 (s, 1H, H-6), 6.92 (s, 1H, =CHI), 6.15 (br s, 1H,
H-17), 5.36 (m, 2H, H-2',3’), 4.38 (m, 3H, H-4',5'),
2.17 (s, 3H, OAc), 2.14 (s, 3H, OAc), 2.12 (s, 3H,
OAc). HRMS wm/z caled for C;7H;3CIIN,OgNa,
580.6962; found, 580.6958.

4.1.26. (E)-Z’,5/-Di-O-acetyl-S-(l-ch10r0-2-i0d0vin3'l)-3/-
deoxyuridine (10c). 83% yield; mp 87-89 °C; [oz}lz) -13
(¢ 1.0, CHCl3); H NMR (CDCly) 6 9.75 (br s, 1H,
NH), 7.74 (s, 1H, H-6), 6.90 (s, 1H, =CHI), 591
(d, J=17Hz, 1H, H-1’), 538 (m, 1H, H-4"), 4.58
(m, 1H, H-2"), 443 (dd, J=12.5, 28 Hz, 1H, H-
5'a), 4.33 (dd, J=12.5, 4.1 Hz, 1H, H-5'B), 2.35-1.95
(m, 2H, H-3"), 2.14 (s, 2x3H, 2x0OAc). HRMS
m/z caled for C;sH;sCIIN,O;Na, 522.6592; found,
522.6593.

4.1.27. 3’,5’-Di-0—acetyl-5-(1,Z-dibromovin&fl)-Z’-deoxy-
uridine (11a). 97% yield; mp 79-81 °C; [oc]zD —15 (¢ 1.0,
CHCl;); '"H NMR (CDCl3) 6 9.85 (br s, 1H, NH),
7.75 (s, 1H, H-6), 6.89 (s, 1H, =CHBr), 6.33 (dd,
J=28.1, 5.6 Hz, 1H, H-1'), 5.24 (m, 1H, H-3'), 4.45-
4.25 (m, 3H, H-4',5"), 2.65 (m, 1H, H-2'a), 2.18 (m,
1H, H-2'B), 2.14 (s, 2 x 3H, 2 x OAc). HRMS m/z calcd
for C;sH¢Br,N,O-Na, 520.1098; found, 520.1099.

4.1.28. (E)-2',3',5'-Tri-O-acetyl-5-(1,2-dibromo-vinyl)uri-
dine (11b). 92% yield; mp 83-85 °C; Mg) —43 (¢ 0.5,
CHCl;); '"H NMR (CDCly) 6 9.38 (br s, 1H, NH),
7.66 (s, 1H, H-6), 6.90 (s, 1H, =CHBr), 6.12 (d,
J=4.8 Hz, 1H, H-1'), 5.36 (m, 2H, H-2',3’), 4.38 (m,
3H, H-4')5"), 2.17 (s, 3H, OAc), 2.14 (s, 3H, OAc),
2.12 (s, 3H, OAc). HRMS m/z caled for
C17H18BI'2N209N3, 5781468, found, 578.1473.

4.1.29. 2',5'-Di-O-acetyl-5-(1 ,2-dibr0m0vin0yl)-3 '-deoxy-
uridine (11¢). 82% yield; mp 78-80 °C; [oc]ZD —16 (¢ 0.8,
CHCl;); '"H NMR (CDCl3) 6 9.61 (br s, 1H, NH),
7.72 (s, 1H, H-6), 6.88 (s, 1H, =CHI), 5.88 (d,
J=15Hz, 1H, H-1'), 538 (m, 1H, H-4'), 4.58 (m,
1H, H-2), 443 (dd, J=12.5, 2.8 Hz, 1H, H-5'a), 4.33
(dd, J=12.5, 4.1 Hz, 1H, H-5'B), 2.35-1.95 (m, 2H,
H-3"), 2.15 (s, 3H, OAc), 2.14 (s, 3H, OAc). HRMS
m/z caled for CisH;¢Br,N,O-;Na, 520.1098; found,
520.1103.

4.1.30. General procedure for deacetylation. Acetylated
nucleoside analogue (6a—c to 11a—c) (I mmol) was dis-
solved in 10 mL pyridine and 5 mL EtOH. The reac-
tion mixture was cooled to —10°C and SmL of a
1 M NaOH aqueous solution was added. The resulting
solution was stirred at this temperature until comple-
tion (typically 1-4 h, checked by TLC). The reaction
mixture was neutralized with Dowex 50X2-200 then
filtered through a fritted glass funnel. Solvents were
evaporated in vacuo, and the oily residue was submit-
ted to a flash column chromatography using an
appropriate eluent (typically hexanes/EtOAc 25:75
then EtOAc then MeOH/AcOEt 99:1) to let pure
12a—c to 17a—c.

4.1.31. 5-(2-Iodoethynyl)-2’-deoxyuridine (12a). 68%
yield; mp 135-137°C; [o]}Y +14 (c 0.8, MeOH); 'H
NMR (CD;OD) 6 8.32 (s, 1H, H-6), 6.22 (t,
J=6.6Hz, 1H, H-1"), 441 (m, 1H, H-3'), 3.95 (m,
1H, H-4"), 3.83 (dd, J=12.1, 3.0 Hz, 1H, H-5'a), 3.73
(dd, J=12.1, 3.4 Hz, 1H, H-5'B), 2.40-2.12 (m, 2H,
H-2/). HRMS m/z caled for C1 1H1 1IN205Na,
402.1229; found, 402.1231.

4.1.32. 5-(2-Iodoethynyl)-uridine (12b). 70% yield as an
oil; [4]y —12 (¢ 0.2, MeOH); 'H NMR (DMSO-dy) 6
11.65 (br s, 1H, NH), 8.29 (s, 1H, H-6), 5.72 (m, 1H,
H-1"), 5.05-5.12 3 x br s, 3 x OH), 4.05-3.95 (m, 2H,
H-2".3"), 3.85 (m, 1H, H-4'), 3.70-355 (m, 2H, H-5).
HRMS mi/z calcd for C;1H{;IN,OgNa, 418.1223; found,
418.1219.

4.1.33. 5-(2-Iod0eth2ynyl)-3’-deoxyuridine (12¢). 66%
yield as an oil; [o]) +6 (¢ 1.0, MeOH); '"H NMR
(DMSO-dg) 6 11.65(s, 1H, NH), 8.48 (s, 1H, H-6),
5.59 (s, 1H, H-1), 5.54 (d, J=4.1 Hz, 1H, OH), 5.23
(t, J=5.1 Hz, 1H, OH), 4.32 (m, 1H, H-4'), 4.21 (m,
1H, H-2'), 3.75 (m, 1H, H-5'a), 3.52 (m, 1H, H-5'B),
1.98 (m, 1H, H-3'a), 1.76 (m, 1H, H-3'B). HRMS m/z
calcd for CH;;IN,OsNa, 402.1229; found, 402.1233.

4.1.34. 5-(2-Bromoethynyl)-2’-deoxyuridine (13a). 80%
yield as an oil; [o];) +3 (¢ 0.3, MeOH); 'H NMR
(CD;0D) 6 8.30 (s, 1H, H-6), 6.05 (t, J = 6.3 Hz, 1H,
H-1'), 4.21 (m, 1H, H-3'), 3.78 (m, 1H, H-4"), 3.65-
3.50 (m, 2H, H-5"), 2.15 (dd, J=5.6, 5.0 Hz, 2H, H-
2. HRMS mi/z caled for C;;H;;BrN,OsNa, 355.1225;
found, 355.1227.

4.1.35. 5-(2-Bromoethynyl)-uridine (13b). 74% yield as an
oil; [«]y —23 (¢ 0.5, MeOH); 'H NMR (DMSO-dj) &
11.69 (br s, 1H, NH), 8.39 (s, 1H, H-6), 5.73 (d,
J=4.7Hz, 1H, H-1"), 541 (d, J=5.3 Hz, OH), 5.24
(t, J=4.7Hz, OH), 5.08 (d, J=5.3Hz, OH), 4.10-
391 (m, 2H, H-2",3"), 3.85 (m, 1H, H-4"), 3.75-350 (m,
2H, H-5). HRMS m/z caled for C;;H;;BrN,OgNa,
371.1219; found, 371.1224.

4.1.36. 5-(2-Bromoethynyl)-3'-deoxyuridine (13c). 72%
yield as an oil; [oc}g) —29 (¢ 1.0, MeOH); 'H NMR
(DMSO-dg) ¢ 11.63(s, 1H, NH), 8.53 (s, 1H, H-6),
5.59 (s, 1H, H-1), 5.56 (d, J=4.1 Hz, 1H, OH), 5.26
(t, J=5.1Hz, 1H, OH), 4.32 (m, 1H, H-4"), 4.25 (m,
1H, H-2'), 3.81 (m, 1H, H-5'a), 3.61 (m, 1H, H-5'P),
1.95 (m, 1H, H-3'a), 1.72 (m, 1H, H-3'B). HRMS m/z
caled for C;;H;BrN,OsNa, 355.1225; found, 355.1223.

4.1.37. (E)-5-(1,2-Diiodovinyl)-2'-deoxyuridine (14a).
72% vyield; mp 103-105 °C; [oc]g) +28 (¢ 0.3, MeOH);
'"H NMR (CD;OD) 6 8.27 (s, 1H, H-6), 7.52 (s, 1H,
=CH]I), 6.28 (t, /= 6.3 Hz, 1H, H-1'), 4.43 (m, 1H, H-
3%, 3.97 (m, 1H, H-4"), 3.83 (dd, J=11.9, 3.2 Hz, 1H,
H-5'a), 3.73 (m, J=11.9, 34 Hz, 1H, H-5'B), 2.43-
2.12 (m, 2H, H-2"). HRMS m/z calcd for C;;H,I,N,Os5.
Na, 530.0353; found, 530.0558.

4.1.38. (E)-5-(1,2-Diiodovinyl)uridine (14b). 82% yield;
mp 107-109 °C; [oc]g) +5 (¢ 1.0, MeOH); '"H NMR
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(DMSO-dg) 6 11.65 (br s, 1H, NH), 8.05 (s, 1H, H-6),
7.05 (s, IH, =CHI), 5.80 (d, J=4.7 Hz, 1H, H-1)),
5.50-5.10 3xbr s, 3xOH), 4.12-3.95 (m, 2H, H-
2'3%, 3.87 (m, 1H, H-4'), 3.75-355 (m, 2H, H-5)).
HRMS m/z caled for C11H1212N206Na, 5460347,
found, 546.0351.

4.1.39. (E)-5-(1,2-Diiodovinyl)-3’-deoxyuridine (14c).
76% vyield as an oil; [a]g) +1.0 (¢ 0.8, MeOH); 'H
NMR (DMSO-d¢ + D,O) 6 8.21 (s, 1H, H-6), 7.55 (s,
1H, =CHI), 5.61 (s, 1H, H-1’), 4.32 (m, 1H, H-4'),
4.25 (m, 1H, H-2"), 3.81 (m, 1H, H-5'a), 3.52 (m, 1H,
H-5'B), 1.97 (m, 1H, H-3'a), 1.74 (m, 1H, H-3'PB).
HRMS m/z caled for C11H1212N205Na, 5300553,
found, 530.0554.

4.1.40. (E)-5-(1-Bromo-2-iodovinyl)-2’-deoxyuridine
(15a). 78% yield as an oil; [oc}f)o +26 (¢ 2.0, MeOH); 'H
NMR (CD;0D) ¢ 8.35 (s, 1H, H-6), 7.39 (s, 1H, =CHI),
6.25 (t, J=6.5Hz, 1H, H-1"), 445 (m, 1H, H-3’), 3.94
(m, 1H, H-4"), 3.86 (dd, J=11.9, 3.2 Hz, 1H, H-5'w),
3.72 (dd, J=11.9, 3.4 Hz, 1H, H-5'B), 2.45-2.15 (m,
2H, H-2,). HRMS m/z caled for C11H12BrIN205Na,
483.0349; found, 483.0352.

4.1.41. (E)-5-(1-Bromo-2-iodovinyl)uridine (15b). 76%
yield as an oil; [oc]]zDO —1 (¢ 0.3, MeOH); 'H NMR
(D,0) 6 8.27 (s, 1H, H-6), 7.45 (s, IH, =CHI), 5.79 (d,
J=4.7Hz, 1H, H-1"), 4.15-3.92 (m, 2H, H-2',3"), 3.88
(m, 1H, H-4"), 3.67 (dd, J=11.8, 2.5 Hz, 1H, H-5'a),
3.56 (dd, 1H, H-5'B). HRMS mi/z caled for C;;H,Brl-
N>O¢Na, 499.0343; found, m/z 499.0348.

4.1.42. (E)-5-(1-Bromo-2-iodovinyl)-3’'-deoxyuridine
(15c¢). 68% yield as an oil; [oc]]z)0 +3 (¢ 1.0, MeOH); 'H
NMR (DMSO-d ¢ + D,0) ¢ 8.35 (s, 1H, H-6), 7.39 (s,
1H, =CHI), 5.61 (d, J=1.3Hz, 1H, H-1'), 4.32 (m,
1H, H-4'), 425 (m, 1H, H-2), 3.76 (dd, J=12.2,
2.4 Hz, 1H, H-5'a), 3.52 (dd, J=12.2, 2.8 Hz, 1H, H-
5'B), 1.97 (m, 1H, H-3'a), 1.75 (m, 1H, H-3'B). HRMS
m/z calcd for Cy1H{,BrIN,OsNa, 483.0349; found, m/z
483.0344.

4.1.43. (E)-5-(1-Chloro-2-iodovinyl)-2'-deoxyuridine
(16a). 71% yield; mp 109-111 °C; [a}g) +34 (¢ 0.5,
MeOH); 'H NMR (CD;0OD) 6 8.38 (s, 1H, H-6), 7.06
(s, 1H, =CHI), 6.30 (t, J=6.5Hz, 1H, H-1'), 4.43
(ddd, J=6.5, 3.8, 3.6Hz, 1H, H-3'), 3.96 (ddd,
J=13.6, 34, 3.0Hz, 1H, H-4'), 3.83 (dd, J=11.9,
3.1 Hz, 1H, H-5'a), 3.73 (dd, J=11.9, 3.4 Hz, 1H, H-
5'B), 2.45-2.10 (m, 2H, H-2"). HRMS m/z calcd for
C,1H,CIIN,OsNa, 438.5839; found, m/z 438.5843.

4.1.44. (E)-5-(1-Chloro-2-iodovinyl)uridine (16b). 78%
yield; mp 109-111°C; [«]) +5 (¢ 0.4, MeOH); 'H
NMR (D,0) 6 8.45 (s, 1H, H-6), 7.05 (s, IH, =CHI),
5.89 (br s, 1H, H-1"), 4.30 (br s, 2H, H-2',3’), 4.10 (m,
1H, H-4'), 3.85 (dd, J=11.5, 2.2 Hz, 1H, H-5'a), 3.75
(dd, 1H, H-5'B). HRMS m/z caled for C;;H,ICIN,Og.
Na, 454.5833; found, m/z 454.5835.

4.1.45. (E)-5-(1-Chloro-2-iodovinyl)-3'-deoxyuridine
(16¢). 70% yield as an oil; [oc]]zDO +2 (¢ 2.0, MeOH); 'H

NMR (DMSO-ds + D,O) 6 8.38 (s, 1H, H-6), 7.18 (s,
1H, =CHI), 5.65 (d, J=1.2 Hz, 1H, H-1’), 4.32 (m,
1H, H-4"), 425 (m, 1H, H-2), 3.76 (dd, J=12.3,
2.6 Hz, 1H, H-5'a), 3.52 (dd, J=12.3, 2.8 Hz, 1H, H-
5'B), 2.01 (m, 1H, H-3'a), 1.75 (m, 1H, H-3'B). HRMS
m/z caled for C;H,CIIN,OsNa, 438.5839; found, m/z
438.5837.

4.1.46. (E)-5-(1,2-Dibromovinyl)-2’-deoxyuridine (17a).
85% yield as an oil; [a]g) +26 (¢ 0.5, MeOH); 'H NMR
(CD;0D) 6 8.39 (s, 1H, H-6), 7.06 (s, 1H, =CHBr),
6.28 (t, J=6.5Hz, 1H, H-1'), 4.41 (m, 1H, H-3’), 3.95
(m, 1H, H-4"), 3.82 (dd, J=11.9, 29 Hz, 1H, H-5'a),
3.73 (dd, J=11.9, 3.4 Hz, 1H, H-5'B), 2.45-2.10 (m,
2H, H-2/). HRMS m/z calcd for C11H12BI‘2N205NH,
436.0345; found, m/z 436.0348.

4.1.47. (E)-S-%l,2-Dibr0m0vinyl)uridine (17b). 72% yield
as an oil; [«]) —14 (¢ 0.5, MeOH); '"H NMR (D,0) ¢
8.45 (s, 1H, H-6), 7.07 (s, IH, =CHBr), 593 (d,
J=52Hz, 1H, H-1"), 4.18 (m, 2H, H-2',3’), 4.05 (m,
1H, H-4"), 3.88 (dd, J=12.5, 2.5 Hz, 1H, H-5'a), 3.74
(dd, J=12.5, 2.8 Hz, 1H, H-5'B). HRMS m/z calcd for
C11H2Br,N,OgNa, 452.0339; found, 452.0342.

4.1.48. (E)-5-(1,2-Dibromovinyl)-3’-deoxyuridine (17c).
74% yield as an oil; [oc]g) +5 (¢ 1.0, MeOH); '"H NMR
(DMSO-dg + D,O) 6 8.42 (s, 1H, H-6), 7.25 (s, 1H,
=CHBr), 5.64 (br s, 1H, H-1'), 4.35 (m, 1H, H-4'),
4.25 (m, 1H, H-2), 3.78 (m, H-5'a), 3.54 (m, H-5'P),
1.95 (m, 1H, H-3’a), 1.75 (m, 1H, H-3'B). HRMS m/z
caled for C;;H;,Br,N,OsNa, 436.0345; found, 436.0340.

4.2. Biological evaluation

4.2.1. Antiviral and Cytotoxicity assays for HCV. Huh7
cells harbouring the subgenomic HCV replicon BM4-
5, kindly provided by Seeger,!'! were used in this study.
Cells were maintained in Dulbecco’s modified Eagle’s
medium high glucose 4.5 g/L (LifeTechnologies) supple-
mented with 10% fetal bovine serum, 1% r-glutamine,
1% penicillin and streptomycin, 1% L-pyruvate and
500 pg/mL of geneticin (G418; Invitrogen). Geneticin
was used to select cells permitting the HCV RNA repli-
cation. Cells were passaged every 4 days with a 1:4 ratio.

Cells were seeded in 6-well plates at a density of
2.5x10° cells per well, 16 h before the beginning of
treatment. Cells were treated with the molecules admin-
istered at different concentrations in complete medium
that did not contain geneticin. The administration of
each drug was renewed every day for three consecutive
days. Ribavirin (ICN Pharmaceuticals), mycophenolic
acid (Sigma) and IFNa-2b(IntronA®) were used in the
same conditions as positive controls. The concentrations
used for these drugs were, 0, 0.5, 1, 2, 4, 8, 16, 32, 64,
128, 256, and 512 uM for ribavirin: 0, 2.5, 5, 10, 20,
and 40 uM for mycophenolic acid, and 0, 0.1, 1, 10,
100 and 1000 UI/mL for IFNa-2b. Total RNA was
extracted at the end of treatment (24 h after the last
day of treatment) with the ‘Extract all’ reagent (Euro-
bio), which is a mix of phenol and guanidinium thiocy-
anate. Northern blot analysis was then performed using
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the NorthernMax ™M-Gly kit (Ambion), following man-
ufacturer’s instructions. Five micrograms of total RNA
were denaturated in glyoxal buffer at 50 °C for 30 min,
separated by 1.1% agarose gel electrophoresis and then
transferred for 12 h onto a charged nylon membrane
(HybondN+; Amersham). Hybridization was carried
out with three different [**P]CTP-labelled riboprobes
obtained by in vitro transcription (Riboprobe in vitro
transcription system; Promega). Two probes were com-
plementary to the NS5A region of the HCV genome of
negative polarity and positive polarity. A third probe
was complementary to the beta-actin mRNA and ob-
tained by in vitro transcription from a specific plasmid
(pTRI beta actin human, reference 7424; Ambion).
First, the blot was hybridized with the riboprobes direct-
ed against the negative strand of HCV RNA and beta-
actin mRNA. After one night of hybridization at
68 °C, the membrane was washed, and then exposed to
X-ray film and a phosphor screen (phosphorimager).
This screen was then scanned and quantitative analysis
was achieved using ImageQuant software. The amount
of beta-actin mRNA was used as an internal loading
control to standardize the amount of HCV RNA detect-
ed. The same membrane was subsequently hybridized
with the negative sense riboprobe to determine the level
of positive strand HCV RNA, using the same approach.

For cell viability assays, cells were seeded in 96-well
plates at a density of 12,500 cells per well. They were
treated by the different molecules with the same concen-
trations and conditions than those used for the antiviral
assays. Then, cell viability was measured by neutral red
assay. Neutral red which specifically colours lysosomes
and its accumulation depends on cellular membrane
integrity. The yield of neutral red incorporated in cells
is proportional to the number of living cells. At the
end of treatment, culture medium was removed; cells
were washed by PBS and then coloured with neutral
red at 0.005% for 3h at 37°C. Cells were then fixed
1 min by formol calcium and lysed by a treatment with
a v/v mixture of acetic acid and ethanol. After 15 min
incubation, absorbance was read at 490 nm.

4.2.2. Antiviral and cytotoxicity assays for BVDV. Non-
cytopathic-BVDV-free MDBK cells (European Collec-
tion of Animal Cell Cultures, Porton Down, UK) were
kindly provided by Dr. N. Zitzmann (Oxford Universi-
ty). Cells were propagated in DMEM F12 (Eurobio)
supplemented with 10% horse serum (Life Technolo-
gies), 1% 1-glutamin (Gibco), 1% penicillin and strepto-
mycin (Gibco). The NADL cytopathic (CP) BVDV
strain was obtained from ATCC.

MDBK cells were seeded in microwell plates (96 wells)
at a density of 1 x 10> cells per well, and then infected
with BVDV (strain NADL) [at a dilution inducing
100% cytopathic effect (CPE) 3 days postinoculation,
that is, approximately 10 plaque forming units (pfu)
per well at 3 days postinfection] for 1 h, at 37 °C. After
a wash with DMEM, infected cells were incubated for 3
days in the presence or absence of drug; each concentra-
tion of drug was added in 12 consecutive wells. The
appearance of CPE was visually checked the third day

postinoculation to evaluate the ECsy on BVDV (strain
NADL), according to the different conditions of treat-
ment. By definition, the ECs, is the concentration of
drug that inhibits 50% of the CPE in comparison to cells
inoculated but untreated presenting 100% of CPE.
Uninfected MDBK cells were grown in the absence or
presence of varying concentrations of drug tested. After
3 days, toxicity was evaluated by neutral red colouration
as described previously.

4.2.3. Cell culture assays for HIV-1. Antiviral and cyto-
toxicity assays were conducted as described recently by
Stuyver et al.!® HIV-1 antiviral assays were performed
in activated primary human PBM.
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source in the NCBI databases. Please refer to the full-length Guide for
Authors for details.
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Abstract—Docking results have enabled us to propose how resveratrol could act as a selective PGHS-1 peroxidase site inhibitor. The
docking model has predicted a slightly less favorable AGy;,q (—17.9 kcal/mol) of the resveratrol to the PGHS-2 peroxidase site in
comparison with its corresponding binding to the PGHS-1 (—20.4 kcal/mol). The formation of hydrogen bonds among the hydroxyl
groups of the resveratrol phenyl rings, the backbone of Fe-heme and the carbonyl group of Leu294 inside the PGHS-1 peroxidase
site, associated with the absence of His214 in the backbone of PGHS-1, are essential features that are required to maintain the
aromatic rings of the natural product parallel to the Fe-heme group and transverse to the peroxidase access channel promoting
a large steric hindrance at this site and its consequent selective inhibition.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Prostaglandin endoperoxide H, synthase (PGHS) is a
homodimeric bifunctional enzyme that catalyzes the first
two steps in the biosynthesis of prostaglandins from ara-
chidonic acid. In the first step, that is, the cyclooxygen-
ase reaction, arachidonic acid is bis-dioxygenated to
form the 15-hydroperoxy-9,11-endoperoxide prosta-
glandin G, (PGG5). In the subsequent step, that is, the
peroxidase reaction, the hydroperoxide group of the
PGG; undergoes a two-electron reduction to the corre-
sponding alcohol, producing the prostaglandin H,
(PGH,)"? (Fig. 1).

There are two well-characterized isoforms of PGHS, the
constitutive PGHS (PGHS-1) and the inducible PGHS
(PGHS-2), with ca. 60% homology in the primary
sequence. The enzymes are encoded by separate genes

Keywords: Resveratrol; Selective PGHS-1 inhibition; Peroxidase activ-

ity; Heme group; Molecular modeling; Docking; FlexX; Anti-inflam-

matory drugs.

* Corresponding author. Tel.: +55 21 25626503; fax: +55 21
25626644; e-mail: cmfraga@pharma.ufrj.br

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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that are expressed differentially. While PGHS-1 is widely
expressed in mammalian tissues, where it presents
homeostatic functions, PGHS-2 is expressed transiently
upon stimulation by mitogens or other nociceptive stim-
uli, being involved in genesis of the inflammatory
processes.’

In the peroxidase catalytic cycle, the initial redox reac-
tion involves the binding of the 15-hydroxyl group of
PGG; to the heme iron, with concomitant donation of
a proton from the o (terminal)-oxygen of the peroxyl
group coordinated to the heme iron at the distal
His207. Subsequently, the transfer of a proton from
His207 to the B-oxygen in the peroxyl group occurs
which results in an acid base-catalyzed cleavage of the
oxygen—oxygen bond. This reaction generates the inter-
mediate I and the PGH,.* This intermediate accepts an
electron from a reducing co-substrate (Tyr385) to form
the intermediate II, which is carried to the resting state
ferric enzyme. The conversion of intermediate I to inter-
mediate II can take place through the formation of a
tyrosyl radical species from a tyrosine residue
(Tyr385), which is required to initiate and perpetuate
the cyclooxygenase reaction. Thus, the two activities of
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Figure 1. Tightly coupled interrelated peroxidase and cyclooxygenase
activities of the PGHS. The native enzyme contains a heme subunit in
the peroxidase site, usually ferriprotoporphyrin IX, with four pyrrole
nitrogens bound to the Fe(IlI). The fifth coordination position on the
proximal side of the heme is usually occupied by the imidazole group
of a histidine residue.

PGHS are mechanistically interrelated, most likely
through a branched-chain mechanism in which a single
peroxidative turnover can sustain many cycles of the
cyclooxygenase reaction>® (Fig. 1).

Resveratrol (3,5,4'-trihydroxy-trans-stilbene, Fig. 2) is a
phytoalexin found in grapes, wines, and other food
products that present cardiovascular protective, cancer
chemopreventive, antioxidant, and anti-inflammatory
activities.

The anti-inflammatory properties of resveratrol were
demonstrated by the suppression of carragenan-induced
rat paw edema.” This effect was attributed to the blockade
of prostaglandin biosynthesis, not through cyclooxygen-

Resveratrol

OH

Figure 2. Molecular structure of resveratrol (3,5,4'-trihydroxy-trans-
stilbene).

ase activity inhibition as with classical anti-inflammatory
drugs, but via selective inhibition of peroxidase activity
of the PGHS-1 (ICso=15uM) in comparison with
that related to PGHS-2 (ICso = 280 pM).3

In this context, we described herein the application of
docking studies to understand better the structural char-
acteristics involved in the selective peroxidase inhibition
of the PGHS-1 by the phenolic natural product,
resveratrol.

2. Computational methods
2.1. Molecular structures

The study was based on two crystal structures recovered
from the Brookhaven Protein Data Bank, (http:/
www.rcsb.org/pdb/), that is, PGHS-1 in complex with
the inhibitor flurbiprofen (entry code 1EQH) and
PGHS-2 in complex with SC-558 (entry code 1CX2).
For the docking purposes, protein atoms of the
PGHS-1 and PGHS-2 monomers A were used, the heme
group being chosen to define the binding pocket. The
docking experiments were carried out with this struc-
ture, after the automatic remotion of crystallization
water residues, which will be here referred to as peroxi-
dase active site. The BioMedCAche 5.0 software® was
used for sketching, geometry optimization, and
conformational search of resveratrol.® The minimum
energy conformation was obtained first with the MM2
method, followed by application of semiempirical
AMI1 minimization using two dihedral angle search by
step. Subsequently, the charges of resveratrol and heme
group were computed using the Tripos force field with
Gasteiger—Hiickel method.'®

2.2. Molecular docking

The FlexX program!! interfaced with SYBYL 7.0 was
used to dock resveratrol inside the peroxidase site of
the crystallographic PGHS-1 and PGHS-2 structures.
FlexX utilizes a fast algorithm for the flexible docking
of small ligands into fixed protein binding sites using
an incremental construction process.'>!3 The active site
exploited in docking studies was defined, in the PGHS-
1 and PGHS-2 monomeric forms, after a cut-off of
7.4 A radius around the prosthetic heme group. The
proposed interaction modes of the ligand with the
PGHS-1 and PGHS-2 active sites were determined as
the highest scored conformation (best-fit ligand) among
30 conformational and binding modes generated
according to the FlexX scoring, which was represented
by the structure with the most favorable binding free
energy (AGyping). FlexX uses a pure empirical scoring
function similar to that developed by Rarey et al.!”
and Boéhm.'* The free binding energy of a protein/li-
gand complex was estimated as the sum of free energy
contributions from hydrogen bonding, ion-pair interac-
tions, hydrophobic and m-stacking interactions of aro-
matic groups, and lipophilic interactions. A scaling
function was used to penalize deviations from the ideal
geometry.
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3. Results and discussion
3.1. Model validation

To ensure the efficiency of FlexX program to dock the
natural ligand in the peroxidase site, we investigated
previously the docking of the prosthetic heme group in
the peroxidase sites of PGHS-1 and PGHS-2. The FlexX
program docked it in the same pocket and aligned it in a
plane similar to that occupied by the ferriprotoporphy-
rin IX in_the crystal structure, presenting RMS values
of 0.119 A for PGHS-1 and 0.133 A for PGHS-2.

3.2. Docking modes between resveratrol and PGHS
(1 and 2) peroxidase sites

Resveratrol docking into the peroxidase active site of
the PGHS isoforms furnished the AGy;,q for the best-
fit complexed structures with PGHS-1 and PGHS-2 of
—20.4 and —17.9 kcal/mol, respectively. The heme
molecular surface occupied by resveratrol was 645.6 A
in the PGHS-1 and 638.1 in the PGHS-2 (Table 1).
The small heme molecular surface occupied and AGp;ng
difference between the two isoforms could not explain
the resveratrol selectivity for PGHS-1. Graphical repre-
sentations of the docking results of resveratrol are given
in Figure 3 and show that it does not bind in the same
manner in the two PGHS isoforms. In PGHS-2, we ob-
serve that the hydrogen bond between the two hydroxyl
groups from the resorcinol ring of the resveratrol, and
the His207 (NH group) and GIn203 (C=0 group) resi-
dues contributes to maintaining resveratrol in a slanting

Table 1. Calculated parameters for the resveratrol binding to the
PGHS-1 and PGHS-2 peroxidase sites

PGHS-1 PGHS-2
Binding energy (AGpina) (kcal/mol) —20.4 -17.9
Volume (A%)? 645.6 638.1

#Molecular surface of resveratrol binding conformations.

GEN203

position (Fig. 3A). The analysis of the molecular recog-
nition of resveratrol by the PGHS-1 peroxide site reveals
that the 3,5-hydroxyl groups attached to the phenyl ring
of resveratrol interact through hydrogen bonds with the
backbone of the heme in PGHS-1. Additionally, the
hydrogen of the 4’-hydroxyphenyl group makes a
hydrogen bond with the carbonyl oxygen atom of
Leu294 (Fig. 3B), which contributes to maintaining the
resveratrol in a parallel position to the heme group.

3.3. Comparison of the peroxidase active sites

Observing the docking results (Fig. 3), we noticed that a
difference between the carboxylic acid conformations of
the heme backbone in the peroxidase site could be dic-
tating its binding with resveratrol. After an overlapping
of the heme groups of the two PGHS isoforms, which
resulted in a RMS value of 0.065 from alingment of
the four pyrrole nitrogens, it is clear that the variation
in the disposition of the backbones A and B of PGHS-
1 and PGHS-2 (Fig. 4) is not an artifice of the crystals,
but arises due to hydrogen bonds between the carboxylic
acid oxygens of the prosthetic group and the amino acid
residues of the peroxidase site. In the backbone A of
PGHS-1, the carboxylic acid group of heme moiety
makes one hydrogen bond with the Thr212, while the
carboxylic acid of the backbone B does not make any
hydrogen bond with any amino acid residues. However,
the carboxylic acid of the backbone A of PGHS-2 makes
two hydrogen bonds with the Thr212 and the respective
carboxylic acid group present in the backbone B makes
one hydrogen bond with the Gln454.

These results have indicated to us that the variations evi-
denced in the backbone conformations are due to the
different positions occupied by Thr212 in the active site,
leading to the formation of two hydrogen bonds in the
PGHS-2 and only one in the PGHS-1, besides a differ-
ence in the backbone B proximal amino acids, that is,
Asp450 present in the PGHS-1 versus a GIn454 present

Figure 3. Molecular docking results of resveratrol with the PGHS-1 and PGHS-2 peroxidase sites. Only the main amino acid residues within 3 A
around the inhibitor are shown for clarity. (A) Resveratrol attached to the PGHS-2 peroxidase site, describing the molecular surface contour of the
ligand. (B) Resveratrol attached to the PGHS-1 peroxidase site, describing the molecular surface contour of the ligand. The residues are represented
as capped-sticks, and the carbon atoms of the inhibitors are shown in green-blue (resveratrol in PGHS-2) or orange (resveratrol in PGHS-1), blue
(N), red (O), and green (halogen); the green-blue and yellow dashed lines represent the hydrogen bonds formed between resveratrol and the

corresponding PGHS isoform.
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Figure 4. Molecular overlapping of the PGHS-1 (green) and PGHS-2
(yellow) prosthetic heme groups. Only the main residues that directly
affect the conformation of the carboxylic acid groups, distal and
proximal hystidines, and the differential hystidine 214 (PGHS-2) are
shown. In white are represented the common amino acid residues of
the two PGHS isoforms.

B PGHS-1

in the corresponding region of the PGHS-2. This fact
determines a crucial spatial difference between the
backbone B of the two isoforms once that only

GIn454 amino acid residue of the PGHS-2 active is geo-
metrically able to make a hydrogen bond with the car-
boxylic acid of backbone B (Fig. 4).

In addition, the presence of a His214 in the PGHS-2
produces a steric hindrance that could block the binding
of resveratrol with the carboxylic acid residues of the
backbones A and B of heme group, avoiding a parallel
conformation adopted by the natural product in the per-
oxidase site of the PGHS-1 (Fig. 3).

3.4. Analyses of access pocket

As previously described in the literature, the peroxidase
active site of the PGHS possesses an access pocket since
the external surface up to the heme group is larger than
other human peroxidases, for example, mieloperoxidas-
es (MPO). The use of van der Waals sphere-scan pro-
gram showed clearly that the heme pocket of PGHS is
much more exposed to the solvent than the correspond-
ing heme pocket of MPO, being consequently designed
to accept larger substrates.!?

Analyzing the molecular surface representations of the
heme-containing pocket we can see that after binding
with the PGHS-2 peroxidase site, resveratrol occupies
a longitudinal disposition in the access cavity
(Fig. 5A), which is dislocated to the external part of
the pocket, only partially blocking the entrance of natu-
ral substrates to the prosthetic group (Fig. 5C). On the
other hand, resveratrol binds transversally to the active
PGHS-1 peroxidase site, completely blocking the en-
trance of the enzyme substrate in the pocket (Fig. 5B).
By the way, different from the evidenced binding profile

Figure 5. (A and C) Top view of resveratrol docked in access pocket with molecular surface representation in green (PGHS-2) and cyan (PGHS-2).
Resveratrol bound longitudinally in PGHS-2 access pocket (A) and transversally in PGHS-1 (C). (B and D) Inferior view of access pocket. In PGHS-
2, resveratrol disposal is dislocated to the external part of the pocket (B). In PGHS-2, resveratrol is totally inside of the canal (D), blocking the access
of the PGG, to the heme group. Resveratrol is represented in molecular surface (yellow).
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with PGSH-2, resveratrol is not located almost outside
the PGHS-1 pocket, but totally inside in it, preventing
the PGG, access to the heme group (Fig. 5SD).

4. Conclusions

The docking results have enabled us to propose how
resveratrol could act as a selective PGHS-1 peroxidase
site inhibitor. In spite of us having evidenced only slight
differences between the PGHS-1 and PGHS-2 binding
energies, the differences between the amino acids in the
two active sites lead to a differential disposal of the
resveratrol inside the heme pocket, which seems to be
the main reason for the selective PGHS-1 inhibition
profile. The formation of hydrogen bonds among the
hydroxyl groups of resveratrol phenyl rings, the Fe-heme
backbones and the carbonyl group of Leu294 inside the
PGHS-1 peroxidase site, and the absence of the His214
residue (present in PGHS-2) are essential for maintaining
the aromatic rings of the natural product parallel to the
heme group and transverse to the access pocket promot-
ing a large steric hindrance at this site. The results
described herein are in agreement with the previously
related PGHS-mediated reductive profile of 5-phenyl-4-
pentenyl hydroperoxide (PPHP) to 5-phenyl-4-pentenyl
alcohol (PPA), which is a large substrate like PGG,. In
this assay, the substrate reduction was inhibited by
resveratrol in PGHS-1 but not in PGHS-2.'® Finally,
we could evidence the strong possibility of exploring
the natural stilbene template present in resveratrol in
the design of new useful anti-inflammatory agents.
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Abstract—Certain oxime- and methyloxime-containing flavone and isoflavone derivatives were synthesized and evaluated for their
antiproliferative activity against three solid cancer cells, human cervical epithelioid carcinoma (HeLa), hepatocellular carcinoma
(SKHepl), and oral squamous cell carcinoma (SAS), which are commonly seen in Asian countries, including Taiwan. Selective com-
pounds were also evaluated in the full panel of 60 human tumor cell lines and their mean Gls, values were obtained. The preliminary
assays indicated flavone-6-yl derivatives are the most cytotoxic while isoflavone-7-yl derivatives are the best antiplatelet agents.
Among them, (E)-6-(2-methoxyiminopropoxy)-2-phenyl-4 H-1-benzopyran-4-one (14), (Z)-6-(2-hydroxyimino-2-phenylethoxy)-2-
phenyl-4 H-1-benzopyran-4-one (18a), and (Z)-6-[2-hydroxyimino-2-(4-methoxyphenyl)ethoxy]-2-phenyl-4 H-1-benzopyran-4-one
(18c) are three of the best antiproliferative agents with Glsy values of 0.8, 0.7, and 0.8 uM, respectively, against the growth of
SKHepl; 0.9, 0.8, and 1.0 uM, respectively, against the growth of HeLa cells. Compound 18¢ is not only the most cytotoxic with
a mean Gls value of 0.08 uM against the full panel of 60 human tumor cell lines but also the only flavone derivative that exhibited a
Gl;q value of less than 1 pM against the growth of SAS. Flow cytometric analyses revealed that growth inhibition by 18¢ was due to
accumulation in G2/M phase arrest and followed by apoptosis.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Flavonoids and isoflavonoids are ubiquitous families of
natural products that possess a wide variety of biologi-
cal activities, including antiproliferative,!® antifungal,’
antiviral,’” anti-inflammatory,!' antioxidant,'>!3 and
cardiovascular effects.'*'® Recently, we have reported
preparation of certain flavone and isoflavone derivatives
and investigated their antiproliferative activity in a de-
tailed structure-activity relationship (SAR) study.!'®2!
The antiproliferative assay was evaluated in the full pan-
el of 60 human tumor cell lines derived from nine cancer
cell types (leukemia, non-small cell lung cancer, colon
cancer, CNS cancer, melanoma, ovarian cancer, renal

Keywords: Antiproliferative activity; Antiplatelet activity; Cytotoxi-

city; Apoptosis; Flavone; Isoflavone.
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0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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cancer, prostate cancer, and breast cancer). Since human
cervical epithelioid carcinoma (HeLa), hepatocellular
carcinoma (SKHepl), and oral squamous cell carci-
noma (SAS) are commonly seen in Asian countries
including Taiwan, the present report describes the prep-
aration of certain oxime- and methyloxime-containing
flavone and isoflavone, and their antiproliferative evalu-
ation against these three solid cancers. Selective com-
pounds were also evaluated in the full panel of 60
human tumor cell lines and their mean GIs, values were
obtained.

A number of flavone and isoflavone derivatives have
been found to exhibit antiplatelet and vasorelaxing
activities.'>'® This prompted us to investigate the anti-
platelet effect of these flavone and isoflavone oximes in
an attempt to identify potential drug candidates which
selectively inhibit either the platelet aggregation or the
growth of cancer cells.
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2. Chemistry

The preparation of oxime- and methyloxime-containing
flavone and isoflavone derivatives is illustrated in
Scheme 1. Alkylation of 3-hydroxyflavone with chloro-
acetone under basic conditions gave 3-(2-oXxopropoxy)-
2-phenyl-4H-1-benzopyran-4-one (1),'® which was then
treated with NH,OH to afford exclusively (FE)-3-
(2-hydroxyiminopropoxy)-2-phenyl-4 H-1-benzopyran-4-
one (9) in a good overall yield. The configuration of the
oxime moiety was determined by through-space nuclear
Overhauser effect spectroscopy (NOESY), which re-
vealed coupling connectivity to CHj; protons. Accord-
ingly, reaction of 3-hydroxyflavone with bromomethyl
ketones gave their respective phenylketone derivatives
5a—c'® which were treated with NH,OH to give (2)-
17a—c. The same synthetic procedure was applied for
the synthesis of flavone-6-yl oximes, (E)-10 from 6-(2-
oxopropoxy)-2-phenyl-4 H-1-benzopyran-4-one ~ (2);'8
(Z)-18a— from 6a—c,'® respectively; and flavone-7-yl
oximes (E)-11?! from 7-(2-oxopropoxy)-2-phenyl-4H-1-
benzopyran-4-one (3);!¢ (Z)-19a—¢*' from 7a-c,'¢
respectively; and isoflavone-7-yl oximes, (E)-12>' from
7-(2-oxopropoxy)-3-phenyl-4 H-1-benzopyran-4-one (4);
(2)-20a—¢' from 8a—c, respectively. The conﬁguratlon
of the oxime moiety was further confirmed by the 1°C
NMR spectra. The carbon of 1’-CH, which is anti to
the oxime moiety shifted downfield (6 73.14 for (E)-9

and 70.00 ppm for (E)-10), while that of the syn isomer
shifted upfield (6 61.90 for (Z)-17a, 61.82 for (Z)-17b,
61.85 for (Z£)-17¢, 59.38 for (Z)-18a, 59.36 for (Z)-18b,
and 59.30 ppm for (Z)-18¢).?>

Reaction of 1 and Sa—c with NH,OMe provided (E)-3-
(2-methoxyiminopropoxy)-2-phenyl-4 H-1-benzopyran-
4-one (13) and (Z)-21a—c, respectively. The same
synthetic procedure was applied for the synthesis of fla-
vone-6-yl oxime methylethers, (E)-14 from 2; (Z£)-22a—c
from 6a—c, respectively; and flavone-7-yl oxime methyl-
ethers, (E)-15%! from 3; (Z)-23a—c?' from 7a—c, respec-
tively; and isoflavone-7-yl oxime methylethers, (E)-16>!
from 4; (Z)-24a—c*!' from 8a—c, respectively.

3. Pharmacological results and discussion
3.1. Antiproliferative activity

All compounds were evaluated in vitro against a three-
cell line panel consisting of human cervical epithelioid
carcinoma Hela, hepatocellular carcinoma SKHepl,
and oral squamous cell carcinoma SAS. Results from
Table 1 indicated the optimal hydrophilicity is crucial
for the antiproliferative activity of flavone-6-yl deriva-
tives. When R, is a less hydrophobic methyl group, R,
prefers to be a methoxy rather than a polar hydroxyl
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Table 1. Antiproliferative activity of flavone and isoflavone derivatives

6047

R4
Aryl—O
NOR;
Compound Substituents Glso (uM)?* Mean Glsy (uM)>*
Aryl R, R, SKHepl HeLa SAS

9 Flavone-3-yl Me H 2.610.04 2.01+0.23 5.8%£1.90 nd
10 Flavone-6-yl Me H 1.9+0.24 1.2+0.18 9%0.98 nd
11 Flavone-7-yl Me H 2.81+0.33 20+1.34 25+1.17 nd
12 Isoflavone-7-yl Me H 7.3+0.96 9.8+1.23 6.3%1.32 nd
13 Flavone-3-yl Me Me 9.2+ 1.03 2.0+0.82 34%0.21 nd
14 Flavone-6-yl Me Me 0.8£0.75 0.9+£0.21 2.0£0.71 nd
15 Flavone-7-yl Me Me 2.0%0.12 22%0.15 321047 nd
16 Isoflavone-7-yl Me Me 6.4+ 1.09 8.5+1.28 2.6 +0.71 nd
17a Flavone-3-yl Ph H 7.2%£0.58 1.8+£0.20 7.5+1.32 13.2
17b Flavone-3-yl 4-F-Ph H 6.9+0.19 2.1+0.03 59+%1.15 nd
17¢ Flavone-3-yl 4-MeO-Ph H 2.7%0.14 2.0 £0.02 7.7 % 1.66 12.3
18a Flavone-6-yl Ph H 0.7 +0.21 0.8 +0.21 2.6 £0.02 3.7
18b Flavone-6-yl 4-F-Ph H 28+1.27 1.6 £0.34 2.4+0.48 4.5
18¢c Flavone-6-yl 4-MeO-Ph H 0.8+0.25 1.0+1.12 0.8 £0.03 0.08
19a Flavone-7-yl Ph H 2.0%0.15 2.0+0.36 6.0 £0.47 19.5
19b Flavone-7-yl 4-F-Ph H 2.3+£0.92 2.0£0.17 2.6%£0.20 21.4
19¢ Flavone-7-yl 4-MeO-Ph H 5.6 £0.68 2.0+0.14 2.0+0.16 12.3
20a Isoflavone-7-yl Ph H 6.4+1.27 9.0 +1.09 3.0%£0.95 16.5
20b Isoflavone-7-yl 4-F-Ph H 6.6+ 1.17 7.8 £1.10 2.9+0.53 16.2
20c Isoflavone-7-yl 4-MeO-Ph H 551121 7.6 £0.87 5.6 £1.05 2.84
21a Flavone-3-yl Ph Me 7.1£043 1.6 £ 1.06 2.0%+0.16 nd
21b Flavone-3-yl 4-F-Ph Me 13+1.21 2.0£0.81 37+1.12 nd
21c Flavone-3-yl 4-MeO-Ph Me 11 +£0.68 2.01+0.48 2.31+0.28 nd
22a Flavone-6-yl Ph Me 8.2%0.53 2.410.25 6.0+ 1.33 nd
22b Flavone-6-yl 4-F-Ph Me 79+1.24 23+0.14 2.7+0.18 nd
22¢ Flavone-6-yl 4-MeO-Ph Me 2.0£0.15 2.0£0.26 5.0+ 1.21 nd
23a Flavone-7-yl Ph Me 2.0+0.08 6.6 +0.68 2.0 £0.04 nd
23b Flavone-7-yl 4-F-Ph Me 3.3+ 1.11 2.7%0.31 4.1%1.15 nd
23c Flavone-7-yl 4-MeO-Ph Me 4.8+ 1.24 2.5%0.14 2.71+0.20 nd
24a Isoflavone-7-yl Ph Me 7.4%0.81 8.2%1.30 3.9%0.61 nd
24b Isoflavone-7-yl 4-F-Ph Me 6.1 £1.48 6.4+ 122 4.9+0.78 nd
24c Isoflavone-7-yl 4-MeO-Ph Me 53%1.05 7.310.26 251045 nd

#Glso: drug molar concentration causing 50% cell growth inhibition (n = 3).
® Data obtained from NCI's in vitro disease-oriented tumor cell screen.
®Mean Gls,: mean values over all cell lines tested. Theses cell lines are: leukemia (CCRF-CEM, HL-60 (TB), K-562, MOLT-4, PRMI-8226, and SR);
non-small cell lung cancer (A549/ATCC, EKVX, HOP-62, HOP-92, NCI-H226, NCI-H23, NCI-H322M, NCI-H460, and NCI-H522); colon
cancer (COLC 205, HCC-2998, HCT-116, HCT-15, HT29, KM12, and SW-620); CNS cancer (SF-268, SF-295, SF-539, SNB-19, SNB-75, and
U251); melanoma (LOX IMVI, MALME-3M, M14, SK-MEL-2, SK-MEL-28, SK-MEL-5, and UACC-257); ovarian cancer (IGROV1, OVCAR-

3, OVCAR-4, OVCAR-5, OVCAR-8, and SK-OV-3); renal cancer (786-0, A498, ACHN, CAKI-1, RXF 393, SN12C, TK-10, and UO-31); prostate
cancer (PC-3 and DU-145) and breast cancer (MCF7, MCF7/ADR-RES, MDA-MB-231/ATCC, HS 578T, MDA-MB-435, MDA-N, and T-47D).

group (14 vs. 10). However, when R; is a more hydro-
phobic phenyl or a substituted phenyl group, R, pre-
ferred to be a polar hydroxyl rather than a methoxy
group (18a—c vs. 22a—c). For the (2-hydroxyiminoprop-
oxy) derivatives, aryl group is preferred to be flavone-
6-yl as 10 exhibited the most strong antiproliferative
activity among its isomers (10 vs. 9, 11, and 12). The same
trend was observed for its methyl ether counterparts in
which flavone-6-yl 14 is the most potent in comparison
to 13, 15, and 16. Accordingly, (2-hydroxyimino-2-
phenylethoxy) group substituted at the C-6 position
of flavone skeleton is the most active (18a vs. 17a, 19a,
and 20a). For the flavone-6-yl derivatives, 14, 18a,
and 18c are three of the best with Gls, values of 0.8, 0.7,
and 0.8 pM, respectively, against hepatocellular carci-
noma (SKHepl); 0.9, 0.8, and 1.0 uM, respectively,

against the cervical epithelioid carcinoma (HeLa).
(Z)-6-[2-Hydroxyimino-2-(4-methoxyphenyl)ethoxy]-2-
phenyl-4 H-1-benzopyran-4-one (18c¢) is the only com-
pound which exhibited a Glsq value of less than 1 uM
(GIso = 0.8 uM) against oral squamous cell carcinoma
(SAS).

Selective compounds were evaluated in the full panel of
60 human tumor cell lines derived from nine cancer cell
types (leukemia, non-small cell lung cancer, colon can-
cer, CNS cancer, melanoma, ovarian cancer, renal can-
cer, prostate cancer, and breast cancer) and the mean
Gls, values were calculated.>®> An electron-donating 4-
methoxyphenyl group at R, of flavone-6-yl derivatives
is more active than the phenyl or the 4-fluorophenyl sub-
stituent (18c, mean Glso = 0.08 uM; 18a, 3.7 uM; 18b,
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Figure 1. Effects of 18c on cell cycle in HeLa cells. After treatment with DMSO or 5 uM of 18c for 8 and 24 h, the cells were detached from
substratum by trypsinization, washed by PBS, and stained with PI followed by Becton-Dickinson FACScan flow cytometer analysis.

4.5 uM). The same antiproliferative SAR was observed
for flavone-7-yl (19¢, mean Glso=12.3 uM; 19a,
19.5 uM; 19b, 21.4 uM) and isoflavone-7-yl (20¢, mean
Glso = 2.84 uM; 20a, 16.5 uM; 20b, 16.2 uM) deriva-
tives. The results of this study showed that the antipro-
liferative activity decreased in the order of linked
chromophore flavone-6-yl 18a—c > isoflavone-7-yl 20a—
¢ > flavone-3-yl 17a—¢ and flavone-7-yl 19a—c. Among
them, 18¢ was the most cytotoxic with a mean Gl val-
ue of 0.08 uM and therefore, was further evaluated on
its effect of cell cycle distribution and apoptosis as illus-
trated in Figure 1. The peak before the G1 phase on his-
togram is called apoptotic cells. The proportion of cells
was slightly increased in the sub-G1 and accumulated in
G2/M phase, however, was decreased in the G0/G1
phase of the cell cycle after 8 h treatment. After 24 h,
the accumulation of the cells in GO/G1 DNA content
was significantly decreased while the hypodiploid (sub-
GO/G1 phase) cells increased. Compound 18c inhibited
proliferation of HeLa by the alteration of cell division,
accumulation of cells in G2/M phase at early 8 h which
was then decreased followed by the increase of apoptotic
cells (sub-G1 phase) after 24 h treatment. Thus, com-
pound 18c¢ induces cell cycle arrest followed by
apoptosis.

3.2. Antiplatelet activity

The antiplatelet activities were evaluated in washed rab-
bit platelets. Platelet aggregation was induced by throm-
bin (Thr, 0.1 U/ml), arachidonic acid (AA, 200 uM), and
collagen (Col, 10 pg/ml), respectively. The final concen-
tration of compounds was 100 uM and the results are

shown in Table 2. All of them were found to be inactive
against Thr-induced aggregation and only marginally ac-
tive or inactive against Col-induced aggregation at
100 uM. However, most of them were capable of inhibit-
ing the platelet aggregation perfectly which was induced
by AA at the same concentration. For 2-hydroxy-
iminopropoxy derivatives, the potency decreased in the
order of linked chromophore isoflavone-7-yl (12,
IC50 =2.97 LLM) > ﬂavone—7-yl (11, ICSO =71 }.J.M) >
flavone-3-yl (9, IC5, = 38.8 uM) > flavone-6-yl (10, inac-
tive). With exception of 18a (ICsy = 25.9 uM), the same
antiplatelet SAR was observed for 2-hydroxyimino-2-
(4-substituted)phenylethoxy derivatives, in which the
potency decreased in the order of isoflavone-7-yl 20a—
¢ > flavone-7-yl 19a—c > flavone-3-yl 17a—c > flavone-6-
yl 18b and 18c¢; and 2-methoxyiminopropoxy derivatives
in which isoflavone-7-yl (16, ICsy = 13.6 uM) is active
while its isomers 13-15 are inactive. With exception of
23a (IC5o = 14.5 uM), 2-methoxyimino-2-(4-substitut-
ed)phenylethoxy derivatives of flavone-3-yl 21a—c, fla-
vone-6-yl 22a-¢, and flavone-7-yl 23b and 23c are
inactive. For 2-hydroxyimino-2-(4-substituted)phenyl-
ethoxy derivatives of flavone-3-yl 17a—¢, the potency of
17a, 17b, and 17¢ is comparable with ICsq of 42.6, 40.7,
and 30.2 pM, respectively. Comparable antiplatelet
SAR was also observed for the flavone-7-yl counterparts
19a-c.

4. Conclusion

A number of oxime- and methyloxime-containing fla-
vone and isoflavone derivatives were synthesized and





T.-C. Wang et al. | Bioorg. Med. Chem. 13 (2005) 6045-6053 6049

Table 2. Effects of flavone and isoflavone derivatives on the platelet
aggregation

Compounds Thrombin  Arachidonic acid Collagen
(100 uM) (0.1 U/ml) (200 pM) (10 pg/ml)
Control 91.2%1.1 88.1£1.7 90.8 0.7
9 90.3£0.5 0° 9.2+7.5°
ICs 38.8%£1.8 544+t4.6
10 89.4+0.5 854+24 92.1£0.9
11 88.6t14 0° 18.2£8.2°
ICs 77%1.6 483+79
12 883104 0° 325+ 1.7°
ICs 297+04 36.8£10.3
13 83.6t1.3 0° 8.81 +7.2¢
ICs 74.5+£04 72.7+£4.3
14 86.8 1.1 83.7%1.7 849+34
15 862+ 1.7 7.94 £ 3.8° 16.2+0.4
ICso 76.5%1.2 80.8 £0.1
16 85.7%0.5 0° 14.0 £ 4.2°
ICs 13.6+7.9 332+£5.6
17a 88.6 1.1 0° 26.5+2.8°
ICs 42.6%0.8 38.1£55
17b 86.6 = 1.0 0° 839+ 1.7
ICs 40.7£0.5
17¢ 90.5%0.6 0° 414%538
ICs 30.2£9.3 458 +17.8
18a 88.1+£0.8 0° 852+48
ICs 259%6.6
18b 86.9+0.7 85.7+14.7 92.0%0.3
18¢ 87.6 1.7 879%14 56.6 £ 6.4
19a 883+ 1.7 0° 12.8 £1.3°
ICs 294+£39 464+24
19b 86.3+1.9* 0° 14.7 £ 0.8°
| (&P 36.7t14 439%6.2
19¢ 852+ 1.4% 0° 20.3 £4.1°¢
ICs 29.0£3.3 553+49
20a 83.9%19 0° 23.4+4.8°
ICs 11.6+1.9 289+ 1.1
20b 883+ 1 0° 23.1%2°
ICs 8.0£04 34.7%£3.3
20c 83.6%£09 0° 223+2.8°
ICs 11.6+1.7 28.5%+7.2
21a 86.6+0.08 82.3%22 66.5 + 6.7°
21b 83.1£0.5 82622 722 +4.8°
21c 84.6 1.3 83.9%£09 47.9 £ 6.9°
22a 87.6+0.66 84.1%0.7 83.1£0.8
22b 857112 81.6£22 69.6 £ 8.8
22¢ 843+0.92 79.1%£3.0 81.0 £0.01
23a 85.1£0.35 0° 10.79£0
ICs 14.50 £ 0.97 65310
23b 85.6x1.1 79.10%£3.1 60.91£0
23c 82.5+0.93 78.60 % 1.1° 79.62£0
24a 745128 0° 13.8£6.5°
ICs 20.8 +4.8 54.1£13.7
24b 79.7£2.7 0° 164 £1.9°
ICs 437+8.3 49.0 £ 8.6
24c 71.8 £6.6 89+ 1.6 47.7%+17.3

#Significantly different from control value at P < 0.05.
® Significantly different from control value at P < 0.01.
¢ Significantly different from control value at P < 0.001.

evaluated for their antiplatelet and antiproliferative
activities. The results indicated flavone-6-yl derivatives
are most cytotoxic while isoflavone-7-yl derivatives are
best antiplatelet agents. Our findings that 14 and 18c
being inactive against the platelet aggregation are inter-
esting, because both compounds were found to be po-
tent antiproliferative agents against the growth of

three solid cancer cells, HeLa, SKHepl, and SAS. Expo-
sure to 18¢ had a strong antiproliferative effect on HeLa
cells and caused an increase in the population of apop-
totic cells. A significant number of cells were accumulat-
ed in G2/M phase. Thus, compound 18¢ induces cell
cycle arrest followed by apoptosis.

5. Experimental
5.1. General

TLC: precoated (0.2 mm) silica gel 60 F»s4 plates from
EM Laboratories, Inc.; detection by UV light
(254 nm). mp: Electrothermal 149100 digital melting-
point apparatus; uncorrected. 'H NMR spectra:
Varian-Unity-400 spectrometer at 400 or Varian-Gemi-
ni-200 spectrometer at 200, chemical shifts é in ppm
with SiMe, as an internal standard (=0 ppm), coupling
constants J in hertz. Elemental analyses were carried
out on a Heraeus CHN-O-Rapid elemental analyzer,
and results were within £0.4% of calculated values.

5.1.1. (E)-3-(2-Hydroxyiminopropoxy)-2-phenyl-4 H-1-
benzopyran-4-one (9). To a solution of 1'® (0.29 g,
I mmol) in EtOH (20 ml) was added a solution of
hydroxylamine hydrochloride (0.14 g, 2 mmol) in EtOH
(2 ml). The mixture was heated at reflux for 24 h (TLC
monitoring) and evaporated to give a residual solid.
The white solid thus obtained was collected and purified
by flash column chromatography (FC; silica gel;
CH,CI,/EtOAc 4:1) and recrystallized from CH,Cl, to
give 9 (0.22g, 71%). mp 144-145°C. 'H NMR
(400 MHz, DMSO-dq): 1.60 (s, Me), 4.55 (s, OCH,),
7.48-7.52 (m, 1H, arom. H), 7.55-7.63 (m, 3H, arom.
H), 7.73-7.89 (m, 2H, arom. H), 7.97-8.06 (m, 2H,
arom. Ha)’ 8.10-8.15 (m, 1H, arom. H), 10.86 (s,
NOH). "*C NMR (100 MHz, DMSO-dy): 11.62 (Me),
73.14 (CH,0), 118.38, 123.42, 124.91, 125.09, 128.43,
128.61, 130.29, 130.87, 134.09, 138.84, 151.75, 154.71,
155.88 (arom. C and C=N), 173.63 (C(4)). Anal. Calcd
for C;gHsNO4: C 69.89, H 4.89, N 4.53. Found: C
69.80, H 4.92, N 4.55.

The same procedure was applied to convert 2 to 10; Sa—c
to 17a—c; 6a—c to 18a—c, respectively.

5.1.2. (E)-6-(2-Hydroxyiminopropoxy)-2-phenyl-4 H-1-
benzopyran-d-one (10). Yield: 81%. mp 209-210 °C. 'H
NMR (400 MHz, DMSO-dg): 1.85 (s, Me), 4.69 (s,
OCH,), 7.02 (s, 1H-C(3)), 7.47 (dd, J=8.8, 3.2, 1H-
C(7), 7.50 (d, J=3.2, 1H-C(5)), 7.55-7.61 (m, 3H,
arom. H), 7.76 (d, J=28.8, 1H-C(8)), 8.08-8.11 (m,
2H, arom. H), 11.05 (s, NOH). '*C NMR (100 MHz,
DMSO-dq): 11.51 (Me), 70.00 (CH,0), 106.18, 106.30,
120.24, 123.84, 124.03, 126.34, 129.17, 131.21, 131.81,
150.61, 151.63, 155.48, 162.40 (arom. C and C=N),
176.87 (C(4)). Anal. Calcd for C;gH;sNO4: C 69.89, H
4.89, N 4.53. Found: C 69.54, H 4.89, N 4.44,

5.1.3. (Z)-3-(2-Hydroxyimino-2-phenylethoxy)-2-phenyl-
4H-1-benzopyran-4-one  (17a). Yield: 61%. mp
158-159°C. 'H NMR (400 MHz, DMSO-dy): 5.30





6050 T.-C. Wang et al. | Bioorg. Med. Chem. 13 (2005) 6045-6053

(s, OCH,), 7.32-7.57 (m, 7H, arom. H), 7.74-7.89 (m,
4H, arom. H), 7.94-7.98 (m, 2H, arom. H), 8.15-8.18
(m, 1H, arom. H), 11.66 (s, NOH). *C NMR
(100 MHz, DMSO-dg): 61.90 (CH,0), 118.40, 123.41,
125.00, 125.11, 126.32, 128.08, 128.23, 128.49, 128.63,
130.07, 130.74, 134.12, 134.65, 139.54, 152.38, 154.71,
155.38 (arom. C and C=N), 173.80 (C(4)). Anal. Calcd
for C23H17NO4: C 74.38, H 461, N 3.77. Found: C
74.36, H 4.64, N 3.80.

5.1.4. (Z)-3-|2-(4-Fluorophenyl)-2-hydroxyiminoethoxy]-
2-phenyl-4 H-1-benzopyran-4-one (17b). Yield: 71%. mp
179-180 °C. '"H NMR (400 MHz, DMSO-dq): 5.29 (s,
OCH,), 7.09-7.18 (m, 2H, arom. H), 7.36-7.57 (m,
4H, arom. H), 7.74-7.96 (m, 6H, arom. H), 8.14-8.18
(m, 1H, arom. H), 11.66 (s, NOH). *C NMR
(100 MHz, DMSO-dy): 61.82 (CH,0), 114.75, 115.19,
118.40, 123.39, 124.99, 125.12, 128.22, 128.36, 128.49,
130.06, 130.71, 131.09, 134.14, 139.43, 151.56, 154.73,
155.47, 159.92, 164.80 (arom. C and C=N), 173.97
(C(4)). Anal. Calcd for Co3H;sFNOy4: C 70.95, H 4.14,
N 3.60. Found: C 70.64, H 4.24, N 3.66.

5.1.5. (Z£)-3-[2-Hydroxyimino-2-(4-methoxyphenyl)eth-
oxy|-2-phenyl-4 H-1-benzopyran-4-one (17¢). Yield: 60%.
mp 156-157 °C. "H NMR (400 MHz, DMSO-d): 3.77
(s, MeO), 5.27 (s, OCH,), 6.84-6.92 (m, 2H, arom. H),
7.37-7.57 (m, 4H, arom. H), 7.67-7.90 (m, 4H, arom.
H), 7.95-8.00 (m, 2H, arom. H), 8.14-8.18 (m, 1H,
arom. H), 11.44 (s, NOH). '3C NMR (100 MHz,
DMSO-ds): 55.07 (MeO), 61.85 (CH,O), 113.53,
118.37, 123.39, 12491, 125.08, 127.08, 127.67, 128.20,
128.48, 130.09, 130.69, 134.09, 139.54, 151.90, 154.70,
155.33, 159.64 (arom. C and C=N), 173.99 (C(4)). Anal.
Calcd for Co4H9NOs: C 71.81, H 4.77, N 3.49. Found:
C 71.55, H 4.77, N 3.51.

5.1.6. (Z)-6-(2-Hydroxyimino-2-phenylethoxy)-2-phenyl-
4H-1-benzopyran-4-one (18a). Yield: 66%. mp 212-
213°C. 'H NMR (400 MHz, DMSO-dg): 5.39 (s,
OCH,), 7.02 (s, 1H-C(3)), 7.35 (dd, J=9.2, 3.2, 1H-
C(7)), 7.37-7.42 (m, 3H, arom. H), 7.54 (d, J=3.2,
1H-C(5)), 7.57-7.68 (m, SH, arom. H), 7.71 (d,
J=9.2, 1H-C(8)), 8.07-8.09 (m, 2H, arom. H), 12.02
(s, NOH). ')C NMR (100 MHz, DMSO-d;): 59.38
(CH,0), 105.84, 106.21, 120.27, 123.53, 126.33, 126.44,
128.08, 128.35, 128.57, 128.96, 129.15, 131.20, 131.80,
150.66, 152.54, 155.19, 162.37 (arom. C and C=N),
176.83 (C(4)). Anal. Calcd for Co3H;NOy4: C 74.38, H
4.61, N 3.77. Found: C 74.35, H 4.59, N 3.81.

5.1.7. (Z£)-6-|2-(4-Fluorophenyl)-2-hydroxyiminoethoxy]-
2-phenyl-4 H-1-benzopyran-4-one (18b). Yield: 75%. mp
178-179 °C. '"H NMR (400 MHz, DMSO-d;): 5.39 (s,
OCH,), 7.01 (s, 1H-C(3)), 7.19-7.26 (m, 2H, arom. H),
7.35 (dd, J=9.2, 3.2, 1H-C(7)), 7.54 (d, J=3.2, 1H-
C(5)), 7.55-7.59 (m, 3H, arom. H), 7.69-7.72 (m, 2H,
arom. H); 7.72 (d, J=9.2, 1H-C(8)), 8.06-8.09 (m,
2H, arom. H), 12.04 (s, NOH). '*C NMR (100 MHz,
DMSO-dg): 59.36 (CH,O), 105.85, 106.18, 115.13,
115.35, 120.14, 120.22, 123.43, 124.04, 126.27, 128.56,
128.64, 129.08, 130.50, 131.72, 150.62, 151.72, 155.02,
161.24, 162.31, 163.69 (arom. C and C=N), 176.73

(C(4)). Anal. Calcd for Cy3HsFNO4: C 70.95, H 4.14,
N 3.60. Found: C 70.73, H 4.28, N 3.63.

5.1.8. (£)-6-[2-Hydroxyimino-2-(4-methoxyphenyl)eth-
oxy|-2-phenyl-4 H-1-benzopyran-4-one (18c). Yield: 90%.
mp 166-167 °C. '"H NMR (400 MHz, DMSO-d;): 3.75
(s, MeO), 5.36 (s, OCH,), 6.92-6.98 (m, 2H, arom. H),
7.02 (s, 1H-C(3)), 7.36 (dd, J=9.2, 3.2, 1H-C(7)), 7.55
(d, J=3.2, 1H-C(5)), 7.56-7.62 (m, 5H, arom. H),
7.71 (d, J=9.2, 1H-C(8)), 8.07-8.10 (m, 2H, arom.
H), 11.79 (s, NOH). '*C NMR (100 MHz, DMSO-dy):
55.10 (MeO), 59.30 (CH,0), 105.85, 106.17, 113.72,
120.18, 123.41, 124.05, 126.27, 127.74, 129.08, 130.28,
131.17, 131.72, 150.58, 151.98, 155.16, 159.80, 162.30
(arom. C and C=N), 176.76 (C(4)). Anal. Calcd for
CysHgNOs: C 71.81, H 4.77, N 3.49. Found: C 71.75,
H 4.78, N 3.49.

5.1.9. (E)-3-(2-Methoxyiminopropoxy)-2-phenyl-4H-1-
benzopyran-4-one (13). To a solution of 1 (0.29 g,
1 mmol) in EtOH (20 ml) was added a solution of O-
methylhydroxylamine hydrochloride (0.17 g, 2 mmol)
in EtOH (2 ml). The mixture was heated at reflux for
24 h (TLC monitoring) and evaporated to give a residu-
al solid. The white solid thus obtained was collected and
purified by FC (silica gel; CH,Cl,) and recrystallized
from ether to give 13 (0.22 g, 68 %). mp 107-108 °C.
'"H NMR (400 MHz, DMSO-d,): 1.66 (s, Me), 3.71 (s,
MeO), 4.53 (s, OCH,), 7.52-7.54 (m, 1H, arom. H),
7.58-7.60 (m, 3H, arom. H), 7.74-7.76 (m, 1H, arom.
H), 7.82-7.84 (m, 1H, arom. H), 7.99-8.01 (m, 2H,
arom. H), 8.10-8.13 (m, 1H, arom. H). 3C NMR
(100 MHz, DMSO-dg): 12.96 (Me), 61.88 (MeO), 73.43
(CH,0), 119.19, 124.61, 125.68, 125.91, 129.23, 129.44,
130.98, 131.70, 134.91, 139.72, 153.95, 155.49, 156.72
(arom. C and C=N), 174.40 (C(4)). Anal. Calcd for
CoH7NOy: C 70.58, H 5.30, N 4.33. Found: C 70.56,
H 5.31, N 4.28.

The same procedure was applied to convert 2 to 14; 3 to
15; 5a—c to 2la—c; 6a—c to 22a—c; and 7a—c to 23a-c,
respectively.

5.1.10. (E)-6-(2-Methoxyiminopropoxy)-2-phenyl-4H-1-
benzopyran-4-one (14). Yield: 77%. mp 113-114 °C. 'H
NMR (400 MHz, DMSO-dg): 1.88 (s, Me), 3.82 (s,
MeO), 4.68 (s, OCH,), 7.02 (s, 1H-C(3)), 7.47 (dd,
J=38.8, 3.2, 1H-C(7)), 7.51 (d, J = 3.2, 1H-C(5)), 7.56—
7.61 (m, 3H, arom. H), 7.77 (d, J=38.8, 1H-C(8)),
8.08-8.11 (m, 2H, arom. H). *C NMR (100 MHz,
DMSO-dg): 12.80 (Me), 62.05 (MeO), 70.17 (CH,0),
106.87, 107.09, 120.95, 124.41, 124.70, 127.00, 129.82,
131.86, 132.48, 151.34, 153.77, 156.01, 163.08 (arom. C
and C=N), 177.51 (C(4)). Anal. Calcd for C;9H;7;NOy:
C 70.58, H 5.30, N 4.33. Found: C 70.24, H 5.27, N 4.28.

5.1.11. (E)-7-(2-Methoxyiminopropoxy)-2-phenyl-4 H-1-
benzopyran-d-one (15). Yield: 84%. mp 100-101 °C. 'H
NMR (400 MHz, DMSO-dq): 1.90 (s, Me), 3.83 (s,
MeO), 4.73 (s, OCH,), 6.95 (s, 1H-C(3)), 7.10 (dd,
J=28.8, 2.4, 1H-C(6)), 7.36 (d, J = 2.4, 1H-C(8)), 7.56—
7.60 (m, 3H, arom. H), 7.95 (d, J=38.8, 1H-C(9)),
8.06-8.08 (m, 2H, arom. H). '3*C NMR (100 MHz,
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DMSO-dq): 12.88 (Me), 62.09 (MeO), 70.28 (CH,0),
102.72, 107.51, 115.66, 118.19, 126.88, 126.99, 129.79,
131.81, 132.39, 153.44, 157.97, 162.95, 163.21 (arom. C
and C=N), 177.11 (C(4)). Anal. Calcd for C;gH{7NOy:
C 70.58, H 5.30, N 4.33; Found: C 70.42, H 5.32, N 4.30.

5.1.12. (Z£)-3-(2-Methoxyimino-2-phenylethoxy)-2-phen-
yl-4H-1-benzopyran-4-one (21a). Yield: 77%. mp 109-
110°C. '"H NMR (400 MHz, DMSO-dg): 3.80 (s,
MeO), 5.20 (s, OCH,), 7.34-7.37 (m, 3H, arom. H),
7.43-7.54 (m, 4H, arom. H), 7.73-7.93 (m, 6H, arom.
H), 8.14-8.16 (m, 1H, arom. H). '*C NMR (100 MHz,
DMSO-ds): 62.66 (CH,0), 63.14 (MecO), 119.14,
124.08, 125.68, 12591, 127.34, 128.91, 129.01, 129.24,
129.97, 130.73, 131.54, 134.30, 134.93, 140.03, 153.96,
155.44, 156.33 (arom. C and C=N), 174.65 (C(4)). Anal.
Calcd for Co4H19NOy4: C 74.79, H 4.97, N 3.63. Found:
C 74.77, H 5.01, N 3.57.

5.1.13. (Z)-3-|2-(4-Fluorophenyl)-2-methoxyiminoeth-
oxy|-2-phenyl-4 H-1-benzopyran-4-one  (21b).  Yield:
86%. mp 135-136 °C. '"H NMR (400 MHz, DMSO-dy):
3.79 (s, MeO), 5.19 (s, OCH,), 7.12-7.17 (m, 2H, arom.
H), 7.42-7.52 (m, 4H, arom. H), 7.74-7.91 (m, 6H,
arom. H), 8.13-8.15 (m, 1H, arom. H). C NMR
(100 MHz, DMSO-dg): 62.68 (CH,0), 63.03 (MeO),
115.74, 115.96, 119.14, 124.05, 125.67, 125.91, 128.98,
129.24, 129.52, 129.60, 130.68, 130.74, 131.52, 134.94,
139.93, 153.13, 155.45, 156.40, 162.17, 164.62 (arom. C
and C=N), 174.63 (C(4)). Anal. Calcd for C>4H;sFNOy:
C 71.46, H 4.50, N 3.47. Found: C 71.53, H 4.61, N 3.51.

5.1.14. (Z)-3-|2-Methoxyimino-2-(4-methoxyphenyl)eth-
oxy|-2-phenyl-4 H-1-benzopyran-4-one (21c). Yield: 62%.
mp 95-96 °C. "H NMR (400 MHz, DMSO-d;): 3.76 (s,
MeO), 3.77 (s, NOMe), 5.17 (s, OCH,), 6.88-6.90 (m,
2H, arom. H), 7.44-7.54 (m, 4H, arom. H), 7.69-7.95
(m, 6H, arom. H), 8.14-8.16 (m, 1H, arom. H). *C
NMR (100 MHz, DMSO-dg): 55.86 (MeO), 62.48
(CH;0), 63.02 (NOMe), 114.37, 119.15, 124.09,
125.09, 125.90, 126.67, 128.78, 129.00, 129.25, 130.76,
131.52, 134.93, 140.06, 153.43, 155.45, 156.32, 160.82
(arom. C and C=N), 174.69 (C(4)). Anal. Calcd for
C,sH, NOs: C 72.28, H 5.10, N 3.37. Found: C 72.14,
H 5.07, N 3.30.

5.1.15. (Z£)-6-(2-Methoxyimino-2-phenylethoxy)-2-phen-
yl-4H-1-benzopyran-4-one (22a). Yield: 67%. mp 135-
136°C. '"H NMR (400 MHz, DMSO-ds): 4.05 (s,
MeO), 5.37 (s, OCH,), 7.01 (s, 1H-C(3)), 7.33 (dd,
J=92, 3.2, 1H-C(7)), 7.39-7.40 (m, 3H, arom. H),
7.53 (d, J=3.2, 1H-C(5)), 7.57-7.67 (m, 5H, arom.
H), 7.71 (d, J =9.2, 1H-C(8)), 8.07-8.09 (m, 2H, arom.
H). *C NMR (100 MHz, DMSO-dy): 60.47 (CH,0),
63.08 (MeO), 106.41, 106.90, 121.00, 124.28, 124.70,
127.00, 127.46, 129.08, 129.82, 130.20, 131.85, 132.47,
133.66, 151.38, 154.31, 155.62, 163.09 (arom. C and
C=N), 177.46 (C(4)). Anal. Calcd for C4H{9NO,4: C
74.79, H 4.97, N 3.63. Found: C 74.42, H 5.13, N 3.53.

5.1.16. (Z)-6-[2-(4-Fluorophenyl)-2-methoxyiminoethoxy]-
2-phenyl-4H-1-benzopyran-4-one (22b). Yield: 68%. mp
159-160 °C. 'H NMR (400 MHz, DMSO-d): 4.05 (s,

MeO), 5.36 (s, OCH>), 7.00 (s, IH-C(3)), 7.20-7.25 (m,
2H, arom. H), 7.32 (dd, J=9.2, 3.2, 1H-C(7)), 7.51 (d,
J =32, 1H-C(5)), 7.56-7.60 (m, 3H, arom. H), 7.68—
7.71 (m, 2H, arom. H), 7.71 (d, J=9.2, 1H-C(8)),
8.06-8.08 (m, 2H, arom. H). *C NMR (100 MHz,
DMSO-dg): 60.46 (CH,0), 63.12 (MeO), 106.42,
106.90, 115.96, 116.19, 120.99, 124.24, 124.70, 126.99,
129.72, 129.79, 130.08, 130.11, 131.84, 132.45, 151.38,
153.50, 155.50, 162.26, 163.06, 164.71 (arom. C and
C=N), 177.42 (C(4)). Anal. Calcd for C,4H;sFNO,4: C
71.46, H 4.50, N 3.47. Found: C 71.60, H 4.68, N 3.52.

5.1.17. (Z)-6-|2-Methoxyimino-2-(4-methoxyphenyl)eth-
oxy|-2-phenyl-4 H-1-benzopyran-4-one (22c). Yield: 82%.
mp 135-136 °C. "H NMR (400 MHz, DMSO-d): 3.75
(s, MeO), 4.02 (s, NOMe), 5.32 (s, OCH,), 6.93-6.95
(m, 2H, arom. H), 7.00 (s, 1H-C(3)), 7.33 (dd, J=9.2,
3.2, 1H-C(7)), 7.52 (d, J = 3.2, 1H-C(5)), 7.55-7.62 (m,
5H, arom. H), 7.69 (d, J=9.2, 1H-C(8)), 8.06-8.08
(m, 2H, arom. H). '3C NMR (100 MHz, DMSO-d;):
55.86 (MeO), 60.33 (CH,0), 62.89 (NOMe), 106.38,
106.89, 114.50, 120.95, 124.21, 124.71, 125.95, 126.98,
128.87, 129.79, 131.85, 132.43, 151.34, 153.72, 155.63,
160.93, 163.02 (arom. C and C=N), 177.43 (C(4)). Anal.
Calcd for C,sH,1NOs: C 72.28, H 5.10, N 3.37. Found:
C 7193, H 5.11, N 3.38.

5.1.18. (Z£)-7-(2-Methoxyimino-2-phenylethoxy)-2-phen-
yl-4 H-1-benzopyran-4-one (23a). Yield: 82%. mp 135-
136°C. '"H NMR (400 MHz, DMSO-ds): 4.05 (s,
MeO), 5.39 (s, OCH,), 6.96 (s, 1H-C(3)), 7.01 (dd,
J =8.8, 2.4, IH-C(6)), 7.37 (d, J = 2.4, 1H-C(8)), 7.40—
742 (m, 3H, arom. H), 7.57-7.59 (m, 3H, arom.
H), 7.66-7.69 (m, 2H, arom. H), 7.92 (d, J=38.8,
1H-C(5)), 8.06-8.09 (m, 2H, arom. H). '*C NMR
(100 MHz, DMSO-di): 60.65 (CH,O), 63.07 (MeO),
102.44, 107.51, 115.39, 118.27, 126.87, 127.07, 127.41,
129.17, 129.82, 130.31, 131.80, 132.40, 133.62, 153.81,
157.98, 162.91, 162.92 (arom. C and C=N), 177.07
(C(4)). Anal. Calcd for CpsH9NO4: C 74.79, H 4.97,
N 3.63. Found: C 74.64, H 4.95, N 3.58.

5.1.19. (Z)-7-12-(4-Fluorophenyl)-2-methoxyiminoeth-
oxy|-2-phenyl-4 H-1-benzopyran-4-one  (23b).  Yield:
86%. mp 160-161 °C. "H NMR (400 MHz, DMSO-d;):
4.04 (s, Me0Q), 5.40 (s, OCH,), 6.97 (s, 1H-C(3)), 7.01
(dd, J=28.8, 2.4, 1H-C(6)), 7.23-7.28 (m, 2H, arom.
H), 7.37 (d, /= 2.4, 1H-C(8)), 7.58-7.61 (m, 3H, arom.
H), 7.71-7.74 (m, 2H, arom. H), 7.92 (d, J = 8.8, 1H-
C(5)), 8.07-8.10 (m, 2H, arom. H). '3C NMR
(100 MHz, DMSO-dy): 60.69 (CH,0O), 63.11 (MecO),
102.51, 107.53, 115.38, 116.07, 116.29, 118.32, 126.88,
127.08, 129.72, 129.82, 130.06, 130.09, 131.81, 132.41,
153.06, 157.97, 162.33, 162.82, 162.93, 164.78 (arom. C
and C=N), 177.07 (C(4)). Anal. Calcd for C,4HgFNOy:
C 71.46, H 4.50, N 3.47. Found: C 71.07, H 4.69, N 3.46.

5.1.20. (Z)-7-|2-Methoxyimino-2-(4-methoxyphenyl)eth-
oxy|-2-phenyl-4 H-1-benzopyran-4-one (23c). Yield: 85%.
mp 157-158 °C. '"H NMR (400 MHz, DMSO-dj): 3.77
(s, MeO), 4.02 (s, NOMe), 5.36 (s, OCH,), 6.95-6.97
(m, 2H, arom. H), 6.98 (s, IH-C(3)), 7.02 (dd, J = 8.8,
2.4, 1H-C(6)), 7.38 (d, J = 2.4, 1H-C(8)), 7.58-7.64 (m,
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5H, arom. H), 7.92 (d, J = 8.8, 1H-C(5)), 8.07-8.10 (m,
2H, arom. H). *C NMR (100 MHz, DMSO-d;): 55.90
(MeO), 60.52 (CH,0), 62.88 (NOMe), 102.39, 107.52,
114.61, 115.43, 118.23, 125.90, 126.87, 127.06, 128.84,
129.82, 131.80, 132.42, 153.26, 158.00, 161.03, 162.92,
162.95 (arom. C and C=N), 177.08 (C(4)). Anal. Calcd
for C,sH,NOs: C 72.28, H 5.10, N 3.37. Found: C
72.04, H 5.11, N 3.33.

5.2. Antiproliferative activity

5.2.1. Cell culture. Human cervical epithelioid carci-
noma Hela, hepatocellular carcinoma SKHepl, and
Oral squamous cell carcinoma SAS were purchased
from Bioresources Collection and Research Center, Tai-
wan. Cell line was maintained in the same standard
medium and grown as a monolayer in DMEM (Gibco,
USA) and supplemented with 10% fetal bovine serum
(FBS) and antibiotics, i.e., 1001U/ml penicillin,
0.1 mg/ml streptomycin, and 0.25 pg/ml amphotericin.
Culture was maintained at 37 °C with 5% CO, in a
humidified atmosphere.

5.2.2. Antiproliferative assay. Cancer cells were treated
as indicated for 48 h in medium containing 10% FBS.
(3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide, 2 mg/ml) (MTT, 20 ml) was added to the cul-
tures and incubated during the final 1.5 h. The resultant
tetrazolium salt was then dissolved by the addition of
dimethyl sulfoxide. Color was measured spectrophoto-
metrically in a microtiter plate reader at 570 nm and
used as a relative measure of viable cell number. The
number of viable cells following treatment was com-
pared to solvent and untreated control cells and used
to determine the percent of control growth as (Abeaed/
Abcontro) X 100, where Ab represents the mean absor-
bance (n = 3). The concentration that killed 50% of cells
(Glsp) was determined from the linear portion of the
curve by calculating the concentration of agent that re-
duced absorbance in treated cells, compared to control
cells, by 50%.

5.2.3. Flow cytometric analysis. HeLa cells treated with
DMSO or 18c at a concentration of 5uM for 8 or
24 h were harvested, rinsed in PBS, resuspended and
fixed in 80% ethanol, and stored at —20 °C in fixation
buffer until ready for analysis. Then the pellets were sus-
pended in 1 ml propidium iodide (PI) solution contain-
ing 20 pg/ul PI, 0.2 mg/ml RNase, and 0.1% (v/v)
Trition X-100. Cell samples were incubated at room
temperature in the dark for at least 30 min and analyzed
by a FACScan flow cytometer (Becton-Dickinson,
Mountain View, CA). Data recording was made using
CELLQuest software (Becton-Dickinson, Mountain
View, CA) and cell cycle data were analyzed using
ModFitLT software (Veruty Software House, USA).

5.3. Antiplatelet evaluation

The following reagents were used: collagen (type 1, bo-
vine Achilles tendon; from Sigma) was homogenized in
25mM AcOH and stored (1 mg/ml) at —70°. Arachi-
donic acid (AA), EDTA (N,N,N’,N’'-ethylenediamine

tetraacetate), and bovine serum albumin (BSA) were
purchased from Sigma and dissolved in CHCl;. To test
platelet aggregation, blood was collected from the rabbit
marginal-ear vein, anticoagulated with EDTA (6 mM),
and centrifuged for 10 min at 90g at rt Platelet suspen-
sions were prepared from the plasma according to a
washing procedure previously described.?* Platelet num-
bers were determined with a Coulter ZM counter, and
adjusted to 4.5 x 10® platelets/ml. The platelet pellets
were suspended in Tyrode’s solution of the following
composition (in mm): NaCl (136.8), KCI (2.8), NaHCO;
(11.9), MgCl, (2.1), NaH,PO, (0.33), CaCl, (1.0), and
glucose (11.2) containing BSA (0.35%). The platelet sus-
pension was stirred at 1200 rpm, and the aggregation
was measured at 37 °C by the turbidimetric method
described by O’Brien,”> using a Chrono Log Lumi
aggregometer. To eliminate solvent effects, the final con-
centration of dimethylsulfoxide (DMSO) was fixed at
0.5%. The percentage of aggregation was calculated
based on the absorbances of a platelet suspension and
that of Tyrode’s solution, which were taken as 0% and
100% aggregated, respectively.
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Abstract—We investigated the antiproliferative effects of four structurally similar prenylated xanthones, a-mangostin, f-mangostin,
y-mangostin, and methoxy-f-mangostin, in human colon cancer DLD-1 cells. These xanthones differ in the number of hydroxyl and
methoxy groups. Except for methoxy-f-mangostin, the other three xanthones strongly inhibited cell growth at 20 uM and their anti-
tumor efficacy was correlated with the number of hydroxyl groups. Hoechst 33342 nuclear staining and nucleosomal DNA-gel elec-
trophoresis revealed that the antiproliferative effects of a- and y-mangostin, but not that of f-mangostin, were associated with
apoptosis. It was also shown that their antiproliferative effects were associated with cell-cycle arrest by affecting the expression of
cyclins, cdc2, and p27; G1 arrest was by a-mangostin and -mangostin, and S arrest by y-mangostin. These findings provide a relevant
basis for the development of xanthones as an agent for cancer prevention and combination therapy with anti-cancer drugs.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Mangosteen, Garcinia mangostana L., is a tree found in
South East Asia, and its pericarps have been used as tra-
ditional medicine for treatment of skin infection and
wounds for many years. Phytochemical studies have
shown that they contain a variety of secondary metabo-
lites, such as oxygenated and prenylated xanthones.'-?
Recent studies have revealed that these xanthones exhib-
ited a variety of biological activities containing anti-in-
flammatory,? antibacterial,* and anti cancer effects.>”’
Previously, we reported that six xanthones from mango-
steen exhibited potent cytotoxicity against human leuke-
mia HL60 cells and that o-mangostin induced
mitochondrial dysfunction.®®

It is well-known that the cell-cycle machinery and check-
point signaling pathway are dysregulated in most hu-
man tumor cells.® Thus, the cell cycle is thought to be
a target for cancer therapeutics.!%!! Recently, increasing

Keywords: Xanthone; Anti-cancer; Cell-cycle arrest; Apoptosis.
* Corresponding author. Tel.:+81 583 71 4646; fax: +81 583 71 4412;
e-mail: matsumoto@bio.rd.pref.gifu.jp

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.06.065

attention has been directed to cell-cycle regulation and
its modulation by dietary factors and natural prod-
ucts.!> To gain further insight into the mechanism
underlying the growth inhibitory effect against tumor
cells of xanthones, we investigated the relationship of
the effects on the cell-cycle regulation by the four struc-
turally similar xanthones, a-mangostin, B-mangostin,
y-mangostin, and methoxy-p-mangostin, in human co-
lon cancer cell line DLLD-1, and found that the cell-cycle
arrest at different stages was induced depending on the
type of xanthone.

2. Results and discussion

2.1. Antiproliferative effect of xanthones against DLD-1
cells

As shown in Figure 1, four xanthones contained in the
pericarps and stem bark of mangosteen,!-? o-mangostin
(M), B-mangostin (M), y-mangostin (YM), and meth-
oxy-B-mangostin (fM-OMe), used in the current study
differ in the number of hydroxyl and methoxy groups.
We examined the effects of these compounds on the
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o) OH =~
R'O
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o-Mangostin (aM): R'=Me, R®=R’=H
B-Mangostin (3M): R'= =R®=Me, R’=H
y-Mangostin (yM): R'=R°=R’=H

B-Mangostin -OMe(BM-OMe): R'=R*=R’= Me

Figure 1. Chemical structures of xanthones used in this study.

antiproliferative effect against colon cancer DLD-1 cells
(Fig. 2). Except for BM-OMe, other three xanthones
inhibited the cell growth at 20 uM, and yM was effective
even at 10 uM. Among the effective xanthones, the
inhibitory activity of M was lowest at 20 uM (oM
and yM versus M, p < 0.005-0.0001; oM versus yM,
not significant, at 48, 72, and 96 h).

We have previously reported that antitumor efficacy was
correlated with the number of hydroxyl groups of xan-
thone in HL60 cells.® Similar results were also observed
in DLD-1 cells in the present study. Sato et al. examined
the efficacy of eight xanthone derivatives including oM
and yM on the viability of rat pheochromocytoma
PC12 cells,” and showed stronger activity of oM than

yM at 10 uM and no efficacy of non-prenylated xant-
hones with three or four hydroxyl groups. It is thus sug-
gested that the substitution of hydroxyl group for
methoxy group seemed to attenuate the antiproliferative
potency of prenylated xanthones, but some discrepancy
seems to have set in on account of the difference in cell
type. The exact explanation for this finding is not avail-
able, but formation of an intramolecular hydrogen bond
via a hydroxy group could be involved in the antiprolif-
erative potency of the prenylated xanthones.

Our previous study has show that aM induces apoptosis
in human leukemia cell lines, HL60, K562, NB4, and
U937,° but the potency of other xanthones was not
examined. To examine the involvement of apoptosis in
the antiproliferative effects of xanthones on DLD-1
cells, we carried out Hoechst 33342 nuclear staining
and nucleosomal DNA-gel electrophoresis at 72 h after
the treatment with each xanthone 20 uM (Fig. 3). oM
and yM treatment induced nuclear condensation and
fragmentation, and DNA ladder formation, but M
was not effective. These results suggest that the antipro-
liferative effects of aM and yM, but not that of M, were
associated with apoptosis in DLD-1 cells.

2.2. a- and p-Mangostin induce G1 arrest and y-mango-
stin induces S arrest

To investigate further the mechanism underlying the
antiproliferative effect of the xanthones tested, we ana-
lyzed the cell-cycle distribution of xanthone-treated cells

250 250
—@— Control —@— Control
200 | |—O— oM 10uM 200 | |—3—pM 10uM
—A— oM 20uM —A— M 20uM
150 | o 2 u 150 | P
'é' 100 } 100 |
é 50 f 50
X
5 0 0
..g 0 24 48 72 96 0 24 48 72 96
2 250 250
% —@— Control —@— Control
z 200 | |—3—yM 10uM 200 F |—{3—BM-OMe 10uM
= —x— M 20uM -
= 150 | 150 | LA BM-OMe 20uM
>
100 } 100 }
50 F 50 b
0 0
0 24 48 72 96 0 24 48 72 96
Time (h)

Figure 2. Effect of xanthones on the cell growth of DLD-1 cells. 1 x 10° cells/well were cultured in 24-well plate dishes, to which DMSO alone or 10
and 20 pM xanthones were added at 24 h (arrow). Viable cell numbers were counted by trypan-blue dye exclusion test at 24, 48, 72, and 96 h. Data
are expressed as means = SD from four different experiments.
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M C

aM BM yM BM-OMe

Figure 3. Induction of apoptotic response by xanthone treatment. Cells were treated with each xanthone for 72 h. (A) Morphological examination
was performed by Hoechst 33342 nuclear staining. (B) Nucleosomal DNA fragmentation was detected by agarose-gel electrophoresis using 3 pg
DNA (M, DNA size marker).

(20 uM) using flow cytometry (Fig. 4A). Interestingly,
the cell cycle was arrested at different stages depending
on the type of xanthones. Treatment with oM and M
induced Gl-phase cell-cycle arrest. Figure 4B shows that
the Gl-phase proportion gradually increased from 6 to
48 h after the treatment of oM and BM, concurrent with

that G1l-phase arrest induced by aM and M treatment
was due to the inhibition of entry into S-phase. On the
other hand, YM treatment induced S-phase cell-cycle ar-
rest, which was almost complete by 24 h. The S-phase
proportion was shown to be decreased at 6 h, but in-
creased thereafter, while the G2/M-phase proportion

was reduced (Fig. 4B). These results indicated that the

Lol
L1

decreased S-phase proportion. These results indicated
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Figure 4. Effect of xanthones on cell-cycle progression in DLD-1 cells. (A) Flow cytometric analysis of DLD-1 cells treated with DMSO or 20 uM of
each xanthone. (B) Time course of the cell-cycle distribution in the cells after the treatment. Experiments were repeated three times with similar
results.
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S-phase arrest induced by YM treatment was due to the
inhibition of entry into the G2/M-phase.

Since the effects of xanthones on the cell cycle were ob-
served, we then examined changes in expression of the
cell-cycle regulatory proteins in DLD-1 cells treated
with aM, BM, and yM at 20 uM (Fig. 5). Western blot
analysis revealed that oM up-regulated the expression
of p27 levels after 24-48 h of treatment, and down-reg-
ulated the levels of cyclin A, Bl, DI, and El, and
cdc2, phospho-cdc2 (tyrosine 15) levels. M treatment
also caused down-regulation of cyclin A, Bl, D1, and
El, and cdc2 levels, to less marked extent compared to
oM. It has been reported that p27 overexpression induc-
es apoptosis in several different cancer cell lines,'*!* and
cyclin and cdc2 suppression was implicated in apoptosis
of cancer cells.!>!® Thus, this difference in expression
profiles of cell-cycle regulating proteins between oM
and BM may be responsible for the different potency
to induce apoptosis. On the other hand, the treatment
with yM markedly down-regulated cyclin D1, but other
proteins were not altered in the expression levels. Cyclin
D1 plays as a Gl cyclin,!” indicating that the other

aM
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mechanism probably relates to the S-phase arrest that
was induced by yM. Although there are many other pro-
teins associated with cell-cycle machinery, it can be con-
cluded that aM, BM, and yM affect the expression levels
of cyclins, cdc2, and p27, resulting in induction of cell-
cycle arrest. To explore the precise molecular mecha-
nism of cell-cycle arrest induced by aM, BM, and yM,
further experiments are required and are currently under
progress in our laboratory.

Recent studies with gene-targeted mice revealed the
association of cell-cycle with tumor formation. Loss of
p27, a multifunctional cyclin-dependent kinase inhibi-
tor,?? enhances the malignancy and frequency of tumor
generation in cooperation with different oncogenic stim-
uli.2! On the other hand, the deficiency in cyclin D1 sup-
pressed the intestinal tumor in familial adenomatous
polyposis model APCM™ mice.2 Thus, our findings
showing the up-regulation of p27 treatment and the
down-regulation of cyclin D1 by oM, BM, and yM
provide a promising clue toward cancer preventive treat-
ment or therapeutic agent. We previously reported that
the mixture of aM (77.8%) and yM (15.9%) exhibited

BM yM

0 6 12 24 48|0 6 12 24 48| 0 6 12 24 48 (h)

Cyclin A

CyclinB1 | e v v o m-jm

—— | ——

CyclinD1
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- | —— . W, v [
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Figure 5. Western blot analysis of cell-cycle regulatory proteins in xanthone-treated (20 uM) DLD-1 cells. Data shown are representative of two

separate experiments.
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short-term chemopreventive effects on rat colon carcino-
genesis model induced by 1,2-dimethylhydrazine.??
Together, these data suggest that the xanthones tested
here can be candidates for preventive and therapeutic
application for cancer treatment.

3. Conclusion

The present study showed that the number of hydroxyl
groups in xanthone was related to antiproliferative effi-
cacy, which was associated with cell-cycle arrest by reg-
ulating the expression of cyclins and p27. The xanthones
tested qualify for the development of preventive and
therapeutic agents for cancers.

4. Experimental section
4.1. Materials

a-Mangostin, B-mangostin, and y-mangostin were puri-
fied, as described in our previous study.! Methoxy-B-
mangostin was obtained from partial methylation of -
mangostin. Their purity of over 98% was confirmed by a
high-performance liquid chromatography using Develo-
sil ODS-5 column (4.6 x 250 mm) (Nomura Chemical,
Seto, Aichi, Japan); mobile phase, acetonitrile/0.05 M
phosphate buffer (7:3); flow rate, 1.0 ml/min; column
temperature, 40 °C, UV 365 nm (data not shown).

4.2. Cell culture and treatments

Human colon adenocarcinoma cell line DLD-1, carry-
ing the mutated p53 gene,?* was provided by Health Sci-
ence Research Resources Bank (Sennan, Osaka, Japan).
Cells were cultured in RPMI-1640 medium containing
10% heat-inactivated fetal bovine serum. Xanthones dis-
solved in DMSO were added to the cell cultures with a
final DMSO concentration of 0.1% v/v, which had no
significant effect on the growth and differentiation of
DLD-1 cells (data not shown). DMSO (0.1%) treatment
was used as control. Viable cell number was measured
by trypan-blue dye test using Thoma type cell count
chamber.

4.3. Hoechst 33342 staining

For morphological examination of apoptotic changes,
cells were stained with Hoechst 33342 (Calbiochem,
San Diego, CA, USA). Hoechst 33342 was added to cul-
tured medium at a concentration of 5 pg/ml. After incu-
bation for 30 min, cells were collected and washed with
phosphate-buffered saline (PBS) and then observed
under a fluorescence microscope, Olympus BX-51
(Olympus, Tokyo, Japan).

4.4. DNA extraction and agarose-gel electrophoresis

The cells treated with or without xanthones (20 uM) for
72 h were collected and washed with PBS. Cells were
then incubated at 37 °C overnight with 100 mM Tris—
HCl (pH 7.4), 5mM EDTA, 200 mM NaCl, 0.2%

SDS, and 200 pg/ml proteinase K (Takara, Otsu, Shiga,
Japan) and then extracted with phenol/chloroform.
DNA was precipitated with ethanol and then treated
with 0.1 mg/ml RNaseA (Sigma, St. Louis, MO,
USA). Two micrograms of DNA was analyzed by elec-
trophoresis on 2% agarose gel.

4.5. Flow cytometry

Cells were washed with PBS, treated with 100 pug/ml
RNase A in PBS containing 0.1% Triton X-100 (Sigma),
and stained with 20 pg/ml propidium iodide (Invitrogen,
Carlsbad, CA, USA). To analyze for DNA content, flow
cytometry was performed over 20,000 cells by using a
FACS Calibur cytometer and CellQuest softoware
(Becton—Dickinson, San Jose, CA, USA).

4.6. Antibodies and Western blotting

We used antibodies against: rabbit polyclonal anti-
cyclin El, anti-phospho-cdc2 (Tyrl5), and anti-p27
Kipl, and mouse monoclonal anti-cyclin A, cyclin D1,
and anti-p21 Wafl/Cipl (Cell Signaling, Beverly, MA,
USA), mouse monoclonal anti-cdc2 (A-17) anti-B-actin
(AC-15) (Sigma), and rabbit polyclonal anti-cyclin Bl
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The cells treated with or without xanthones were har-
vested and rinsed with ice-cold PBS. For the preparation
of cell lysate, the cell pellet was resuspended in lysis buff-
er A containing 10 mM Tris—-HCI, pH 7.4, 1% NP-40,
0.1% deoxycholic acid, 0.1% SDS, 150 mM NacCl,
I mM EDTA, 1% Phosphatase Inhibitor Cocktail I
and II (Sigma), and 1% Protease Inhibitor Cocktail (Sig-
ma) and allowed to stand on ice for 30 min. After centri-
fugation at 14,000 rpm for 20min at 4°C, the
supernatant was collected as the cell lysate. Protein con-
tent was measured with a DC Protein assay kit
(Bio-Rad, Hercules, CA, USA). Five micrograms of
protein of each sample was analyzed, as previously de-
scribed in our previous study.® For detection of B-actin
used as an internal control, membranes were reprobed
by using a Restore Western Blot Stripping Buffer
(PIERCE, Rockford, IL, USA).

4.7. Statistics

In statistical analysis, we performed one-way ANOVA
using a StatView software (SAS Institute Inc., Cary,
NO).
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Abstract—21,23-Dithiaporphyrins 2-11 were prepared as analogues of 5,20-diphenyl-10,15-bis(4-carboxylatomethoxy)phenyl-
21,23-dithiaporphyrin 1 to examine the impact of electronic properties at the 5- and 20-meso-positions. The effects of the electronic
properties at the meso-rings were not significant with respect to absorption spectra, quantum yields for the generation of singlet
oxygen and for fluorescence. While some differences were noted in the n-octanol/pH 7.4 buffer partition coefficient, log D74, among
the compounds, log D74 did not critically influence the cellular uptake or phototoxicity. None of the dithiaporphyrins 1-11 dis-
played dark toxicity at concentrations up to 1 x 107> M. Once irradiated with 5 J cm™2 of 350-750 nm light, five porphyrins 2, 3,
5, 6, and 8 killed over 80% of R3230AC rat mammary adenocarcinoma cells at 5 x 1077 M photosensitizer. Among these five, com-
pound 3 bearing 5-phenyl and 20-(4-fluorophenyl) substituents was the most potent photosensitizer toward R3230AC cells showing
67% cell kill at 1 x 107" M 3. Bulky substituents at the 5- and 20-positions gave photosensitizers with minimal phototoxicity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) is a promising new treat-
ment regimen for cancer that uses three components to
destroy the tumor: a photosensitizer, light, and oxy-
gen.'”® The photosensitizer generates cytotoxic singlet
oxygen following absorption of a photon of appropriate
wavelength. Photofrin has gained regulatory approval in
many countries but it has several drawbacks, such as
long-term skin phototoxicity, chemical complexity, and
weak absorption at shorter wavelengths (~630 nm).'°
Therefore, the development of more “ideal” photosensi-
tizers is a major emphasis in research on photodynamic
therapy, which should be chemically pure, generate
singlet oxygen efficiently, accumulate selectively in the
tumor, and observe longer wavelength light (650
800 nm). Currently, several new photosensitizers are
approved or are under clinical study.'!

Keywords: Core-modified porphyrin; Dithiaporphyrin; Photodynamic

therapy; Anticancer therapy; QSAR.
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Dithiaporphyrins have been extensively studied in our
laboratory as second-generation photosensitizers due
to several advantages. The various dithiaporphyrins
can be prepared in high purity through established syn-
thetic schemes, can absorb longer wavelengths of light
(690-710 nm) than natural tetra nitrogenic porphyrins
(~630 nm), and are more photostable than Photofrin
upon irradiation.!? Dithiaporphyrins with two carboxyl-
ic acids exhibited a higher phototoxic activity toward
R3230AC rat mammary adenocarcinoma cells than
derivatives with one, three, or four acid groups.! Bulky
substituents at the meso-positions reduced phototoxici-
ty, while effects on physicochemical properties, such as
absorption spectra and quantum yields for the genera-
tion of singlet oxygen and fluorescence, were minimal.'#
Of the dithiaporphyrins prepared in our previous
study, 5-phenyl-20-(2-thienyl)-10,15-bis-(4-carboxylato-
methoxyphenyl)-21,23-dithiaporphyrin  (IY69) showed
the most potent phototoxic activity and irradiation of
cells treated with IY69 induced apoptotic cell death
along with the damage to mitochondrial function.!

The phototoxicity of IY69 prompted us to develop a
more extensive study of substituent effects in the dithia-
porphyrin diacids. The structures of compounds in this
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work were designed to investigate the electronic effects
of substituents at the para-positions of meso-phenyl
rings on physicochemical and biological outcomes. Cel-
lular uptake and photo- and dark toxicity of the various
dithiaporphyrins were evaluated along with the impor-
tant physicochemical properties for a photosensitizer,
such as absorption spectra, quantum yields for the gen-
eration of singlet oxygen and for fluorescence, and the
n-octanol/water partition coefficient at pH 7.4, log D7 4.

2. Results and discussion
2.1. Chemistry

2.1.1. Synthesis of symmetrical 21,23-dithiaporphyrins 4,
5, and 7-11. The synthesis of symmetric core-modified
porphyrins 4, 5, 8, 10, and 11 (Fig. 1) followed our pre-
vious method.!>'* As shown in Scheme 1, 2,5-bis[1-(4-
substituted-phenyl)-1-hydroxymethyl]thiophene  diols
12, 13, and 15-17 were synthesized from thiophene
and the corresponding aldehydes in 70-75% isolated
yields. The diols were condensed with 2,5-bis[1-(4-meth-

oxyphenyl)-1-pyrrolomethyl]-thiophene 22 and oxidized
in the presence of 2,3,5,6-tetrachlorobenzoquinone
(TCBQ) and p-toluenesulfonic acid monohydrate
(TsOH-H,0O) or boron trifluoride etherate (BF;-OEt,)
in CH,Cl, giving dimethoxy dithiaporphyrins 24-28 in
3-18% isolated yields (Scheme 2). Demethylation with
boron tribromide (BBr3) in CH,Cl, gave diphenolic
dithiaporphyrins 31-35 (83-95%), which were then
alkylated in the presence of K,COj3 and ethyl bromoac-
etate in acetone to produce ester porphyrins 36-40. Fi-
nal diacid dithiaporphyrins 4, 5, 8, 10, and 11 were
prepared by hydrolysis of the esters with NaOH in a 1:1
solution of distilled water and tetrahydrofuran (THF).

In the preparation of di-4-methoxyphenyl- and di-
4-hydroxyphenyldithiaporphyrin 7 and 9, the upper
scheme could not be applied due to possible problems
in either the demethylation of 7 or the alkylation of 9.
Consequently, slightly modified routes were devised
(Scheme 2). To avoid any difficulty in selective demethyl-
ation of a tetramethoxy porphyrin in the preparation of
dimethoxy porphyrin 7, ester porphyrin 29 was prepared
directly by cyclization of 2,5-bis[1-(4-methoxyphenyl)-1-
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Figure 1. Structures of 21,23-dithiaporphyrins with various group substitutions at the 5,20-meso-positions.
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l 12: Ar = 4-CICgH,
13: Ar = 4-CF4CgH,

14: Ar = 4-OCHCgH,

Ar I N__A" 15 Ar= 4-N(CHy),CoHs
S 16: Ar = 4-CH(CHg3),CgHq4

17: Ar = 4-CgHsCgHa

18: Ar = 4-TIBSOCgH,
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\
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44, Ar = 4-FCgH,
45, Ar = 4-CF4CeH,

20: Ar = 4-CH3CH,OCOCH,0CgH,

Scheme 1. Reagents: (a) i. 2.5 equiv n-BulLi, ii. 2 equiv aryl aldehyde; (b) i. 1 equiv BuLi, ii. 1 equiv benzaldehyde; (c¢) TBSCl, DMAP, Et;N;

(d) i. 1 equiv n-Buli, ii. 1 equiv aryl aldehyde, iii. aqueous HCI.
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21, Ar = 4-MeOCgH,

22, Ar = 4-MeOCgHy

20, Ar = 4-CH3CH,0COCH,0CgH, 23, Ar = 4-CH3CH,OCOCH,0CgH,

Ar Ar
b
12-17 + 22 —> _C
RO OR

24: Ar = 4-CICgH4, R = Me

25: Ar = 4-CF3CgH,, R=Me

26: Ar = 4-N(CH3),CgH4, R = Me
27: Ar = 4-CH(CH3),CgHy, R = Me
28: Ar = 4-CgHsCgHy, R = Me

b f
14,18 + 23—><30: Ar = 4-TIBSOCgH,, R = CH,CO,Et ﬁ

31: Ar = 4-CICgH,, R=H
32: Ar = 4-CF4C4H,, R=H

33: Ar = 4-N(CH3),CgHa, R = H
34: Ar = 4-CH(CH3),CgHg, R = H
35: Ar = 4-CgHsCgHa, R = H

ld

36: Ar = 4-CICgHy, R = CH,CO,Et
37: Ar = 4-CF3CgH, , R = CH,CO,Et e

38: Ar = 4-N(CHj3),CgHa, R = CH,COEt —» 4,5

39: Ar = 4-CH(CH3),CgHy, R = CH,CO,Et 8,10,11
40: Ar = 4-CgHsCgHg, R = CH,CO,Et

29: Ar = 4-OCHyCgHy, R = CH,CO,Et €
41: Ar = 4-OHCgHj, R = CH,CO,Et =79

Scheme 2. Reagents: (a) pyrrole, BF5-OEt,; (b) TCBQ, TsOH, CH,Cl,; (c) BBr;, CH,Cly; (d) BrCH,CO,Et, K,CO;, acetone; (¢) NaOH, aqueous

THF; (f) TBAF.

b C _ 48, Ar=4-FCqHy R =H
a40rds + 22 ——= T 49, Ar=4-CF;CeH, R=H

¢ d
50, Ar = 4-FCgH,, R = CH,CO,Et
51, Ar = 4-CF3CgHg, R = CH,CO,Et

RO OR ¢ e
46, Ar = 4-FCgH,, R = Me

47, Ar = 4-CF4CgHy, R = Me 3or6

Scheme 3. Reagents: (a) pyrrole, BF3;-OEt,; (b) TCBQ, TsOH,
CH,Cl,; (¢) BBr3, CH,Cl,; (d) BrCH,CO,Et, K,COs, acetone; (e)
NaOH, aqueous THF.

hydroxymethyljthiophene 14 and diethyl 2,5-bis[1-(4-
carboxylatomethoxyphenyl)-1-pyrrolomethyl]thiophene
23. For the preparation of 9, protection of the phenolic
functionality was necessary. Protected diol, 2,5-bis[1-(4-
triisobutylsilyoxy)phenyl-1-hydroxymethyl]thiophene
18, was synthesized and condensed with 23 to give
hydroxyl-protected ester 30 in 32% isolated yield. Depro-
tection of 30 with tetrabutylammonium fluoride (TBAF)
in THF provided ester 41.

2.1.2. Synthesis of unsymmetrical dicarboxylic acid
derivatives 3 and 6. Reported methods to prepare
unsymmetrical core-modified porphyrins were used in
the preparation of dithiaporphyrins 3 and 6 with 4-flu-
orophenyl and 4-trifluoromethylphenyl substituents,
respectively (Scheme 3). Unsymmetric diols 44 and 45
were prepared from 2-lithiothiophene via the tert-
butylsilyl (TBS)-protected monohydroxythiophene 43.
Cyclization of 44 and 45 with 22 gave dimethoxydithia-
porphyrins 46 and 47 in 5% and 7% isolated yields,
respectively. Diacid porphyrins 3 and 6 were successfully
synthesized through demethylation, alkylation, and
hydrolysis, under the same conditions as those used
for the symmetrical analogues.

2.2. Photophysical properties

2.2.1. Absorption maxima. The absorption maximum
and molar extinction coefficient of band I of porphyrins
are important parameters in evaluating potential
photosensitizers for PDT. Longer wavelength light
(650-800 nm) reaches deeper into tissue to activate
photosensitizers.!> Photosensitizers with higher extinc-
tion coefficients harvest the irradiating light more effi-
ciently. So, photosensitizers having longer-wavelength
absorption maxima (~800 nm) and higher extinction
coefficient are highly desirable. Although most 4-aryl
substituents at the meso-positions have minimal impact
on the absorption maximum of band I, introduction of
fluoro 2 or dimethylamino 8 groups results in a signifi-
cant redshift from the diphenyl derivative 1 (Adpax =
+19 and +16 nm, respectively, Table 1). Also notewor-
thy is the extinction coefficient of band I for compound

Table 1. UV-vis-near-IR band maxima and molar absorptivities for
dithiaporphyrins 1-11 in methanol®

Compound Soret Band IV Band III Band II Band I

1 435 (314) 513 (27.7) 549 (10.7) 632 (3.2) 698 (7.0)
2° 442 (127) 533 (14.0) 573 (10.8) 645 (2.5) 717 (4.8)
3 435 (407) 514 (26.9) 548 (9.9) 634 (1.8) 698 (5.3)
4 436 (296) 515 (21.4) 550 (3.8) 634 (1.7) 699 (4.6)
5 435 (297) 514 (24.3) 548 (9.2) 633 (1.8) 697 (4.6)
6 435 (327) 514 (25.4) 549 (11.3) 634 (2.1) 698 (5.6)
7 440 (176) 517 (14.6) 554 (10.3) 638 (1.2) 704 (4.1)
8 449 (100) 522 (17.7) 573 (19.4) — 714 (8.9)
9 440 (263) 518 (21.5) 555 (12.3) 639 (1.6) 704 (5.9)
10 436 (306) 515 (21.6) 551 (9.6) 635 (1.6) 700 (5.5)
11° 439 (97.6) 518 (13.7) 553 (7.5) 637 (1.1) 702 (3.8)

2 Jmax M (e 103 M Tem ™).
® Di-sodium salts and data from Ref. 12.
°In THF.
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8 (8.9x 10° M~ cm™"), which is the highest among the
dithiaporphyrin derivatives.

2.2.2. Quantum yields for the generation of singlet
oxygen. Singlet oxygen ('0,) is thought to be the toxic
species that damages tumor cells following irradiation
of the photosensitizer.'® ngher quantum yields for the
generation of singlet oxygen [¢ ('O,)] endow photosensi-
tizers with greater potential for biological activity, that
is, phototoxicity. Values of ¢ (10,) for 1-11 were deter-
mined by direct detection of singlet-oxygen lumines-
cence at 1270 nm, Wthh was compared with the
standard, rose Bengal [¢('O,) = 0.80]. Excitation was
effected with a frequency-doubled neodinium-YAG la-
ser emitting at 532 nm. All the core- -modified porphyrins
1-11 showed high values of ¢('0,) (>0.73), with the
exception of two compounds, 4-dimethylaminophenyl
derivative 8 [¢('O,) = 0.32] and 4-hydroxyphenyl deriv-
ative 9 [¢ ('O,) = 0.03] (Table 2).

2.2.3. Quantum yields for fluorescence. Molecular fluo-
rescence is a useful tool to study the localization and
pharmacokinetics of dyes both in vitro and in vivo.

Table 2. Quantum yields for the generation of singlet oxygen [¢ ('0,)],
quantum yields for fluorescence (¢g), and n-octanol/water partition
coefficients in pH 7.4 phosphate buffer (log D7 4) for 1-11*

Compound ¢ ('0,) oF log D74
1 0.80 0.007 0.04 £0.02
2 0.71° 0.003° ND¢
3 0.83 0.010 —0.06 £ 0.01
4 0.76 0.011 0.19 £0.06
5 0.75 0.010 0.27 £0.05
6 0.87 0.009 —0.08 £ 0.01
7 0.81 0.012 —0.15%£0.08
8 0.32 0.029 0.56 £ 0.15
9 0.03 0.002 0.78 £ 0.08
10 0.74 0.010 —0.16 £ 0.06
11 0.73 0.012 0.12£0.14

# Detailed methods for measurements above are presented in Section 4.

P Ref.12.

°ND (not determined) indicates samples for which measurements were
not performed.

Femtomole/cell
N
.

1 2 3 4 5

6
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Quantum yields of fluorescence (¢r) were determined
for the compounds 1-11 compared to rhodamine 6G
(¢r = 1.0). Interesting enough is the increase of ¢y of
compound 8 (0.029), Wthh is theoretically consistent
with its low value of ¢ ('0,), 0.32 (Table 2). In contrast,
compound 9 displayed low quantum yields for both the
generation of singlet oxygen [¢('0,) =0.03] and for
fluorescence (¢ = 0.002). All the other compounds have
poor fluorescence with values of ¢g < 0.012.

2.2.4. n-Octanol/water partition coefficients. The lipo-
philicity of a molecule is an important determinant of
biomembrane permeability. The partition between n-
octanol and pH 7.4 buffer was measured by a slightly
modified ‘shake-flask’ method.!” The change in substitu-
ents on the meso-aryl groups gave a range of values of
log D74 from —0.16 for 4-isopropylphenyl derivative
10 to 0.78 for 4-hydroxyphenyl derivative 9 (Table 2).
Interestingly, the effects of the hydroxyl and isopropyl
groups were contrary to our expectations. The isopropyl
group increases log D;4 (Alog D74=+0.74) and
hydroxyl group decreases log D7 4(AlogD7 4= —0.20)
from compound 1 (log D;4=0.04, Table 2), even
though the hydrophobic constants (x) of isopropyl and
hydroxyl groups are 1.53 and —0.67, respectively.'® This
observation strongly suggests that log D;4 might be
influenced by other factors, such as dimerization or
aggregation in solution.

2.3. Biology

2.3.1. Intracellular accumulation of core-modified por-
phyrins into cultured R3230AC cells. The cellular uptake
of core-modified porphyrins after 24 h incubation was
determined by fluorescence techniques (Fig. 2). Follow-
ing exposure to photosensitizers, cells were digested and
the porphyrins were solubilized with 25% Scintigest
(100% DMSO for compound 9). Owing to low values
of ¢y for porphyrins (Table 2), higher concentrations
of photosensmzer were employed, 5x107° and
1x 107> M, in the uptake experiment, relative to the
phototoxmty experiments, although there was no signif-
icant dark toxicity with any of the compounds at
1x107° M.

7 8 9 10 11

Dithiaporphyrin

Figure 2. Cellular uptake of 21,23-dithiaporphyrins in cultured R3230AC rat mammary adenocarcinoma cells. Each bar represents the mean
intracellular uptake of each compound incubated with R3230AC cells for 24 h at 5x 107® M (black bars) or 1 x 107> M (white bars). Data are

expressed as femtomole porphyrin/cell and error bars are the SEM.
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Cellular uptake of the dithiaporphyrins at 5x 107° M of
the photosensitizer covered a range from 0.1 fmol/cell
for 11 to 1.9 fmol/cell for 2. Cellular uptake was similar
for the symmetrically substituted dithiaporphyrins 1, 2,
5,7, and 10 (1.8, 1.9, 1.7, 1.7, and 1.8 fmol/cell, respec-
tively) and was somewhat lower for 4-chlorophenyl
derivative 4 (0.8 fmol/cell) and 4-dimethylaminophenyl
derivative 8 (0.7 fmol/cell). Cellular uptake of the
unsymmetrically substituted derivatives 3 (0.7 fmol/cell)
and 6 (0.3 fmol/cell) was significantly less than the corre-
sponding symmetrical derivatives 1, 2, and 5 for these
substituents (P < 0.05 for all pairwise comparisons).
The lowest cellular uptake was observed with compound
11 (0.1 fmol/cell) with bulky biphenyl substituents. The
value of ¢r for 9 is much smaller than any of the other
derivatives and no fluorescence could be detected fol-
lowing cell digestion of cells treated with 5x107°M
photosensitizer. At 1x 107> M photosensitizer, uptake
of compound 9 (0.2 fmol/cell) was comparable to the
uptake of compounds 6 (0.4 fmol/cell) and 11
(0.6 fmol/cell), but the uptake of these compounds was
still less than for any of the others at either 5x 107 M
or 1 x 107> M.

The uptake does not appear to be strictly a function of
liphophilicity. log D7 4 values for compounds 1, 5, 7, and
10 with the highest cellular uptake and compounds 6
and 11 with two of the lowest values of cellular uptake
are all near 0. Additionally, compound 9 with the high-
est value of log D74 at 0.78 showed the lowest uptake,
which might be explained by either loss of amphiphilic-
ity of the molecule or formation of aggregates in the
media.

2.3.2. Dark toxicity and phototoxicity of core-modified
porphyrins toward cultured R3230AC cells. Dark toxicity
and phototoxicity of the core-modified porphyrins
toward R3230AC rat mammary adenocarcinoma cells
were determined using the MTT colorimetric assay.
Cells were incubated for 24h with 5x107% to
1 x 107° M core-modified porphyrln Treated cells were
then irradiated with 1.4 mW cm 2 broadband light
(350-750 nm) for 1 h giving a total fluence of 5J cm 2
Cell survival was then determined 24 h following irradi-
ation of treated cells and 24 h later for dark controls.

1.25 4
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For the dark controls, cell survival was >85% for all
dithiaporphyrins at concentrations up to 1 x 107> M.

Phototoxicity with the porphyrins at 1x 1077 and
5x 107" M is given in Figure 3. Dithiaporphyrins 2-6
with the electron-withdrawing substituents —F and
—CF3;, dithiaporphyrin 8 with dimethylamino substitu-
ents, and dithiaporphyrin 1 with phenyl substituents
showed comparable phototoxicity with <20% survival
at 5x 1077 M. However, compound 3 with meso-phenyl
and 4ﬂu0rophenyl substituents gave only 33% cell
survival in R3230AC cells treated with 1x 107" M 3.
Dithiaporphyrin 4 with chloro substituents and dith-
iaporphyrin 7 with methoxy substituents were not as
phototoxic with treated cells dlspla;/mg 44% and 54%
cell survival, respectively, at 5x 10~" M. Dithiaporphy-
rin 9 with hydroxyl substituents and dithiaporphyrins 10
and 11 with bulky substltuents showed essentlally no
phototoxicity at 5x 10”7 M. Even at 1x 107¢ M, com-
pounds 10 and 11 showed 63% and 75% survival, respec-
tively, with 5 J cm ™2 of 350-750 nm light in treated cells.
This is consistent with our earlier observations on
dithiaporphyrins with two bulky substituents.'*

Examination of the quantum yields for the generation of
singlet oxygen, cellular uptake, and phototoxicity of the
various dithiaporphyrins revealed some inconsistencies.
Compounds 1, 2, 6, and 8 were the most phototoxic
compounds in the series 1-11, yet ¢ ('O,) was 0.80 for
1, 0.71 for 2, and 0.87 for 6 in solution but only 0.32
for 8. Furthermore, cellular uptake was 1.8 fmol/cell
for 1, 1.9 fmol/cell for 2, and only 0.3 and 0.7 fmol/cell
for 6 and 8, respectwely, when the R3230AC cells were
exposed to 5x 107°M photosensmzer In contrast, the
photosensitizer 10 with ¢ ('O,) of 0.73 and cellular up-
take of 1.3 fmol/cell in cells treated with 5x 1077 10
was one of the poorest photosensmzers in the series.
Clearly, efficacy of photosensitizers in the series 1-11
cannot be predicted by either values of ¢ ('0,) or by cel-
lular uptake or by a combination of the two.

Values of log D74 also did not correlate with efficacy.
Compounds 1, 2, 6, and 10 had values of log D74 near
0, while compound 8 was more lipophilic with log D74
of 0.56. Compound 10 showed no phototoxicity in

7 8 9 10 11

Dithiaporphyrin

Figure 3. Cell viability of cultured R3230AC cells after photosensitization with 5 J cm™ of broadband light (350-750 nm) in the presence of 21,23-
dithiaporphyrins, 1 x 107 M (black bars) or 5x 10~7 M (white bars). Each data point represents the mean of at least three separate experiments
performed in duplicate and error bars are the SEM. Data are expressed as the surviving fraction of viable cells relative to untreated controls.
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marked contrast to compounds 1, 2, and 6 with similar
values of log D7 4, uptake, and d)(lOz). Furthermore, the
more lipophilic compound 8 was similar in potency to
the amphiphilic molecules 1, 2, and 6. In the absence
of a single parameter to predict phototoxic behavior,
one needs to consider the possibilities of differences in
uptake and phototoxicity among monomeric and aggre-
gate species, as well as the possibility of specific cellular
sites of localization.

3. Summary and conclusions

As an extension of our previous study of structure—
activity relationships that focused on the effects of steric
bulk and symmetry in dithiaporphyrins, ten new core-
modified porphyrins were prepared whose substituents
varied in electronic properties. These derivatives were
successfully prepared through the synthetic methods
developed in our previous work.!3> However, the prepa-
ration of dimethoxy and dihydroxy compounds, 7 and 9,
respectively, required new synthetic approaches, as
shown in Scheme 2.

The differences in electronic properties among the sub-
stituents had minimal impact on physical and photo-
physical features, such as absorption maxima (Ayayx),
qluantum yields for the generation of singlet oxygen [¢
("O,)] and fluorescence (¢g), and n-octanol/water parti-
tion coefficients (log D7 4). Compounds 2 and 8 with two
4-fluorophenyl or two 4-dimethylaminophenyl substitu-
ents in the meso-positions displayed a small bathochro-
mic shift in /., relative to the other derivatives,
compound 8 had a value of ¢('0O,) that was less than
half of any other derivative in the series, and compounds
8 and 9 were both more lipophilic than other derivatives
in the series based on the values of log D7 4.

In the series 1-11, five of the dithiaporphyrins (com-
pounds 2, 3, 5, 6, and 8) were efficient photosensitizers,
giving less than 20% cell survival in R3230AC rat
mammary adenocarcinoma cells following treatment
with 5x 1077 M photosensitizer and 5Jcm 2 of 350—
750 nm light. Compound 3 with meso-phenyl and
4-fluorophenyl substituents was the most potent photo-
sensitizer among these five toward R3230AC cells, with
only 33% cell survival following treatment with 1 x
10-"M photosensitizer and 5Jcm~2 of 350-750 nm
light. Dark controls indicated that there was no signifi-
cant cellular toxicity in the absence of light.

Empirically, the substituent studies of this manuscript
and our previous work have identified two dithiapor-
phyrins with two 4-(carboxylatomethoxy)phenyl substit-
uents at the 10- and 15-positions, a phenyl substituent at
the S5-position, and either a 4-fluorophenyl substituent
(compound 3 of this study) or a 2-thienyl substituent
(IY69 of our previous study)'* at the 20-position as
superior photosensitizers with submicromolar ECsq’s
and 5Jcm ™2 of 350-750 nm light. As was observed in
our earlier work with dithiaporphyrins with two 2,4,6-
trimethylphenyl substituents or two 4-tert-butylphenyl
substituents,'* compounds 10 and 11 with two bulky

4-isopropylphenyl or 4-biphenyl substituents, respec-
tively, showed essentially no phototoxicity. The presence
of two bulky meso-substituents leads to an ineffective
photosensitizer. In studies of over thirty dithiaporphyrin
derivatives, no clear correlation of either physical or
photophysical properties has allowed prediction of effi-
cacy. While two derivatives appear to be superior in
studies in vitro, we have as yet to determine a molecular
target, although mitochondria are implicated as a gener-
al site of action.'# The efficacy of IY69 and compound 3
may be due to a specific molecular target or may be due
to some physical phenomenon peculiar to these deriva-
tives, relative to the others, such as aggregation/deaggre-
gation in the cell. Future studies will focus on
compounds IY69 and 3 to identify reasons for their
added efficacy.

4. Experimental
4.1. General methods

Solvents and reagents were used as received from Sig-
ma-Aldrich Chemical (St. Louis, MO) unless otherwise
noted. Cell culture medium was purchased from GIBCO
(Grand Island, NY). Fetal bovine serum (FBS) was ob-
tained from Atlanta Biologicals (Atlanta, GA). Concen-
tration in vacuo was performed on a Buchi rotary
evaporator. NMR spectra were recorded at 23 °C on a
Varian Gemini-300, Inova 400, or Inova 500 instrument
with residual solvent signal as the internal standard:
CDCl; (6 7.26 for proton, 6 77.16 for carbon). Infrared
spectra were recorded on a Perkin-Elmer FT-IR instru-
ment. UV-vis—near-IR spectra were recorded on a Per-
kin-Elmer Lambda 12 spectrophotometer. Elemental
analyses were conducted by Atlantic Microlabs, Inc.
Q-TOF 2 electrospray and ESI mass spectrometry were
conducted at the Campus Chemical Instrumentation
Center of The Ohio State University (Columbus, OH)
and the Instrument Center of the Department of Chem-
istry at the University at Buffalo. Compounds 1, 12-15,
21-23, 45, and 46 were prepared, as previously de-
scribed!?>'* and compound 2, prepared in our earlier
works,'? was used as the disodium salt. In biological
studies, core-modified porphyrins 1-11 were dissolved
in DMSO to make a stock solution at 2 x 107> M. The
stock solutions were then used after appropriate dilu-
tions with sterilized doubly distilled water.

4.2. Synthesis

4.2.1. General method for the preparation of 2,5-bis(aryl-
1-hydroxymethyl)thiophenes (16-18). Compounds 17
and 18 were prepared as described for the preparation
of 16.

4.2.2. 2,5-Bis[1-(4-isopropyl)phenyl-1-hydroxymethyl]thi-
ophene (16). Thiophene (4.2 g, 50 mmol) was added to a
solution of n-butyllithium (69 mL of a 1.6 M solution in
hexanes, 110 mmol) and TMEDA (17 mL, 115 mmol) in
200 mL hexanes under an Ar atmosphere. The reaction
mixture was heated at reflux for 1 h, cooled to ambient
temperature, and transferred via a cannula to a pres-





5974 Y. You et al. | Bioorg. Med. Chem. 13 (2005) 5968-5980

sure-equalizing addition funnel. This dilithiothiophene
suspension was then added dropwise to a solution of
4-isopropylbenzaldehyde (14 g, 95 mmol) in 200 mL of
anhydrous THF cooled to 0°C, which had been de-
gassed with Ar for 15 min. After the addition was com-
plete, the mixture was warmed to ambient temperature,
300 mL of NH4CI (aqueous 1 M solution) was added,
and the organic phase was separated. The aqueous
phase was extracted with ether (3x 300 mL). The com-
bined organic extracts were washed with water (3x
300 mL) and brine (300 mL), dried over MgSQ,, and
concentrated. The crude product was purified by a silica
column with the mixture of hexanes and ethyl acetate to
give 14 g (73%) of 16 as a light yellow oil. IR (film):
3415, 3036, 2940, 2870, 1699cm™'; 'H NMR
(500 MHz, CDCl5): 6 1.17 (12H, d, J=7.0 Hz), 3.16-
3.20 (2H, m), 5.85 (2H, s), 6.62 (2H, s), 7.14 (4H, d,
J=8.0Hz), 727 (4H, d, J=7.5Hz); 3C NMR
(126 MHz, CDCls): 6 24.10, 33.96, 72.62, 124.42,
124.45, 126.42, 126.47, 126.73, 140.47, 148.26, 148.85;
High Resolution Q-TOF MS, m/z 403.1703 (calcd for
Cy4H,30,S+H, 403.1708).

4.2.3. 2,5-Bis(1-biphenyl-1-hydroxymethyl)thiophene (17).
Yield: 70%; IR (film): 3392, 3030, 1732, 1698 cm™'; 'H
NMR (500 MHz, CD;0D): 6 5.44 (2H, s), 6.70 (2H, s),
7.28-7.35 (2H, m), 7.38-7.52 (8H, m), 7.54-7.62 (8H,
m); °C NMR (126 MHz, 1:1 CDCIl5/CD;0D): § 81.41,
81.45, 125.14, 127.09, 127.11, 127.15, 127.33, 127.39,
127.44, 127.47, 127.51, 128.88, 140.02, 140.06, 140.84,
141.08, 146.29, 146.33; High Resolution ESI MS: m/z
448.1481 (calced for C3gH»40,S, 448.1492).

4.2.4. 2,5-Bis[1-(4-triisobutylsilyoxy)phenyl-1-hydroxy-
methyl|thiophene (18). Yield: 58%; 'H NMR (300 MHz,
CDCl3): 6 1.31 (18H, d, J = 6.9 Hz), 1.42-1.50 (6H, br
s), 6.13 (2H, s), 6.88 (2H, s), 7.07 (4H, d, J = 8.4 Hz),
7.48 (4H, d, J = 7.5 Hz); *C NMR (75 MHz, CDCls): 6
.83, 18.06, 72.46, 120.03, 124.44, 127.73, 135.60, 148.50,
156.10. High Resolution ESI MS: m/z 663.3344 (calcd
for C36H5604SSi,+Na, 663.3330).

4.2.5. 2-(1-Hydroxy-1-phenylmethyl)-5-[1-(4-fluorophe-
nyl)-1-hydroxymethyl]-thiophene (44). 2-[1-(terz-Butyl-
dimethylsilyloxy)-1-phenylmethyl]thiophene'* (43, 6.0 g,
20 mmol) was added to a solution of n-butyllithium
(14 mL of 1.6 M in hexanes, 22 mmol) and TMEDA
(3.6 mL, 24 mmol) in 150 mL of hexanes under an Ar
atmosphere. The reaction mixture was stirred at ambient
temperature for 30 min and transferred via cannula to a
pressure-equalizing addition funnel. The suspension of
2-lithio 43 was then added dropwise to a solution of 4-flu-
orobenzaldehyde (2.1 mL, 20 mmol) in 150 mL of anhy-
drous THF at 0°C, which was degassed with Ar for
15 min. After the addition was complete, the mixture
was warmed to ambient temperature, 300 mL of a 1 M
solution of NH4Cl was added, and the organic phase
was separated. The aqueous phase was extracted with
ether (3x 200 mL). The combined organic extracts were
washed with water (3x 200 mL) and brine (200 mL), dried
over MgSQy, and concentrated to give a yellow oil. The oil
was dissolved ina 1 M solution of BuyNF in THF (95 mL,
95 mmol) and stirred at ambient temperature for 1 h at

which point 100 mL of saturated aqueous NH4CIl was
added. The resulting mixture was extracted with ether
(4x 100 mL). The combined organic extracts were washed
with water (3x 200 mL) and brine (200 mL), dried over
MgSO,, and concentrated to give the crude diol. The
crude diol was purified by column chromatography on
SiO; eluted with a mixture of hexanes and ethyl acetate
to give 3.5 g (56%) of 44 as a light yellow oil. IR (film):
3406, 3063, 2874, 1700, 1604 cm'; "H NMR (300 MHz,
CDCl): 0 6.22 (2H, s), 6.97 (2H, s), 6.78 (1H, d,
J=3.0Hz), 685 (1H, t, J=4.8Hz), 698 (2H, t,
J=84Hz), 722 (1H, d, J=4.8Hz), 7.44 (2H, dd,
J1=8.3,J,=5.7); >*C NMR (75 MHz, CDCl): 6 71.92,
72.62, 11547 (d, J=22), 124.60, 126.41, 128.16 (d,
J=28), 128.19, 128.69, 138.80, 142.94, 148.02, 148.38,
162.51 (d, J=244), 164.14; High Resolution Q-TOF
MS: m/z 337.0693 (calcd for C18H15FN2028+N3,
337.0674).

4.2.6.  2-(1-Hydroxy-1-phenylmethyl)-5-[1-(4-trifluoro-
methylphenyl)-1-hydroxymethyl]-thiophene (45). Com-
pound 45 was prepared with the same method as that
used for the preparation of 44. Yield: 57%; IR (film):
3428, 3063, 2874, 1700, 1620 cm™'; "H NMR (500 MHz,
DMSO-dy): ¢ 5.82 (1 H, s), 5.89 (1H, s), 6.21 (1H, s),
6.42 (1H, s), 6.68 (1H, d, J=10.4 Hz), 6.71 (1H, d,
J=11.6 Hz), 7.18-7.25 (1H, m), 7.30 (2H, br s), 7.35
(2H, br s), 7.60 (2H, br s), 7.66 (2H, br s); °C NMR
(75 MHz, DMSO-dg): 6 70.50, 71.13, 123.54 (123.90),
125.48 (125.52), 126.31 (126.39), 127.02 (127.08),
127.59 (127.64), 128.56, 145.02 (145.08), 148.35
(148.52), 149.67, 149.91 (150.12); High Resolution Q-
TOF MS: m/z 387.0635 (calcd for C;9H;5sF3;N>O,S+Na,
387.0643).

4.2.7. Diethyl 2,5-bis[1-(4-carboxylatomethoxyphenyl)-1-
pyrrolomethyljthiophene (23). Diol 20 (3.2 g, 5.8 mmol)
was dissolved in excess pyrrole (16 mL) and the resulting
solution was degassed with Ar. Boron trifluoride etherate
was added (0.10 mL, 1.1 mmol) and the resulting mixture
was stirred for 1 h at ambient temperature. The reaction
was stopped by the addition of CH,Cl, (100 mL), fol-
lowed by 40% NaOH (50 mL). The organic layer was sep-
arated, washed with water (3x 150 mL) and brine
(150 mL), dried over MgSQy, and concentrated. The ex-
cess pyrrole was removed at reduced pressure at ambient
temperature. The residual oil was purified via chromato-
graphy on SiO, eluted with the mixture of hexanes and
ethyl acetate to give 2.7 g (63%) of 23 as a yellow oil. 'H
NMR (500 MHz, CDCl5): ¢ 1.10 (18H, d, J = 7.5 Hz),
1.40-1.48 (6H, s), 5.51 (2H, s), 5.90 (2H, s), 6.14 (2H, br
s), 6.58 (2H, s), 6.68 (2H, s), 6.82 (4H, d, J = 8.5 Hz),
7.07 (4H, d, J=8.5Hz), 7.89 (2H, br s); °C NMR
(126 MHz, CDCly): 6 12.76, 18.05, 45.33, 107.45,
108.35, 117.20, 120.01, 125.17, 129.44, 133.62, 135.26,
146.46, 155.14; High Resolution ESI MS: m/z 761.3958
(calcd for C44H62NQOQSSi2+Na, 761 3963)

4.2.8. General method for the preparation of 5,20-diaryl-
10,15-bis(4-methoxyphenyl)-21,23-dithiaporphyrins (24—
30, 46, 47). Compounds, 24-30, 46, and 47, were
prepared with similar methods described for the prepa-
ration of 24.
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4.2.9. 5,20-Bis(4-chlorophenyl)-10,15-bis(4-methoxyphe-
nyl)-21,23-dithiaporphyrin (24). Diol 12 (3.0 g, 0.8 mmol),
2,5-bis[1-(4-chlorophenyl)-1-pyrrolomethyl]thiophene (22,
3.8 g, 0.8 mmol), and 2,3,5,6-tetrachloro-1,4-benzoqui-
none (TCBQ, 6.1 g, 25 mmol) were dissolved in 600 mL
CH,Cl,. Boron trifluoride etherate (0.57 mL, 0.45 mmol)
was added and the reaction mixture was stirred for 0.5 h in
the dark. The reaction mixture was concentrated and the
residue was redissolved in minimal CH,Cl,. The crude
product was purified via chromatography on basic alumi-
na eluted with CH,Cl,. Dithiaporphyrin 24 was isolated
as the first red band. The crude product was washed with
acetone to give 0.32 g (5%) of 24 as a purple solid. Mp:
>300 °C; 'H NMR (400 MHz, CDCl5): ¢ 4.11 (6H, s),
7.36 (4H, d, J = 8.4 Hz), 7.80 (4H, d, /= 8.0 Hz), 8.168
(4H, d, J=8.4 Hz), 8.169 (4H, d, J = 8.0 Hz), 8.64 (2H,
d, J=44Hz), 872 2H, d, J=4.4Hz), 9.63 (2H, s),
9.73 (2H, s); °C NMR (75 MHz, 1:1 CDCly/CD;0D): ¢
55.79, 113.29, 127.93, 132.36, 133.70, 134.22, 134.63,
134.80, 135.13, 135.21, 135.32, 135.63, 135.86, 139.86,
147.59, 148.60, 156.38, 156.96, 160.04; High Resolution
Q-TOF MS: m/z 777.1204 (calcd for Cy4sH3oClLN,
0,S,+H, 777.1204).

4.2.10. 5,20-Bis(4-trifluoromethylphenyl)-10,15-bis(4-
methoxyphenyl)-21,23-dithiaporphyrin (25). Yield: 3%;
mp: >300 °C; '"H NMR (400 MHz, CDCls): 6 4.10 (6H,
s), 7.37 (4H, d, J=7.6 Hz), 8.09 (4H, d, /= 7.2 Hz),
8.18 (4H, d, J=8.0 Hz), 8.36 (4H, d, J = 7.2 Hz), 8.60
(2H, d, J=4.4 Hz), 8.74 (2H, d, J=4.0 Hz), 9.59 (2H,
s), 9.75 (2H, s); High Resolution Q-TOF MS: m/z
845.1735 (caled for C4gH30FsN,0,S,+H, 845.1731).

4.2.11. 5,20-Bis(4-dimethylaminophenyl)-10,15-bis(4-
methoxyphenyl)-21,23-dithiaporphyrin (26). Yield: 6.4%;
mp: >300°C; 'H NMR (400 MHz, CDCl;): § 3.25
(12H, s), 4.10 (6H, s), 7.17 (4H, d, J = 8.8 Hz), 7.35 (4H,
d, J=8.8Hz), 8.15 (4H, d, J=5.2 Hz), 8.18 (2H, d,
J=5.2Hz), 866 (2H, d, J=4.4Hz), 875 (2H, d,
J=4.8 Hz), 9.64 (2H, s), 9.76 (2H, s); High Resolution
Q-TOF MS: m/z 795.2834 (calcd for C4oH4,N40,S,+H,
795.2827).

4.2.12. 5,20-Bis(4-isobutylphenyl)-10,15-bis(4-methoxy-
phenyl)-21,23-dithiaporphyrin (27). Yield: 30%; mp:
>300 °C; "H NMR (400 MHz, CDCl5): é 1.56 (12H, d,
J=6.8 Hz), 3.26-3.30 (2H, m), 4.10 (6H, s), 7.35 (4H,
d, J=8.4Hz), 7.67 (4H, d, J=7.6 Hz), 8.18 (8H, d,
J=8.0Hz), 845 (2H, d, J=4.4Hz), 8.73 (2H, d,
J=44Hz), 9.71 (2H, s), 9.72 (2H, s); '*C NMR
(75 MHz, CDCly): 6 24.40, 34.28, 55.72, 113.15, 125.67,
133.19, 133.95, 134.26, 134.53, 134.67, 135.55, 138.86,
148.02, 148.73, 156.62, 156.71, 159.84. High Resolution
Q-TOF MS: m/z 793.2938 (caled for CsoH44N->O,S,+H,
793.2922).

4.2.13.  5,20-Di(biphenyl)-10,15-bis(4-methoxyphenyl)-
21,23-dithiaporphyrin (28). Yield: 18%; mp: 175-
177 °C; '"H NMR (500 MHz, CDCl5): 6 4.12 (6H, s),
7.37 (4H, d, J=7.5Hz), 7.48-7.52 (2H, m), 7.61 (4H,
t, J=7.5Hz), 793 (4H, d, J=7.5Hz), 8.06 (4H, d,
J=7.5Hz), 820 (4H, d, J=7.5Hz), 8.34 (4H, d,
J=7.5Hz), 873 (2H, d, J=4.5Hz), 8.76 (2H, d,

J=4.5Hz), 9.73 (2H, s), 9.77 (2 H, s); High Resolution
ESI MS: m/z 861.2592 (CalCd for C58H40N20252+H,
861.2604).

4.2.14. Diethyl 5,20-bis(4-methoxyphenyl)-10,15-bis(4-
carboxylatomethoxyphenyl)-21,23-dithiaporphyrin  (29).
Yield: 18%; mp: 117-119 °C; 'H NMR (500 MHz,
CDCl3): 6 1.42 (6H, t, J=7.0 Hz), 4.10 (6H, s), 4.42
(4H, q, J=7.0Hz), 492 (4H, s), 7.36 (8H, d,
J=70Hz), 8.17 (8H, d, J=7.5Hz), 8.67 (2H, d,
J=5.0Hz), 8.72 (2H, d, J=4.5 Hz), 9.68 (2H, s), 9.70
(2H, s); High Resolution ESI MS: m/z 913.2645 (calcd
for C54H44N20882+H, 9132612)

4.2.15. Diethyl 5,20-bis(4-triisobutylsilyoxyphenyl)-10,15-
bis(4-carboxylatomethoxyphenyl)-21,23-dithiaporphyrin
(30). Yield: 32%; mp: 195-198 °C; 'H NMR (500 MHz,
CDCl3): 6 1.29 (36H, d, J=7.5Hz), 142 (6H, t,
J=17.0Hz), 1.45-1.51 (6H, s), 4.42 (4H, q, J = 7.0 Hz),
4.93 (4H, s), 7.32-7.39 (8H, s), 8.09 (4H, d, J = 6.5 Hz),
8.18 (4H, d, J = 7.0 Hz), 8.66-8.70 (4H, s), 9.68 (2H, s),
9.71 (2H, s); High Resolution ESI MS: m/z 1197.4987
(CalCd for C70H80N203S28i2+H, 11974967)

4.2.16. 5-Phenyl-20-(4-fluorophenyl)-10,15-bis(4-methoxy-
phenyl)-21,23-dithiaporphyrin (46). Yield: 5%; mp:
>300 °C; 'H NMR (300 MHz, CDCly): 6 4.10 (6H, s),
7.36 (4H, d, J=8.1 Hz), 745 (2H, t, J=28.1 Hz), 7.81
(3H, br s), 8.18 (4H, d, J=8.1 Hz), 8.16-8.30 (4H, m),
8.60-8.76 (4H, m), 9.63 (1H, d, J = 4.8 Hz), 9.69 (1H, d,
J=5.1Hz), 9.73 (2H, br s); High Resolution Q-TOF
MS: m/z 727.1874 (caled for C4sH3FN>,O,S,+H,
727.1889).

4.2.17. 5-Phenyl-20-(4-trifluoromethylphenyl)-10,15-
bis(4-methoxyphenyl)-21,23-dithiaporphyrin (47). Yield:
7%; mp: 125-127°C; '"H NMR (400 MHz, CDCls): §
11 (6H, s), 7.37 (4H, d, J = 8.4 Hz), 7.79-7.85 (3H, m),
8.08 (2H, d, J=8.0Hz), 8.18 (4H, d, J=28.0 Hz),
8.22-8.27 (2H, m), 8.37 (2H, d, J= 8.0 Hz), 8.60 (1H,
d, J=44Hz), 8.68 (1H, d, J=4.4Hz), 8.72 (1H, d,
J=44Hz), 874 (1H, d, J=4.4Hz), 9.58 (1H, d,
J=52Hz), 9.68 (1H, d, J=52Hz), 9.74 (2H, s);
13C NMR (75MHz, CDCly): & 55.78, 111.07,
113.27, 124.57, 127.63, 128.25, 130.82, 131.53, 133.71,
133.99, 134.33, 134.62, 134.79, 134.95, 135.17, 135.61,
135.75, 135.85, 141.32, 145.20, 147.47, 147.70, 148.48,
148.67, 150.65, 155.96, 156.80, 160.01, 160.92; High
Resolution Q-TOF MS: m/z 777.1868 (calcd for
C47H3,F3N,0,S8,+H, 777.1857).

4.2.18. General method for the preparation of 5,20-diaryl-
10,15-bis(4-hydroxyphenyl)-21,23-dithiaporphyrins (31—
35, 48, 49). Compounds, 31-35, 48, and 49, were
prepared, as described for the preparation of 31.

4.2.19. 5,20-Bis(4-chlorophenyl)-10,15-bis(4-hydroxyphe-
nyl)-21,23-dithiaporphyrin (31). Dithiaporphyrin 24
(0.27 g, 0.35 mmol) was dissolved in 50 mL CH,Cl,
and BBr; (0.32 mL, 3.5 mmol) was added at 0 °C. The
resulting solution was stirred for 5 h at ambient temper-
ature. The reaction mixture was added to 150 mL
EtOAc and 150 mL of saturated NaHCO;. The organic
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layer was separated and washed three times with 150 mL
of brine, dried over MgSO,, and concentrated. The
crude solid was washed with 25% EtOAc/hexanes sever-
al times to give 0.23 g (88%) of 31 as a dark blue solid.
Mp: >300°C; 'H NMR (400 MHz, 1:1 CDCly/
CD;OD): 6 7.18 (4H, d, J=8.4Hz), 7.69 (4H, d,
J=8.0Hz), 798 (4H, d, J=8.4Hz), 8.05 (4H, d,
J=8.0Hz), 8.52 (2H, d, J=44Hz), 8.64 (2H, d,
J=44Hz), 9.53 (2H, s), 9.67 (2H, s); *C NMR
(75MHz, 1:1 CDCI/CD;OD): ¢ 114.53, 127.67,
132.00, 132.34, 133.79, 134.55, 134.98, 135.08, 135.60,
135.79, 139.55, 147.16, 148.40, 156.13, 156.81, 157.32;
High Resolution Q-TOF MS: m/z 749.0891 (caled for
C44H56C1,N,0,S,+H, 749.0888).

4.2.20. 5,20-Bis(4-triftuoromethylphenyl)-10,15-bis(4-hydroxy-
phenyl)-21,23-dithiaporphyrin (32). Yield: 88%; mp:
>300 °C; "H NMR (400 MHz, 1:1 CDCI;/CD;OD): ¢
7.23-7.33 (4H, m), 8.00-8.13 (8H, m), 8.31 (4H, d,
J=7.6 Hz), 8.54 (2H, d, J=4.4Hz), 8.72 (2H, d,
J=44Hz), 9.56 (2H, d, J=3.2Hz), 9.75 (2H, d,
J = 2.4 Hz); High Resolution Q-TOF MS: m/z 817.1425
(calcd for C46H26F6N206SQ+H, 8171418)

4.2.21. 5,20-Bis(4-dimethylaminophenyl)-10,15-bis(4-
hydroxyphenyl)-21,23-dithiaporphyrin (33). Yield: 83%;
mp: >300 °C; 'H NMR (400 MHz, 1:1 CDCl5;/CD;0D):
0 3.21 (12H, s), 7.16 (4H, d, J=7.6 Hz), 7.25 (4H, d,
J=8.0Hz), 802 (4H, d, J=5.2Hz), 8.06 (4H, d,
J =5.2Hz), 8.59 (2H, s), 8.62 (2H, s), 9.65 (2H, s), 9.69
(ZH, S); HI ESI MS: 767.2521 (calcd for C48H33N402
S,+H, 767.2514).

4.2.22. 5,20-Bis(4-isobutylphenyl)-10,15-bis(4-hydroxyphe-
nyl)-21,23-dithiaporphyrin (34). Yield: 95%; mp: 234—
236 °C; 'H NMR (500 MHz, acetone-dg): 6 1.54 (12H, d,
J=17.0Hz), 3.21-3.34 (2H, m), 7.40 (4H, d, J = 8.0 Hz),
7.75 (4H, d, J=7.5Hz), 8.15 (4H, d, J=8.5Hz), 8.17
(4H, d, J = 8.0 Hz), 8.66 (2H, d, /= 4.0 Hz), 8.74 (2H, d,
J=45Hz), 9.73 (2H, s), 9.83 (2H, s); "C NMR
(75 MHz, 1:1:1 CDCIly/CD;OD/DMSO-dg): o 24.33,
34.00, 115.00, 125.79, 131.70, 133.87, 134.34, 134.46,
134.61, 135.67, 138.31, 147.36, 147.86, 148.69, 156.10,
156.32, 158.10; High Resolution Q-TOF MS: m/z
765.2614 (calcd for C50H40N20282+H, 7652609)

4.2.23.  5,20-Di(biphenyl)-10,15-bis(4-hydroxyphenyl)-
21,23-dithiaporphyrin (35). Yield: 86%; mp: >300 °C;
'"H NMR (400 MHz, CD;OD): § 7.28 (4H, br s), 7.45
(2H, br s), 7.55 (4H, br s), 7.86 (4H, br s), 7.93-8.08
(8H, m), 8.18 (4H, br s), 8.62 (4H, br s), 9.68 (4H, br
s); High Resolution ESI MS: m/z 833.2274 (calcd for
CssH36N>0,S,+H, 833.2291).

4.2.24. 5-Phenyl-20-(4-fluorophenyl)-10,15-bis(4-hydroxy-
phenyl)-21,23-dithiaporphyrin (48). Yield: 93%; mp:
>300 °C; 'H NMR (500 MHz, CDCls): 6 7.29 (4H, d,
J=8.0Hz), 749-7.57 (3H, m), 7.81 (2H, br s), 8.08
(4H, d, J=8.5Hz), 8.18-8.24 (4H, m), 8.63 (1H, d,
J=50Hz), 865 (IH, d, J=45Hz), 7.59 (2H, t,
J=10.5Hz), 9.65 (1H, d, J=5.0Hz), 9.69 (1H, d,
J=5.0Hz), 9.78 (2H, s); High Resolution Q-TOF MS:
miz 699.1519 (caled for C44H,7FN,0,S,+H, 699.1498).

4.2.25. 5-Phenyl-20-(4-trifluoromethylphenyl)-10,15-bis(4-
hydroxyphenyl)-21,23-dithiaporphyrin (49). Yield: 93%;
mp: >300°C; 'H NMR (400 MHz, 1:1:1 CDCly/
CD;0D/DMSO-dg) 6 7.03 (4H, d, J = 8.4 Hz), 7.51-7.58
(3H, m), 7.78 (2H, d, J=8.4Hz), 7.81 (4H, d,
J=8.0 Hz), 8.16-8.22 (2H, m), 8.08 (2H, d, J = 8.0 Hz),
8.30 (1H, d, J=4.8 Hz), 8.36 (1H, d, J=4.4 Hz), 8.44
(1H, d, J=4.4 Hz), 8.46 (1H, d, J = 4.8 Hz), 9.30 (1H, d,
J=5.2Hz), 9.39 (1H, d, J = 5.2 Hz), 9.50 (2H, s); High
Resolution Q-TOF MS: m/z 749.1551 (caled for
C45H27F3N202$2+H, 7491544)

4.2.26. General method for the preparation of diethyl 5,20-
diaryl-10,15-bis(4-carboxylatomethoxyphenyl)-21,23-dithia-
porphyrins (3640, 50, 51). Compounds, 36-40, 50, and 51,
were prepared as described for the preparation of 36.

4.2.27. Diethyl 5,20-bis(4-chlorophenyl)-10,15-bis(4-carb-
oxylatomethoxyphenyl)-21,23-dithiaporphyrin (36). Dith-
iaporphyrin 31 (0.20 g, 0.27 mmol), K,CO; (1.8 g,
13 mmol), and ethyl bromoacetate (2.96 mL, 27 mmol)
in 50 mL acetone were heated at reflux for 10 h. The reac-
tion mixture was cooled to ambient temperature and the
K,CO3 was removed by filtration. The filter cake was
washed with acetone until the filtrate became colorless.
The combined filtrates were concentrated. The crude
product was washed with MeOH to give 0.20 g (81%) of
36 as a purple solid. Mp: 212-214°C; 'H NMR
(400 MHz, CDCl;): 6 1.45 (6H, t, J = 7.6 Hz), 4.44 (4H,
q, J=6.8 Hz), 492 (4H, s), 7.36 (4H, d, J=8.4 Hz),
7.80 (4H, d, J =8.0 Hz), 8.17 (4H, d, J=8.0 Hz), 8.17
(4H, d, J=8.0 Hz), 8.66 (2H, d, J=4.4 Hz), 8.72 (2H,
d, J=4.8Hz), 9.65 (2H, s), 9.73 (2H, s); °C NMR
(75 MHz, CDCl5): 6 14.43, 61.73, 65.86, 113.97, 127.88,
132.45, 134.17, 134.29, 134.66, 134.78, 134.88, 135.02,
134.27, 135.54, 135.79, 139.73, 147.62, 148.44, 156.37,
156.84, 158.28; High Resolution Q-TOF MS: m/z
921.1629 (calced for CspH33CI,N,O6S,+H, 921.1626).

4.2.28. Diethyl 5,20-bis(4-triftuoromethylphenyl)-10,15-bis(4-
carboxylatomethoxyphenyl)-21,23-dithiaporphyrin (37).
Yield: 86%; mp: 133-135°C; 'H NMR (500 MHz,
CDCl): 6 1.38 (6H, t, J=7.0Hz), 4.38 (4H, q,
J=17.0Hz), 4.88 (4H, s), 7.40 (4 H, d, J=9.0 Hz), 8.12
(4H, d, J=7.5Hz), 8.20 (4H, d, J=8.0 Hz), 8.38 (4H,
d, J=8.0Hz), 8.63 (2H, d, J=4.5Hz), 8.75 (2H, d,
J=4.0 Hz), 9.62 (2H, s), 9.76 (2H, s); High Resolution
Q-TOF MS: m/z 989.2190 (calcd for C54H38F6N206
S,+H, 989.2922).

4.2.29. Diethyl 5,20-bis(4-dimethylaminophenyl)-10,15-
bis(4-carboxylatomethoxyphenyl)-21,23-dithiaporphyrin
(38). Yield: 68%; mp: >300°C; '"H NMR (500 MHz,
CDCl;): 6 142 (6H, t, J=7.0 Hz), 3.25 (12H, s), 4.42
(4H, q, J =7.5Hz),4.92 (4H,s), 7.18 (4H, d, J = 7.0 Hz),
7.35 (4H, d, J=8.5Hz), 8.16 (8H, t, J=28.5 Hz), 8.63
(2H, d, J =4.5Hz), 8.74 2H, d, J = 4.5 Hz), 9.62 (2H, s),
9.76 (2H, s); High Resolution ESI MS: m/z 939.3260
(caled for CsgHs5oN4O6S,+H, 939.3250).

4.2.30. Diethyl 5,20-bis(4-isopropylphenyl)-10,15-bis(4-
carboxylatomethoxyphenyl)-21,23-dithiaporphyrin (39).
Yield: 82%; mp: 180-182 °C; 'H NMR (400 MHz,
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CDCly): & 1.43 (6H, t, J=72Hz), 1.56 (12H, d,
J=6.8Hz), 3.23-3.34 (2H, m), 443 (4H, q,
J=6.8Hz), 493 (4H, s), 7.36 (4H, d, J = 8.4 Hz), 7.67
(4H, d, J=8.0 Hz), 8.17 (4H, d, J = 8.0 Hz), 8.19 (4H,
d, J=8.4 Hz), 8.68 (2H, d, J=4.4Hz), 8.72 (2H, d,
J=44Hz), 9.68 (2H, s), 9.72 (2H, s); *C NMR
(75 MHz, 1:1 CDCl/DMSO-dg): & 14.44, 24.40, 34.29,
61.73, 65.93, 111.04, 113.91, 125.68, 133.44, 134.42,
134.54, 134.78, 135.00, 135.34, 135.52, 135.65, 138.82,
148.03, 148.12, 148.78, 156.67, 158.19, 169.16; High
Resolution Q-TOF MS: m/z 937.3388 (calcd for
CssHs:N,06S,+H, 937.3345).

4.2.31. Diethyl 5,20-di(biphenyl)-10,15-bis(4-carboxylato-
methoxyphenyl)-21,23-dithiaporphyrin (40). Yield: 87%;
mp: 122-124 °C; "H NMR (500 MHz, CDCl;): § 1.42
(6H, t, J=7.0 Hz), 4.42 (4H, q, J = 7.0 Hz), 4.93 (4H,
s), 7.38 (4H, d, J=7.5Hz), 7.49 2H, t, J = 7.5 Hz), 7.61
(4H,t,J=7.5Hz),7.93 (4H, d, J= 7.0 Hz), 8.06 (4H, d,
J=7.5Hz), 820 (4H, d, J=8.0Hz), 833 (4H, d,
J=75Hz), 871 (2H, d, J=4.5Hz), 8.76 (2H, d,
J=4.5Hz), 9.71 (2H, s), 9.78 (2H, s); High Resolution
ESI MS: m/z 1005.3010 (caled for CgsHsgN->O6S,+H,
1005.3027).

4.2.32. Diethyl 5-phenyl-20-(4-fluorophenyl)-10,15-bis(4-
carboxylatomethoxyphenyl)-21,23-dithiaporphyrin  (50).
Yield: 81%; mp: 145-147°C; 'H NMR (500 MHz,
CDCly): 6 143 (6H, t, J=7.2Hz), 443 (4H, q,
J=6.8 Hz), 4.93 (4H, s), 7.37 (4H, d, J = 8.4 Hz), 7.52
(2H, t, J=8.4Hz), 7.79-7.86 (3H, m), 8.18 (4H, d,
J =8.4 Hz), 8.18-8.28 (4H, m), 8.65 (1H, d, J = 4.4 Hz),
8.67-8.72 (3H, m), 9.63 (1H, d, J = 5.2 Hz), 9.68 (1H, d,
J=5.2Hz),9.70 (2H, s); '*C NMR (75 MHz, CDCl5): 6
14.37, 61.68, 64.46, 65.82, 110.97, 113.87, 114.59 (d,
J=22), 127.52, 128.15, 133.83, 134.24, 134.73, 135.11,
135.47, 141.25, 147.81, 148.18, 156.70, 158.17, 162.97,
(d, J=1320), 169.06; High Resolution Q-TOF MS:
871.2320 (calcd for C52H39FN20682+H, 8712312)

4.2.33. Diethyl S5-phenyl-20-(4-trifluoromethylphenyl)-10,15-
bis(4-carboxylatomethoxyphenyl)-21,23-dithiaporphyrin (51).
Yield: 87%; mp: 125-127°C; 'H NMR (400 MHz,
CDCl3): 0 1.44 (6H, t, J=6.8 Hz), 444 (4H, q, J=
6.8 Hz), 4.93 (4H, s), 7.38 (4H, d, J = 4.0 Hz), 7.79-7.89
(3H, m), 8.09 (2H, d, J=8.0Hz), 8.18 (4H, d, J=
8.0 Hz), 8.23-8.29 (2H, m), 8.37 (2H, d, J=8.4 Hz),
8.62 (1H, d, /= 4.4 Hz), 8.68-8.76 (3H, m), 9.59 (1H, d,
J=5.2Hz), 9.70 (1H, d, J =4.8 Hz), 9.73 (2H, s); 1*C
NMR (75 MHz, CDCly): § 14.43, 61.74, 65.88, 113.96,
124.55, 127.62, 128.27, 131.65, 134.02, 134.09, 134.31,
134.44, 134.73, 134.86, 135.08, 135.55, 135.71, 135.80,
135.91, 141.23, 145.10, 147.51, 147.76, 148.33, 148.52,
155.97, 156.82, 158.29, 169.10; High Resolution Q-TOF
MS: m/z 921.2308 (CalCd for C53H39F3N206S2+H,
921.2280).

4.2.34. Diethyl 5,20-bis(4-hydroxyphenyl)-10,15-bis(4-
carboxylatomethoxyphenyl)-21,23-dithiaporphyrin (41).
Yield: 84%; mp: 172-174 °C; 'H NMR (500 MHz,
DMSO-dy): 6 1.31 (6H, t, J=6.5Hz), 430 (4H, q,
J=7.0Hz), 5.09 (4H, s), 7.28 (4H, d, J= 7.5 Hz), 7.44
(4H, d, J = 7.5 Hz), 8.06 (4H, d, J = 8.0 Hz), 8.17 (4H,

d, J=17.5Hz), 8.60 (2H, s), 8.66 (2H, s), 9.70 (2H, s),
9.76 (2H, s), 10.08 (2H, s); High Resolution ESI MS:
miz 885.2299 (caled for Cs,H4oN,O5S,+H, 885.2316).

4.2.35. General method for the preparation of diethyl 5,20-
diaryl-10,15-bis(4-carboxylatomethoxyphenyl)-21,23-dithia-
porphyrins (3-11). Compounds 3-11 were prepared, as
described for the preparation of 4.

4.2.36. 5,20-Bis(4-chlorophenyl)-10,15-bis(4-carboxylato-
methoxyphenyl)-21,23-dithiaporphyrin (4). Core-modi-
fied porphyrin 36 (0.13 g, 0.14 mmol) was dissolved in
20 mL THF and 10 mL of 1 M aqueous NaOH was add-
ed. The resulting solution was stirred at ambient temper-
ature for 15 h. The solution was acidified by the addition
of 4.3 mL acetic acid. The reaction mixture was diluted
with 100 mL H,O and the products were extracted with
EtOAc (3x 100 mL). The combined organic extracts
were dried over MgSQO, and concentrated. The crude
product was washed with several portions of hexanes/
MeOH to give 0.11 g (90%) of 4 as a purple solid. Mp:
210-212°C: '"H NMR (400 MHz, 1:1 CDCl5/CD;0D):
0 493 (4H, s), 7.40 (4H, d, J=8.4Hz), 7.80 (4H, d,
J=7.6Hz), 8.12-821 (8H, m), 8.65 (2H, d,
J=4.0Hz), 8.71 (2H, d, J=4.4 Hz), 9.66 (2H, s), 9.75
(2H, s); >*C NMR (75 MHz, DMSO-dj): 65.65, 114.17,
128.09, 132.74, 134.46, 134.54, 134.62, 135.04, 135.20,
135.48, 135.60, 135.78, 136.14, 139.80, 147.75, 148.59,
156.60, 157.10, 158.57, 171.57; High Resolution Q-
TOF MS: m/z 865.1021 (calcd for C4gH30CI;N,O¢S,+H,
865.1000); Anal. Calcd for C45H3oClLN,O6S,: C, 66.59;
H, 3.49; N, 3.24. Found: C, 66.99; H, 3.82; N, 2.94.

4.2.37. 5,20-Bis(4-trifluoromethylphenyl)-10,15-bis(4-carb-
oxylatomethoxyphenyl)-21,23-dithiaporphyrin (5). Yield:
92%; mp: 220-222 °C; '"H NMR (400 MHz, DMSO-dg):
0 490 (4H, s), 7.38 (4H, d, J=8.4Hz), 8.05 (8H, t,
J=63Hz), 836 (4H, d, J=7.6Hz), 858 (2H, d,
J=44Hz), 8.69 (2H, d, J=4.4 Hz), 9.62 (2H, s), 9.76
(2 H, s); High Resolution Q-TOF MS: m/z 933.1529 (calcd
for CsoH30FsN>OgS>,+H, 933.1528); Anal. Caled for
C50H30F6N206521 C, 6437, H, 324, N, 3.00. Found: C,
64.20; H, 3.02; N, 2.96.

4.2.38. 5,20-Bis(4-methoxyphenyl)-10,15-bis(4-carboxy-
latomethoxyphenyl)-21,23-dithiaporphyrin (7). Yield:
80%; mp: >300°C; '"H NMR (400 MHz, 1:1 CDCly/
CD;0OD): 6 4.06 (6H, s), 4.89 (4H, s), 7.33 (4H, d,
J=84Hz), 737 (4H, d, J=8.4Hz), 8.09 (4H, d,
J=6.8 Hz), 8.11 (4H, d, J = 6.4 Hz), 8.62 (4H, s), 9.67
(4H, s); High Resolution ESI MS: m/z 857.1994 (calcd
for CsoH3gN,OgS,+H, 857.1986); Anal. Calcd for
Cs5oH36N»05S,: C, 70.08; H, 4.23; N, 3.27. Found: C,
70.23; H, 4.00; N, 3.24.

4.2.39. 5,20-Bis(4-dimethylaminophenyl)-10,15-bis(4-carb-
oxylatomethoxyphenyl)-21,23-dithiaporphyrin (8). Yield:
86%; mp: >300°C; '"H NMR (400 MHz, 1:1 CDCly/
CD;OD): 6 3.28 (12H, s), 491 (4H, s), 7.21 (4H, d,
J=84Hz), 741 (4H, d, J=6.8Hz), 8.10 (8H, t,
J=7.6Hz), 852 (2H, d, J=4.0Hz), 8.62 (2H, d,
J=40Hz), 9.57 (2H, s), 9.65 (2H, s); '*C NMR
(75 MHz, 1:1 CDCI;/CD3;0D): 6 29.02, 64.87, 110.95,
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113.31, 128.40, 132.21, 133.33, 133.77, 134.17, 134.78,
135.05, 135.32, 146.75, 147.65, 155.56, 155.86, 170.26;
High Resolution ESI MS: m/z 883.2625 (calcd for
C52H42N40682+H, 8832624), Anal. Calcd for
C52H42N4O6S2: C, 7073, H, 479, N, 6.34. Found: C,
70.62; H, 4.70; N, 6.28.

4.2.40. 5,20-Bis(4-isopropylphenyl)-10,15-bis(4-carboxy-
latomethoxyphenyl)-21,23-dithiaporphyrin (10). Yield:
93%; mp: 220-222 °C; 'H NMR (500 MHz, 1:1 CDCly/
DMSO-dg): 6 1.49 (12H, d, J= 7.0 Hz), 2.47-2.53 (2H,
m), 4.87 (4H, s), 7.36 (4H, d, J = 8.5 Hz), 7.65 (4H, d,
J=17.5Hz), 8.10 (4H, d, J=8.0Hz), 8.11 (4H, d,
J=8.5Hz), 8.12-8.21 (8H, m), 8.62 (2H, d, J = 4.5 Hz),
8.64 (2H, d, J = 4.5 Hz), 9.68 (2H, s), 9.68 (2H, s); '*C
NMR (75 MHz, 1:1 CDCIl3/DMSO-dg): 6 24.55, 34.20,
65.59, 114.27, 126.05, 133.90, 134.06, 134.44, 134.56,
134.78, 135.00, 135.63, 135.85, 135.98, 138.42, 147.76,
147.84, 148.94, 156.40, 156.46, 158.58, 170.79; High Res-
olution Q-TOF MS: m/z 881.2663 (caled for
Cs4sHyyN>OgS,+H,  881.2719); Anal. Caled for
C54H44N206S2: C, 7361, H, 503, N, 3.18. Found: C,
73.34; H, 5.15; N, 3.08.

4.2.41. 5,20-Di(biphenyl)-10,15-bis(4-carboxylatometh-
oxyphenyl)-21,23-dithiaporphyrin (11). Yield: 85%; mp:
>300 °C; '"H NMR (500 MHz, DMSO-dg): 6 4.97 (4H,
s), 742 (4H, d, J=8.0Hz), 7.49 (2H, t, J=7.0 Hz),
7.59 (4H, t, J=7.0 Hz), 7.94 (4H, d, J=7.0 Hz), 8.09
(4H, d, J=7.5Hz), 8.17 (4H, d, J = 8.0 Hz), 8.26 (4H,
d, J=7.5Hz), 8.65 (4H, s), 9.76 (4H, d, J=4.5 Hz),
13.22 (2H, s); High Resolution Q-TOF MS: m/z
949.2401 (caled for CgoH4oN>OgS>+H, 949.2397); Anal.
Calcd for C60H40N206SZZ C, 7593, H, 425, N, 2.95.
Found: C, 76.28; H, 4.24; N, 2.86.

4.2.42. 5,20-Bis(4-hydroxyphenyl)-10,15-bis(4-carboxyla-
tomethoxyphenyl)-Zl,23-dithiaporphyrin (9). Yield: 80%;
mp: >300 °C; '"H NMR (500 MHz, DMSO-dy): 6 4.98
(4H, s), 7.28 (4H, d, J=8.0Hz), 742 (4H, d,
J=8.0Hz), 8.06 (4H, d, J=8.0Hz), 8.17 (4H, d,
J=175Hz), 8.60 (2H, d, J=4.0Hz), 8.66 (2H, d,
J=4.5Hz), 9.71 (2H, s), 9.75 (2H, s), 10.07 (2H, s),
13.20 (2H, s); High Resolution Q-TOF MS: m/z
829.1673 (calcd for C4gH3,N->OgS,+H, 829.1678); Anal.
Calcd for C48H32N20882: C, 6955, H, 389, N, 3.38.
Found: C, 69.23; H, 3.83; N, 3.33.

4.2.43. 5-Phenyl-20-(4-fluorophenyl)-10,15-bis(4-carboxy-
latomethoxyphenyl)-21,23-dithiaporphyrin  (3). Yield:
88%; mp: 218-220 °C; '"H NMR (400 MHz, 1:1 CDCl5/
CD;OD): ¢ 4.85 (4H, s), 7.33 (4H, d, J = 6.4 Hz), 7.43-
745 (2H, m), 7.73-7.79 (3H, m), 8.11 (4H, d,
J=6.0 Hz), 8.13-8.20 (4H, m), 8.60-8.67 (3H, m), 9.57—
9.61 (1H, m), 9.62-9.66 (1H, m), 9.66-9.70 (2H, m); '*C
NMR (75 MHz, CDCls): 6 65.27, 113.73, 114.42 (d,
J=22), 127.38, 128.06, 132.47, 133.78, 133.83, 134.04,
134.35, 134.48, 134.57, 135.33, 135.42, 135.50, 136.99,
140.95, 147.58, 147.99, 156.31, 156.44, 156.57, 158.08,
163.02 (d, J=246), 171.11; High Resolution Q-TOF
MS: ml/z 815.1666 (C'dlCd for C48H31F1N206S2+H,
815.1686); Anal. Calcd for C4gH31F1N>OgS,: C, 70.75;
H, 3.83; N, 3.44. Found: C, 71.13; H, 3.92; N, 3.46.

4.2.44. 5-Phenyl-20-(4-trifluoromethylphenyl)-10,15-
bis(4-carboxylatomethoxyphenyl)-21,23-dithiaporphyrin
(6). Yield: 90%; mp: 208-210 °C; '"H NMR (400 MHz,
I:1 CDCl3/CD5sOD): 6 4.87 (4H, s), 7.34 (4H, d,
J=84Hz), 7.74-7.80 (3H, m), 8.02 (2H, d,
J=8.0Hz), 8.12 (4H, d, J=28.4Hz), 8.15-8.21 (2H,
m), 8.30 (2H, d, J=7.6 Hz), 8.55 (1H, d, J =4.4 Hz),
8.60-8.69 (3H, m), 9.54 (1H, d, J=5.2 Hz), 9.65 (1H,
d, J=4.8 Hz), 9.68 (2H, s); High Resolution Q-TOF
MS: m/z 887.1414 (calcd for C49H31F3N20682+H,
887.1473); Anal. Calcd for CyoH3;F3N,06S,: C, 68.04;
H, 3.61; N, 3.24. Found: C, 67.79; H, 3.37; N, 3.26.

4.3. Photophysical properties

4.3.1. Determination of quantum yields for the generation
of singlet oxygen. The quantum yields for singlet oxygen
generation [¢('0,)] of 21,23-dithiaproprphyrins, 2-11,
were measured by direct methods in MeOH in a manner
identical to the determination of ¢('0,) for 1.1%12 A
SPEX 270M spectrometer (Jobin Yvon) equipped with
InGaAs photodetector (Electrooptical Systems Inc.,
U.S.A.) was used for recording singlet oxygen emission
spectra. A diode-pumped solid-state laser (Millenia X,
Spectra-Physics) at 532 nm was the excitation source.
The sample solution, in a quartz cuvette, was placed
directly in front of the entrance slit of the spectrometer,
and the emission signal was collected at 90° relative to
the exciting laser beam. An additional long-pass filter
(850LP) was used to attenuate the excitation laser and
the fluorescence from the photosensitizer.

4.3.2. Determination of quantum yields for fluorescence.
The quantum yields for fluorescence (¢g) of the core-
modified porphyrins were measured in MeOH, as de-
scribed previously,?? and were compared to the standard
Rhodamine 6G (¢r =1.0). Steady-state fluorescence
spectra of the porphyrins were measured with excitation
at 532 nm using Fluorolog-3 spectrofluorometer (Jobin
Yvon).

4.3.3. Determination of n-octanol/water partition coeffi-
cients at pH 7.4. The n-octanol/water partition coeffi-
cients were determined at pH 7.4 using the absorbance
of the core-modified porphyrins. A ‘shake-flask’ direct
measurement!” with 3-5min mixing, followed by a
4 h settling period, was used. Equilibration and mea-
surements were made at 23 °C using a Perkin-Elmer
Lambda 12 spectrophotometer. Values are reported as
log D7 4.

4.4. Biology

4.4.1. Cells and culture conditions. Cells cultured from
the rodent mammary adenocarcinoma (R3230AC) were
used for these studies. The R3230AC tumors were main-
tained by transplantation in the abdominal region of
100-120 g Fischer female rats, using the sterile trochar
technique described earlier by Hilf et al.?! R3230AC
cells were cultured from tumor homogenates using the
method described earlier.??> All cell lines were main-
tained in passage culture on 35 mm diameter polysty-
rene dishes (Becton Dickinson, Franklin Lakes, NJ) in
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3.0 mL of minimum essential medium («-MEM) supple-
mented with 10% FBS, 50 units/mL penicillin G, 50 pg/
mL streptomycin, and 1.0 pg/mL Fungizone (complete
medium). Only cells from passages 1 to 10 were used
for experiments and cells from passages 1 to 4, stored
at —86 °C, were used to initiate cultures. Cultures were
maintained at 37 °C in a 5% CO, humidified atmosphere
(Forma Scientific, Marietta, OH). Passage was accom-
plished by removing the culture medium, adding a
1.0 mL solution containing 0.25% trypsin, and incubat-
ing at 37 °C for 2-5 min to remove the cells from the
surface, followed by seeding new culture dishes with
an appropriate number of cells in 3.0 mL o-MEM. Cell
counts were performed using a particle counter (model
ZM, Coulter Electronics, Hialeah, FL).

4.4.2. Incubation of cell cultures with dithiaporphyrins.
For experiments designed to determine the amount of
intracellular porphyrin after incubation with core-mod-
ified porphyrins, R3230AC cells were seeded on 96-well
plates as above. Compounds 1-11 were added at appro-
priate concentrations in complete medium 24 h after cell
seeding. Cells were incubated at 37 °C in the dark for
various periods, the medium was removed, monolayers
were washed once with 0.9% NaCl, and 200 pL of a
25% solution of Scintigest (100% DMSO was used for
compound 9) was added to solubilize the cells. The
intracellular porphyrin content was determined using a
fluorescence multi-well plate reader (Molecular Devices,
Sunnyvale, CA) set at appropriate excitation and emis-
sion wavelengths. Intracellular dye concentration was
determined by comparing fluorescence values obtained
from solubilized cells with dye standards dissolved in
25% Scintigest (100% DMSO was used for compound
9). Data are expressed as femtomole porphyrin/cell.

For experiments designed to determine cell viability in
the presence of individual core-modified porphyrins 1—
11 in the dark or after light exposure, R3230AC cells
were seeded on 96-well plates at 1-1.5 x 10* cells/well
in complete medium. Cultures were then incubated for
24 h after which appropriate concentrations of 1-10
were added directly to the wells in complete medium.

4.4.3. Irradiation of cultured cells. Following incubation
of R3230AC cells with porphyrins, the medium was re-
moved, cells were washed once with 0.2 mL of 0.9%
NaCl and 0.2 mL of medium minus FBS, and phenol
red (clear medium) was added. Plates, with lids re-
moved, were positioned on an orbital shaker (LabLine,
Melrose Park, IL) and exposed for various times to
broadband visible light (350-750 nm) delivered at
1.4mW cm 2 from a filtered 750 W halogen source
defocused to encompass the whole 96-well plate. The
culture plates were gently orbited on the shaker to en-
sure uniform illumination of all wells on the plate. The
clear medium was then removed, 0.2 mL of fresh com-
plete medium was added, and cultures were incubated
at 37 °C for 24 h in the dark. Cell monolayers were also
maintained in the dark undergoing the same medium
changes and addition of dyes as those that were irradiat-
ed. Cell counts, as above, were performed on irradiated
cells, cells maintained in the dark or cells exposed to

neither porphyrins nor light (control cells). Cell viabili-
ty, obtained for experimental samples, is expressed as
the percent of control cell counts.

4.4.4. Statistical analyses. All statistical analyses were
performed using Student’s f-test for pairwise compari-
sons. A P value of <0.05 was considered significant.
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Abstract—A novel and efficient procedure to prepare highly oxidised aryltetralin lignans, such as isopodophyllotoxone and (—)-aris-
tologone derivatives, by oxidation of podophyllotoxin and galbulin with methylrhenium trioxide (MTO) and novel MTO hetero-
geneous catalysts is reported. It is noteworthy that in the case of isopodophyllotoxone derivatives the functionalisation of the
C-4 position of the C-ring and the ring-opening of the D-lactone moiety increased the activity against topoisomerase II while caus-
ing the undesired inhibition of tubulin polymerisation to disappear. The novel (—)-aristologone derivatives showed apoptogenic

activity against resistant human lymphoma cell lines.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Lignans are a family of natural products with a broad
variety of biological and pharmacological activities.!
Among them, aryltetralin derivatives are of special
interest owing to their powerful antitumoral, antimitot-
ic, antiviral, cardiovascular and immunosuppressive
activity.? Aryltetralin derivatives show also a selective
nonredox inhibition of 5-lipoxygenase by interaction
with the arachidonic acid binding site and could form
a new class of therapeutic agents for the treatment of
asthma and rheumatoid arthritis.®> Podophyllotoxin 1,
isolated from different plants of the genus Podophyl-
lum, is the most investigated aryltetralin derivative.
It is a well-established inhibitor of cell division at
the level of the microtubule assembly by freezing poly-
merisation of tubulin at the colchicine site.* This activ-
ity has led to the design of semi-synthetic derivatives,
such as etoposide (4'-demethyl-7-[4,6-O-ethylidene-B-D-
gluco-pyranosyl epipodophyllotoxin) and teniposide
(4'-demethyl-7-[4,6-O-thenilidene-B-p-glucopyranosyl epip-

Keywords: Lignans; Oxidative functionalisation; Methyltrioxorheni-

um; Topoisomerase 1I; Apoptogenic activity.

* Corresponding author. Tel.: + 39 076 13 572 84; fax: + 39 076 13 57
242; e-mail: saladino@unitus.it

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2005.07.017

odophyllotoxin), which have been widely used for the
treatment of small-cell lung cancer, testicular cancer,
lymphoma and acute lymphocytic leukaemia.> Etopo-
side and teniposide show different side effect profiles
compared to podophillotoxin due to their action as
selective inhibitors of DNA topoisomerase II, a key
enzyme involved in DNA transcription, replication,
recombination and possibly DNA repair.® In recent
years, several syntheses of podophyllotoxin and
aryltetralin lignan derivatives have been reported in
the literature which mainly focused on structural mod-
ifications of leader molecules to obtain less toxic ana-
logues with high biological activities. On the other
hand, a few data are available on oxidative functionali-
sation,” a process that plays a relevant role in their
biological mechanism of action. For example, it is
known that etoposide undergoes oxidative ortho-
demethylation by a cytochrome P450-dependent meta-
bolic process to a 3'.4'-dihydroxy derivative.® This
derivative is further oxidised to the corresponding
ortho-benzoquinone, a highly reactive intermediate
responsible for the irreversible binding to proteins
and DNA.® In a similar way, a semibenzoquinone free
radical intermediate of etoposide is responsible for
DNA strand breakage.'® Since general and selective
methods for the oxidation of aryltetralin lignans are
still lacking,'' novel synthetic strategies are needed to
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prepare highly oxidised derivatives for the evaluation
of their biological activity. A novel catalyst useful for
this purpose is methyltrioxorhenium (MeReOs,
MTO).!? In the last decade MTO, in combination with
H,0,, has been used in several organic trasformations.'?
The reactive intermediates for these oxidations are mo-
noperoxo [MeRe(O),0,] and bis-peroxo [MeReO-
(0)>Jn*rhenium complexes.'* Accordingly, with this
high reactivity, MTO has been used for the oxidation
of phenols and methoxy benzene derivatives.!> In this
latter case, the reaction proceeds through the formation
of epoxide intermediates that are further rearranged and
oxidised to corresponding benzoquinones.'® The efficient
oxidation of several aromatic derivatives to ortho- and
para-benzoquinones has also been reported by use of
novel heterogeneous rhenium compounds based on the
heterogenation of MTO on easily available and low-cost
poly(4-vinylpyridine) 2% cross-linked with divinyl-
benzene (PVP-2/MTO, I) and microencapsulation on
polystyrene (PS-2/MTO, II).!3:17

Here, we report that MTO and MTO heterogeneous cat-
alysts I and II, whose structures are reported in Figure 1,
can be used for the unprecedented one-pot preparation
of highly oxidised isopodophyllotoxone derivatives from
podophyllotoxin using H,O, as primary oxidant. Nota-

MTO MTO
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—
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z
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Figure 1.

bly, the oxidation of the C-4 position of the C-ring and
the concomitant ring-opening of the D-lactone moiety
enhances the activity against topoisomerase II, while
causing the undesired inhibition of tubulin polymerisa-
tion to disappear. The generality of this procedure was
further shown by the unprecedented synthesis of benzo-
quinone derivatives of galbulin, an aryltetralin lignan
isolated from Galbulimima belgraveana.'® Benzoquinone
derivatives of galbulin were evaluated for apoptogenic
activity against human Iymphoma cell lines BL41
(EBV—) prone to apoptosis and E2R (EBV+) which is
strongly resistant to chemical treatment.

2. Chemistry

Initially, the oxidation of aryltetralin derivatives was
investigated using MTO under homogeneous condi-
tions. As a general procedure, podophyllotoxin 1
(1.0 mmol) was added to a solution of MTO
(0.05 mmol) in the appropriate solvent (vide infra).
Hydrogen peroxide (H,O,, 4.0 mmol, 30% aqueous
solution) was added to the reaction mixture repeatedly
over 24 h period. The results of the oxidations are sum-
marised in Table 1 and Scheme 1.

In the absence of the catalyst, less than 2% conversion of
substrate took place under otherwise identical condi-
tions. The reaction performed in acetic acid (AcOH,
SmkL) at 25 °C gave the ortho-benzoquinone of isopodo-
phyllotoxone, compound 2, as the only recovered prod-
uct in 35% yield and quantitative conversion of
substrate (Table 1, entry 1).

In accordance with the high reactivity reported for
MTO in the presence of AcOH, the low-mass balance
with respect to isolated product might be due to the for-
mation of polar hydrophilic over-oxidation products not
recovered by usual work-up procedures.!? Probably, the
reaction involves the formation of highly reactive arene
oxide intermediates that can be further rearranged and
oxidised at both the C- and E-rings.!>® ortho-Benzoqui-
none analogues of podophyllotoxin and 4’-de-O-meth-
ylpodophyllotoxin (not shown) bearing the quinone

Table 1. Oxidative functionalisation of podophyllotoxin 1 and galbulin 5 with MTO and MTO heterogeneous catalysts I and II

Entry Solvent Substrate T (°C) t (h) Catalyst Conversion (%) Product(s) Yield (%)

1 CH;COOH 1 20 24 MTO?* >96 2 35

2 CH,Cl,/CH3CN 1 50 24 MTO?* 80 2 60

3 CH,CI,/EtOH 1 20 24 MTO?* >99 2 15

4 CH,Cl/EtOH 1 —-10 24 MTO?* >99 2 71

5 CH;COOH 1 40 66 PVP-2/MTO(I)** >99 2 69

6 CH;COOH 1 20 66 PS/MTO(II)">* >99 203)[4] 13(4)[62]

7 CH,CL,/EtOH 1 20 66 PVP-2/MTO(I)*¢ >99 2 65

8 CH,CL,/CH;CN 5 20 24 MTO 44 6(7)[81{9} 25(17)[21]¢28}

9 CH,CL,/CH;CN 5 20 66 PVP-2/MTO(I)** 40 6(7)[81{9} 36(6)[10]{9}
10 CH,CL/CH:CN 5 20 7 PS/MTO(II)"® 65 7(8)[9] 9(12)[40]

# All the reactions were performed with H,O, (35% aqueous solution) using 0.05 mmol catalyst and 1.0 mmol substrate.
® Catalysts I and II were prepared adding MTO (1.0 mmol) to a suspension of the resin [poly(4-vinylpyridine) or polystyrene 2% cross-linked with

divinyl benzene; 1.0 g] in ethanol (5 mL) at room temperature.

¢ All the reactions were performed treating podophyllotoxin 1 and galbulin 5 (1.0 mmol), dissolved in the appropriate solvent, with catalysts I and II

(100 mg, loading factor 1.0) and H,O, (4.0 mmol).
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moiety on the 3’- and 4'-positions of the E-ring have
been previously synthesized by oxidative demethylation
with sodium metaperiodate and nitric acid.?’ In this
latter case, the presence of a substituent on the C-2’ po-
sition of the E-ring was found to stabilise the stereo-
chemistry of products against epimerisation.?! To the
best of our knowledge, this is the first example of synthe-
sis of ortho-benzoquinone derivative of podophyllotoxin
showing the quinone moiety on the 2’'-, 3'- positions of
the E-ring. When the reaction was performed in
CH,CIl,/CH3CN (5mL, 1:1 v/v) at 50 °C compound 2
was isolated as the only recovered product in 60% yield
and 80% conversion of substrate (Table 1, entry 2). A
better result was observed performing the reaction in
CH,CI/EtOH (5 mL, 1:1 v/v) at —10 °C in which case
compound 2 was recovered in 71% yield (Table 1, entry
4). In contrast, a low selectivity was obtained in CH,Cl,/
EtOH (5 mL, 1:1 v/v) at 25 °C (Table 1, entry 3). Next,
we studied the oxidation of podophyllotoxin 1 with het-
erogeneous catalysts I and II. The reactivity and selec-
tivity of MTO in these catalysts can be tuned by the
chemical-physical properties of the resin used as a sup-
port of the active species.??> Briefly, MTO (1.0 mmol)
was added to the suspension of the appropriate resin
poly(4-vinylpyridine) (PVP-2) or polystyrene (PS) 2%
cross-linked with divinylbenzene, in ethanol (5 mL) at
25 °C. After 1 h, the solvent was removed by filtration
and the catalysts were used without further purification.
Podophyllotoxin 1 dissolved in the appropriate solvent
(vide infra) was added portion wise to catalysts I and
IT (100 mg, loading factor 1. The loading factor is re-
ferred as mmol of active species for gram of resin) and
H>0, (4.0 mmol) at 20-40 °C. At the end of the reaction
catalysts were recovered by filtration. As reported in
Scheme 1, the performance of poly(4-vinylpyridine)/
MTO catalyst I in AcOH at 40 °C was similar to that
observed for MTO in mixed solvents affording com-
pound 2 as the only recovered product in quantitative
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conversion of substrate and 69% yield (Table, entry 5
vs entries 2 and 4). Similar results were obtained in
CH,CIl,/EtOH mixture (1:1, v/v) (Table 1, entry 6). Not-
ably, a different reaction pathway was observed with
microencapsulated MTO catalyst II. In this latter case,
the oxidation in AcOH at 25 °C gave the novel acetylat-
ed D-ring opened isopodophyllotoxone derivative 4 as
the main product (62%) beside compound 2 (13%) and
low amount of isopodophyllotoxone 3 (4%) (Table 1,
entry 7).2* Modification of the D-ring of podophyllotox-
in including the ring-opening of the lactone moiety has
been reported in the literature to give products with dif-
ferent degrees of oxidation at positions C-9 and C-9’.24
These modifications include the synthesis of the hydra-
zine derivative, GP-11, which is almost equipotent than
etoposide.?> A different selectivity depending on the nat-
ure of the support used for the heterogenisation process
of MTO has been previously observed in the oxidation
of N,N’-disubstituted hydroxylamines to nitrones, and
during the preparation of benzoquinone and y-lactone
derivatives from natural phenols. For example, higher
conversions and yields of benzoquinones were obtained
during the oxidation of substituted hydrogenated carda-
nols (3-n-pentadecylphenols) with catalyst I with respect
to MTO and catalyst II because of a support mediated
molecular recognition process based on hydrogen bond-
ing interactions between the pyridinyl moiety and the
phenolic group of substrate.?° Irrespective of the cata-
lyst used for the oxidation, the lower reactivity of heter-
ogeneous catalysts I and II with respect to MTO (see for
example reaction times in Table 1: entries 5 and 6 vs 1)
was probably due to the presence of a kinetic barrier to
the approach of compound 1 to rhenium polymeric
compounds.

To evaluate the generality of this procedure, galbulin
5 was oxidised with MTO under similar experimental
conditions. Treatment of 5 (1.0 mmol) with MTO
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(0.05 mmol) and H,O, (4.0 mmol, 30% aqueous solu-
tion) in CH,Cl,/CH3CN (1:1 v/v, SmL) at 25 °C gave
the para-benzoquinone derivatives of (—)-aristoligone
[(7"R,8S,8'R)-8,8'-dimethyl-3’,4" 4,5-tetramethoxy-2,7’-
cyclolignan-7-one], compounds 6-9, in similar yields
and acceptable conversion of substrate (Table 1, entry
8, Scheme 2). A better result was obtained performing
the reaction with catalyst I in which case para-benzoqui-
none 6 was recovered as the main reaction product in
36% yield (Table 1, entry 9, Scheme 2). Again, a different
selectivity was observed with catalyst II. In this latter
case, the reaction performed under similar experimental
conditions afforded para-benzoquinone 9 as the main
reaction product in 40% yield beside low amount of
compounds 7 and 8 (Scheme 2, Table 1, entry 10).

Low amounts of (—)-aristologone have been detected in
the roots of Holostylis reniformis and in Aristolochia
species used in Brazilian traditional medicine.?’” To the
best of our knowledge there are no data available in
the literature on the synthesis and biological activity of
benzoquinone derivatives of (—)-aristoligone.

3. Biology

3.1. Activity of isopodophyllotoxone derivatives 2—4
against topoisomerase II

To evaluate the activity and mechanism of action of
isopodophyllotoxone derivatives 2-4, we analysed the
mitotic indices (MI) and the frequencies of chromos-
omal aberrations following a 3 h treatment with four
different dose levels of each compound (selected in pre-
liminary dose-range finder experiments) in the G, phase
of cell cycle in a Chinese hamster ovary (CHO) cell line.
This cell line is routinely used in mutagenicity testing as
indicated in the guidelines of EEC Council 79/831 and
OECD for the test of chemical No. 471. The positive
control Colcemid® which causes accumulation of cells

HaCO

HaCO

8
H3COCH3 catalyst, H,0, (35%)
HsCO ™4 CH3 solvent

6

Scheme 2.

3 HaCO H4CO CH
5?11‘ "OCH;4 ]CQA 3 3
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in metaphase by inhibiting the depolymerisation of
tubulin was also included at 0.2 pg/mL, a very low con-
centration routinely employed in cytogenetic assays to
accumulate cells in a metaphase-like stage. Evaluation
of mitotic indices (number of metaphases out of 1000
cells scored expressed as percentage) was used to assess
the interference of compounds 2-4 with polymerisation
of tubulin during assembly of mitotic spindle apparatus
while analyses of chromosomal aberrations in the G,
phase of cell cycle were used to assess the inhibition of
DNA topoisomerase II. This indirect evaluation of
activity against topoisomerase II is based on the fact
that non catalytic inhibitors of both DNA topoisome-
rases | and II act by stabilising a ternary complex known
as the ‘cleavable complex’ in which the enzyme is cova-
lently linked to DNA. In the topoisomerase II reaction
both single (SSBs) and double DNA strand breaks
(DSBs) are formed while in the topoisomerase I reaction
only DNA SSBs are generated. These DNA breaks are
therefore produced by an enzyme-mediated process
and being ‘protein concealed,” they can be detected by
DNA filter elution methodology only if the cell lysate
is digested with a proteinase before elution.?® Inhibitors
of DNA topoisomerase II, which give rise to DSBs, the
ultimate lesion responsible for the production of chro-
mosomal aberrations, are able to induce chromosomal
aberrations in all phases of the cell cycle, acting similar
to ionising radiation by a typical ‘S-independent’ mech-
anism. Furthermore, unlike the majority of ‘S-indepen-
dent’ agents, they are also able to induce sister
chromatid exchanges (SCE’s) when the treatment is per-
formed in the S phase of the cell cycle.?8®

MI for the podophyllotoxin and isopodophyllotoxone
derivatives 2-4 are displayed in Figure 2, A-D,
respectively. Tables 2-5 show the incidence of chromo-
somal aberrations induced by phodophillotoxin and
compounds 24, respectively. In these latter tables, at
each dose level, the total number of cell scored, the
frequency of chromatid and chromosome deletions,

HyCO "ICH,

OCHg 07 ;: iOCH3

OCHs OCHs
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~_0O
OCHjz OQOCW

OCHs OCHs





5953

al. | Bioorg. Med. Chem. 13 (2005) 5949-5960

R. Saladino et

2222222

o
L
o

0.25

0.10

Untreated Colcemid 0.05

mM

Cytotoxic

2222222

0.10 0.25 0.50

0.05

Untreated Colcemid

mM

2222222

o (%)xapul onouN

0.10 0.25

0.05

Untreated Colcemid

mM

7

2222222

o (%)xapul o110HN

o
L
=}

0.10 0.25

0.05

Untreated Colcemid

mM

derivative 2 (B), isopodophyllotoxone 3 (C), and isopodophyllotoxone

ry (CHO) cell line.

hamster ova

Figure 2. Mitotic index values (MI) of podophyllotoxin 1 (A), benzoquinone
ative 4 (D) in a Chinese

deriv

Podophyllotoxin 1 (Fig. 2A, Table 2) induced marked

exchanges and the percentage of cells bearing aberra-
tions excluding gaps are reported. Statistical significance

calculated on the number of cells bearing aberrations is

also shown.

and dose-related increases in the MI, compared to the
untreated and positive control (colcemid)-treated cul-

tures. At the high-dose level this increase was 1.74 times





Table 2. Incidence of chromosomal aberrations in CHO cells by podophyllotoxin 1

Treatment Dose level (mM) N Total number of aberration (%) F Aberrant cells (%) Stat. sig. Polyploid cells (%) Relative MI (%)
Chromatid Chromosome
Breaks Exch. Breaks Exch.
Untreaded positive control 0.00 100 2 0 0 0 0 2.0 NS 0 26
Colcemid 0.20 100 2 0 0 0 0 0.0 — 2.0 100
Compound 1 0.05 100 1 0 1 0 0 2.0 NS 1.0 105
Compound 1 0.10 100 4 0 0 0 0 4.0 NS 2.0 115
Compound 1 0.25 100 2 0 0 0 0 2.0 NS 4.0 130
Compound 1 0.50 100 5 0 0 0 0 6.0 NS 3.0 173

N: total number of metaphases scored (100 metaphases/culture). F: isolocus events which include isochromatid and isolocus breaks when these cannot be distinguished.
Aberrant cells (%): percentage of cells bearing aberrations (excluding gaps).

Relative MI: mitotic index relative to colcemid-treated culture (percent).

Stat. sig.: statistical significance (test compound-treated culture vs colcemid treated culture). NS: not significant.

Table 3. Incidence of chromosomal aberrations in CHO cells by benzoquinone 2

Treatment Dose level (mM) N Total number of aberration (%) F Aberrant cells (%) Stat. sig. Polyploid cells (%) Relative MI (%)
Chromatid Chromosome
Breaks Exch. Breaks Exch.

Untreaded positive control 0.00 100 2 0 0 0 0 2.0 NS 0 26

Colcemid 0.20 100 2 0 0 0 0 2.0 NS 2.0 100

Compound 2 0.05 100 0 0 0 0 0 0.0 NS 1.0 134

Compound 2 0.10 100 5 0 1 0 0 6.0 NS 10.0 104

Compound 2 0.25 No metaphases found (cytotoxic)

Compound 2 0.50 No metaphases found (cytotoxic)

N: total number of metaphases scored (100 metaphases/culture). F: isolocus events which include isochromatid and isolocus breaks when these cannot be distinguished.
Aberrant cells (%): percentage of cells bearing aberrations (excluding gaps).

Relative MI: mitotic index relative to colcemid-treated culture (percent).

Stat. sig.: statistical significance (test compound-treated culture vs colcemid treated culture). NS: not significant.

$56S

0965-6#65 (S00C) EI wayDd papy "Sioo1g | ‘v 12 ouipvng Y





Table 4. Incidence of chromosomal aberrations in CHO cells by isopodophyllotoxone 3

Treatment Dose level (mM) N Total number of aberration (%) F Aberrant cells (%) Stat. sig. Polyploid cells (%) Relative MI (%)
Chromatid Chromosome
Breaks Exch. Breaks Exch.
Untreaded positive control 0.00 100 2 0 0 0 0 2.0 NS 0 26
Colcemid 0.20 100 2 0 0 0 0 0.0 — 2.0 100
Compound 3 0.05 100 0 0 0 0 0 0.0 NS 1.0 196
Compound 3 0.10 100 5 0 0 1 3 9.0 - 0.0 151
Compound 3 0.25 100 1 0 0 1 0 2.0 NS 4.0 191
Compound 3 0.50 100 10 0 0 0 0 10.0 1.0 160

N: total number of metaphases scored (100 metaphases/culture). F: isolocus events which include isochromatid and isolocus breaks when these cannot be distinguished.

Aberrant cells (%): percentage of cells bearing aberrations (excluding gaps).

Relative MI: mitotic index relative to colcemid-treated culture (percent).
Stat. sig.: statistically significance (test compound-treated culture vs colcemid treated culture). NS: not significant.
" Statistically at P < 0.05 with Fisher’s exact test.
" Statistically at P < 0.01 with Fisher’s exact test.

Table 5. Incidence of chromosomal aberrations in CHO cells by isopodophyllotoxone derivative 4

Treatment Dose level (mM) N Total number of aberration (%) F Aberrant cells (%) Stat. sig. Polyploid cells (%) Relative MI (%)
Chromatid Chromosome
Breaks Exch. Breaks Exch.
Untreaded positive control 0.00 100 2 0 0 0 0 2.0 NS 0 26
Colcemid 0.20 100 2 0 0 0 0 0.0 — 2.0 100
Compound 4 0.05 100 3 0 0 3 0 6.0 NS 3.0 106
Compound 4 0.10 100 20 0 0 0 0 20.0 4.0 70
Compound 4 0.25 Very few metaphases (cytotoxic) 25
Compound 4 0.50 Very few metaphases (cytotoxic) 15

N: total number of metaphases scored (100 metaphases/culture). F: isolocus events which include isochromatid and isolocus breaks when these cannot be distinguished.

Aberrant cells (%): percentage of cells bearing aberrations (excluding gaps).

Relative MI: mitotic index relative to colcemid-treated culture (percent).

Stat. sig.: statistical significance (test compound-treated culture vs colcemid treated culture). NS: not significant.

" Statistically at P < 0.01 with Fisher’s exact test.
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the value of colcemid-treated cultures. Alternatively,
podophyllotoxin did not induce significant increases in
the frequency of chromosomal aberrations compared
to control values. Polyploid cells were also observed.

Compound 2 showed a cytotoxic effect at the two high-
er-dose levels as indicated by the absence of mitotic
activity. At lower-dose levels an increase in the mitotic
index values similar to podophyllotoxin was observed
(Fig. 2B, Table 3).

On the contrary, treatments with compound 3 induced
significant increases in the frequency of chromosomal
aberrations compared to control cultures and elevated
values of mitotic indices not related to the dose levels
which in some cases were even higher than podophyllo-
toxin ones (Fig. 2C, Table 4).

Notably, compound 4 induced marked and dose-related
decreases of mitotic indices compared to control values.
At the two higher-dose levels employed, mitotic indices
reached 25% and 47% of control values indicating a
clear cytotoxic effect. At immediate lower-dose level,
mitotic index value reached 68% of control one and sig-
nificant increases in chromosomal aberrations (p < 0.01)
were observed at this dose level. Such a result indicates
that the mechanism of action of compound 4 is different
compared to the podophyllotoxin . In fact, in this latter
case the polymerisation of tubulin into microtubule ap-
pears not be influenced as evinced by decreased mitotic
index values. Alternatively, a new plausible antitopois-
merase Il activity appears to be generated as evinced
by induction of chromosomal aberrations (Fig. 2D, Ta-
ble 5). The profile of results on MI and chromosomal
aberrations for compound 4 is influenced by general
cytotoxic effects. A possible buffering effect on tubulin
can be excluded by the observation of very few metapha-
ses (cytotoxic effects) at dose levels higher than 0.1 mM
(Table 5).

On the basis of these results it is possible to define the
following qualitative structure-activity relationships:
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(1) compound 2, characterised by the presence of the
2',3'-ortho-benzoquinone moiety on the E-ring and by
the contemporary oxidation of the C-7 benzylic position
on the C-ring, shows a decreased inhibitory activity
polymerisation of tubulin accompanied by a global in-
crease of cytotoxicity. (ii) Isopodophyllotoxone 3, in
which the oxidation of the C-7 benzylic position on
the C-ring is the only oxidative functionalisation, shows
an enhanced inhibitory activity of polymerisation of
tubulin and concurrent generation of anti-topoisomer-
ase II activity. (iii) Finally, the oxidation of the C-7 ben-
zylic position, the concomitant ring-opening of the
D-lactone moiety and the acetylation of the newly
formed hydroxyl group further enhance the activity of
compound 4 against topoisomerase II causing at the
same time a significant decrease in the inhibitory activity
against tubulin polymerisation. To the best of our
knowledge, this is the first example reported in the liter-
ature of a isopodophyllotoxone derivative characterised
by a significant anti-topoisomerase II activity.

4. Apoptogenic activity of (—)-aristologone derivatives
6-9 against human lymphoma cells lines, BL41 (EBV—)
and E2R (EBV+)

Lignans are a promising class of apoptogenic com-
pounds. For example, NDGA, epiashantin and arctige-
nin causes mitochondrial dependent apoptosis in
colorectal tumor cells.?® Lignans are inhibitors of 5'-
lipooxygenase LOX (e.g., NDGA) and generally of
arachidonic acid metabolism whose modulation or
inhibition has dramatic effect on survival/apoptosis of
cancer cells. The choice of the cell line utilised to assay
the toxicity of these compounds seems to be of great rel-
evance. In fact, the extent of apoptosis resistance, which
largely differs among the cell lines, may lead to mis-in-
terpretation of the results. So the utilisation of a couple
of isogenic cell lines, which differ for apoptosis resis-
tance, may give a more complete information about tox-
icity and may be of great interest to identify new
compounds capable of inducing apoptosis in resistant

E2R
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Figure 3. Apoptogenic activity of galbulin 5 and (—)-aristologone derivatives 6-9 against human lymphoma cell line BL41(EBV—) (A) prone to

apoptosis and strongly resistant cells E2R (EBV+) (B).
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cell lines. In this light,® galbulin 5, and (—)-aristologone

derivatives 6-9 were tested on human lymphoma cell
line BL41(EBV—) prone to apoptosis and on the con-
verted ones E2R (EBV+) which is strongly resistant.3!
Galbulin 5, and compounds 6 and 8 resulted to be weak
inducers of apoptosis only in the sensitive cell line
(Fig. 3A and B). Notably, compounds 9 and 7 resulted
to be strongly apoptogenic both on sensitive and apop-
tosis resistant cell lines, being 7 more effective on E2R.
Thus, the highest apoptogenic activity was observed in
(—)-aristologone derivatives 9 and 7 characterised by
both the para-benzoquinone moieties on the C-ring
and by the oxidation of the benzylic C-7 position of
the B-ring to ketone or hydroxyl moiety. On the con-
trary, the oxidation of the benzylic C-1 position of the
B-ring was not important for the apoptogenic activity.

The compounds, at the tested doses, did not show the
capability to producing necrosis, using the trypan blue
test (data not shown) hence stressing the notion that
the strong apoptogenic activities on human lymphoma
cell lines are specific.

5. Conclusions

MTO, poly(4-vinylpyridine)/MTO I and microencapsu-
lated polystyrene/MTO II were efficient catalysts for
the functionalisation of podophyllotoxin 1 and galbulin
5 with H,O, as primary oxidant. Irrespective of experi-
mental conditions used for the transformations, both
aryltetralin derivatives were oxidised at the correspond-
ing benzylic positions and on the aromatic moieties. In
the oxidation of 1, the ortho-benzoquinone 2 produced
by de-alkylation of one methoxy substituent and con-
temporary oxygen atom insertion on the benzylic C-7
position was obtained as the only recovered product
with MTO and catalyst I. The products of C-7 benzylic
oxidation and ring-opening of the lactone on the D-ring,
compounds 3 and 4, were isolated in the presence of cat-
alyst II. para-Benzoquinones 6-9, with a different degree
of oxidation at the benzylic positions, were synthesized
by oxidation of 5 both with MTO and 1.

From the biological point of view, the presence of the
ortho-benzoquinone moiety in 2 does not increase the
activity against topoisomerase II. On the contrary, the
D-ring opened derivative 4 showed the highest biologi-
cal activity as evaluated by mitotic index and aberration
studies, with isopodophyllotoxone 3 possessing an inter-
mediate behaviour. The anti-topoisomerase II activity of
4 is noteworthy. It is known from the literature that
some cyclolignan derivatives lacking the lactone moiety
are potent inhibitors of topoisomerase I1.2* In accor-
dance with the hypotheses suggested to rationalise this
behaviour,*? the significant activity of 4 could be
accounted for in terms of a spontancous or enzyme-
mediated transformation of the acetylated alcoholic
moiety into a more reactive electrophilic intermediate
that was able to react with nucleophiles of biomolecules.
In the case of (—)-aristologone derivatives 6-9, the pres-
ence of the para-benzoquinone moiety on the C-ring was
an important structural property to increase the apopto-

genic activity. The highest activity was observed when
the benzylic C-7 position on the B-ring was also oxidised
as, for example, in the case of compound 7. Noteably,
the oxidation of the benzylic C-7' position in 8 does
not enhance the biological activity, showing that the site
of the oxy-functionalisation on the B-ring is of relevant
importance for the apoptogenic properties of these
derivatives.

6. Experimental

'"H NMR and '>C NMR spectra were recorded on a
Bruker AM 400, or Bruker 200 spectrometers. Mass
spectroscopy (MS) was performed with a GC Shimadzu
GC-17A and a mass-selective detector QP 6000. All sol-
vents were of ACS reagent grade, and were redistilled
and dried according to the standard procedures. Chro-
matographic purifications were performed on columns
packed with Merck silica gel 60, 230-400 mesh for flash
technique. Thin layer chromatography was carried out
using Merck platten Kieselgel 60 F254.

6.1. Starting materials

Podophyllotoxin 1 and MTO were commercial availa-
bles (Aldrich). Galbulin 5 was prepared as previously
reported.?? Dimethylsulfoxide (DMSO) of spectroscopic
grade was obtained from Fluka AG (Switzerland). Col-
cemid (Gibco BRL) was used at a final concentration of
0.2 pg/mL. Poly(4-vinyl pyridine)/MTO I and polysty-
rene/MTO 1I catalysts were prepared as previously
reported.!” In summary, to a suspension of 600 mg of
the appropriate resin in 4 mL of ethanol (tetrahydrofu-
ran in the case of polystyrene) 77 mg (0.3 mmol)
MTO, was added and the mixture was stirred for 1 h
using a magnetic stirrer. Coocervates were found to
envelop the solid core dispersed in the medium and
5.0 mL hexane added to harden the capsule walls. The
solvent was removed by filtration, and the solid residue
was washed with ethyl acetate and finally dried under
high vacuum. In each case, MTO had completely be-
come bound to the polymer. This result was confirmed
by spectroscopic analysis of the residue obtained after
evaporation of the organic layers. Catalysts were used
without any further purification.

6.2. Oxidation of podophyllotoxin 1 and galbulin 5

6.2.1. Homogeneous oxidation. General procedure. A
10 mL reaction flask was charged sequentially with sub-
strate (1.0 mmol), the appropriate solvent (5 mL; AcOH,
CH,CL,/CH3;CN 1:1 v/v, CH,CL/EtOH 1:1 v/v), MTO
(0.05mmol) and H,O, (35% aqueous solution,
4.0 mmol). The stirred solution became yellow due to
formation of peroxo species. The mixture was stirred
at the appropriate temperature (see Table 1) until no
more starting material could be detected on TLC. The
mixture was extracted with CH,Cl, (3x 50 mL), dried
over Na,SO,4, and then concentrated. The crude was
purified by preparative TLC (CH,Cl,/MeOH 9.7:0.3)
and by flash chromatography. Products were identified
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by their "H NMR, '*C NMR, MS and elemental analy-
ses, and by comparison with authentic sample (in the
case of isopodophyllotoxone).

6.2.2. Heterogeneous oxidation. General procedure. To
the solution of the substrate (1.0 mmol) in AcOH or
CH,Cl, /EtOH 1:1 v/v (5.0 mL) were added catalysts I
and II (100 mg, loading factor 1) and H,O, (4.0 mmol)
at 25-50 °C. The mixture was stirred until no more start-
ing material could be detected on TLC. The suspension
was filtered off, and the recovered catalyst was washed
with CH,Cl,. The crude was purified by preparative
TLC (CH,CI,/MeOH 9.7:0.3) and by flash chromatog-
raphy. Products were identified by 'H NMR, "°C
NMR, MS and elemental analyses, and by comparison
with authentic sample (in the case of isopodo-
phyllotoxone).

6.2.3. Benzoquinone 2. é; (CDCly): 7 (1H, s, PhH), 6.25
(1H, s, PhH), 6.13 (1H, s, PhH), 6 (2H, m, CH,), 4.9
(1H, d, J=6.4Hz, CH), 4.8-4.5 (2H, m, CH,), 4.0
(6H, s, OCH3), 3-2.6 (2H, m, CH). 6c (CDCls): 207
(C=0), 183.95 (C=0), 182.61 (C=0), 174.24 (C),
149.44 (C), 147.47 (C), 145.37 (C), 144.07 (C), 134.44
(©), 132.65 (C), 128.58 (PhH), 128.25 (C), 108.77
(PhH), 106.04 (PhH), 101.62 (CH,), 71.63 (CH,), 61.28
(CH,), 60.97 (OCH3), 43.81 (CH), 41.70 (CH), 33.57
(CH); m/z (EI) 412 (M™"). Anal. Calcd for C, H;¢Oo:
C, 61.17; H, 3.91. Found: C, 61; H, 3.89.

6.2.4. Isopodophyllotoxone 3. oy (CDCl5): 7.095 (1H, s,
PhH), 6.49 (1H, s, PhH), 6.35 (2H, s, PhH), 5.95 (2H,
m, CH,), 4.59 (2H, m, CH,), 4.08 (1H, m, CH), 3.79
(9H, s, OCH3;), 2.81-2.75 (2H, m, CH). Jc (CDCl;):
188 (C=0), 173 (C=0), 153 (C), 152.7 (C), 152.2(C),
147.8 (C), 140.36 (C), 137.55 (C), 133.9 (C), 128 (C),
110.2 (PhH), 107.5 (PhH), 105.5 (PhH), 102.2 (CH,),
66.8 (CH,), 60.6 (CH30), 56.1 (CH;0), 46.5 (CH),
44.5 (CH), 43.3 (CH); m/z (EI) 412 (M™). Anal. Calcd
for C,,H,(05: C, 64.07; H, 4.89. Found: C, 63.98; H,
4.79.

6.2.5. Isopodophyllotoxone derivative 4. 6y (CDCl5): 6.85
(1H, s, PhH), 6.53 (1H, s, PhH), 6.24 (2H, s, PhH), 5.96
(2 H, m, CH,), 4.65 (1 H, m, CH,), 4.33 (1H, m, CH,), 4
(1H, m, CH), 3.83 (9H, m, OCH3), 3-2.80 (2H, m, CH),
2.10 (3H, s, COOCH3). ¢ (CDCl;): 197 (C=0), 174.12
(COOH), 170.55 (C), 152.67 (OCH3), 147.43 (C), 134.51
(O), 132.88 (C), 127.79 (C), 110.19 (PhH), 109.05 (PhH),
108.12 (PhH), 101.65 (PhH), 68.08 (C=0), 67.42 (CH,),
60.71 (CH30), 60.35 (CH30), 56.23 (CH50), 43.79
(CH), 41.47 (CH), 36.71 (CH); m/z (EI) 472 (M"). Anal.
Calcd for C24H240101 C, 6101, H, 5.12. Found: C,
59.98; H, 5.12.

6.2.6. Benzoquinone 6. oy (CDCIl;): 6.95 (1H, s, CH), 6.7
(1H, s, CH), 5.24 (1H, s, CH), 3.87 (3H, s, CH3), 3.83
(3H, s, CH3), 3.62 (3H, s, CHj3), 3.52 (3H, s, CHj),
3.15 (1H, m, CH), 2.65-2.1 (2H, m, CH,), 1.8-1.5
(2H, m, CH), 1.1 (3H, d, J=17.6 Hz, CH;), 0.85 (3H,
d, J=62Hz, CHj). 6 (CDCl;3): 183.46 (C=0),
177.41 (C=0), 149.94 (C), 147.36 (C), 147 (C), 145.23
(O), 144.21 (C), 130.59 (C), 129.18 (PhH), 129.12 (C),

113.39 (C), 112.23 (PhH), 61.01 (CH;0), 60.82
(CH30), 55.89 (CH30), 55.7 (CH30), 44.97 (CH),
37.16 (CH), 35.41 (CH), 18.57(CHj), 14.42(CHs); mlz
(EI) 386. (M™"). Anal. Caled for Cy,H,404: C, 68.38;
H, 6.78. Found: C, 68.28; H, 6.75.

6.2.7. Benzoquinone 7. 6y (CDCls): 6.98 (1H, s, PhH),
6.92 (1H, s, PhH), 5.18 (1H, s, PhH), 4.51 (1H, br s,
OH), 3.84 (3H, s, OCH3), 3.81 (3H, s, OCH3), 3.66
(3H, s, OCH3), 3.62 (1H, m, CH), 3.39 (3H, s, OCHj;),
2.8 (1H, m, CH), 1.84-1.4 (2H, m, CH,), 1.2 (3H, d,
J=6.55Hz, CHj3), 0.85 (3H, d, J=6.42 Hz, CH3). dc
(CDCly): 183.46 (C=0), 177.41 (C=0), 149.94 (C),
147.98 (C), 147.78 (C), 145.23 (C), 144.21 (C), 129.88
(C), 129.36 (C), 129.18 (PhH), 113.66 (PhH), 112.01
(PhH), 71.58 (CH), 61.01 (CH30), 60.82 (CH30), 55.9
(CH;0), 44.84 (CH), 43.67 (CH), 34.99 (CH), 14.82
(CH3), 14.29 (CHs); m/z (EI) 402. (M"). Anal. Calcd
for C,,H,c07: C, 65.66; H, 6.51. Found: C, 65.59; H,
6.50.

6.2.8. Benzoquinone 8. 6y (CDCls): 6.96 (1H, s, PhH),
6.68 (1H, s, PhH), 5.24 (1H, s, PhH), 4.38 (1H, br s,
OH), 3.87 (3H, s, OCH3), 3.83 (3H, s, OCHs3), 3.64
(3H, s, OCHs;), 3.39 (3H, s, OCH3), 2.92-2.5 (2H, m,
CH,), 1.5 (2H, m, CH), 1.23-1.20 (3H, d, J=6.2 Hz,
CH3), 1.09-1.05 (3H, d, J = 6.0 Hz, CHs3). dc (CDCl5):
193.52 (C=0), 192.9 (C=0), 155.35 (C), 1479 (C),
147.62 (C), 138 (C), 134.15 (PhH), 127.95 (C), 113.68
(PhH), 109 (PhH), 79.92 (C), 73.78 (CH), 73.56 (CH),
57.41 (CH30), 55.98 (CH30), 55.73 (CH30), 45.27
(CH), 36.75 (CH,), 34.38 (CH), 19 (CHj3), 12.46
(CH3); miz (EI) 404. (M™). Anal. Calcd for C»,H,50:
C, 65.33; H, 6.98. Found: C, 65.28; H, 6.95.

6.2.9. Benzoquinone 9. 6y; (CDCls): 6.71 (1H, s, PhH),
6.62 (1H, s, PhH), 5.63 (1H, s, PhH), 3.86 (3H, s,
OCH3), 3.84 (3H, s, OCH;), 3.82 (3H, s, OCHj), 3.67
(3H, s, OCHj3), 3.55 (1H, m, CH), 2-1.9 (2H, m, CH),
1.0 3H, d, J=6.45Hz, CHj3), 0.89 (3H, d, J=6.33
HZ, CHs). 6c (CDCls): 201.49 (C=0), 183.46 (C=0),
177.41 (C=0), 149.94 (C), 149.02 (C), 145.23 (C),
144.21 (C), 133.6(C), 129.8 (PhH), 129.26 (C), 113.9
(CH), 110.77 (PhH), 61.01 (CH50), 60.82 (CH;0),
55.89 (CH30), 55.65 (CH30), 44.2 (CH), 42.67 (CH),
35.55 (CH), 14.68 (CHj3), 14.36 (CH3); m/z (EI) 400.
(M™). Anal. Caled for C»,H,407: C, 65.99, H, 6.04.
Found: C, 65.87; H, 6.0.

6.3. Biological assay

6.3.1. Evaluation of mitotic index and anti-topoisomerase
II activity. The parent compound podophyllotoxin 1
and isopodophyllotoxone derivatives 2-4 were dissolved
in dimethylsulfoxide (DMSO). Stock solutions were pre-
pared at 5.0 mM and kept frozen at —20 °C. For treat-
ment of cultures, 50 uL. of appropriately diluted
solutions were added to 5 mL culture such that the final
concentration of solvent did not exceed 1%.

6.3.1.1. Cell cultures and media. Chinese hamster ova-
ry (CHO) cells used in this work were obtained from
Prof. A.T. Natarajan (State University of Leiden, The
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Netherland). This cell line derives from the CHO
isolated from an explant of the ovary of the Chinese
hamster (Cricetulus griseus, 2n = 22) originally described
by Kao and Puck.?* The Chinese hamster ovary (CHO)
cell line is particularly useful for this kind of studies be-
cause of its stable karyotype (modal number is 21 chro-
mosomes), short cell cycle (12-14 h) and its high plating
efficiency.

Permanent stocks of CHO cells are stored at —163 °C
under liquid nitrogen and subcultures are prepared from
these stocks for experimental use. Cultures are grown as
monolayer cultures in Ham’s F-10 medium (Gibco
BRL) supplemented with 15% foetal bovine serum,
4mM L-glutamine, and the antibiotics penicillin
(50 IU/mL) and streptomycin (50 pg/mL). All incuba-
tions are at 37 °C in a 5% carbon dioxide (CO,) atmo-
sphere (100% humidity nominal).

6.3.1.2. G, treatment of cells. Approximately, 24-30 h
before treatment exponentially growing cells were de-
tached by trypsin action and an appropriate number
of 25sq cm plastic cell culture flasks containing 5 mL
complete culture medium was individually inoculated
with 3.0 x 10° cells.

Cultures were treated according to the following experi-
mental schedule: (i) Three hours incubation with podo-
phyllotoxin 1 or individually isopodophyllotoxone
derivatives 2-4 at 0.05, 0.1, 0.25 and 0.50 mM. (ii) Three
hours pre-treatment with colcemid at 0.2 pg/mL which
served as positive control for inhibition of cell division
interfering with the microtubule assembly by freezing
polymerisation of tubulin. Untreated and solvent treated
controls were also included. At the end of treatment cul-
tures were trypsinised, and hypotonic treatment (KCI
0.075 M) and fixation were carried out according to stan-
dard procedures. Air-dried preparations were stained
with Giemsa (3%) for 5 min. For each experimental point
100 metaphases were scored for chromosomal aberra-
tions and were classified according to the description of
Savage.*® The mitotic index was expressed in percentage
based on the number of metaphases present after a total
of 1000 cells scored (interphases and metaphases).

6.3.1.3. Evaluation of results. For the chromosome
aberration assay the number of aberration-bearing cells
(excluding gaps) was utilised for statistical analyses. To
determine the statistical significance Fisher’s exact test
was used. The test compounds were considered positive
when statistically significant increases in aberration-
bearing cells compared with the concurrent solvent con-
trols were observed at two consecutive dose levels or the
higher-dose level end exceeded the historical control
mean values.

6.3.2. Evaluation of apoptogenic activity of galbulin 5 and
(—)-aristologone derivatives 6-9. Human lymphoma cell
lines BL41gEBV—) and E2R (EBV+) were seeded at
conc 3 x 10°cells/fmL and the compounds 5-9 were add-
ed during 18 h. Dimethylsulphoxide (DMSO) used
to solubilise the compounds never excedeed 0.5% v/v.

For morphological analysis of apoptogenic activity,
2-6x 10° cells were fixed in 4 % (v/v) paraformeldehyde
and stained with a solution (0.2 pg/mL) of 4,6-diamino-
2-phenyl-indole (DAPI). Apoptosis was quantified by
scoring cells with condensed and fragmented nuclei,
according to Ghibelli et al.*® major than 500 cells in ran-
dom fields were scored using fluorescent microscopy.
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Abstract—Thio- and selenoxanthylium dyes were prepared by the addition of 2-lithiothiophene, 4-N,N-dimethylaminophenylmag-
nesium bromide, and 1-naphthylmagnesium bromide to the appropriate 2,7-bis-N,N-dimethylaminochalcogenoxanthen-9-one,
followed by dehydration and ion exchange to the chloride salts. The corresponding chalcogenoxanthylium dyes were evaluated
as photosensitizers for the inactivation of intracellular and extracellular virus in red blood cell suspensions and for the inactivation
of selected strains of gram (+) and gram (—) bacteria in red blood cell suspensions. Selected combinations of photosensitizer
and light gave >6log;, inactivation of intracellular and extracellular virus, and >4log, inactivation of extracellular bacteria with
varying levels of hemolyis, following a 42-day storage of red blood cell suspensions. Photocleavage experiments with plasmid DNA
and the chalcogenoxanthylium dyes suggested the genomic material contained in the virus and in the bacteria as one possible target

for the photodynamic action of some of these dyes.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Blood transfusion exposes the recipient to some risk of
becoming infected with a viral or bacterial pathogen
from the donor. The safety of the blood supply has
been drastically improved by the implementation of
careful donor selection and extensive infectious disease
testing. Despite these successful measures, a very small
residual risk of pathogen transmission remains primar-
ily due to collection of blood from infected individuals
before they develop detectable levels of antigen, anti-
body, and/or nucleic acid. In the US, the residual risk
of infection from a blood unit collected during this win-
dow period is 1 in 205,000 for HBV, 1 in 1,935,000 for
HCV, 1 in 2,993,000 for HTLV-I and -2, and 1 in
2,135,000 for HIV.! Other known transmissible agents,
such as Babesia microti and Trypanosoma cruzi, can
also pose serious risks to recipients.>® It is likely that
unknown transfusion-transmissible agents will continue
to emerge in the future. Pathogen reduction methods

Keywords: Chalcogenoxanthylium dyes; Pathogen inactivation; Pho-

todynamic therapy; Virus inactivation; Bacterial inactivation.
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have been investigated in cellular blood components
to minimize this risk.

One approach to the reduction of pathogens is photody-
namic inactivation of pathogens using a photosensitizer
and light.”-® The reduction of pathogens can be directed
toward red blood cell (RBC) components and RBC-free
components, such as plasma. Methylene blue (MB,
Chart 1), is currently being used for the decontamina-
tion of freshly frozen plasma units.”® Other phenothia-
zine photosensitizing dyes such as methylene violet
and 1,9-dimethylmethylene blue (DMMB, Chart 1) have
also been utilized in this approach.”'# In spite of the
success of MB in the decontamination of plasma units,

N B Ph cI
N
" XX
Me,N S NMe, +
R R MeoN E NMe,
TMR,E=0

MB,R=H TMR-S,E=S

DMMB, R = Me TMR-Se, E = Se

Chart 1. Structures of the phenothiazine dyes methylene blue (MB)
and dimethylmethylene blue (DMMB), and thio- (TMR-S) and seleno-
analogues (TMR-Se) of tetramethylrosamine (TMR).
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all earlier attempts to develop photosensitizers for path-
ogen inactivation of RBCs have failed, despite consider-
able efforts, either because of unacceptably low virucidal
activity in blood or because of unacceptable hemolysis
during storage.!> These unsuccessful efforts reflect the
difficulties associated with developing a method with
sufficient specificity for >6log;, inactivation of extracel-
lular pathogens, and, in addition to leukoreduction,
>4log,, inactivation of intracellular pathogens, yet with
<1% hemolysis (an FDA guideline) after a 42-day stor-
age of red cells. The necessity for intracellular pathogen
reduction is due to the need to inactivate infected white
cells that may be present in red cell units. A typical
leukoreplete red cell unit has approximately 2x 10°
white cells; a leukoreduced red cell unit typically
contains fewer than 10° white cells.'¢

One disadvantage with MB is its inability to inactivate
intracellular virus, presumably because the permanent
positive charge of the hydrophilic dye prevents perme-
ation through the plasma membrane of some cells.!”-!8
The phenothiazine methylene violet, an uncharged dye,
and DMMB, a more hydrophobic dye with permanent
positive charge, overcome this deficiency and can inacti-
vate intracellular virus.!''* However, these more hydro-
phobic dyes have a greater potential for hemolysis
under more stringent virucidal conditions.!*!® After a
42-day storage, hemolysis can be as extensive as 25% in
traditional red cell storage media, but can be reduced to
approximately 2% in an experimental medium that pro-
tects against colloidal osmotic hemolysis.!?** Red cell
hemolysis from DMMB phototreatment can be reduced
further to 1.2% by the addition of a molecule with a sim-
ilar structure, quinacrine, which functions as a competi-
tive inhibitor of dye binding to red cells.?’ The addition
of red-cell-specific antioxidant ligands, such as dipyrid-
amole, can also reduce the levels of hemolysis.?!-?> While
these improvements are encouraging, levels of hemolysis
have been unacceptable and new photosensitizers are a
necessity for the robust inactivation of intracellular
pathogens.

The synthesis of sulfur- and selenium-containing ana-
logues (TMR-S and TMR-Se, respectively, Chart 1) of
the xanthylium dye tetramethylrosamine (TMR, Chart
1) has recently been described.?* The substitution of sul-
fur and, especially, selenium for oxygen in this series
gave increased quantum yields for the generation of sin-
glet oxygen. Both TMR-S and TMR-Se are photosensi-
tizers in vitro against R3230AC?* and AUXB1?* cancer

S/ -
Cl 2) HPFG
3) ion
exchange
MeoN NMe
3,E=S 1
4,E=Se 2,

,E
E

Me,N .: l: NMe,
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cells. In view of the similarity in the structures of TMR-
S and TMR-Se with MB and related phenothiazine
dyes, we examined TMR-S, TMR-Se, and a series of
related structures for their ability to photoinactivate vir-
al and bacterial pathogens in suspensions of RBCs.

2. Results
2.1. Synthesis of dyes

TMR-S and TMR-Se were prepared via the addition of
phenylmagnesium bromide to chalcogenoxanthen-9-
ones 1 and 2, respectively, followed by acid-induced
dehydration and ion exchange.>> A similar approach
was used to prepare 9-2-thienyl-substituted derivatives
3 and 4 (Scheme 1). The addition of 2-lithiothiophene
to 1 and 2, followed by dehydration with HPFg, gave
the PF4~ salts of dyes 3 and 4, respectively, in 80%
isolated yield for each. Ion exchange with Amberlite
IR A-400 chloride exchange resin gave the chloride salts
3 in 95% isolated yield and 4 in 92% isolated yield. The
addition of 4-N,N-dimethylaminophenylmagnesium
bromide to 2, followed by dehydration with HPFg, gave
the PF¢~ salt of 5 in 93% isolated yield. Similarly, the
addition of l-naphthylmagnesium bromide to 2
followed by dehydration with HPFg4 gave the PF¢™ salt
of 6 in 45% isolated yield. Ion exchange with Amberlite
IRA-400 chloride exchange resin gave the chloride salts
5 and 6 in 69% and 90% isolated yields, respectively.

2.2. Chemical and photophysical properties

Absorption maxima (Amayx), quantum yields for the gen-
eration of singlet oxygen [¢('05)], and values of the n-
octanol/water (pH 6 phosphate buffer) partition coeffi-
cient (logP) for TMR-S, TMR-Se, and 3-6 are given
in Table 1. Substituent changes at the 9- posmon have
significant impact on the values of Aynax, ¢('0,), and
log P.

Values of A, are sensitive to the nature of the 9-substi-
tuent on the chalcogenoxanthylium nucleus (Table 1).
Dyes based on the thioxanthylium nucleus have values
of Amax approximately 10 nm shorter than the values
of Amax for the corresponding selenoxanthylium dye
(TMR-S vs TMR-Se; 3 vs 4). The 9-2-thienyl substituent
gives a 20-nm bathochromic shift, relative to the 9-phen-
yl substituent. Thus, 3 has A, of 590 nm and TMR-S
has Ay of 571 nm. The 4-N,N-dimethylaminophenyl

1) ArMgBr
2 HPF6

Ar Cl
X
+
MesoN Se NMe»

5, Ar = 4-Me,NCgH,
e 6, Ar = 1-naphthyl

3) ion
exchange

S
S

Scheme 1. Synthesis of chalcogenoxanthylium dyes 3-6 from chalcogenoxanthen-9-ones 1 and 2.
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Table 1. Absorption maxima (4ny.x) in CH,>Cl,, quantum yields for the
generation of singlet oxygen [¢('O,)] in MeOH, and n-octanol/water
partition coefficients (log P) for TMR-S, TMR-Se, and 3-6

Compound  Amax (nm) (loge) ¢ ('0,) £SD*  log PP

TMR 552 (4.92)° 0.06 £ 0.03 —

TMR-S 571 (4.70)° 0.21 +0.02° 0.07 £ 0.02
TMR-Se 582 (4.84)° 0.87 £ 0.01° 0.09 % 0.07
3 590 (4.57) 0.08 % 0.02 —0.49 +0.03
4 601 (4.78) 0.43 £ 0.02 —0.31£0.04
5 576 (4.75) 0.02 % 0.01 0.49 +0.03
6 587 (4.60) 0.71 £ 0.02 1.80 +0.05

# Direct detection of singlet-oxygen luminescence using rose Bengal as
a standard.

®pH 6 phosphate buffer as the aqueous phase.

°Ref. 23.

substituent imparts a small hypsochromic shift (6 nm),
relative to the phenyl substituent, while the 9-(1-naph-
thyl) substituent imparts a small (5 nm) bathochromic
shift, relative to the phenyl substituent.

Values of ¢ ('0,) in MeOH were quite sensitive to the 9-
substituent in these molecules (Table 1). While TMR-S
with a 9-phenyl substituent has ¢ ('O,) of 0. 21 com-
pound 3 with a 9-2-thienyl substltuent has a ¢ (' 02) of
0.08. A similar halving of ¢('0,) was observed when
the 9-phenyl substituent of TMR-Se [(;5( 0,) 0.87] was
replaced with a 9-2-thienyl substituent in selenoxanthy-
lium dye 4 [¢('O5) 0.43]. The 9-phenyl and 9-1-naphthyl
substituents have a similar impact on ¢('0,) with the
values of ¢('0,) of 0.87 and 0.71 for TMR-Se and sele-
noxanthylium dye 6, respectively. Selenoxanthylium dye
5 with a 9-4- N N-dimethylaminophenyl substituent has
a value of ¢ (! 02) of only 0.02, which is much smaller
than that of ¢('0O,) for any of the other molecules of
this study. Internal conversion dominates the photo-
physics of the excited state of 5.

Values of log P also cover a wide range in the molecules
of this study (Table 1). In pairwise comparisons, the
chalcogen atom has little impact on log P, relative to
the impact of the 9-substituent. Thus, TMR-S and

TMR-Se have nearly identical values of logP (0.07
and 0.09, respectively) as do compounds 3 and 4 (log P
of —0.49 and —0.31, respectively). Values of log P indi-
cate that compounds 3 and 4 are somewhat hydrophilic,
that TMR-S and TMR-Se are equally hydrophilic and
lipophilic, that compound 5 is somewhat lipophilic
(log P 0.49), and that compound 6 (log P 1.80) is highly
lipophilic.

2.3. Inactivation of viral pathogens with chalcogenoxan-
thylium dyes

Oxygenated leukodepleted 20% hematocrit RBC sus-
pensions in a citrate-containing additive solution, Ery-
throsol, were deliberately inoculated with extracellular
vesicular stomatitis virus (VSV), a negative single
stranded RNA virus used as a model for HIV, or pseu-
dorabies virus (PRV), a double stranded DNA virus
used as a model for cytomegalovirus, or intracellular
VSV, incubated with various concentrations of the dye
and subsequently illuminated with 2.0-7.4 Jcm ™2 of
400-750-nm white light. Controls and treated samples
were assayed for virus and results are given in Table 2.

The photosensitizer, TMR-Se, is extremely virucidal in
red cell suspensions. Only 1 uM TMR-Se and 2.0 J cm >
400-750-nm light were required to inactivate 7.0log;, of
extracellular VSV in 20% hematocrit red cells (Table 2).
Unfortunately, no significant inactivation of intracellu-
lar virus (=0.2log;o) was observed under these condi-
tions. Higher concentrations (5 or 10 uM) of TMR-Se
resulted in the inactivation of extracellular PRV
(>8logyg) and intracellular VSV (2.5 and 4.4log,
respectively). The sulfur-containing analogue, TMR S,
required 50 pM concentrations with 2.5 J cm ™2 of 400—
750-nm light to give comparable effectiveness toward
extracellular VSV (>8.0log;, inactivation). However,
under these conditions, TMR-S was also effective
against intracellular VSV (5.5log;, inactivation).

As shown in Figure 1 for TMR-S, the inactivation of
virus is a function of both light dose and photosensitizer

Table 2. Inactivation of extracellular VSV and PRV, and intracellular VSV with chalcogenoxanthylium dyes TMR-S, TMR-Se, and 3-6 and 400—

750-nm white light

Compound Concentration hv (J em™2) logo extracellular Inactivation extracellular Intracellular % hemolysis
(UM) VSv PRV VSV (42 days)
TMR-S 20 7.4 >7.98 +0.02 >8.15+0.08 5.46 £ 0.89 9.2
50 2.5 >8.00 £ 0.14 >8.26 £ 0.06 5.20£0.78 1.2
TMR-Se 1 2.0 6.95+0.54 0.90 £0.19 0.21 £0.07 0.22
5 4.9 >7.48 +0.15 >8.28 £ 0.51 2.51£0.25 9.2%
10 2.5 >7.62+0.14 >8.41 £0.19 4.37+0.37 10.0*
3 10 7.4 >7.87 £ 0.04 6.40 £ 0.90 1.8£1.0 0.90
25 49 >7.91+0.03 >8.20 £ 0.09 5.51 £0.60 1.3
4 5 2.5 >7.39 +0.58 3.27%£0.82 — —
10 49 >7.89 £ 0.01 >8.17 £ 0.06 32+13 8.5%
5 10 7.4 >7.8510.05 3.14£2.86 0.47£0.35 1.6
6 5 2.5 >7.83+0.14 1.95+0.07 1.21 £0.96 —
5 4.4 <7.82+0.10 321%£0.17 1.28 £0.57 47

& After 7 days.
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Figure 1. Inactivation of extracellular VSV as a function of: (a) light
dose with 400-750-nm light and 5pM TMR-S and (b) TMR-S
concentration with 2.5 J cm ™2 of 400-750-nm light.

concentration. Both increased light dose and increased
concentration of photosensitizer give increased viral
inactivation. Inactivation levels of approximately
8logio indicate the limit of detection of the VSV assay.

Selenoxanthylium dye 4 with a 2-thienyl substituent in
the 9-position required a higher concentration of photo-
sensitizer to achieve the same virucidal activity as TMR-
Se. At 10 uM 4 and 4.9 Jcm ™2 of 400-750-nm light,
>7.9log;y inactivation of extracellular VSV and
3.2logyo inactivation of intracellular VSV were ob-
served. As was observed in a comparison of TMR-S
and TMR-Se, the thioxanthylium analogue 3 was less
active than the selenium analogue 4 against extracellular
VSV and PRV, and intracellular VSV. With 10 uM 3
and 7.4 J cm 2 of 400-750-nm white light, 6.4log, inac-
tivation of extracellular PRV and 1.81og;, inactivation
of intracellular VSV were observed. With 10 pM 4 and
only 4.9 J cm ™2 of 400-750-nm light, >8.11log,, inactiva-
tion of extracellular PRV and 3.2log;, inactivation of
intracellular VSV were observed. Inactivation of intra-
cellular VSV (5.51ogi) with 3 could be achieved usin%
greater concentrations of dye (25 uM) and 4.9 J cm™
of 400-750-nm light.

Selenoxanthylium dye 5 with a 4-N,N-dimethylamin-
ophenyl substituent at the 9-position was active against
extracellular VSV and PRV, and intracellular VSV. At
10 pM with 7.4 J cm 2 of 400-750-nm light, >7.91og;
inactivation of extracellular VSV was observed under
conditions that inactivated PRV and intracellular VSV
by 3.1 and 0.4log;q, respectively. Selenoxanthylium dye
6 with a l-naphthyl substituent at the 9-position gave
>7.81log;o inactivation of extracellular VSV, with less
inactivation of PRV (3.2log;o) and intracellular VSV
(1.31ogo) using 5 pM 6 and 4.4 J cm 2 of 400-750-nm
light.

One of the limits for the use of photosensitizers and
light for pathogen inactivation in RBC suspensions is
the extent of hemolysis observed in the red blood cells
following treatment. Identically prepared, but uncon-
taminated, RBC suspensions with selected concentra-
tions of TMR-S, TMR-Se, and 3-6 were

phototreated under identical conditions, and subse-
quently stored under standard blood bank conditions
for 42 days to determine the levels of hemolysis, which
are also §iven in Table 2. With 1 uM TMR-Se and
2.0J cm™“ of 400-750-nm light, only 0.22% hemolysis
was observed during a 42-day storage, well under the
FDA guideline of <1.0%. However, under conditions
that inactivated 4.4log;, intracellular VSV, 10% hemo-
lysis was observed in TMR-Se samples after 1 week of
1-6 °C storage. In contrast, 50 uM TMR-S and
2.5Jcm 2 of 400-750-nm light gave 1.2% hemolysis
at 42 days and inactivated 5.2log;o of intracellular
VSV (Table 2). While it is encouraging, this level of
hemolysis is somewhat higher than the FDA guideline.
Similar results were obtained with 25 uM of the thio-
xanthylium dye 3 and 4.9 J cm 2 of light where condi-
tions that gave acceptable levels of intracellular and
extracellular inactivation of virus produced levels of
hemolysis that were only slightly above the FDA
guideline at day 42 of storage (1.3%, Table 2). In con-
trast, the selenoxanthylium dye 4 at 10 uM with
49Jcm 2 of 400-750-nm light gave 8.5% hemolysis
after only 7 days of storage and did not adequately
inactivate intracellular VSV.

Selenoxanthylium dyes 5 and 6 represent an interesting
contrast. Under conditions where both dyes give
7.81log;o inactivation of extracellular VSV, dye 5
displays only 1.6% hemolysis after 42 days of storage,
while dye 6 displays 47% hemolysis after only 7 days.

2.4. Inactivation of bacterial pathogens

Oxygenated leukodepleted 20% hematocrit RBC sus-
pensions in a citrate-containing additive solution, Ery-
throsol, were deliberately inoculated with both gram
(+) (Staphylococcus aureus, Staphylococcus epidermidis)
and gram (—) (Pseudomonas fluorescens, Yersinia entero-
colitica) extracellular bacteria, incubated with 10 uM
TMR-Se or 10 uM selenoxanthylium dye 4, and subse-
quently illuminated with 2.5 or 4.9 J cm 2 of 400-750-
nm light, respectively. Controls and treated samples
were assayed for bacteria and results are given in Table
3. Both TMR-Se and 4 were effective against gram (+)
bacteria with >2.5log;( inactivation of S. aureus and
>8log;o inactivation of S. epidermidis. Among the gram
(—) bacteria, P. fluorescens and Y. enterocolica are
responsible for up to 75% of clinical sepsis from red
cells.”> TMR-Se was effective against Y. enterocolitica
with 4.0log;( inactivation, but was much less effective
against P. fluorescens with only 0.4log;o inactivation.
Selenoxanthylium dye 4 also did not inactivate P. fluo-
rescens yet showed 4.5log), inactivation of Y.
enterocolitica.

2.5. DNA as a target for photodynamic action

Both TMR-Se and 4 damage plasmid DNA in solution
upon irradiation. Solutions of plasmid DNA (7.5 pM in
base pairs) and photosensitizer (1 uM) were irradiated
for various times with 500-800-nm light delivered at
50 mW cm 2. As shown in Figure 2 for TMR-Se, irradi-
ation for 60 min (180 J cm~?) gave essentially complete
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Table 3. Inactivation of gram (+) and gram (—) bacterial pathogens with chalcogenoxanthylium dyes TMR-Se and 4 and 400-750-nm light

Compound Concentration (uM) hv (J em™?) log;o inactivation

S. aureus S. epidermidis P. fluorescens Y. entercolitica
TMR-Se 10 2.5 25%1.2 >8.45 £ 0.08 0.37+£0.15 3.97+0.34
4 10 49 >6.7+ 1.7 >8.46 + 0.03 0.33£0.26 45%1.6

~ Strand-broken DNA

A . emey

Figure 2. Photochemical damage to supercoiled plasma DNA with
TMR-Se and 0-180 J cm ™ of 500-800-nm light (50 mW cm > for 0
60 min). Lane 1, plasmid DNA (no dye, no light); Lane 2, plasmid
DNA + 60 min light; Lane 3, plasmid DNA + 1 uM TMR-Se (no
light); Lanes 4-7, plasmid DNA + 1 uM TMR-Se; Lane 4, 15 min
light; Lane 5, 30 min light; Lane 6, 45 min light; Lane 7, 60 min light.

‘nicking’ of supercoiled plasmid DNA to give strand-
broken DNA with both TMR-Se and 4.2° The plasmid
DNA was stable to 180Jcm > of 500-800-nm light
and was stable in the dark to 1 uM solutions of photo-
sensitizer (shown in Figure 1 for TMR-Se). As illustrat-
ed in Figure 3 for 4, the ‘nicking’ of supercoiled DNA
was directly proportional to the light dose with both
dyes. It is not clear whether the DNA damage is a result
of intercalation or less specific association with the
anionic deoxyriboses of the DNA. The addition of plas-
mid DNA to either TMR-Se or 4 gives a small batho-
chromic shift (3 nm) in Ay,y.

1.0
0.8
0.6
0.4

0.2+

fraction "nicked" DNA

0.0 T T T T T T

time, min

Figure 3. Light-dose-dependent damage to plasmid DNA with 1 uM 4
and 500-800-nm light delivered at 50 mW cm™> for indicated time
periods. The ratio of supercoiled DNA and ‘nicked DNA was
determined via densities using a phosphoimager, following gel
electrophoresis. The line between points shows only their connectivity
and has no significance. Bars are SEM.

3. Discussion

The selective inactivation of viral and bacterial patho-
gens in RBC suspensions via treatment with a photosen-
sitizer and light places several requirements on the
photosensitizer. The combination of photosensitizer
and light should give >6log;( inactivation of extracellu-
lar virus or bacteria and, in addition to leukodepletion,
>4log,, inactivation of intracellular virus. Ideal for the
purging of blood-borne pathogens, the photosensitizer
will absorb strongly with A, > 580 nm to avoid hemo-
globin bands at 541 and 575 nm, and the photosensitizer
should generate singlet oxygen or other reactive oxygen
species upon irradiation. The photosensitizer should
also target a site in the virus or bacterium that is not tar-
geted in RBCs. Red blood cells lack RNA, DNA, and
mitochondria.?” Photosensitizers that target RNA or
DNA should selectively bind to the virus or bacterium.
Although dyes, such as MB, TMR-S, and TMR-Se, tar-
get mitochondria in cells,?>!> the absence of mitochon-
dria in mature RBCs eliminates these sites as targets
for photosensitizers in the RBCs. Finally, the combina-
tion of photosensitizer and light should not be hemolytic
toward RBCs.

Evaluation of the series of chalcogenoxanthylium dyes
TMR-S, TMR-Se, and 3-6 indicates that the chalco-
genoxanthylium dyes may be a promising new class of
compounds for inactivation of blood-borne pathogens.
With the exception of TMR-S with A.,, of 571 nm,
the remaining five dyes all absorb with values of
Amax > 580, which place them safely above the absorp-
tion bands of hemoglobin.

What is most interesting about the correlation of pho-
tophysical properties with virucidal activity in these
molecules is that there is no correlation of ¢('0,) with
virucidal activity. All six dyes at some combination of
1-20 uM dye and 2.0-7.4 J cm ™2 of 400-750-nm light
gave >6log;o inactivation of extracellular VSV, while
TMR-S, TMR-Se, 3, and 6 also gave >5log;, inactiva-
tion of extracellular PRV (Table 2). Thioxanthylium
dyes TMR-S and 3 were most effective at inactivating
intracellular virus with >6log;, inactivation of intracel-
lular VSV with 50pM TMR-S and 2.5J cm 2 of 400—
750-nm light, and 25puM 3 and 4.9Jcm 2 of 400-
750-nm light. Although these concentrations are higher
than those used for inactivation of extracellular virus,
hemolysis levels under these more stringent conditions
were only 1.2% and 1.3%, respectively. The selenoxan-
thylium dyes TMR-Se and 4-6 gave >6log;, inactiva-
tion of extracellular virus at concentrations lower
than those of the thioxanthylium dyes, but had slightly
less to much less virucidal activity against intracellular
virus compared to TMR-S and compound 3. The
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selenoxanthylium dyes also displayed a greater level of
hemolytic activity toward RBCs than the thioxanthyli-
um dyes under conditions that inactivated >7logiq
extracellular virus and only moderate levels of intracel-
lular virus. Thus, TMR-Se, or compound 4 or 6 pro-
duced >8% hemolysis after only 1 week of storage
under conditions that inactivated >7log;q of extracellu-
lar and 1.3-4.4logo of intracellular virus.

The two thioxanthylium dyes of this study produced the
least hemolysis in RBCs after 42 days of storage. TMR-
S gave 1.2% hemolysis, while compound 3 gave 1.3%
hemolysis. These two molecules also had two of the
smaller values of ¢('0,) with $('0,) of 0.20 for
TMR-S and ¢ ('O5) of 0.08 for 3. One can speculate that
the presence of the sulfur atom in the ring rather than a
selenium atom may be responsible for the reduced
hemolysis or that the slower product10n of singlet oxy-
gen with smaller values of ¢('0,) may lead to reduced
oxidative damage in RBCs. An argument for the latter
point is found in the behavior of selenoxanthylium dye
5 where ¢('0,) is only 0.02 and the 42-day hemolysis
is only 1.6%. Hemolysis may be a result of the red blood
cell’s inability to fight oxidative damage from the photo-
sensitizers with high values of ¢ ('0,).

The 1.2% hemolysis observed with TMR-S, the 1.3%
hemolysis observed with thioxanthylium dye 3, and the
1.6% hemolysis observed with selenoxanthylium dye 5
are without the benefit of added competitive inhibitors
of dye binding, such as quinacrine,”® or without the
benefit of red-cell-specific antioxidant ligands, such as
dipyridamole.?’?> Red cell hemolysis from DMMB
phototreatment was reduced from 25% to 1.2% through
the use of a storage medium that protects against colloidal
osmotic hemolysis and by the addition of quinacrine.?’ It
should be possible to reduce further the already low levels
of hemolysis observed with TMR-S, 3, and 5.

Two chalcogenoxanthylium dyes were investigated for
inactivation of bacterial pathogens. Both TMR-Se and
4 were effective photosensitizers for >5log;q inactivation
of the gram (+) bacteria S. aureus and S. epidermidis,
but were less effective photosensitizers for the inactiva-
tion of the gram (—) bacteria P. fluorescens and Y.
enterocolitica (Table 3). Only a combination of 10 uM
TMR-Se and 2.5Jcm™? of 400-750-nm light gave
~4 log;o inactivation of Y. enterocolitica. These condi-
tions yielded only 0.4log; inactivation of P. fluorescens.
The combination of 10 uM 4 and 4.9 J cm ™2 of 400-750-
nm light gave no inactivation of P. fluorescens and
4.5log;o inactivation of Y. enterocolitica.

Irradiation of plasmid DNA treated with chalcogeno-
xanthylium dyes TMR-Se and 4 produced strand cleav-
age of the supercoiled DNA (Figs. 2 and 3). The DNA
damage was directly proportional to the light dose, as
shown in Figure 3. The virucidal activity of the chalco-
genoxanthylium dyes was also directly related to light
dose and to photosensitizer concentration, as shown in
Figure 1. These data suggest that genomic material
(DNA, RNA) could be one target for the photodynamic
action of these dyes.

If viral and/or bacterial DNA/RNA are targets for the
photosensitizer, one can reasonably ask whether the rel-
ative values of ¢('0,) are higher in the photosensitizer-
DNA/RNA complex, relative to solution values. In the
case of TMR-S, 3, and 5, if internal conversion is
responsible for the low values of ¢('O,) in solution,
then complexation may give a significant increase in
singlet-oxygen generation in the pathogen, relative to
solution, by limiting internal conversion. In the seleno-
xanthylium dyes TMR-Se, 4, and 6, values of ¢ (' 02)
are large and the photophysics of these molecules is
dominated by intersystem crossing to the triplet. Inter-
nal conversion is less important and singlet-oxygen
generation in the photosensitizer-DNA/RNA complex
may be comparable to that observed in solution.

In summary, the chalcogenoxanthylium dyes represent a
new class of photosensitizers that may be useful in the
inactivation of blood-borne pathogens. Selected mem-
bers of the series show adequate inactivation of extracel-
lular and intracellular virus, as well as inactivation of
gram (+) and gram (—) bacteria. The levels of hemolysis
of RBCs ranged from an acceptable 0.22% with TMR-
Se after a 42-day storage to an unacceptable 47% with
5 after only a 7-day storage. We are preparing new
derivatives of this class that hopefully will provide
>6log( inactivation of extracellular, >4log,, intracellu-
lar virus, and >4log;( of extracellular bacteria with <1%
hemolysis after a 42-day storage of treated, leukodeplet-
ed RBC suspensions.

4. Experimental
4.1. General methods

Solvents and reagents were used as received from
Sigma—Aldrich Chemical Co. (St. Louis, MO) unless
otherwise noted. Chalcogenoxanthones 1 and 2 were
prepared according to Refs. 23,28, respectively. TMR-
S and TMR-Se were prepared according to Ref. 23.
Concentration in vacuo was performed on a Biichi rota-
ry evaporator. NMR spectra were recorded on a Varian
Inova 500 instrument with residual solvent signal as
internal standard. UV-Vis-near-IR spectra were record-
ed on a Perkin-Elmer Lambda 12 spectrophotometer
equipped with a circulating constant temperature bath
for the sample chambers. Elemental analyses were con-
ducted by Atlantic Microlabs, Inc. (Norcross, GA).

4.1.1. Preparation of 2,7-bis-/V,/N-dimethylamino-9-(2-
thienyl)selenoxanthylium chloride (4). #n-Butyllithium
(1.6 M, 1.5mL, 2.4 mmol) was added dropwise to a
solution of  N,N,N,N-tetramethylethylenediamine
(TMEDA, 040mL, 24mmol) and thiophene
(0.19 mL, 2.3 mmol) in 12 mL of anhydrous THF at
—78 °C. The resulting mixture was stirred for 1 h at
—78 °C and a solution of 2,7-bis-N,N-dimethylamino-
9H-selenoxanthen-9-one (2, 0.20 g, 0.58 mmol) in anhy-
drous THF (4 mL) was added dropwise. The resulting
mixture was stirred for 1 h at —78 °C and was then heat-
ed at reflux for 0.5 h, allowed to cool to ambient temper-
ature, and poured into acetic acid (3.0 mL).
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Hexafluorophosphoric acid (60%-by-weight solution in
water) was added dropwise until a color change was ob-
served. Water (50 mL) was added and the solution was
cooled to —10 °C. The resulting precipitate was collected
by filtration and the solid was washed with water
(10 mL) and diethyl ether (10 mL), followed by recrys-
tallization from acetonitrile and a small amount of
diethyl ether to give 0.27 g (80%) of a dark green solid.
The hexafluorophosphate salt (0.26 g) was dissolved in
20 mL acetonitrile and 1.00 g of Amberlite IRA-400
Chloride ion exchange resin was added. The resulting
mixture was stirred for 0.5 h, followed by removal of
the exchange resin via filtration. The process was repeat-
ed with two additional 0.5 g aliquots of the ion exchange
resin. Following the final ion exchange, the filtrate was
concentrated and the crude product was recrystallized
from acetonitrile and a small amount of diethyl ether
to give 0.24 g (92%) of the product as a dark green sol-
id,. mp 265-266 °C: '"H NMR [500 MHz, CD;0D]
7.86 (dxd, 1H, J=1.0, 52Hz), 7.64 (d, 2H,
J=9.8 Hz), 7.52 (d 2H, J=2.7Hz), 7.34 (dxd, 1H,
J=3.5,52Hz), 7.26 (dxd, 1H, J=1.2, 3.5 Hz), 7.05
(dxd, 2H, J=2.7, 9.8 Hz) 3.28 (s, 12H); '3C NMR
[300 MHz, CD5;0D] 6 152.3, 144.6, 136.9, 135.7, 130.0,
127.7, 126.6, 119.6, 114.3, 108.1, 99.4, 38.9; Jmax
(CH,CL,) 60lnm (¢=6.0x10*M 'cm™'); HRMS
(ESI) ml/z 413.0584 (Calcd C, H,;N,S*Se: 413.0585).
Anal. Calcd for C,;H»N,SSePFq4: C, 45.25; H, 3.80;
N, 5.03. Found: C, 45.43; H, 3.80; N, 5.01. Calcd for
C,1H,N,SSePCl1-0.25 H,O: C, 55.75; H, 4.79; N, 6.19.
Found: C, 55.88; H, 4.95; N, 5.94.

The chloride salt of 4 is hygroscopic and elemental anal-
ysis reflects the incorporation of 0.25 water of crystalh—
zation. The water of crystallization was observed in 'H
NMR spectra where the water/chloroform ratio increas-
es upon the addition of the chloride salt. Compounds 3,
5, and 6 incorporated 0.5-2.5 waters of crystallization.

4.1.2. Preparation of 2,7-bis-/V,/N-dimethylamino-9-(2-
thienyl)thioxanthylium chloride (3). A solution of
2,7-bis-N,N-dimethylamino-9 H-thioxanthen-9-one (1,
0.20 g, 0.67 mmol) in anhydrous THF (4 mL) was treat-
ed with 1.6 M n-butyllithium (1.7 mL, 2.7 mmol), TME-
DA (0.4l mL, 2.8 mmol), and thiophene (0.21 mL,
2.7 mmol) in 12 mL of anhydrous THF, as described
for the preparation of 4. The reaction mixture was then
treated with acetic acid (3.0 mL) and HPF¢ (60%-by-
weight solution in water) as described. The crude prod-
uct was recrystallized from acetonitrile and a small
amount of diethyl ether to give 0.27 g (80%) of a dark
green solid. The hexafluorophosphate salt (0.25 g) was
dissolved in 20 mL acetonitrile and 1.00 g of Amberlite
IRA-400 Chloride ion exchange resin was added. The
resulting mixture was stirred for 0.5h, followed by
removal of the exchange resin via filtration. The process
was repeated with two additional 0.5 g aliquots of the
ion exchange resin. Following the final ion exchange,
the filtrate was concentrated and the crude product
was recrystallized from acetonitrile and a small amount
of diethyl ether to give 0.24 g (95%9 of the product as a
dark green solid, mp 255-256 °C: '"H NMR [500 MHz,
CD;0OD] 6 791 (dxd, 1H, J=1.2, SOHZ) 7.65 (d,

2H, J=9.8 Hz), 7.38 (d xd, 1H, J=3.7, 5.0 Hz), 7.32
(dxd, 1H, J=1.2, 3.7Hz), 7.30 (d, 2H, J=2.1 Hz),
7.15 (dxd 2H, J=2.7, 9.8 Hz), 3.21 (s 12H); 3¢
NMR [300 MHz, CD;0OD] § 152.9, 151.8, 143.1, 135.1,
134.0, 130.4, 128.2, 126.7, 118.2, 114.8, 104.7, 38.8; Amax
(CH,CL) 590nm (¢=3.7x10*M'cem™'), HRMS
(ESI) m/z 365.1131 (Caled for C, H, N5S,: 365.1141).
Anal. Calcd for C21H21N2S2Cl'2 HQO: C, 5771, H,
5.77; N, 6.41. Found: C, 57.60; H, 5.61; N, 6.32.

4.1.3. Preparation of 2,7-bis-N,/N-dimethylamino-9-(4-
N,N-dimethylaminophenyl)selenoxanthylium chloride (5).
A mixture of N,N-dimethyl-4-bromoaniline (0.23 g,
1.2 mmol) and ground magnesium turnings (0.030 g,
1.2 mmol) in 10 mL of anhydrous THF was heated at
reflux for 2 h and then cooled to ambient temperature.
The resulting solution was then added via cannula to a
solution of 2,7-bis-N,N-dimethylamino-9 H-selenoxan-
then-9-one (0.10 g, 0.29 mmol) in anhydrous THF
(3mL). The reaction mixture was heated at reflux for
0.5 h, cooled to ambient temperature, and poured into
acetic acid (3.0 mL). Hexafluorophosphoric acid (60
%-by-weight solution in water) was added dropwise un-
til a color change was observed. Water (50 mL) was add-
ed and the solution was cooled to —10 °C. The resulting
precipitate was collected by filtration. The solid was
washed with water (10 mL), diethyl ether (10 mL), and
was recrystallized from acetonitrile and a small amount
of ether to give 0.16 g (93%) of the product as a dark
green solid. The hexafluorophosphate salt (0.160 g)
was dissolved in 20 mL acetonitrile and 1.00 g of
Amberlite TRA-400 Chloride ion exchange resin was
added. The resulting mixture was stirred for 0.5 h, fol-
lowed by removal of the exchange resin via filtration.
The process was repeated with two additional 0.5 g ali-
quots of the ion exchange resin. Following the final
ion exchange, the filtrate was concentrated and the
crude chloride salt was recrystallized from acetonitrile
and a small amount of ether to give 0.089 g (69%) of
the product as a dark green solid, mp 251-252°C: 'H
NMR [500 MHz, CD,Cl,] ¢ 7.68 (d, 2H, J=9.8 Hz),
7.24 (d, 2H, J=2.4 Hz), 7.14 (d, 2H, J = 8.5 Hz), 6.87
(d, 2H, J=8.5Hz), 6.84 (d><d 2H, J=24, 9.8 Hz),
3.24 (s 12H), 3.09 (s, 6H); "*C NMR [500 MHz,
CD,Cl,] o 153.5, 144.4, 136.5, 1354, 129.5, 129.2,
128.7, 119.2, 115.1, 114.2, 1054 405 Amax (CH,Cl)
576 nm (3 = 5 6 x 10* M em™), 580nm  (sh,
e=57x10° M~ 8 HRMS (ESI) m/z 450.1440
(Calced for C25H28N3 Se: 450.1443). Anal. Calcd for
C,sHpsN3SeCl0.5 H,O: C, 60.79; H, 5.92; N, 8.51.
Found: C, 61.01; H, 5.98; N, 8.25.

4.1.4. Preparation of 2,7-bis-N,/N-dimethylamino-9-(1-
naphthyl)selenoxanthylium chloride (6). A solution of
2,7-bis-N,N-dimethylamino-9 H-selenoxanthen-9-one
(0.15 g, 0.43 mmol) in anhydrous THF (3 mL) was treat-
ed with 1-bromonaphthalene (0.35g, 1.7 mmol) and
ground magnesium turnings (0.050 g, 1.7 mmol) in
anhydrous THF (15 mL) as described for the prepara-
tion of 5. The reaction mixture was then treated with
acetic acid (3.0 mL) and hexafluorophosphoric acid
(60%-by-weight solution in water) as described. The
resulting precipitate was collected by filtration. The solid
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was washed with water (10 mL), ether (10 mL), and was
then recrystallized from acetonitrile and a small amount
of ether to give 0.100 g (45%) of the product as a dark
purple solid. The hexafluorophosphate salt (0.100 g)
was dissolved in 20 mL acetonitrile and 1.00 g of
Amberlite IRA-400 Chloride ion exchange resin was
added. The resulting mixture was stirred for 0.5 h, fol-
lowed by removal of the exchange resin via filtration.
The process was repeated with two additional 0.5 g ali-
quots of the ion exchange resin. Following the final
ion exchange, the filtrate was concentrated and the
crude chloride salt was recrystallized from acetonitrile
and a small amount of ether to give 0.90 g (90%) of
the product as a dark purple solid, mp 261-262 °C: 'H
NMR [500 MHz, CD,Cl,] 6 8.15 (d, 1H, J=8.2 Hz),
8.06 (d, 1H, J=8.2 Hz), 7.73 (d, 2H, J =9.8 Hz), 7.73
(m, 1H), 7.58 (dxt, 1H, J=1.2, 7.0 Hz), 7.46 (d xd,
1H, J=1.2, 7.0 Hz), 7.40 (d xt, 1H, J=1.2, 6.7 Hz),
7.25 (d, 2H, J=2.4 Hz), 7.25 (m, 1H), 6.72 (d xd, 2H,
J=2.7, 9.8 Hz), 3.27 (s, 12H); *C NMR [500 MHz,
CD,Cl,] 6 160.8, 153.5, 146.8, 138.5, 135.0, 133.8,
132.5, 129.9, 129.0, 128.9, 127.7, 127.1, 125.9, 125.6,
120.8, 119.0, 1153, 41.1; Amax (CHyCly) 587 nm
(6=4.0x10*M"em™'); HRMS (ESI) m/z 457.1174
(Caled for C27H25N28086: 457.1177). Anal. Calcd for
C,7H,5N,SeCl2.5 H,O: C, 60.39; H, 5.62; N, 5.22.
Found: C, 60.77; H, 5.63; N, 5.18.

4.2. Quantum yield determination for the generation of
singlet oxygen

The quantum yields for singlet-oxygen generation with
chalcogenoxanthylium dyes 3-6 were measured by direct
methods in MeOH, as described in Ref. 23.

4.3. Determination of partition coefficients

The octanol/water partition coefficients were all mea-
sured at pH 6 (phosphate-buffered) using UV-Vis spec-
trophotometry. The measurements were done using a
‘shake flask’ direct measurement.?® Mixing for 3-5 min
was followed by 1 h of settling time. Equilibration and
measurements were made at 23 °C using a Perkin-Elmer
Lambda 12 spectrophotometer. HPLC-grade 1-octanol
was obtained from Sigma-Aldrich.

4.4. Viral assays for VSV and PRV

VERO cells (isolated from African green monkey kid-
ney, CCL81, ATCC) were propagated in medium
(RPMI-1640 supplemented with glutamine, Biofluids,
Rockville, MD) supplemented with 10% fetal bovine
serum. Cells were seeded into six-well culture plates
and allowed to grow to confluency. Control and photo-
treated samples were then serially diluted 10-fold, plated
onto confluent monolayers, incubated for 30-60 min,
depending on the virus, and gently rocked at 37 °C for
virus adsorption to cells. The inoculum was then re-
moved by aspiration and washed with PBS. A semi-li-
quid agar layer (0.2%) was added to each well and
infected monolayers were incubated at 37 °C in air con-
taining 5% CO,. Incubation periods at 37 °C are 1 day
for VSV and 4 days for PRV. After incubation, the agar

layer was removed by aspiration and the monolayer was
stained with 0.1% crystal violet in ethanol for at least
15 min. The stain was removed by aspiration, the plates
were washed with water, and the plaques were then
enumerated.

4.5. Bacterial assays

Overnight broth cultures were prepared from single col-
onies of S. epidermidis, S. aureus, Y. enterocolitica, or P.
fluorescens, isolated from plate cultures. Broth cultures
were incubated under aerobic conditions at 37 °C. Fol-
lowing inoculation into RBC suspensions, bacterial
counts were determined in phototreated and unillumi-
nated control samples containing the dye and main-
tained in the dark by 1-in-100 serial dilution of fully
mixed samples in unbuffered saline, adding either 0.1
or 1.0 mL of the diluted or neat suspension, respectively,
to 3 mL of 0.8% molten agar (3940 °C) and pouring the
molten agar over Luria broth agar plates. Up to 750 col-
onies per plate were counted after incubation for 24—
72 h at 30 or 37 ° C, with time and incubation tempera-
ture depending on the strain.

4.6. Calculation of pathogen inactivation

The extent of viral or bacterial inactivation was deter-
mined by subtracting the log; viral titer or bacterial
count of phototreated samples from the log;q of their
respective unilluminated controls containing dye. If no
plaques or colonies were observed by the assay of neat
phototreated samples, one plaque or colony was as-
sumed for calculation purposes and the extent of inacti-
vation was reported with a greater than value.

4.7. Red cell preparation and illumination

Extracellular and intracellular viruses were added to
oxygenated, white cell reduced, RBCs at a final concen-
tration of 20% hematocrit. The volume of the pathogen
spike represents <10% of the volume of the total cell sus-
pension. The chalcogenoxanthylium photosensitizer was
then added to the virus inoculated RBC suspension.
After mixing and incubating the suspension for 15 min
at room temperature in the dark, the samples were
divided into 2 mL aliquots in polystyrene culture dishes
(50 mm bottom diameter) to produce 1 mm blood films.
Control samples included unilluminated RBC suspen-
sions containing sensitizer that were maintained in the
dark.

For RBC storage studies, 25 petri dishes containing
2 mL of 20% hct RBCs with photosensitizer were illumi-
nated with agitation on a reciprocal shaker, their con-
tents pooled, resuspended in red cell additive solution,
and transferred to a transfer container to provide suffi-
cient volume (40-50 mL) for RBC storage studies. Con-
trol samples did not contain any sensitizer and were not
illuminated.

Illumination was carried out using a bank of cool white
fluorescent lamps with a Plexiglas stage, which limited
wavelengths to the 400-750-nm range. Samples on the
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stage, which was connected to a reciprocal shaker, were
agitated during illumination.

4.8. Hemolysis assay

Total hemoglobin was measured using a hematology
analyzer (Cell Dyne 3700, Abbott Laboratories, Abbott
Park, IL). Supernatant hemoglobin was determined
using the tetramethylbenzidine method.°

4.9. Photocleavage of DNA

pUCI19 is a plasmid DNA vector, which is highly super-
coiled, with over 90% of the plasmid being in the super-
coiled form.’! Ten microliters of 10 uM solutions of
TMR-Se or 4 in, pH 7.4, sodium phosphate buffer was
added to 10 puL of purified pUC19 plasmid DNA
(75 uM in base pairs, roughly 2700 bp per strand) and
diluted with 80 uL of pH 7.4 sodium phosphate buffer
in an 8-mm-high Beckman microcell cuvette and irradi-
ated with 25 mW of filtered 500-800-nm light for vary-
ing time periods. Ten microliter aliquots were taken at
various time points, diluted with 10 pL of loading buffer
[at pH 7.5] and mixed via centrifugation. Gel electro-
phoresis was run on each time point on an agarose
gel. The gel was transferred to a phosphoimager slide
and imaged using a Bio Rad Fx phosphoimager. As
shown in Figure 2 above, the supercoiled and “nicked”
(or damaged) plasmid DNA move at different rates on
the gel. The phosphoimager was used to give quantita-
tive densities to allow the determination of a time-course
for DNA damage, as shown in Figure 3 above.
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Abstract—Tachpyridine is a cytotoxic metal chelator with potential anti-tumor activity. The synthesis and evaluation of a set of
derivatives of the related hexadentate heterocyclic donor agents tris-2-aminoethylamine (tren) and tris[N-(2-pyridylmethylene)-2-
aminoethyllamine (trenpyr) was performed to compare their cytotoxic activity to tachpyridine in HeLa tumor cells. Methyl groups
were added to the pyridyl ring of trenpyr, and the effects of alkyl group substitution on cell survival were assessed. Profound
cytotoxicity was observed and ICsy data were obtained in ascending order from those compounds substituted with a methyl
group at the 3-, 4-, or 5-position and lastly by the 6-methyl derivative. These results suggest that analogous derivatives with
substitution at the 3-position of the pyridyl ring deserve further exploration.

Published by Elsevier Ltd.

1. Introduction

Iron is a critically important metal for cell function,
survival, and replication. It is a cofactor in hemoglo-
bin and myoglobin respiratory proteins, hydroxylating
enzymes, lipoxygenases, and cyclooxygenases, and
ribonucleotide reductase, the enzyme catalyzing the
rate-limiting step in DNA synthesis. Tumor cells have
been shown to have an increased uptake and traffick-
ing of iron with concomittant membrane expression of
transferrin receptors.!:?> Thus, depletion of intracellular
iron has been hypothesized as a viable target for can-
cer therapy.? Iron chelation agents including deferriox-
amine (DFO),*° pyridoxal isonicotinoyl hydrazone
(PIH) and related compounds,®’ and N,N',N"-tris(2-
pyridylmethyl)-cis,cis-1,3,5,-triaminocyclohexane (tach-

* Corresponding author. Fax: +1 301 402 923; e-mail: martinwb@
mail.nih.gov

0968-0896/$ - see front matter. Published by Elsevier Ltd.
doi:10.1016/j.bmc.2005.07.007

pyr) have been studied for their efficacy in this arena
(Fig. 1).8°10

Our group has previously synthesized tachpyr and sever-
al analogs of this compound.'®'? Tachpyr is a hexaden-
tate metal chelator with three secondary amines and
three pyridyl groups assembled in a pre-organized
framework base on the cis,cis-1,3,5,-triaminocyclohex-
ane (tach). We have previously shown that tachpyr is
exceptionally cytotoxic through the binding of cellular
iron and/or zinc, but not other metals, and that disrup-
tion of the ability to bind metal ions by alkylation of the
secondary amines effectively deactivates these com-
pounds.® Tachpyr also has been reported to induce a
p53-independent apoptotic mode of death.®!® Tachpyr
is a lipophilic molecule, which impacts on its ability to
cross cell membranes.'?

While investigations continue into a more detailed
understanding of the mode of action of tachpyr and
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Figure 1. Chelating agents that have been evaluated as iron depletion
cancer therapeutics agent.

its respective derivatives,!1>14 the nature of the che-

lating agent itself also continues to be an active area
of study. While tachpyr may benefit from the tach
framework conferring considerable pre-organization
of the six donor amines, there is also potentially some
energy cost in metal complex formation as this
chelator has to alter conformation from all equatorial
to an all axial conformation in which the metal ion
assumes a pseudo-adamantyl position within the com-
plex structure.'®!> One may hypothesize that selection
of the three aminomethylenepyridyl metal-binding
arms assembled in a geometry that would eliminate
or lower this complex formation energy barrier might
also provide a more biologically active agent for
depleting intracellular iron. Previous results addressing
the location of alkyl groups have demonstrated
significant impact on both complex formation,'® and
stability,!> and that this in part correlates with
cytotoxicity.®

Thus, to further investigate this possibility, we have
hypothesized that ligands analogous to tachpyr based
on the well-known triamine framework provided by
tris-2-aminoethylamine (tren) should exhibit a similar
biological activity pattern. We would also predict that
while the tren-based compounds would have an
analogous cytotoxicity pattern, they might also be
less active as a whole due to having to counter entro-
py costs in complex formation. Thus, we would
validate some of the physical constraints of complex
formation as they impact biological activity. To this
end, tren, tris[N-methyl-2-(aminoethyl)lJamine (NMe-
tren), tris[N-methyl-N-2-pyridylmethylene-2-(aminoeth-
yl)]amine (NMe-trenpyr), tris[N-(2-pyridylmethylene)-
2-aminoethyl]amine (trenpyr), tris[N-(2-pyridyl(2-ethyl-
ene))-2-2-aminoethyl]lamine (tren(C-Me)pyr), and four
trenpyr analogs with methyl groups at the 3-, 4-, 5-
and 6-position were prepared and evaluated versus
tachpyr for cytotoxic activity in HeLa cells, a cancer
cell line, as well as in normal epithelial cells.

2. Results and discussion

The tris-methylated tren compounds were prepared via a
modification of a previously reported route, reduction of
an ethyl carbamate, wherein substitution with benzyl
carbamate was successfully employed (Fig. 2).'® The ini-
tially planned synthesis of the tris-methylated tren com-
pounds involved methylation of the tris-tosylated tren,
which would then be deprotected to yield the desired
product analogous to the preparation of tris-methylated
tach. However, difficulties were encountered in com-
pletely deprotecting the isolated intermediate methylat-
ed tosylated with formation of a tosyl salt observed by
NMR that was present prior to and retained even after
ion-exchange chromatography. Other protecting groups
were then investigated, including benzylchloroformate,
which was found to conveniently serve as protecting
group and be amenable to LiAlH, reduction to generate
methyl groups. Alkylation of this triamine with 2-chlo-
romethylpyridine was accomplished by a modification
of a previously reported route that had been used to
generate a series of analogous N-alkylated tachpyr
derivatives.!?

The trenpyr (1) family of compounds (Fig. 3) was
prepared as previously described for the synthesis of
trenpyr and tren(C-Me)pyr.!” This is a modification
of previously reported syntheses of these chelators that
had been prepared for complexation with Fe and Cu as
superoxide dismutase mimics.'® In brief, the requisite
pyridine carboxaldehydes were first prepared as

Né\/NH2)3

1) CBZ-CI
2) LiAH,

i
wonononmgT
o P
gg%zI

@

trenpyr

trenpyr(C-Me)
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Figure 3. Structures of trenpyr based ligands studied.
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previously reported by lithiation of the appropriate
methyl-substituted ~ 2-bromo-pyridine,  that  was
quenched with dimethylformamide and isolated by
fractional distillation. The aldehydes were reacted with
tren to form their respective tris-imines; the reaction
was driven to completion by Dean-Stark distillation.
The tris-imines were then directly reduced with excess
borohydride to provide, after an extractive workup,
the targeted set of chelating agents.

Comparing the cytotoxicity of tachpyr to trenpyr direct-
ly by an MTT assay indicated that tachpyr possessed
significantly greater activity at a lower dose of the
reagent to effectively achieve 100% kill of the HeLa cells
(Figs. 4 and 5). This result was somewhat of a
disappointment as the more flexible chelator trenpyr
was proposed to have faster complexation kinetics with

140
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=
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Figure 4. Effect of test compounds on cell viability. Hela cells were
treated for 72 h with varying concentrations of each test compound
and viability assessed using an MTT assay. Shown are means and
standard errors of three independent experiments, each performed
using six replicate cultures for each point. Tachpyr (@); trenpyr (O);
tren (V); tren(N-Me)pyr (H); tren(N-Me) (V).
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Figure 5. Effect of test compounds on cell viability. Hela cells were
treated for 72 h with varying concentrations of each test compound
and viability assessed using an MTT assay. Shown are means and
standard errors of three independent experiments, each performed
using six replicate cultures for each point. Tachpyr (@); trenpyr (O);
tren(C-Me)pyr (V); tren(3-Me)pyr (H); tren(4-Me)pyr (O); tren(5-
Me)pyr (0); tren(6-Me)pyr (V).

intracellular iron resulting in a more toxic agent. How-
ever, the results indicate that tachpyr possesses a signif-
icant advantage originating from the more restricted
geometry of this ligand. This advantage probably pro-
vides a real influence on complex formation in regard
to overall lowered entropy, outweighing the energy cost
of conformational change from equatorial to axial.'®

Despite the somewhat disappointing result obtained
from direct comparison of the tachpyr to trenpyr, the re-
sults obtained from examining the effects of methyl sub-
stitution, either on N-Me or on the pyridyl ring of
trenpyr were quite interesting. From the data presented
in Figures 4, and 5 and Table 1, one can clearly observe
a ranking of activity wherein the tren(3-Me)pyr exhibits
slightly greater activity than tachpyr, and tren(4-Me)pyr
and tren(C-Me)pyr are roughly equivalent to tachpyr.
The tren(5-Me)pyr appeared to be somewhat lower in
activity. Most importantly, all of these compounds were
found to be more active that the parent trenpyr with the
exceptions being the tren(6-Me)pyr and NMe-trenpyr.
Clearly, alkyl substitution of the pyridine ring as well
as on the carbon framework of trenpyr has a profound
effect on cytotoxicity in the HeLa cell line. The tren(3-
Me)pyr, tren(4-Me)pyr, and tachpyr all clearly achieve
complete cell kill at the low concentration of ~7 uM
with a very steep response curve.

We also assessed the sensitivity of normal, non-cancer,
epithelial cells to these compounds. As seen in Table 1,
alkyl substitution had parallel effects on cytotoxic effica-
cy in these cells as in the malignant HeLa cells: for
example, methylation at the 3-position enhanced cyto-
toxicity, whereas methylation at the 6-position dramati-
cally reduced toxicity. Importantly, however, in all cases
normal cells were less sensitive to the cytotoxic effect of
the chelators than the cancer cells, with ICs, increases
from 2 to 4-fold in normal cells relative to HeLa cells
(Table 1). Such preferential activity on tumor cells is
clearly an advantageous feature in the use of such chela-
tors as anti-tumor drugs.

The ICsy for the 3-methyl-substituted compound was
slightly superior to tachpyr, whereas the 1Csy for the
4-methyl- and C-methyl-substituted compounds were
comparable to tachpyr (Table 1). While the ICso for
the tren(5-Me)pyr was slightly higher than that of tach-
pyr, and the concentration required for complete cell kill

Table 1.
Compounds Average ICs"
HeLa HMEC

Tachpyr 5.3° 11.5
Trenpyr 13.5 30.8
Tren-C-pyr 5.3 13.5
Tren(3-Me)pyr 3.8 14.5
Tren(4-Me)pyr 5.5 15.4
Tren(5-Me)pyr 10.1 17.2
Tren(6-Me)pyr 559 263.0

# Average of 2-4 independent experiments.
® Average of 12 independent experiments.
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(~15 uM) was more than twice that of tachpyr, tren(5-
Me)pyr was far more active than trenpyr itself. The final
derivative on the group, tren(6-Me)pyr, appears to have
drastically compromised activity, and this result clearly
sets this substitution position off as being a negative site
for modification versus all of the other ring positions.
The impact of methylation of the secondary amines is
also a negative indication and while the biological activ-
ity reported for analogous tachpyr compounds indicated
N-alkylation essentially abrogated the cytotoxicity of
tachpyr, significant activity was noted for NMe-trenpyr
(Fig. 4). This result does in part substantiate our
hypothesis that a more flexible geometry may be able
to obviate some obstacle to complex formation and
thereby retain some measure of biological activity, un-
like the N-alkylated tachpyr compounds.®

The explanation of the varying degrees of activity prob-
ably lies within the structure of the Fe complex that is
formed, the relative impediments to that formation,
and the mode of action thereafter that appears to be
an effective component of the cytotoxicity of tachpyr
and thus these analogous ligands. If one examines the
known structures of the analogous tachpyr complexes
and thus potentially those of trenpyr, these generally ap-
pear to be octahedral in geometry with the three pyridyl
donors arranged in a spiral twisted arrangement such
that a pair of enantiomeric complexes are formed.!%!
The methyl groups added to trenpyr to form tren(3-Me)-
pyr and tren(4-Me)pyr do not appear to provide any sig-
nificant interactions or impediments in achieving this
conformation about the metal; however, the addition
of the methyl groups clearly provides a significant
enhancement on the biological activity of these com-
pounds. The cytotoxicity of these two compounds ex-
ceeds that of the parent trenpyr and is comparable to
tachpyr itself (Fig. 5 and Table 1). The tren(5-Me)pyr,
while somewhat less active than tachpyr, is also more ac-
tive than trenpyr. The enhanced activity of some of these
compounds may relate in part to their ability to assume
the geometry required for complex formation with ease
or additional driving forces; however, this enhancement
is not easily explained by structural aspects of the metal
complex alone for all of the studied compounds.

An explanation for the lack of activity for the tren(6-
Me)pyr seems readily available from the previous litera-
ture reports. An attempt to form the iron Fe complex
for the evaluation of superoxide dismutase mimic activ-
ity failed and was attributed to steric hindrance from the
methyl groups in the 6-position inhibiting complex for-
mation.'® Complementary to this hypothesis were the
crystal structures of the Cu(Il) complexes of both tach-
pyr and analogous tach(6-Me)pyr derivative.!> The
Cu(II) complex of tachpyr itself was found to be a near
regular six coordinate octahedron with minimal distor-
tion while the complex with tach(6-Me)pyr was five
coordinate with one of the pyridyl rings rotated away
from metal eliminating the sixth nitrogen donor. Evalu-
ation of the in vitro stability of a radio—copper complex
of this latter ligand indicated poor complex stability
thereby providing a clear explanation for the lack of
activity from tren(6-Me)pyr.

The source of the increased activity of tren(3-Me)pyr
versus trenpyr may be a result of a steric interaction.
The hypothesized mode of biological cytotoxicity of
tachpyr and its derivatives has been reported to be more
than just simple sequestration of intracellular iron.
These related trenpyr ligands could be expected to exert
an analogous reactivity. Complex formation has been
reported to involve a reduction—oxidation process
wherein the initial complexed Fe(III) is reduced to Fe(II)
while the ligand undergoes an oxidative dehydrogena-
tion process that can repeatedly cycle to ultimately form
the tri-imine analog of tachpyr as its Fe(II) complex.!%!?
Thus, the mode of action of these ligands in part in-
cludes formation of the tris-imine and thus a potential
change in the fundamental structure of the complex.
In the case of either tachpyr (6-coordinate), or trenpyr
(7-coordinate) this progression to the respective tris-im-
ine involves a ‘flattening’ of the spiral nature of the pyr-
idyl rings and a rotation away from the octahedral or
mono-capped anti-trigonal prism, respectively, to a
more pure trigonal prism type of structures.!®?’ A care-
ful examination of the immediate environment about the
methylene protons that undergo elimination in this
mechanism reveals that a potential interaction between
these protons and an alkyl substituent at the 3-position
on the pyridine ring exists. This steric interaction might
be partially relieved through the oxidative dehydrogena-
tion elimination reactions. The resulting sp2 centers that
form then direct the remaining proton away from the al-
kyl substituents at the 3-position on the pyridine ring.
Thus, relief of this interaction potentially provides a
driving force for the elimination reaction and thus an
enhanced degree of cytotoxicity and lowered ICs
values.

While these arguments provide some measure of expla-
nation for the extremes in biological activity for this
group of compounds, tren(3-Me)pyr versus tren(6-Me)-
pyr, likely explanations for the increased biological
activity of the tren(4-Me)pyr, tren(5-Me)pyr, and
tren(C-Me)pyr are unresolved. Differences in lipophilic-
ity and the ability to cross cell membranes may be influ-
enced by the addition of alkyl groups. Electronic
properties of the Fe complexes may also be altered in
some capacity that enhanced the elimination reaction
and the redox chemistry associated with the Fe(IITl)/
Fe(I1) chemistry within the cellular environment. Thus,
it seems clear that other modes of action are in play in
these tren derivatives or at least are amplified in some
capacity by the use of a less pre-organized triamine plat-
form compared to tach.

In conclusion, while trenpyr itself demonstrated a some-
what decreased activity as a cytotoxic intracellular iron
depletion/sequestration agent versus the analogous tach-
pyr, profound effects were evident from the addition of
methyl groups on the pyridine rings. The 3- and 4-posi-
tions clearly appear to greatly increase biological
activity to be comparable to tachpyr, along with the
S-position to a lesser extent. While tachpyr is possibly
of more fundamental interest, the triamine base
employed therein is considerably less available than tren.
Thus, tren, being a commercially available polyamine
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starting material, might serve as a more accessible entry
point for investigating novel intracellular iron depletion/
sequestration agents. The results reported here clearly
eliminate substitution at the 6-position of the pyridyl ring
in future compounds. Lastly, the results from the 3-Me
derivative appear to indicate that this position is well suit-
ed for further investigation to expand understanding
what limitations on substitution at this position might
exist. The methyl group may well prove to be the limit
in size and any larger group might provide a negative
influence on biological activity. However, to address this
hypothesis fully will require development of a reasonable
entry into 3-alkyl-pyridine-2 carboxaldehydes. All of
these variables are the topic of ongoing studies and will
be reported in due course.

3. Experimental
3.1. Materials and methods

All chemicals and solvents were purchased from Fluka,
Sigma, or Aldrich and were used as received. Trenpyr,
tren(C-Me)pyr,  3-methyl-pyridine-2-carboxaldehyde,
4-methyl-pyridine-2-carboxaldehyde, 5-methyl-pyridine-
2-carboxaldehyde, and 6-methoxy-pyridine-2-carboxalde-
hyde were prepared as previously reported.'>!”

"H and '*C NMR were obtained using a Varian Gemini
300 instrument and chemical shifts are reported in parts
per million on the ¢ scale relative to TMS, TSP, or sol-
vent. Proton chemical shifts are annotated as follows:
parts per million [multiplicity, integral, coupling con-
stant (Hz)). Chemical ionization mass spectra (CI-MS)
were obtained on a Finnegan 3000 instrument. Fast
atom bombardment mass spectra (FAB-MS) were taken
on a Extrel 400. Elemental analyses were obtained from
Atlantic Microlabs (Norcross, GA, USA).

Analytical HPLC was performed using a Beckman sys-
tem with Model 114M pumps controlled by System
Gold software and a Model 165 dual wavelength detec-
tor set at 254 and 280 nm. Chromatography was per-
formed using an Altex C-18 reverse phase column
(5 um particles, 4.6 x 250 mm) and a binary gradient
of 0-100% B/25 min (solvent A =0.05 M Et;N/HOAc,
pH 5.5, solvent B = MeOH) at 1.0 mL/min.

4. Chemistry—ligand synthesis

4.1. Tris[N-carbobenzyloxy-(2-aminoethyl)|Jamine
(tren-cbz)

A solution of tren (29.20 g, 0.200 mol) in benzene
(225mL) and H,O (100 mL) was stirred at 5°C for
1 h. Benzylchloroformate (52.96g, 0.312mol) was
then added drop wise to the solution. After complete
addition, a second portion of benzylchloroformate
(53.14 g, 0.313 mol) was added simultancously with
an 18.61 M aqueous solution of KOH (35mL). The
reaction mixture was stirred for 2h at 5°C and then
for 18h at room temperature. The layers were

separated and the aqueous layer was extracted with
CHCI; (2x100mL). The organic layers were com-
bined, dried over MgSO,, and filtered. The filtrate
was evaporated in vacuo to give the tris-carbamate
(89.95 g, 82%)).

"H NMR (DMSO) 6 2.56 (tbd, 6H), 3.21 (tbd, 6H), 5.02
(s, 6H), 5.37 (tbd, 1H), 7.24-7.27 (m, 15H); '3*C NMR
(DMSO) ¢ 38.93, 53.83, 66.64, 127.95, 128.40, 136.65,
156.93. Mass Spect. (FAB) 549 (M"+1); Anal. Caled
for C3pH36N4O6: C, 65.68; H, 6.61; N, 10.21. Found:
C, 65.70; H, 6.61; N, 10.15.

4.2, Tris-|N-methyl-2-(aminoethyl)]amine trihydrochlo-
ride (NMe-tren.3HCI) (2)

Tren-cbz (89.95 g, 0.164 mol) in THF (250 mL) was
added drop wise to a suspension of LiAlH,4 (30.03 g,
0.791 mol) in THF (700 mL). After complete addition,
the solution was refluxed for 18 h. The reaction mix-
ture was then quenched (carefully with H,O (50 mL)
and 17.80 M aq KOH (50 mL) water. After filtering,
the precipitate was rinsed with H,O, the filtrate was
adjusted to pH 8.0 with HCl (aq), and extracted with
CH,Cl, (2x200mL). The organic layers were com-
bined, dried over MgSQ,, and filtered. The filtrate
was concentrated in vacuo to yield an oily brown res-
idue. This oil was then purified by vacuum distillation
collecting the product at 130 °C, 5.5 mmHg. The pure
oil was then converted to the Tris—HCI salt by bub-
bling HCI (g) through a solution in dioxane. The
product was obtained as a precipitated yellow powder,
21.45 g (44%).

'"H NMR (D»0) § 2.38 (s, 9H), 2.77 (t, J = 6.90, 6H),
2.95 (t, J=6.90, 6H); '*C NMR (D,0) 6 35.13, 46.74,
50.90; Mass Spect. (FAB) 189 (M*+1); Anal. Calcd
for CoHoyN4(H,O)(HCl),5: C, 36.34; H, 9.66; N,
18.83. Found: C, 36.77; H, 9.69; N, 18.51.

4.3. Tris[ N-methyl-N-2-pyridylmethylene-2-(aminoeth-
yl)Jamine (NMe-trenpyr) (5)

A suspension of NMe-tren-3HCI (0.50 g, 1.69 mmol)
and Na,COj; (3.04 g, mmol) in DMF (30 mL) was stir-
red at 80°C as 2-chloromethylpyridine HCI (0.89 g,
5.43 mmol) in DMF (10 mL) was added. Stirring was
continued for 18 h after which the reaction mixture
was evaporated in vacuo. The residue was taken up in
CHCI; (40 mL) and extracted with H,O (2 x 30 mL),
saturated brine solution (30 mL). The organic layer
was then dried over Na,SO, and filtered. The filtrate
was evaporated to give leave the product as a red oil
(0.54 g, 69%)).

'H NMR (CDCly) 6 2.24 (s, 9H), 2.53 (br t, 6H), 2.66 (br
t, 6H), 3.65 (s, 6H), 7.13 (t, J=6.75, 3H), 7.34 (d,
J=17.80, 3H), 7.62 (t, J=9.15, 3H), 8.53 (d, J = 5.10,
3H); 3C NMR (CDCly) 6 42.58, 52.56, 55.21, 63.83,
121.42, 122.53, 135.83, 148.60, 159.01; Mass Spect.
(FAB) 462 (M++1), Anal. Calcd for C27H39N7(H20)145:
C, 66.36; H, 8.66; N, 20.06. Found: C, 65.82; H, 8.44; N,
20.15.
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4.4. Tris[ N-(2-(3-methyl-pyridylmethylene))-2-aminoeth-
yllamine (tren(3-Me)pyr)

Tren (1.00 g, 6.845 mmol) was reacted with 3-methyl-
pyridine-2-carboxaldehyde (2.486 g, 20.55 mmol) in ben-
zene (150 mL) at reflux and driven to completion by use
of a Dean—Stark trap for 18 h. The reaction solution was
decanted and concentrated to an oil by rotary evapora-
tion. The isolated crude imine was taken up in methanol
(125 mL) and reduced with sodium borohydride (0.80 g,
21 mmol) for 18 h. The solution was taken to dryness by
rotary evaporation and the residue partitioned between
CHCI; (125 mL) and 5% aqueous NaHCO; (125 mL)
with vigorous mixing for 2 h. Thereafter, the mixture
was poured into a separatory funnel, and the CHCl;
solution retained. The aqueous was extracted with
CHCIl; (100 mL), the CHCI; portion combined, dried
over MgSO,, filtered, and rotary evaporated to leave
the product as a dark oil, that was dried in vacuo and
stored under refrigeration (2.78 g, 88%).

"H NMR (DMSO-dy) 6 8.284 (d, 1H, J=5.1), 7.356 (d,
1H,J=17.2),7.012(dd, 1H, J=17.5,4.5),4.56 (br s, 1H),
3.924 (s, 2H), 2.901 (t, 2H, J=5.7), 2.779 (t, 2H,
J=57), 2251 (s, 3H); '*C NMR (DMSO-ds) o
153.16, 146.24, 137.43, 130.89, 121.79, 54.00, 51.37,
47.43, 18.02; Mass Spect. (FAB) 462 (M*+1); Anal.
Calcd for C57H39N7: C, 70.23; H, 8.53; N, 21.24. Found:
C, 70.37; H, 8.56; N, 21.12. HPLC tg = 17.89 min.

4.5. Tris[N-(2-(4-methyl-pyridylmethylene))-2-amino-
ethyllamine (tren(4-Me)pyr)

Tren (1.00 g, 6.845 mmol) was reacted with 4-methyl-
pyridine-2-carboxaldehyde (2.486 g, 20.55 mmol) in
benzene (150 mL) and the crude imine was reduced with
sodium borohydride (0.80 g, 21 mmol) in methanol
(125mL) to provide the final product as a dark oil
(2.62 g, 83%).

'"H NMR (DMSO-d) 9 8.336 (d, 1H, J = 4.8), 7.139 (s,
1H), 6.932 (d, 1H, J =7.2), 3.910 (s, 2H), 2.801 (t, 2H,
J=54), 2695 (t, 2H, J=5.7), 2.292 (s, 3H); °C
NMR (DMSO-dg) 6 158.72, 149.03, 147.63, 123.33,
123.05, 54.52, 53.98, 47.14, 21.02; Mass Spect. (FAB)
462 (M*+1); Anal. Caled for C»;H3N7: C, 70.23; H,
8.53; N, 21.24. Found: C,70.39; H, 8.53; N, 21.12.
HPLC g = 20.12 min.

4.6. Tris[N-(2-(5-methyl-pyridylmethylene))-2-aminoeth-
yllamine (tren(5-Me)pyr)

Tren (1.00 g, 6.845 mmol) was reacted with 5-methyl-pyr-
idine-2-carboxaldehyde (2.486 g, 20.55 mmol) in benzene
(150 mL) and the crude imine was reduced with sodium
borohydride (0.80 g, 21 mmol) in methanol (125 mL) to
provide the final product as a dark oil (2.74 g, 87%).

'H NMR (DMSO-dg)  8.4-8.28 (m, 1H), 7.45-7.35 (m,
1H), 7.22-7.15 (m,1H), 3.868 (s, 2H), 3.235 (br s, 1H),
2741 (q, 2H, J=5.4). 2647 (1, 2H, J=5.4), 2.274 (s,
3H); C NMR (DMSO-dy) § 156.16, 149.60, 136.99,
131.25, 121.89, 54.37, 54.01, 47.09, 18.13; Mass Spect.

(FAB) 462 (M*"+1); Anal. Caled for C,;H3N7: C,
70.23; H, 8.53; N, 21.24. Found: C, 70.60; H, 8.89; N,
21.16. HPLC tg = 19.22 min.

4.7. Tris|V-(2-(6-methyl-pyridylmethylene))-2-aminoeth-
yllamine (tren(6-Me)pyr)

Tren (3.00 g, 6.845 mmol) was reacted with 6-methyl-
pyridine-2-carboxaldehyde (7.46 g, 20.55 mmol) in ben-
zene (150 mL) and the crude imine was reduced with
sodium borohydride (0.80 g, 21 mmol) in methanol
(125 mL) to provide the the final product as a dark oil
(2.90 g, 92%).

"H NMR (DMSO-dg) § 7.46 (t, 1H, J =17.8), 7.099 (d,
1H, J=17.8), 6.968 (d, 1H, J=17.5), 3.863 (s, 2H), 3.14
(br s, 1H), 2.766 (t, 2H, J=5.1), 2.677 (t, 2H, J=5.1),
2.485 (s, 3H); '3C NMR (DMSO-dg) & 158.56, 157.90,
136.71, 121.51, 119.19, 54.92, 54.16, 47.28, 24.50;, Mass
Spect. (FAB) 462 (M*+1); Anal. Calcd for C,7H3oN7:
C, 70.23; H, 8.53; N, 21.24. Found: C, 70.50; H, 8.71;
N, 21.56. HPLC g = 19.03 min.

5. Biological methods
5.1. In vitro cellular proliferation assay

Hela cells were obtained from the American Type Cul-
ture Collection and grown in a humidified 5% CO, atmo-
sphere at 37°C in DME medium (Gibco BRL)
supplemented with 10% fetal bovine serum and penicil-
lin/streptomycin. Human mammary epithelial cells
(HMEC) were obtained from Cambrex and propagated
in a humidified 5% CO, atmosphere at 37 °C in mamma-
ry epithelial basal medium (Cambrex). 2-5x 10* cells
were plated in 96-well tissue culture dishes and allowed
to attach overnight before test compounds were added.
Six replicate cultures were used for each point. After
72 h, viability was assessed using an MTT assay in which
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide is added to the medium and the formation of a
reduced product is assayed by measuring the optical den-
sity at 560/650 nm after 3 h. Color formation is propor-
tional to viable cell number.?! In some cases, MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2 H-tetrazolium, inner salt; Promega),
a water soluble substrate, was used in place of MTT.
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Abstract—The novel DNA interactive isoquinolino[5,4-ab]phenazine derivatives were designed and synthesized. Their inhibitory
abilities toward topoisomerase I, antitumor activities and DNA photo-cleaving abilities were examined. The substituents at peri sites
of two phenazine N atoms played very important roles for all these biological activities. At a concentration of 100 uM, all these
phenazine derivatives (but A2 and A6) exhibited an inhibitory activity toward topoisomerase I. A6 had efficient antitumor activities
against both human lung cancer cell (A549) and murine leukemia cell (P388). Al, AS, and A6 exhibited antitumor activities
selectively only against P388. A2 was the most efficient DNA photocleaver, which had converted supercoiled DNA from form
I to form II at <1 uM. Under anaerobic conditions, the electron transfer mechanism mainly contributed to DNA photo-induced
cleavage, while under aerobic conditions, superoxide anion was also involved in this process.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

DNA intercalators have received much attention due to
their therapeutic potential in anticancer treatment.!
Some of these compounds, known as photonucleases,
cleave DNA under light irradiation of a certain wave-
length,> and also exhibit inhibitory activity against
DNA regulatory enzymes, such as topoisomerase 1.3
Either DNA damage or topoisomerase inhibition is
believed to disrupt DNA replication in vivo and thus,
in turn, to show the cytotoxicity against tumor cells.
Therefore, any development in the design of DNA inter-
calators with high topoisomerase inhibition, antitumor
and DNA photo-cleaving activities is of the importance.

Various attempts have been made to modify the
naphthalimide and phenazine units to promote their
topoisomerase | inhibitory, antitumor and DNA pho-
to-damaging abilities. Most of these works are focused

Keywords: Phenazine naphthothiazole carboxamides; Photocleavage;
Cytotoxicity.
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83673488; e-mail addresses: xhqgian@dlut.edu.cn; xhqgian@ecust.
edu.cn

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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on incorporating substituents or fusing five- or six-mem-
bered (phenyl or heterocyclic) rings to the naphthalene
skeletons.? Brana’s group made a lot of effort to improve
naphthalimide derivatives’ topoisomerase inhibitory and
antitumor abilities.* Ferndndez et al.> reported a photo-
sensitive DNA cleaver containing the phenazine bisin-
tercalator. Gamage et al.° found that the heterocyclic
phenazinecarboxamides could be used as topoisomer-
ase-targeted anticancer agents. Studying the DNA-bind-
ing property of dipyrido [3,2-a: 2’,3’-c]phenazine (dppz)
unit, Phillips et al.” found that intramolecular charge
transfer accounted for unstructured luminescence. How-
ever, examples that took advantage of the structural
characteristics of both naphthalimide and phenazine
chromophores seldom appeared (see Figure 1).

N N
\ N
N N
A 7
Q/ N |
|
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Figure 1. Structures of the reported phenazine derivatives.
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Figure 2. Structures of the novel isoquinolino[5,4-ab]phenazine.

In our continuous attempt® to develop compounds with
high DNA-binding affinity and highly active antitumor
activities, we designed and synthesized novel isoquinoli-
no[4,5-bc]phenazine derivatives A1-A6 (Fig. 2). In this
study, naphthalimide active group remained in the struc-
ture and the quinoxaline unit was effectively fused with
the electron-deficient naphthalimide.

These compounds were designed to include the obvious
electron-deficient characteristics for the sake of strong
electron-withdrawing effects of two carbonyl groups of
naphthalimide. In addition, their asymmetrical elec-
tron-withdrawing effects exert different actions on the
electrons of phenazine N heteroatoms. Hence, highly
DNA intercalative abilities of these novel phenazine
derivatives, their antitumor activities, and DNA pho-
to-damaging properties were anticipated.

2. Results and discussion
2.1. Synthesis and spectra

The synthesis of compounds A1-A6 is shown in Scheme
1. Take compound Al as an example: the starting mate-
rial, 4-bromo-3-nitro-1, 8-naphthalic anhydride, reacted
with aniline in DMF at room temperature for 5 h. And
then, the ring closure reaction was carried out based on
the reported procedure.’ The obtained naphthalic anhy-
dride was condensed with N,N-dimethylethylenediamine
in ethanol for 2 h to give the designed compounds. After
separation with careful column chromatography, each
pure targeted product was obtained. All their structures
were confirmed by 'H NMR, HRMS, and IR.
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a b . C
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.
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Table 1. UV-vis and fluorescent data of A1-A6*P

Compounds UV Amax, nm (lge) FL Jax, nm (P)
Al 374(3.66) 430(0.00065)
A2 384(3.04) 454(0.00082)
A3 423(3.33) 483(0.02265)
A4 410(3.38) 467(0.00100)
AS 420(3.28) 480(0.00717)
A6 378(3.31) 455(0.00145)

#In absolute ethanol.
® With rhodamine B in ethanol as quantum yield standard (¢ = 0.97).

Table 1 shows the UV-vis and fluorescent data of Al-
AG6. It can be seen that the fluorescence quantum yields
of these compounds were relatively low, which may have
been caused by the rapid IST from a singlet to the
triplet. The compound A3, due to the existence of a
methoxyl group at the 1-site, had a relatively higher
fluorescence quantum yield compared to other
compounds.

The Scatchard-binding constant between the compound
A2, used as an example, and calf thymus DNA was deter-
mined using the fluorescence technique method (Fig. 3).'°
Its Scatchard-binding constant was 3.63x 10° M ™!
which indicated that A2 could effectively intercalate into
the calf thymus DNA.

2.2. Topoisomerase I inhibitory and antitumor activities

The inhibitory activities of these compounds toward
topoisomerase I were evaluated by 2% agarose-gel

6x10°
4x10°

2x10° 4

Flourescence intensity

460 500 540
Wavelenth (nm)

420

Figure 3. Fluorescent spectra before and after interaction of com-
pound A2 with calf thymus DNA. Curves F and F-CT correspond to
compound A2 before and after being mixed with DNA.

(0] (0] O

X
Z
/\\R

Scheme 1. Synthesis of A1-A6. Reagents and conditions: (a) aniline derivatives, DMF, room temperature, 5 h; (b) NaBH4, NaOH, H,O, reflux for

24 h; (c) N,N-dimethylethylenediamine, ethanol, reflux for 2 h.
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Figure 4. (a) Inhibition of the relaxation activity of topoisomerase I by
A1-A6 (100 uM). Supercoiled pBR322 DNA was relaxed by incubat-
ing with topoisomerase I. Lane 1, DNA alone; lanes 2-7, compounds
Al, A2, A3, A4, A5, A6+ DNA + Topo I, respectively; lane 8,
DNA + Topo I; (b) inhibition of the relaxation activity of topoiso-
merase [ by compound A3. Lane 1, DNA + Topo I + A3 (50 uM); lane
2 DNA + Topo I + A3 (20 uM); lane 3, DNA + Topo I + A3 (10 uM);
lane 4, DNA alone; lane 5, DNA + Topo L.

electrophoresis (Fig. 4). As shown in Figure 4a, A1-A6
(100 uM) displayed a different inhibitory activity in the
order: Al ~ A3 > A4~ A5> A6~ A2. A2 was almost
inactive, even at a concentration of 100 pM (Fig. 4a,
lane 3). However, A3 could inhibit topoisomerase I at
the minimized concentration of 20 uM (Fig. 4b). Com-
pared with A2, A3 displayed a stronger inhibitory activ-
ity toward topoisomerase I. This result indicated that
the oxygen atom at the 1-site might favor the binding
between A3 and its corresponding receptor. However,
for 2-site-substituted compounds (A4 and AS5), there
was no obvious difference between their weaker inhibito-
ry activities. These results suggested that substituted
sites affected greatly the inhibitory activity toward topo-
isomerase 1.

The antitumor activities in vitro of all these isoquinoli-
no[5,4-ablphenazine derivatives were evaluated against
cell lines of human lung cancer cell (A549) and murine
leukemia cell (P388), respectively. The results are given
in Table 2. The ICsy value represents the drug concen-
tration (M) required to inhibit the cell growth by
50%. A6 showed the most efficient activities against
P388 (ICs0, 0.33 uM) cell, while A4 exhibited the highest
activities against A549 (ICsg, 1.51 uM). For A549, the
order of cytotoxicity exhibited by these compounds
was: Ad> A6 > A2 > Al > A3 > A5, while the order of
their cytotoxic potency against P388 was as follows:
A6 > Al > Ad~ A5> A3 > A2. The selectivity of the

Table 2. Cytotoxicities of A1-A6

Compounds Cytotoxicity (ICsg, uM)
A549° P388®

Al 5.16 0.46
A2 3.79 7.25
A3 7.03 2.54
A4 1.51 1.04
A5 12.0 1.02
A6 1.92 0.33

# Cytotoxicity (CTX) against human lung cancer cell (A549) was
measured by sulforhodamine B dye-staining method.!!

®CTX against murine leukemia cells (P388) was measured by micro-
culture tetrazolium-formazan method."?

antitumor activities of Al, A5, and A6 was also ob-
served. Al was 11-fold more cytotoxic against P388 than
against A549, A5 was 12-fold, and A6 was 5-fold,
reflecting their different activities toward human or lung
cell type.

Based on these results, we did not find any obvious rela-
tionship between the cytotoxic potency of A1-A6 and
their topoisomerase I inhibitory activities. However,
there was a trend that was worth noting here. The com-
pound A6 with a methyl group at the 4-site exhibited de-
cent activity for both A549 and P388. Rewcastle’ has
once showed that introduction of a methyl group peri
to the phenazine N atoms enhanced antitumor activity
in their assay toward P388 leukemia and Lewis lung car-
cinoma cell lines. For phenazine N atoms in this study,
there were two peri sites, 1-site (A2 and A3) and 4-site
(A6). Against the two tested cancer cells, A6 exhibited
a higher cytotoxicity than what A2 and A3 did, suggest-
ing that these two peri-substituted compounds exhibited
quite different effects on their antitumor activities.

2.3. DNA photo-damaging property

The photo-induced DNA cleaving activities of A1-A6
were assayed using supercoiled pBR322 DNA. As
shown in Figure 5a, A1-A6 caused DNA cleavage under
the irradiation of 365 nm-UV light, confirming that the
UV light functioned as a trigger to initiate DNA strand
scission. A2 with a methyl group at the 1-site, a peri site
of phenazine N atoms, had the highest DNA cleavage
activity and it cleaved DNA at the minimized concentra-
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Figure 5. Photocleavage of closed supercoiled pBR322 DNA in Tris—
HCI buffer (20 mM, pH 7.5) containing 20% acetonitrile. (a) DNA
cleavage by A1-A6 (100 uM) for 1 h. Lanes 1-6, A6, AS, A4, A3, A2,
Al and DNA, respectively, lane 7, DNA alone (4v), and lane 8§, DNA
alone (no /v); (b) DNA cleavage by A2 at various concentrations for
2 h. Lanes 1-5 A2 at concentrations of 50, 20, 10, 5, and 1 uM,
respectively, lane 6, DNA alone (/v), and lane 7, DNA alone (no /hv);
(c) DNA cleavage by A2 (30 M) in Tris—HCI buffer (20 mM, pH 7.5)
for 2 h. Lanes 1-5, DNA and A2 in the presence of DMSO, SOD
(100 mg/mL), DTT (30 mM), ethanol (1.7 M), and histidine (6 mM),
respectively, lane 6, DNA and A2, lane 7, DNA alone (/hv), and lane 8,
DNA alone (no Av); (d) mechanistic experiment for A2 carried out in
phosphate buffers (20 mM, pH 7.5) under aerobic conditions. DNA
photocleavage by A2 (30 uM) for 2.5 h. Lanes 1-3, DNA and A2 in the
presence of DMSO, DTT (30 mM), ethanol (1.7 M), respectively, lane
4, DNA and A2, lane 5, DNA alone (/hv), and lane 6, DNA alone (no
hv); (e) mechanistic experiment for A2 carried out in phosphate buffers
(20 mM, pH 7.5) under anaerobic conditions. DNA photocleavage by
A2 (30 uM) for 2.5h. Lanes 1-3, DNA and A2 in the presence of
DMSO, DTT (30 mM), and ethanol (1.7 M), respectively, lane 4, DNA
and A2, and lane 5, DNA alone (/v), lane 6, DNA alone (no /v).
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tion of 1 uM (Fig. 5b). Compared to A2, A3 with a
methoxyl group at the 1-site and A6 with a methyl group
at the 4- site exhibited lower activities. These results
showed that the two peri sites exerted different influences
on DNA photo-cleaving activities. The order of their
DNA cleaving abilities was: A2>A5>A1>
Ad > A6 ~ A3.

To verify the reactive species responsible for plasmid
DNA cleavage, A2 was chosen for the mechanistic
experiment. As shown in Figure 5c, histidine (singlet
oxygen quencher) and SOD (superoxide dismutase,
superoxide anion scavenger) did not inhibit the DNA
cleavage, DTT (dithiothreitol, superoxide anion scaven-
ger), ethanol (radical killer) and DMSO (radical scaven-
ger) inhibited the DNA damage to different extents, and
DTT acted as the strongest inhibitor.

The inhibition of DNA cleavage by both ethanol and
DMSO indicated that radicals might be involved in this
process. It became known that the excited chromophore
could oxidize the chloride anion (Tris—HCI buffer) to
form the chloride radicals.'® To exclude any ‘heavy atom
effect, the same experiment was carried out with
phosphate buffers (Fig. 5d). The results showed that
both DMSO and ethanol did not inhibit DNA cleavage
anymore, which indicated that the radicals resulted from
the chloride anion in the Tris—HCI buffer.

The inhibition of DNA cleavage by DTT has suggested,
that superoxide anions are likely to be involved in this
DNA photocleavage process. As we know, the irradiat-
ed naphthalimide chromophore could damage the DNA
via electron transfer® and the exited phenazine unit'4
could abstract H atoms from the environment. In addi-
tion, compounds with a C=N bond in aromatic rings
usually photocleaved DNA via electron transfer or a
H-abstraction mechanism® due to the generation of
photo-excited *(n-n*) and/or *(n—n*) states. Moreover,
a superoxide anion could be produced during the
electron transfer process, in which the electrons first
get transferred from nucleobases to intercalators and
then to the oxygen. It should be noted that addition of
SOD did not obviously inhibit the DNA cleavage as
DTT did. This observation however did not rule out
the possibility that a superoxide anion was involved in
the DNA-cleaving process. It is on account of the
hydrogen peroxide produced by SOD from the superox-
ide anion under photo-irradiation, which then
contradicted the inhibition of superoxide anion by SOD.

To illustrate further the existence of electron transfer
process, a mechanistic experiment was performed under
anaerobic conditions. In this experiment, a phosphate
buffer was used to prevent the ‘heavy atom effect.” Figure
Se clearly shows that DTT did not inhibit the DNA
cleavage anymore under anaerobic conditions. Howev-
er, the supercoiled pBR322 DNA was still damaged,
although not as effectively as it was under aerobic con-
ditions. This result shows that superoxide anion was
likely to be a ‘side-product’ of the electron transfer pro-
cess under aerobic conditions. In addition, the electron
transfer process favored the DNA damage more than

the superoxide anion, which could be deduced from
the DNA form Il/form I ratio under aerobic/anaerobic
conditions.

3. Conclusion

In summary, this study has demonstrated the design of
novel DNA intercalative isoquinolino[5,4-ab]phenazine
derivatives A1-A6 and the evaluation of their biologi-
cal activities. The two peri sites of phenazine N atoms
played different roles on these bioactivities. At
100 uM, all these compounds (but A2 and A6) inhib-
ited the activity of topoisomerase I. A6 showed effi-
cient activities against both A549 and P388. Al, A5,
and A6 exhibited selective cytotoxicity against P388.
There was no obvious connection between the cytotox-
ic potency of A1-A6 and their topoisomerase I inhib-
itory activities. Under the irradiation of 365 nm-UV
light, the circular supercoiled pBR322 could be cleaved
by A2 at the lowest concentration of 1 puM. Under
anaerobic conditions, the electron transfer mechanism
contributed mainly to the DNA cleavage while the
superoxide anion also involved in this process under
aerobic conditions.

4. Experimental
4.1. Materials

All the solvents were of analytical grade. "H NMR was
measured on a Bruker AV-400 spectrometer, with chem-
ical shifts reported as parts per million (in DMSO-dg/
CDCl;, TMS as an internal standard). Mass spectra
were measured on a HP 1100 LC-MS spectrometer.
Melting points were determined with an X-6 micro-melt-
ing point apparatus and are uncorrected. Absorption
spectra were determined on a PGENERAL TU-1901
UV-vis Spectrophotometer.

5. Synthesis
5.1. Synthesis of Al

(a) 4-Bromo-3-nitro-1, 8-naphthalic anhydride (3.22 g,
10 mmol) and aniline (1.1 g, 11.8 mmol) were added to
7 mL DMF. The reaction mixture was stirred at room
temperature for 5 h, then cooled and poured into the
ice water, filtered, and dried. The crude product was ob-
tained as an orange solid (2.84 g, 8.5 mmol, 85% yield).
APCI-MS (positive) m/z: 335.1 ((M+H]"). (b) 4-aniline-
3-nitro-1, 8-naphthalic anhydride (2 g, 5.81 mmol) and
NaBH, (1 g, 26.3 mmol) were dissolved in 100 mL of
2M NaOH solution. The solution was refluxed for
24 h and then cooled, and HCI was added until the
pH became 6. Then, the mixture was filtered and dried
to give a red product. The red product was suspended
in boiling MeOH, and then sufficient Et;N was added
to just give a homogeneous solution. After being
acidified with AcOH, the precipitate was filtered and
dried (1.2 g, 3.9 mmol, 65% yield). This product was
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not purified and was directly used in the next step. (c)
0.6 g of above-obtained solid was refluxed with N,N-
dimethylethylenediamine (0.3 mL) in ethanol (30 mL)
for 2 h, cooled, solvent removed, and separated on silica
gel chromatography to yield the pure product.

Separated on silica gel chromatography (CHCIs/
MeOH = 9:1, v/v) to give pure Ay (0.629 g, 85% yield).
Al: mp: 198.3-198.5°C. '"H NMR (CDCl3) 6 (ppm):
2.60 (s, 6H, NCHj3), 2.99 (s, 2H, NCH,), 4.51 (s, 2H,
CONCH,), 7.96-8.08 (m, 3H), 8.38-8.43 (m, 2H),
8.76-8.79 (d, J=8.0 Hz, 1H), 9.22 (s, 1H), 9.69-9.71
(d, J=8.0Hz, 1H), ESI-HRMS: Calcd for
C22H18N402 (M+H+): 3711508, Found: 371.1510. IR
(KBr): 2924, 2854, 1708, 1662, and 1336, cm ™"

5.2. Synthesis of A2-A6

The preparation and purification procedure of A2-A6
were similar to those of Al; different aniline derivatives
were used here, instead of aniline.

Separated on silica gel chromatography (CHCl3/
MeOH = 9:1, v/v) to give purified A4 (43% yield), AS
(55% yield), and A6 (35% yield). During the synthesis
of A2 and A3, two isomers at the 1-site and the 3-site
were produced and 1-site isomer was the main product.
The purified products could not be obtained after silica
gel chromatography. So, recrystallization from ethanol
after silica gel chromatography (CHCIl;/MeOH =9:1,
v/v) was necessary to give the purified A2 (32% yield)
and A3 (40% yield).

A2: mp: 178.1-178.5°C. 'H NMR (CDCl;)  (ppm):
2.47 (s, 6H, NCH3), 2.83 (s, 2H, NCH,), 2.99 (s, 3H,
CH3), 443446 (t, J,=6.8Hz, J,=72Hz, 2H,
CONCHy), 7.77-7.79 (d, J = 6.4 Hz, 1H), 7.86-7.90 (t,
J1 =8.0Hz, J, =7.6 Hz, 1H), 8.01-8.05 (t, J; = 7.6 Hz,
J>,=7.6 Hz, 1H), 8.22-8.24 (d, J=8.4 Hz, 1H), 8.75-
8.77 (d, J=7.6 Hz, 1H), 9.24 (s, 1H), 9.66-9.68 (d,
J=8.0 Hz, 1H), ESI-HRMS: Calcd for C,3H,,N4O,
(M+H"): 385.1665, Found: 385.1671. IR (KBr): 2924,
2853, 1702, 1660, 1340 cm ™"

A3: mp: 189.6-190.5°C. 'H NMR (CDCl;) § (ppm):
2.99 (s, 6H, NCH3), 3.52 (s, 2H, NCH,), 4.24 (s, 3H,
OCH;), 4.70 (s, 2H, CONCH,), 7.26-7.29 (t,
J1=7.6 Hz, J, = 8.0 Hz, 1H), 7.91-8.05 (m, 3H), 8.77-
7.78 (d, J=6.8 Hz, 1H), 9.39 (s, 1H), 9.69-9.71 (d,
J=8.4Hz, 1H), ESI-HRMS: Calcd for Cy3H,9N4O;
(M+H"): 401.1614, Found: 401.1595. IR (KBr): 2924,
2853, 1702, 1660, 1340 cm "

A4: mp: 209.6-210.1 °C. 'H NMR (CDCl;) § (ppm):
2.49 (s, 6H, NCH3), 2.72 (s, 3H, CHj), 2.85 (s, 2H,
NCH,), 4.43-447 (t, 2H, J,=6.8HzJ,=7.2Hz,
CONCH,), 7.82-7.84 (d, J=10.0 Hz, 1H), 8.01-8.05
(t, J1=7.6Hz, J,=8.0Hz, 1H), 8.13 (s, 1H), 8.28-
8.30 (d, J=8.8Hz, 1H), 8.74-8.76 (d, J=7.2 Hz,
1H), 9.18 (s, 1H), 9.67-9.67 (d, J=8.0 Hz, 1H), ESI-
HRMS: Calcd for C23H20N402 (M+H+)Z 3851665,
Found: 385.1664. IR (KBr): 2924, 2854, 1704, 1663,
1357 cm™ .

A5: mp: 214.4-215.2°C. 'H NMR (CDCl;) é (ppm):
2.61(s, 6H, NCH;3), 3.01 (s, 2H, NCH,), 4.09 (s,
3H, OCH;), 4.51 (s, 2H, CONCH,), 7.56-7.57
(d, J=2.8Hz, 1H), 7.65-7.65 (d, J=2.4Hz, 1H),
7.67-7.68 (d, J=2.8Hz, 1H), 8.01-8.05 (t,
J1=7.6 Hz,J, = 8.0 Hz, 1H), 8.26-8.28 (d, J =9.6 Hz,
2H), 8.73-8.75 (d, J = 7.6 Hz, 1H), 9.16 (s, 1H), 9.63-
9.65 (d, J=8.0Hz, 1H), ESI-HRMS: Calcd for
Cy3H,0N,O5 (M+H™): 401.1614, Found: 401.1618. IR
(KBr): 2924, 2853, 1705, 1655, 1350 cm ™.

A6: mp: 185.2-185.5°C. '"H NMR (CDCl;) & (ppm):
2.98 (s, 6H, NCH;), 3.06 (s, 3H, CH3), 3.49 (s, 2H,
NCH,), 4.69 (s, 2H, CONCH,), 7.83-7.86 (m, 2H),
8.05-8.09 (t, J,=8.0Hz, J,=8.0Hz 1H), 8.20-8.22
(d, J=6.8 Hz, 1H), 8.75-8.77 (d, J = 7.2 Hz, 1H), 9.23
(s, 1H), 9.73-9.75 (d, J=8.8 Hz, 1H). ESI-HRMS:
Caled for Cy3H,oN4O, (M+H™): 385.1665, Found:
385.1682. IR (KBr): 2924, 2854, 1704, 1667, 1345 cm™".

5.3. Spectroscopic measurements and DNA-binding
studies

UV-vis absorption spectra were recorded on Shimadzu
UV and fluorescent spectra on a Perkin-Elmer LS 50
luminescence spectrophotometer.

A2 was dissolved in absolute ethanol to give 107> M
solutions and rhodamine B in ethanol was used as
quantum yield standard.

DNA-binding studies were performed in Tris buffer
(tris(hydroxymethyl)aminomethane)-HCI (20 mM, pH
7.0). 0.1 mL of A2 DMSO solution (107°~10~* M) was
diluted with buffer to 10 mL. Fluorescent wavelength
and intensity were measured.

5.4. Topoisomerase I inhibitory

Topoisomerase I was purchased from TaKaRa Co.,
Ltd. The cleavage assays were performed as reported
in reference.'”> The drug, DNA, and topoisomerase I
were incubated for 30 min at 37 °C in Tris—HCI buffer
(20 mM, pH 7.5) before carrying out agarose-gel electro-
phoresis. 2% agarose-gel electrophoresis was carried out
at 25V in 40 mM TAE buffer (40 mM tris(hydroxy-
methyl)aminomethane, 30 mM glacial acetic acid, and
1 mM EDTA, pH 7.5). After electrophoresis, the gel
was stained with ethidium bromide. The experiments
were repeated three times.

5.5. Cytotoxicity in vitro evaluation

The prepared compounds were submitted to Shanghai
Institute of Materia Medica with a view to get their
cytotoxicities tested.

5.6. Photocleavage of supercoiled pBR322 DNA

Irradiation was performed with a lamp (365 nm), placed
at 20 cm from the samples. The irradiated samples con-
tained pBR322 DNA (0.5 pg) dissolved in Tris—HCI
buffer (20 mM, pH 7.5) and the examined compounds.
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ercoiled DNA, nicked DNA, and linear DNA run at

positions I, II, and III, respectively. The samples were
analyzed by 1% agarose-gel electrophoresis. The agarose
gel was stained with ethidium bromide.
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Abstract—An unusual combination of Weinreb amidation and Mitsunobu lactam formation was used to prepare highly substituted
v-lactam analogues of a thiazolidinone follicle stimulating hormone receptor agonist. The analogue synthesis was stereoselective and
the final products were chemically stable. Biological properties of the target molecules were nearly identical to those of the lead

compound.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Follicle stimulating hormone (FSH) is a 38 kDa protein
that triggers maturation of ovarian follicles in women
and spermatogenesis in men. It is released from the ante-
rior pituitary gland, following stimulation by gonado-
tropin-releasing hormone (GnRH), and serves as the
naturally occurring agonist of the FSH receptor
(FSHR).! The receptors are located on granulosa cells
in females and Sertoli cells in males. Natural or recom-
binant FSH is used as a fertility treatment in women.>
Its expense and method of administration (injection in
a clinical setting), however, make compliance difficult.
A small molecule FSH agonist could offer considerable
mitigation of these circumstances.>*

A recent disclosure described the preparation and FSH
agonist activity of thiazolidinones, such as 1.3 Com-
pounds were initially prepared using split-mix combina-
torial synthesis technology and were tested as mixtures,
following resin cleavage of the products, in a luciferase
reporter gene assay dependent on FSHR activation
(compound 1 ECsy = 14 nM).> Despite the ease of thia-
zolidinone preparation, little control over relative
stereoselectivity at the 2,5-positions on the heterocyclic
ring could be achieved. In our hands, this also occurred
during resynthesis of the discrete compounds. In gener-
al, the anti isomer predominated, while additional

Keywords: Follicle stimulating hormone; FSH; Mitsunobu reaction.
* Corresponding author. E-mail: pelletj@wyeth.com

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.07.025

testing of the separable diastereomers indicated that
the more active species had the syn configuration. In
addition to this, after separation to pure diastereomers
both compounds tended to isomerize upon standing.

Chemical instability, observed in 1, is presumed to orig-
inate from the activated hydrogen at the 5-position and/
or the thioaminal carbon via a ring opening and closure
equilibrium mechanism. In an attempt to overcome this
situation, we designed a new compound, 2a (Fig. 1), that
has a methylene group in the place of the ring sulfur
atom, as well as a methyl group replacing hydrogen at
position 5. These changes were expected to impart chem-
ical stability by locking the resulting y-lactam in the
active syn configuration. Structural similarity to
compound 1 also suggests that biological activity should
remain in this compound.

The proposed method of preparation for the target
compound is shown in the retrosynthetic analysis
(Fig. 2). The key step would be the proposed conversion
of lactone 4 to highly substituted lactam 6 in a stereo-
selective fashion. An interesting way to implement this
transformation would be amide formation (from the
corresponding lactone) via Weinreb methodology,’
followed by an intramolecular Mitsunobu cyclization
of 5 to the lactam. It is desirable that this closure occur
with inversion of configuration since the stereochemistry
o to the carbonyl in lactone 4 will be opposite to that
desired in the final compound 2. Mitsunobu alkylation
of primary and secondary amides generally occur with
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Figure 1. FSHR agonist 1 and the proposed structure 2.

the more acidic versions.” There are a few instances,
however, of lactam formation via intramolecular
cyclization,® while stereoselective examples are rare.’
Conversion to the final product 2 should be
accomplished by standard techniques.

In addition to 2a, compound 2b was also prepared under
the expectation (a priori) that biological activity of the
n-butyl analogue of the benzyl compound 2a would
not differ significantly from the parent structure. With
lower molecular weight (636 for 2a, 602 for 2b) and a
Clog P closer to 5.0 (5.99 for 2a, 5.80 for 2b), this com-
pound may show better drug-like properties in future
studies.

Preparation of intermediate 4 is shown in Scheme 1. The
commercially available oxobutyric acid 3 reacted with
benzyl bromide in the presence of potassium carbonate
to give the ester 7a in good yield, while 7b was available
commercially. Ketone reduction of 7a, b with sodium
borohydride provided the expected alcohols, which then
spontaneously cyclized to lactones 8a, b during workup
procedures (see Section 2). The lactones were methylat-
ed under standard conditions to provide a separable
mixture of diastereomers (9a:10a, 50:8 yield ratio and

2
Oxidation, amide formation,
hydrolysis

CN
: 0]
N
ROM
6
ﬁ Intramolecular Mitsunobu

Weinreb amide formation

RO

Figure 2. Retrosynthetic analysis of 2.

9b:10b, 67:9 yield ratio). The mixtures were allylated at
the 3-position under conditions similar to those used
for the previous reaction to provide the single isomers
4a, b in 68% and 61% yields, respectively. The presumed
relative stereochemistry of the products most likely
resulted from phenyl group steric hindrance directing
the nucleophilic attack from the opposite face of the
lactones.

Key intermediate lactams 6a and b were prepared, as
shown in Scheme 2. Hence, lactones 4a and b were treat-
ed with the aluminate of 3-cyanoaniline under Weinreb
conditions.® Isolation of product 5a from aluminum
salts was difficult, so a one-pot procedure involving ami-
dation and closure to the key intermediate lactam, via
intramolecular Mitsunobu reaction, was attempted.
Following amide formation, the intermediate 5a was
treated with triphenylphosphine (TPP) and diethylazo-
dicarboxylate (DEAD) in toluene and stirred at
room temperature. The reaction was followed by
LC/MS and was complete in 1h. Product isolation
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Scheme 1. Reagents: (a) BnBr, K,CO3;, H,O, DMF (7a, R = Bn, 59%);
(b) NaBH,, NaOEt, EtOH (8a, R = Bn, 67%; 8b, R = n-Bu, 64%); (c)
LiHMDS, Mel, THF (9a, R = Bn, 50%; 10a, 8%; 9b, R = n-Bu, 67%;
10b, 9%); (d) LiIHMDS, allyl bromide, THF (4a, R = Bn, 68%; 4b,
R = n-Bu, 61%).

and purification were considerably easier at this stage.
The separable diastereomers 6a and 11a were isolated
in a ratio of nearly 7:1 (total yield = 77%). NOE exper-
iments confirmed the relative stereochemistry of lactam
6a. This also confirmed that intramolecular Mitsunobu
lactam formation can occur stereoselectively, even with
a sensitive substrate, such as 5a, which possesses an epi-
merizable benzylic alcohol para to the benzyloxy func-
tion. Transformation of the lactone 4b to lactam 6b
under identical conditions occurred in modest yield
but the diastereomer 11b could not be detected.

Conversion of lactams 6a and b to the final products 2a
and b (Scheme 3) began with oxidation of the olefins of 6
to the acids 11 (95% and 92% yields, respectively) under
Sharpless conditions.! The acids were reacted with
3-ethoxy-4-methoxyphenethylamine using O-(7-aza-
benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexa-

6a, b 1la, b

Scheme 2. Reagents: (a) AlMes, 3-cyanoaniline, toluene; (b) (Ph)sP,
DEAD, toluene (6a, R = Bn, 67%; 6b, R = n-Bu, 39%; 11a, R = Bn,
10%; 11b, R = n-Bu, 0%).

fluorophosphate (HATU) as the coupling reagent to
provide the expected exocyclic amides 13a and b.
Finally, the nitriles were hydrolyzed under Evans condi-
tions (LiOH, H,0,)'" to give targets 2a and b in 45%
and 97% yields, respectively, over two steps. NMR
analysis of the products indicated little change in struc-
ture and purity after standing for two weeks, thus con-
firming the expected increase in stability of 2a, b in
comparison to 1.

Compounds 1 and 2a, b were tested in agonist mode on
a Chinese hamster ovary (CHO) cell line that expresses
recombinant human FSHR and a luciferase reporter
gene regulated by a cAMP response element (CRE).>
ECsgs of 14, 25, and 27 nM were obtained for these ana-
logues, respectively (Table 1). All compounds clearly
possessed cell-based agonist activity. No compounds
were active when the luciferase assay was run in antag-
onist mode (data not shown). The three compounds
were also tested on a CHO-cell line that overexpressed
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RO 12a, b

13a,b R'=CN
L.

2a, b R'= CONH,
Scheme 3. Reagents: (a) RuO,, NalO4, CCl;, AcCN, H,O (12a,
R = Bn, 95%; 12b, R = n-Bu, 92%); (b) 3’-ethoxy-4’-methoxyphenyl-
ethylamine, HATU, DIPEA, DMF (R = Bn, 48%; R = n-Bu, 68%); (c)
30% H,0,, LiOH-H,O, H,O, THF (2a, R = Bn, 45%; 2b, R = n-Bu,
97%).

the FSHR for the ability to induce cAMP production.'?
The analogues 1 and 2a, b had ECs¢s of 166 nM (76%
efficacy compared to FSH), 400 nM (87% efficacy com-
pared to FSH), and 400 nM (80% efficacy compared to
FSH), respectively, indicating similar functional potency

Table 1. A comparison of functional FSH activity of 1 and 2a, b

and efficacy levels (Table 1). In antagonist mode, they
were inactive (data not shown). In addition, analogues
1 and 2a, b were tested on CHO cells that did not
express the FSHR by measuring cAMP production.
The compounds were inactive, indicating the lack of a
nonspecific effect (data not shown).

Additional functional selectivity studies were performed
in a CHO-cell line overexpressing the recombinant
human thyroid stimulating hormone receptor (TSHR).
The receptor shares significant homology with the
FSHR, indicating cross-reactivity as a potential safety
issue. The ability of lactams 1 and 2a, b to induce or
inhibit cAMP production in this TSHR cell line was
negative (data not shown). Comparison of biological
activity profiles for 1 and 2a, b indicates similarity
between them, which confirms that structural changes
designed to enhance chemical stability have not been
deleterious to desired FSH agonist activity.

To conclude, a-methyl lactam analogues of a thiazolid-
inone FSH receptor agonist were prepared using a nov-
el, stereoselective, intramolecular Mitsunobu
cyclization. Relative stereochemistry was confirmed by
2D NMR. Lactams 2a and b possessed FSH agonist
activity similar to compound 1 in functional potency,
efficacy, and selectivity over the TSHR.

2. Experimental
2.1. General methods

Appropriate safety practices were observed during all
laboratory functions. General solvents and chemicals
were purchased from VWR and used without further
treatment. Anhydrous and deuterated solvents, as well
as fine chemicals, were purchased from Aldrich Chemical
Co. and used without further treatment. Microanalyses
were performed by Robertson Microlit Labs (Madison,
NJ). High-resolution mass spectra were taken on a
Waters LC-TOFMS instrument. Accurate masses were
measured to within 5 ppm of the calculated values. Pro-
ton 'H and '*C NMR were taken on a Bruker DPX300
(300 MHz) instrument and delta values (§) were mea-
sured in parts per million using tetramethylsilane as an
internal standard (6 = 0 ppm). High performance liquid
chromatography (HPLC) was performed with an Agilent
1100F series instrument with autosampler, thermoregu-
lated column oven, and a diode array detector. The fol-
lowing method was used to determine the purity and
retention times for intermediates and the final product:

Compound ECso (nM) (% efficacy compared to FSH)
FSHR-dependent CRE LUC cAMP production
1 14.4 £ 3.4 (n=2; 92%) 166.7 £ 116.8 (n = 3; 76%)
2a 248 £ 11.8 (n=2; 86%) 400 (n=1; 87%)
2b 26.5+ 6.5 (n=2; 111%) 400 (n=1; 80%)

Data represent means + SEM for replicate experiments as indicated in parentheses. ECs, values for luciferase and cAMP production for compound 1

and 2a, b were not statistically significant as determined by z-test (P > 0.05).
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Flow rate: 1.2 mL/min

Detection: 210-370 nm

Temperature: 30 °C

Column: Xterra RP18, 3.5 Um, 150 x 4.6 mm 85/15-5/
95 (Ammonium formate buffer, pH 3.5/1:1 AcCN/
MeOH) for 10 min, hold 4 min.

/
/

©Ao

2.2. 4-(4-Benzyloxyphenyl)-4-oxo-butyric acid benzyl
ester (7a)

Commercially available 4-(4-hydroxyphenyl)-4-oxo-bu-
tyric acid (3, 3.2 g, 17 mmol) was dissolved in DMF
(200 mL). Potassium carbonate (8.83 g, 64 mmol) dis-
solved in water (60 mL) was added. Benzyl bromide
(11.1 g, 64 mmol) was then added dropwise and after
1 h, the reaction was complete, as judged by TLC. The
reaction mixture was partitioned between cthyl acetate
(200 mL) and brine (200 mL). The organic layer was fur-
ther washed with brine (3x 200 mL), dried (MgSQ,), and
evaporated. The crude product was chromatographed
on silica gel with 15% ethyl acetate/hexane to yield the
title compound 7a (3.8 g, 10.2 mmol, 59%). '"H NMR
(CDCl3): 6=1796 (d, J=28.8Hz, 2H), 7.32-7.44 (m,
10H), 7.01 (d, J=8.8 Hz, 2H), 5.15 (s, 2H), 5.13 (s,
2H), 3.28 (t, J= 6.6 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H).
3C NMR (CDClLy): 196.52, 172.91, 162.69, 136.12,
135.90, 130.32, 129.81, 128.70, 128.54, 128.26, 128.19,
127.48, 114.58, 70.12, 66.47, 32.96, 28.36. MS (ESI-
POS): [M+H]" =375. Anal. Caled for C,yH»,04: C,
76.99, H, 5.92. Found: C, 77.00, H, 5.73.

2.3. 5-(4-Benzyloxyphenyl)-dihydro-furan-2-one (8a)

4-(4-Benzyloxyphenyl)-4-oxo-butyric acid benzyl ester
(7, 3.8 g, 10 mmol) was dissolved in ethanol (200 mL).

NaBH,4 (3.15 g, 83 mmol) and 21% NaOEt/EtOH solu-
tion (7 mL, 64 mmol) were added under nitrogen and
the reaction mixture was heated to 50 °C. After 2h,
the reaction was complete, as judged by TLC. The reac-
tion mixture was partitioned between ethyl acetate
(200 mL) and brine (200 mL), the organic layer was
washed further with brine (2x 200 mL), dried (MgSQy),
and the solvent was removed in vacuo. The crude prod-
uct was purified by silica gel chromatography (eluted
with 10% ethyl acetate/hexane) to ¥ield the title com-
pound 8a (1.8 g (67%), 6.7 mmol). '"H NMR (CDCly):
0=17.28-7.49 (m, 7TH), 7.06 (dd, J = 6.8, 1.9 Hz, 2H),
5.47 (dd, J=9.0, 6.5Hz, 1H), 5.12 (s, 2H), 2.52-2.75
(m, 3H), 2.14 (m, 1H) MS (ESI-POS): [M+H]" = 269.
Anal. Calcd for C;;H603: C, 76.1, H, 6.01. Found: C,
75.29, H, 6.31.

conll]

2.4. (cis)- and (trans)-5-(4-(Benzyloxy)phenyl)-3-methyl-
dihydrofuran-2(3H)-one (9a and 10a)

5-[4-(Benzyloxy)phenyl]dihydrofuran-2(H)-one (8a,
1.17g, 4.3mmol) was dissolved in THF (66 mL)
and the solution was cooled to —78 °C under a nitro-
gen atmosphere. Lithium hexamethyldisilylamide
(LIHMDS, 4.8 mL of a 1.0 M solution in tetrahydro-
furan, 4.8 mmol) was added and the solution was
allowed to stir for S5min. Methyl iodide (0.68 g,
4.8 mmol) was added. After 1h, the reaction was
complete, as judged by TLC. Methanol (5 mL) was
added to quench the reaction. The solvent was re-
moved under vacuum and the crude mixture was sub-
jected to column chromatography on silica gel (eluted
with 15% ethyl acetate/hexane) to provide the title
compound 9a (600 mg (50%), 2.2 mmol): 'H NMR
(DMSO-dg): 6=7.28-747 (m, 7H), 7.04 (dd,
J=2.0, 6.9Hz, 2H), 5.57 (dd, J=7.3, 59 Hz, 1H),
5.11 (s, 2H), 2.82 (m, 1H), 2.23-2.43 (m, 2H), 1.21
(d, J=7.3Hz, 3H). MS (ESI-POS): [M+H]" =283.
Anal. Calcd for C;7H,05: C, 76.57, H, 6.43. Found:
C, 76.74, H, 6.49. A small amount of the cis isomer
10a, 5-[4-(benzyloxy)phenyl]-3-methyldihydrofuran-
2(3H)-one, was also obtained (92mg (8%),
0.33 mmol): '"H NMR (DMSO-d): 6 =7.31-7.49 (m,
7H), 7.04 (d, J=8.7Hz, 2H), 5.35 (dd, J=10.9, 5.4
SHz, 1H), 5.12 (s, 2H), 2.92 (m, 1H), 2.70 (m, 1H),
1.81 (q, J=12.2 Hz, 1H), 1.21 (d, J=7.0 Hz, 3H).
MS (ESI-POS): [M+H]" =283. Anal. Caled for





J. C. Pelletier et al. | Bioorg. Med. Chem. 13 (2005) 5986-5995 5991

C17H]6O3: C, 7657, H, 6.43. Found: C, 7653, H,
6.50.

oh

2.5. 3-Allyl-5-[4-(benzyloxy)phenyl]-3-methyldihydrofuran-
2(3H)-one (4a)

The isomeric mixture of 5-(4-(benzyloxy)phenyl)-3-
methyldihydrofuran-2(3H)-one (9a and 10a, 260 mg,
0.92 mmol) was dissolved in THF (20 mL), which was
cooled to —78°C. Lithium hexamethyldisilylamide
(1.4 mL of a 1.0 M tetrahydrofuran solution, 1.4 mmol)
was added slowly and the reaction mixture was allowed
to stir for 5 min. Allyl bromide (890 mg, 7.4 mmol) was
added and the reaction mixture was allowed to stir for
1 h. MeOH (3 mL) was added to quench the reaction
and the solvent was removed. The crude product was
chromatographed on silica gel (eluted with 12% ethyl
acetate/hexane) to provide the title compound 4a
(220 mg (68%), 0.63mmol). 'H NMR (DMSO-dq):
0=17.33-7.49 (m, 7H), 7.03 (d, J =11.5 Hz, 2H), 5.85
(m, 1H), 5.50 (dd, J=10.0, 6.3, 1H), 5.18 (m, 2H),
5.12 (s, 2H), 2.58 (m, 1H), 2.38 gm, 2H), 2.01 (dd,
J=13.0, 10.1 Hz, 1H), 1.18 (s, 3H). >*C NMR (CDCl;):
180.13, 158.28, 136.85, 134.95, 133.06, 131.44, 128.33,
127.71, 127.57, 119.24, 114.71, 77.19, 69.09, 43.89,
41.93, 38.54, 22.28. MS (ESI-POS): [M+H]" = 323.
Anal. Calcd for C,H,,05: C, 78.23, H, 6.88. Found:
C, 78.08, H, 6.89.

2.6. 3-Allyl-5-[4-(benzyloxy)phenyl]-3-methyl-2-oxopyrro-
lidin-1-yl benzonitrile (6a, 11a)

3-Aminobenzonitrile (4a, 142mg, 1.2mmol) was
dissolved in toluene (12mL) under nitrogen and

trimethylaluminum (0.600 mL of a 2.0 M solution in
heptane, 1.2 mmol) was added. This suspension was
allowed to stir for 30s. A solution of the lactone
(150 mg, 0.43 mmol) in toluene (12 mL) was added
with stirring. After 1h, the reaction was complete,
as judged by TLC. The solvent was removed, and
the residue was partitioned between ethyl acetate
(100 mL) and 3N HCI (50 mL). The organic layer
was washed further with brine, dried over MgSOy,
and evaporated to leave the crude product contami-
nated with aluminum salts. Toluene (15 mL) was add-
ed, followed by triphenylphosphine (524 mg, 2 mmol)
and diethylazodicarboxylate (350 mg, 2 mmol). After
1 h, the reaction was judged complete by LC/MS.
The solvent was removed and the crude product was
purified by column chromatography on silica gel elut-
ed with 20% ethyl acetate/hexane to yield the title
compound 6a (121 mg (67%), 0.28 mmol): '"H NMR
(DMSO-dg): =790 (d, J=12.7Hz, 1H), 7.65 (m,
1H), 7.28-7.56 (m, 7H), 7.20 (m, 2H), 6.90 (d,
J=8.7Hz, 2H), 5.81-5.95 (m, 1H), 5.42-5.50 (m,
1H), 5.07-517 (m, 2H), 5.00 (s, 2H), 2.51 (m, 1H),
2.31 (m, 2H), 1.92 (dd, J=12.7, 9.2 Hz, 1H), 1.20
(s, 3H). MS (ESI-POS): [M+H]" = 423.

A small amount of the opposite diastereomer 11a 3-
allyl-5-[4-(benzyloxy)phenyl]-3-methyl-2-oxopyrrolidin-
1-yl}benzonitrile was  obtained (18 mg  (10%),
0.043mmol): 'H NMR (DMSO-ds): 6=7.90 (m,
1H), 7.68 (m, 1H), 7.32-7.55 (m, 7H), 7.22 (d,
J=8.7Hz, 2H), 691 (d, J=28.7Hz, 2H), 5.78-5.92
(m, 1H), 5.40-5.47 (dd, J=7.7Hz, 1H), 5.08-5.16
(m, 2H), 5.01 (s, 2H), 2.54-2.60 (m, 1H), 2.18-2.41
(m, 2H), 1.64-1.73 (dd, J=13.1, 8.2 Hz, 1H), 1.22
(s, 3H). MS (ESI-POS): [M+H]"=423. HRMS
(ES-POS) calculated for C,3H>7N>O,: 423.2073.
Found: 423.2058 (—3.4ppm). Analytical HPLC:
75.5% purity at wavelengths 210-370, retention time:
10.9 min.

2.7. 5-|[4-(Benzyloxy)phenyl]-1-(3-cyanophenyl)-3-methyl-
2-oxopyrrolidin-3-ylacetic acid (12a)

3-Allyl-5-[4-(benzyloxy)phenyl]-3-methyl-2-oxopyrrolidin-
1-ylbenzonitrile (6, 80 mg, 0.19 mmol) in CCly (1 mL) and
acetonitrile (3 mL) under a nitrogen atmosphere was
treated with NalO4 (490 mg, 2.3 mmol) in water
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(4 mL) and stirred rapidly. RuO, (12 mg, 0.09 mmol)
was added after a few minutes. After 4 h, the reaction
was complete, as judged by LC/MS. The reaction mix-
ture was dissolved in ethyl acetate (50 mL), washed with
3 N HCI (3x 25 mL), brine (25 mL), dried over MgSQOy,,
and evaporated to provide the title compound 12a
(80mg, 0.18 mmol, 95%). 'H NMR (DMSO-dq):
0=12.2-124 (br s, 1H), 7.78 (d, J=8.6 Hz, 1H),
7.60-7.66 (m, 1H), 7.29-7.57 (m, 7H), 7.18 (d,
J=8.6Hz, 2H), 6.92 (d, J=28.6 Hz, 2H), 5.45-5.52
(m, 1H), 5.00 (s, 2H), 2.54-2.83 (dd, J =40.0, 4.2 Hz,
2H), 2.39 (m, 1H), 2.12 (m, 1H), 1.21 (s, 3H). MS
(ESI-NEG): [M—H]™ =439. HRMS (ES-POS) calcd
for C27H24N204Z 441.1814. Found: 441.1820 (13 ppm)
Analytical HPLC: 100% purity at wavelengths 210—

370, retention time: 9.0 min.
g 0.
" " /\)ﬁ\:[
N o
H

o

2.8. 5-(4-Benzyloxyphenyl)-1-(3-cyano-phenyl)-3-methyl-
2-oxo-pyrrolidin-3-yl]-/N-[2-(3-ethoxy-4-methoxyphenyl)-
ethyl]-acetamide (13a)

5-[4-(Benzyloxy)phenyl]-1-(3-cyanophenyl)-3-methyl-2-
oxopyrrolidin-3- ylJacetic acid (12, 80 mg, 0.18 mmol)
was dissolved in DMF (4 mL). Diisopropylethylamine
(46 mg, 0.36 mmol) and 3-ethoxy-4-methoxyphenethyl-
amine (70 mg, 0.36 mmol) were added. O-(7-Aza-
benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexa-
fluorophosphate (HATU, 137 mg, 0.36 mmol) was
added under nitrogen. The reaction mixture was
allowed to stir for 1 h and then the solution was par-
titioned between ethyl acetate (50 mL) and brine
(25 mL). The organic layer was washed further with
brine (2x 25mL), 1 N HCl (25 mL), and brine again
(25mL). The solvent was dried over MgSO, and re-
moved under reduced pressure. The crude product
was purified by column chromatography on silica gel
(eluted with 90% ethyl acetate/hexane) to provide the
title compound (43 mg, 0.070 mmol, 48%). 'H NMR
(DMSO-dg): 6 =8.01 (m, 1H), 7.78 (s, 1H), 7.62 (m,
1H), 7.28-7.50 (m, 8H), 6.92 (d, J=28.7Hz, 2H),
6.72-6.80 (m, 2H), 6.65-6.70 (m, 1H), 5.40-5.46 (m,
1H), 5.00 (s, 2H), 3.95 (q, J=7.0 Hz, 4H), 3.69 (s,
3H), 2.62 (t, J=9.2 Hz, 2H), 2.33-2.54 (dd, J =41.2,
14.9 Hz, 2H), 2.26 (m, 1H), 2.12 (m, 1H), 1.28 (t,
J=7.0Hz, 3H), 1.18 (s, 3H). MS (ESI-POS):
[M+H]" =618. HRMS (ES-POS) caled for
CsgH39N305: 618.2968. Found: 618.2938 (—4.8 ppm).

Analytical HPLC: 97% purity at wavelengths 210-
370 nM, retention time: 10.4 min.

H,N

2.9. 5-[4-(Benzyloxy)phenyl]-3-(2-{|2-(3-ethoxy-4-methoxy-
phenyl) ethyllJamino}-2-oxoethyl)-3-methyl-2-oxopyrrolidin-
1-yllbenzamide (2)

5-(4-Benzyloxyphenyl)-1-(3-cyano-phenyl)-3-methyl-2-
oxo-pyrrolidin-3- yl]-N-[2-(3-ethoxy-4-methoxyphenyl)-
ethyl]-acetamide from above (40 mg, 0.070 mmol) was
dissolved in tetrahydrofuran (1 mL) under nitrogen.
Hydrogen peroxide (0.032 mL of a 30% solution) and
lithium hydroxidemonohydrate (9 mg, 0.21 mmol) were
dissolved in water (0.400 mL). The peroxide solution
was combined with the THF solution. The reaction mix-
ture was allowed to stir for 18 h. The solution was par-
titioned between ethyl acetate (50 mL) and water
(25 mL). The organic layer was further washed with
brine (25 mL), dried (MgSQy), and evaporated to pro-
vide the title compound 2 (20 mg, 45%, 0.030 mmol).
'"H NMR (DMSO-dg): 6 =7.99 (br t, J=5.5Hz, 1H),
7.90 (br s, 1H), 7.85 (s, 1H), 7.54 (d, J=7.7 Hz, 1H),
7.26-7.43 (m, 10H), 6.89 (d, J = 8.6 Hz, 2H), 6.72-6.80
(m, 2H), 6.63-6.69 (dd, J=28.1, 1.7 Hz, 1H), 5.38 (m,
1H), 498 (s, 2H), 3.96 (q, J=6.9 Hz, 2H), 3.69 (s,
3H), 3.15-3.40 (m, 2H), 2.63 (t, J= 7.1 Hz, 2H), 2.35-
2.54 (dd, J=40.8, 14.8 Hz, 2H), 2.29 (m, 1H), 2.12
(m, 1H), 1.32 (t, J=6.9 Hz, 3H), 1.18 (s, 3H). 1°C
NMR (CDCl;): 6 =177.35, 169.63, 167.26, 157.46,
147.61, 147.15, 138.10, 136.84, 134.16, 133.45, 131.70,
128.39, 128.27, 127.82, 127.69, 126.31, 123.33, 122.93,
120.25, 114.44, 11343, 111.74, 68.99, 63.34, 58.43,
55.27, 42.82, 42.55, 41.71, 22.71, 14.69. MS (ESI-POS):
[M+H]"=636. HRMS (ES-POS) caled for
C33H4,N306: 636.3074. Found: 636.3070 (—0.6 ppm).
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Analytical HPLC: 100% purity at wavelengths 210—
370 nM, retention time: 9.6 min.

2.10. 5-(4-Butoxyphenyl)-dihydro-furan-2-one (8b)

Commercially available 4-(4-butoxyphenyl)-4-oxo-bu-
tyric acid methyl ester (7b, 264 mg, 1.0 mmol) was dis-
solved in ethanol (1 mL). NaBH, (44 mg, 1.2 mmol)
and 21% NaOEt/EtOH solution (0.12mL, 1.1 mmol)
were added under nitrogen. After 2 h, there was no
starting material observed by thin layer chromotogra-
phy. The reaction mixture was partitioned between ethyl
acetate and brine. The organic layer was washed twice
with brine, dried over MgSQ,, and the solvent was re-
moved. The crude product was purified by silica gel
chromatography (10% ethyl acetate/hexane) to yield
the title compound (170 mg, 0.64 mmol, 64%). 'H
NMR (CDCl): 6 =7.31 (d, J=11Hz, 2H), 6.96 (d,
J=11Hz, 2H), 544 (t, J=6Hz, 1H), 4.01 (t,
J=5Hz, 2H), 2.85-3.02 (m, 3H), 2.08-2.15 (m, 1H),
1.65-1.90 (m, 2H), 1.40-1.53 (m, 2H), 0.97 (t,
J=7Hz, 3H); C NMR (CDCly): = 14.06, 19.43,
29.46, 31.12, 31.46, 67.98, 81.64, 114.85, 127.13,
131.06, 159.56, 177.20. MS (ESI-POS): [M+H]" = 235.
Anal. Calcd for C4H305: C, 71.77, H, 7.74. Found:
C, 71.86, H, 7.72.

2.11. trans- and cis-5-(4-Butoxyphenyl)-3-methyldihydro-
2(3H)-furanone (9b, 10b)

The 5-(4-n-butoxyphenyl)-3-methyl-2,3,4,5-tetrahydro-
furan-2-one (8b, 300 mg, 1.3 mmol) was dissolved in

dry THF (15 mL) in dry glassware, and the reaction ves-
sel was cooled to —78 °C. LIHMDS (1.5 mL of 1.0 M
solution in hexanes, 1.5 mmol) was added dropwise un-
der nitrogen. This solution was allowed to stir for
10 min. Methyl iodide (2.84 g, 2.0 mmol) was added
dropwise to the cooled solution. After 1 h, the reaction
was complete. The solvent was removed under vacuum,
and the residue was taken up in ethyl acetate. The
organic solution was washed with a saturated solution
of sodium bicarbonate (3x), brine, and dried over
MgSO,. The solvent was removed under reduced pres-
sure and the crude mixture was purified by silica gel
chromatography (10% ethyl acetate/hexane) to yield
the pure products as a trans-(9b, 170 mg, 67%),
0.86 mmol) and cis-(10b, 35 mg, 9%) isomers.

Compound 9b: 'H NMR (CDCly): 6=7.33 (d,
J=11Hz, 2H), 694 (d, J=11Hz, 2H), 554 (t,
J=6Hz, 1H), 401 (t, J=5Hz, 2H), 2.85-3.02 (m,
1H), 2.60-2.75 (m, 1H), 1.65-1.90 (m, 3H), 1.40-1.53
(m, 2H), 1.22 (d, J = 7 Hz, 3H), 0.97 (t, J = 7 Hz, 3H);
3C NMR (CDCls): & =14.00, 15.66, 19.38, 31.41,
36.67, 40.05, 67.92, 79.50, 144.77, 127.33, 131.05,
159.27, 179.41. MS (ESI-POS): [M+H]" = 249. Anal.
Calcd for C;sH,0O5: C, 72.55, H, 8.12. Found: C,
72.56, H, 8.34.

Compound 10b: 'H NMR (CDCly): 6=7.43 (d,
J=11Hz, 2H), 6.94 (d, J=11Hz 2H), 5.34 (dd,
J=6Hz, 1H), 401 (t, J=5Hz, 2H), 2.85-3.02 (m,
1H), 2.60-2.75 (m, 1H), 1.65-1.90 (m, 3H), 1.40-1.53
(m, 2H), 1.22 (d, J =7 Hz, 3H), 0.97 (t, J =7 Hz, 3H);
13C NMR (CDCly): 6 =14.04, 15.15, 19.41, 31.45,
36.72, 40.05, 67.95, 79.50, 114.80, 127.36, 130.73,
159.58, 179.44. (ESI-POS): [M+H]" = 249. Anal. Calcd
for Cy5H,(,05: C, 72.55, H, 8.12. Found: C, 72.30, H,
7.82.

NN

2.12. 3-Allyl-5-(4-n-butoxyphenyl)-3-methyldihydrofuran-
2(3H)-one (4b)

The 5-(4-n-butoxyphenyl)-3-methyldihydro-2(3H)-fura-
none mixture (9b and 10b, 400 mg, 1.6 mmol) was
dissolved in dry THF (20 mL) under a nitrogen atmo-
sphere and cooled to —78 °C. LDA (0.900 mL of a
2 M solution, 1.8 mmol) was added dropwise and the
reaction mixture was allowed to stir for 5 min. Allyl
bromide (242 mg, 2 mmol) was added. After 2 h, the
reaction was complete as judged by TLC. The solvent
was removed under reduced pressure and the residue
was partitioned between ethyl acetate and 3 N HCI.
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The organic layer was washed with 3 N HCI and brine,
followed by drying over MgSQO,4 and solvent removal in
vacuo. The crude product was purified by silica gel chro-
matography with 5% ethyl acetate/hexane to yield the
title compound (280 mg, 0.97 mmol, 61%). 'H NMR
(CDCl3): 6=724 (d, J=12Hz, 2H), 6.92 (d,
J =12 Hgz, 2H), 5.76-5.95 (m, 1H), 5.16-5.40 (m, 2H),
398 (t, J=7Hz, 2H), 2.60-2.72 (m, 1H), 2.34-2.52
(m, 1H), 1.70-1.81 (m, 2H), 1.50-1.71 (m, 2H), 0.99 (t,
J=7Hz, 3H). MS (ESI-POS): [M+H]" =289. Anal.
Calcd for C;gH»405: C, 74.97, H, 8.39. Found: C,
73.17, H, 8.14. HRMS (ES-POS) calcd for CigH»403:
289.1800. Found: 289.1799 (—0.2 ppm). Analytical
HPLC: 93.8% purity at 210 nm; 96.8% at 230 nm , reten-
tion time: 25.2 min. NMR (DMSO-dy): 180.85, 159.41,
133.81, 131.81, 128.38, 119.93, 115.07, 77.97, 67.82,
44.62, 42.71, 41.05, 31.36, 23.08, 19.37, 14.32.

2.13. 3-Allyl-5-(4-n-butoxyphenyl)-3-methyl-2-oxo-pyrro-
lidin-1-yl]-benzonitrile (6b)

The  3-allyl-5-(4-n-butoxyphenyl)-3-methyldihydrofu-
ran-2(3H)-one (4b, 670 mg, 2.3 mmol) was dissolved
in toluene (60 mL) and set aside. 3-Aminobenzonitrile
(390 mg, 3.3 mmol)) was dissolved in toluene (60 mL)
under nitrogen and trimethylaluminum (1.7 mL of a
2 M solution, 3.3 mmol) was added and stirred several
minutes. The two solutions were combined. After 5h,
the reaction was complete, as judged by TLC. The
solvent was removed under vacuum and the residue
was partitioned between ethyl acetate and 1 N HCI.
The organic layer was washed with 1N HCI (2x)
and brine and then dried over MgSO, followed by
solvent removal in vacuo. The residue was dissolved
in toluene (60 mL). Triphenylphosphine (2.33 g,
8.8 mmol) was added to the reaction mixture, fol-
lowed by diethylazodicarboxylate (1.44 g, 8.7 mmol).
The reaction was complete after 2h as judged by
TLC. The solvents were removed in vacuo and the
resulting crude product was chromatographed on sili-
ca gel with 15% ethyl acetate/hexane to provide the
title compound as a single diastereomer (350 mg,
1.0 mmol, 39%). 'H NMR (CDCly): 6=7.69 (s,
1H), 7.54-7.61 (m, 1H), 7.30 (m, 2H), 7.07 (d,
J=10Hz, 2H), 6.80 (d, J=10Hz, 2H), 5.72-5.90
(m, 1H), 5.05-5.20 (m, 3H) 3.90 (t, /=4 Hz, 2H),
2.50 (m, 1H), 2.23-2.40 (m, 2H), 2.01-2.10 (m, 1H),
1.67-1.81 (m, 2H), 1.38-150 (m, 2H), 0.98 (t, 3H).
MS (ESI-POS): HRMS (ES-POS) caled for
C1gH2405: 389.2240. Found: 389.2225 (—4.0 ppm).
Analytical HPLC: 94.2% purity at wavelengths 210—
370 nm, retention time: 11.0 min.

2.14. [5-(4-n-Butoxyphenyl)-1-(3-cyanophenyl)-3-methyl-
2-oxopyrrolidin-3-yl]-acetic acid (12b)

The 3-[3-allyl-5-(4-n-butoxyphenyl)-3-methyl-2-oxo-
pyrrolidin-1-yl]- benzonitrile (6b, 500 mg, 1.3 mmol)
was dissolved in CCly (6 mL) and acetonitrile (18 mL).
A solution of NalO4 (3.41g, 16 mmol) in water
(22mL) was added. To this heterogeneous mixture,
RuO, (86 mg, 0.5 mmol) was added. The mixture was
stirred at 40 °C for 20 h, followed by solvent removal
in vacuo. The resulting crude mixture was partitioned
between ethyl acetate and water. After separation, the
organic layer was dried over MgSO,4 and the solvent
was removed under reduced pressure to provide the title
compound (470 mg, 1.2mmol, 92%). 'H NMR
(CDCl3): 6 =11.0-13.0 (br s, 1H), 7.72 (s, 1H), 7.54-
7.63 (m, 1H), 7.32 (d, J=6Hz, 2H), 7.04 (d,
J=10Hz, 2H), 6.80 (d, /=10 Hz, 2H), 5.17 (m, 1H),
3.93 (t, J=4Hz, 2H), 2.50 (m, 3H), 2.23-2.40 (m,
2H), 2.01-2.10 (m, 2H), 1.67-1.81 (m, 2H), 1.38-150
(m, 2H), 0.98 (t, 3H). MS (ESI-POS): HRMS (ES-
POS) caled for CyyHosN-O4: 407.1954. Found:
407.1974 (5.0 ppm). Analytical HPLC: 100% purity at
wavelengths 210-370 nm, retention time: 12.8 min.

2.15. 2-[5-(4-n-Butoxyphenyl)-1-(3-cyanophenyl)-3-methyl-

2-oxo-pyrrolidin-3-yl]- /V-|2-(3-ethoxy-4-methoxyphenyl)-
ethyl]-acetamide (13b)

J
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The [5-(4-n-butoxyphenyl)-1-(3-cyanophenyl)-3-methyl-
2-oxopyrrolidin-3-yl]- acetic acid (12b, 210 mg,
0.5 mmol) was dissolved in DMF (16 mL). Diisopropyl-
ethylamine (129 mg, 1 mmol) and 3’-ethoxy-4’-methoxy-
phenethylamine (195 mg, 1 mmol) were added. O-(7-
Azabenzotriazol-1-yl)-N,N,N',N'- tetramethyluronium
hexafluorophosphate (HATU, 380 mg, 1 mmol) was
added under nitrogen. The reaction mixture was allowed
to stir for 1 h under nitrogen. The reaction solution was
partitioned between ethyl acetate and brine, the organic
layer was washed further with brine (2x), 1 N HCI, and
brine again. The solvent was then dried (MgSO,), and
evaporated under reduced pressure. The crude product
was subjected to column chromatography and eluted
with 60% ethyl acetate/hexane to yield the title com-
pound (200 mg, 0.34 mmol, 68%). '"H NMR (CDCl,):
7.94 (s, 1H), 7.57 (s, 1H), 7.43 (m, 1H), 7.28 (d,
J=5Hz, 2H), 7.05 (d, J=9 Hz, 2H), 6.64-6.78 (m,
5H), 6.04 (m, 1H), 5.05 (m, 1H), 3.98 (t, J=4 Hz,
2H), 3.80-3.86 (m,5H), 3.42-3.52 (m, 2H), 2.54 (m,
3H), 2.23-2.40 (m, 2H), 2.01-2.10 (m, 2H), 1.67-1.81
(m, 2H), 1.38-1.50 (m, 2H), 0.92 (t, 3H). MS (ESI-
POS): HRMS (ES-POS) caled for Cs3sH3;N;Os:
584.3124. Found: 584.3126 (0.3 ppm). Analytical
HPLC: 100% purity at wavelengths 210-370 nm, reten-
tion time: 4.7 min.

2.16. 3-|5-(4-n-Butoxyphenyl)-3-{[2-(3-ethoxy-4-methoxy-
phenyl)-ethylcarbamoyl]-methyl}-3-methyl-2-oxopyrrolidin-
1-yl]-benzamide (2b)

2-[5-(4-Butoxyphenyl)-1-(3-cyano-phenyl)-3-methyl-2-oxo-
pyrrolidin-3-  ylJ-N-[2-(3-ethoxy-4-methoxyphenyl)-eth-
yl]-acetamide (13b, 181 mg, 0.31 mmol) was dissolved
in THF (2mL) under nitrogen. Hydrogen peroxide
(0.068 mL of a 30% solution in water, 0.62 mmol) and
LiOH monohydrate (15 mg, 0.37 mmol) were dissolved
in water (0.5 mL). The peroxide solution was combined
with the THF solution. The reaction mixture was al-
lowed to stir for 18 h. The solution was partitioned be-
tween ethyl acetate and water. The organic layer was
further washed with water, brine, dried (MgSQO,), and
evaporated to provide the title compound (180 mg,

3.0 mmol, 97%). '"H NMR (DMSO-de): 7.96 (m, 1H),
7.87 (s, 1H), 7.82 (m, 1H), 7.24-7.61 (m, 5H), 6.74-
6.82 (m, 3H), 6.64 (m, 1H), 5.35 (m, 1H), 3.98 (t,
J =4 Hz, 2H), 3.80-3.86 (m, 5H), 3.42-3.52 (m, 2H),
2.54 (m, 3H), 2.23-2.40 (m, 2H), 2.01-2.10 (m, 2H),
1.67-1.81 (m, 2H), 1.38-1.47 (m, 2H), 0.92 (t, 3H).
MS (ESI-POS): HRMS (ES-POS) caled for
C35H43N304: 602.3230. Found: 602.3233 (0.5 ppm).
Analytical HPLC: 100% purity at wavelengths 210—
370 nm, retention time: 16.4 min.
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Abstract—Various paeonol analogues were synthesized and tested in vitro as inhibitors of platelet aggregation. Structural properties
(or descriptors) of paconol analogues were calculated and the structure-activity relationships were determined. Several multiple lin-
ear and nonlinear regression models and back-propagation neural network model were tested and the latter using relative positive
charge, hydration energy, and hydrophilic factor as inputs gave the best data fitting with R? = 0.89 and qére = 0.66. The correlation
coefficient between antiplatelet inhibition activity with an interaction energy between the paeonol compounds with COX-1 enzyme is

only 0.39.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Blood platelets are involved in the early stages of many
cardiovascular diseases namely myocardial infarction,
diabetic vascular disorders, and arteriosclerosis. Aspirin
and dipyridamole had been used as antiplatelet drugs,
but had been identified with side effects. In addition to
sodium salicylate and 3,4-dihydroxybenzoic acid, paeo-
nol, an analgesic isolated from the root of Paeonia
suffritcosa Andr and Cynanchm paniculatum (Bunge) kit-
aq, coumarin, chromone, and bicyclic and tricyclic
derivatives of 4(3H)pyrimidnone' and 1-phenylbenzimi-
dazoles® have also been found to have antiplatelet and
antiischamic activity. A number (19 analogues) of ana-
logues of this 1-(2-hydroxy phenyl)ethanone were syn-
thetically prepared by substituting at the C-4 and the
C-5 positions of the aromatic ring and were tested in vi-
tro for antiaggregation activity triggered by ADP in
blood plasma. Akamanchi et al.? reported the synthesis,
and activity studies of these paconol compounds.

A systematic understanding of the various substituents
on the activity of the analogues helps one to rationalize
the findings and also design compounds with enhanced

Keywords: Platelet aggregation; Heat of formation; Hydrophilic factor;

Highest occupied molecular orbital; Neural network models.
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activity. A quantitative structure—activity relationship
(QSAR) study was carried out on these compounds
and reported in this paper. To develop QSAR models
with good predictive capability, appropriate molecular
descriptors have to be chosen. Several softwares are
available to calculate almost 2000 descriptors of a mol-
ecule. The problem that is faced frequently by a
researcher is that of a small number of observations
and a large number of molecular parameters in the
descriptor pool, and one has to select the best descrip-
tors that represent the system from this large set. At
times, selecting the wrong set of descriptors could result
in chance correlations or missed understanding. Accord-
ing to researchers, quality of QSAR results mainly
depends on two factors, namely, the kind of molecular
descriptor and the method used to extract the useful
molecular information. These problems are addressed
by applying several statistical techniques, such as cluster
(dissimilarity) analysis and principal component analy-
sis. The technique of cluster analysis involves grouping
the data into subsets or clusters, such that those within
each cluster are more closely related to one another than
the data assigned to different clusters. The central theme
of cluster analysis is calculating the degree of dissimilar-
ity between the individual objects that are being
clustered. Principal component analysis involves a
mathematical procedure that transforms a number of
correlated variables into a smaller number of uncorre-
lated variables called principal components.
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2. Results and discussion

Table 1 gives the platelet aggregation inhibitory activity
of the 20 compounds. Compound 3 has the highest
inhibitory activity (65.36% vs 36.97% for aspirin and
36.31% for paeonol (compound 4) at 300 puM against
5 uM ADP). Figure 1 shows the cluster analysis of the
inhibition data. It appears that the data set could be
grouped into three sets based on their activity, the low
(0-15%), medium (15-35%), and high activity (35—
100%) sets. The high activity set has only one compound
(3) that has R' = H and R? = OH. The low and medium
sets have 9 and 10 compounds, respectively. There does
not seem to be any pattern between the substituent and
activity.

Table 2 lists only five descriptors, namely, relative posi-
tive charge (RPCGQG), hydration energy (HE), heat of for-
mation (HF), HOMO (highest occupied molecular
orbital), and hydrophilic factor (Hyf), that have a corre-
lation coefficient value greater than 0.5 with antiaggre-
gation activity. The remaining 414 descriptors have a
correlation coefficient less than 0.5 and hence are consid-
ered not significant. A negative correlation coefficient
indicates increasing the descriptor decreases the anti-
platelet aggregation activity. Cross-correlation studies
between these five descriptors indicate that RPCG is
highly correlated with HF (~0.9) and HE with Hyf
(~0.77). Thus, one could select either RPCG or HF
and HE or Hyf and perform regression analysis and
modeling studies with only three descriptors. Studies
carried out by Tavet et al.> with 1,4 bis(poly and mono

Table 1. Inhibition activity of paeonol analogues

o
Rz
CHs
R{ OH

Compound R, R, % Inhibition
No.

1 H H 4.10

2 OH H 29.44

3 H OH 65.36

4 OCH; H 36.31

5 H OCH; 24.47

6 C H 3.99

7 H Cl 8.20

8 Br H 6.87

9 H Br 8.78
10 F H 1.49
11 H F 5.44
12 CH; H 10.00
13 H CH; 3.00
14 NO, H 0.20
15 H NO, 30.40
16 NHCOCH; H 15.84
17 H NHCOCH; 20.86
18 CH; Cl 24.43
19 Cl F 17.60
20 CH; NO, 1.00
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Figure 1. Results of cluster analysis.

Table 2. Descriptors that are highly correlated with antiplatelet
inhibition activity

Descriptors Correlation
coefficient
Relative positive charge —0.557
Hydration energy (kcal/mol) —0.545
Heat of formation —0.542
HOMO 0.512
Hydrophilic factors 0.645

methoxybenzoyl)-piperazines indicated that compounds
bearing hydrophilic or slightly hydrophobic substituents
exhibited good antiaggregation activity. Voskressensky
et al.® have observed that log P value of 2.5 was optimal
lipophilicity for analogues of pyrrolopyridines to exhibit
antiplatelet activity. Lipophilicity was also observed as
an important structural parameter by De Marco et al.”
with derivatives of nipecotic acid anilides. Antiplatelet
activity of 2-substituted phenyl and benzimidazolyl-5-
methyl-4-(3-pyridyl) imidazoles was explained with
micelle-water partition coefficient, while CLOGP (a
descriptor used to estimate hydrophobicity of benzene
derivatives) failed to correlate with the activity.®

Cyclic peptides related to L-aspartic acid, N-[3-(amino-
methyl)benzoyl]-p-valyl-N2-methyl-L-arginylglycyl-,
cyclic (41 — 1)-peptide (DMP 757) containing heterocy-
clic and other modified linking moieties exhibited in vitro
antiplatelet aggregation activity.® The authors postulat-
ed that the lipophilic binding pocket favored a similar
linking moiety for high activity. Our studies also indicate
higher the hydrophilic factor the higher the antiaggrega-
tion activity. Also, for our system log P has a correlation
coeflicient of only —0.36, and hence has not been includ-
ed in model development. Studies with anilides and
phenyl esters of piperidine-3-carboxylic acid have indi-
cated that high lipophilicity and increased electron den-
sity of the phenyl ring increased the activity.'® Similar
observations were made with bis-nipecotamides with
varying aromatic bridges connecting the two nipecota-
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mide moieties. Shen et al.? have successfully used an elec-
tronic descriptor to describe the activities of 1-phenyl-
benzimidazoles. Our studies also show a positive
correlation between the HOMO and activity. In addi-
tion, our studies show a negative correlation between
heat of formation and activity, that is, more negative
the heat of formation value (more thermodynamically
stable is the molecule) higher the antiplatelet aggregation
activity.

2.1. Modeling

A generic QSAR model has been suggested by Wang
et al.!! as,

log[Activity] = 4 log[penetration] + B log[interaction]
+C,

where penetration could be considered as a hydropho-
bicity controlled process. Interaction of the molecule
and target could be due to electronic or steric!? or elec-
trophilic in nature or due to the molecular orbital con-
tent of the molecule.

Principal component analysis is an unsupervised learn-
ing algorithm and it is estimated from only the five
descriptors short-listed and not using all the 419 descrip-
tors. Three and four principal components are needed to
explain 95.35% and 99.2% of the observed variance,
respectively. Figure 2 plots the first three principal com-

O High
A Medium
® [ow

Figure 2. Plot of first three principal components of all the paeonol
analogues.
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ponents for all the data. It is clearly seen that there are
two distinct groups; the lower group relates to the medi-
um and high activity compounds, and the upper group
relates to the low activity data set. Of course, there are
one or two compounds from the other group present
in the wrong cluster.

Table 3 lists the various linear and nonlinear multiple
regression models attempted to fit the data with the cor-
responding statistics. The table also lists the results of
modeling studies carried out with an artificial neural net-
work with three inputs, one hidden layer with three pro-
cessing elements using TanH transfer function and Delta
learning rule. Excellent model fitting is obtained with
artificial neural network (ANN) models (best results
are R* of 0.89, Rﬁdj of 0.74, ¢*. of 0.68, and F of
145.5 for a 3-3-1 model with relative positive charge,
hydration energy, and hydrophilic factor as input vari-
ables). Figure 3 compares the ANN model predictions
with the data. The cross-validated ¢ is good, indicating
that the model has good predictive capabilities.

To test further the predictive capability of the model and
also determine if the ANN was overtrained, the data
were divided into two sets, namely, a learning set con-
taining 14 data and a testing/validation set containing
6 data. The learning of the ANN was carried out using
the former and the prediction with the latter data set.
A 3-3-1 back propagation model using TanH transfer
function and Delta learning rule gave a R* of 0.87 and
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Figure 3. Comparison of back-propagation neural network model

(3-3-1, inputs: HF, HOMO, Hyf, Delta learning rule, and TanH
transfer function) prediction with data.

Table 3. Regression equations relating the descriptors with antiplatelet inhibition activity

Regression equation R? Rgdj qére RMSSE F

18.529 + 40.610 = Hyf 0.416 0.380 0.270 11.600 12.820
—17.255 — 0.414 « HF 0.290 0.260 0.200 12.900 7.350
172.700 + 16.592 * HOMO 0.260 0.240 0.180 13.200 6.320
3.962 + 0.007 * HF — 1.710 * HOMO + 47.240 = Hyf 0.577 0.498 0.267 9.950 24.550
4.209 + 1.492 = HF — 2.456 * HOMO — 18.170 * Hyf + 0.009 = 0.577 0.498 0.267 9.950 24.550

HF? + 0.425 * HOMO? + 126. 580 * Hyf>

Back-propagation ANN 3-3-1, inputs: HF, HOMO, Hyf, TanH, Delta 0.780 0.700 0.640 7.160 63.800
Back-propagation ANN 3-3-1, inputs: RPCG, HE, Hyf, TanH, Delta 0.890 0.740 0.680 4.980 145.500
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Figure 4. Comparison of back-propagation neural network model (3-2-1, inputs: RPCG, HE, Hyf, Delta learning rule, and TanH transfer function)

prediction with learning data set (n =

0.43 for the training and prediction sets, respectively. A
3-2-1 model gave a R of 0.85 (de of 0.73) for the
training set and a R* of 0.57 for the. prediction set. A
3-1-1 model gave a R* of 0.74 and 0.28 for the training
and prediction sets, respectively. This study indicated
that a 3-2-1 ANN model was the best one with respect
to the training, as well as prediction R?. Figure 4 com-
pares the ANN model predictions with the learning, as
well as the test data sets for the 3-2-1 network.

2.2. Binding of paeonol analogues to COX-1

Aspirin exerts its anti-inflammatory effects through
selective acetylation of serine 530 on prostaglandin H2
synthase (PGHs) (COX-1).!* The mechanism of aspi-
rin’s antiplatelet activity is thought to work predomi-
nantly through its inhibition of cyclo-oxygenase.'* The
twelve amino acids surrounding the active sites have
been identified and they are 116 VAL, 120 ARG, 349
VAL, 352 LEU, 353 SER, 355 TYR, 359 LEU, 518
PHE, 523 ILE, 527 ALA, 530 SER, and 531 LEU.?
Molecular mechanics (MM) interaction energy between
these amino acids and various paeonol analogues was
determined individually. Figure 5 shows a plot of %
inhibition activity as a function of the binding energy
for the paeonol analogues, where the binding energy
or interaction energy is the difference between the total
energy of the complex and the energy of the correspond-
ing paeonol. As seen from the figure, as the interaction
energy increases the antiplatelet inhibition activity possi-
bly also increases, although such a conclusion cannot be
made with certainty since the correlation coefficient is
only 0.39.

3. Conclusions

Twenty paeonol analogues were synthesized and tested
for antiplatelet aggregation activity in vitro. QSAR
studies have indicated that five best descriptors, namely,
relative positive charge, hydration energy, heat of
formation, HOMO, and hydrophilic factor can explain
the observed anti-aggregation activity. Principal compo-

14). Inset prediction with testing/validation data set (n = 6). Bars represent *1 RMSSE.
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Figure 5. Relation between % inhibition activity versus binding energy
for paeonol analogues with COX-1.

nent analysis clearly shows two data clusters, represent-
ing the lower and the higher activity sets. Several
multiple linear and nonlinear regression models and
back propagation neural network model were developed
and the latter using relative positive charge, hydration
energy, and hydrophilic factor as 1nguts gave the best
data fitting, as well as predictive R°. The descriptors
shortlisted in our study are the same as the descriptors
mentioned by other researchers for several other series
of anti-aggregation compounds, which indicates, irre-
spective of the compound, the mechanism of action is al-
most same. This QSAR approach developed using
structural descriptors can help in understanding the
properties that contribute to the action of a drug, there-
by designing drugs with higher activity. Overfitting of
the data will lead to a model with poor predictive capa-
bility. Hence a balance needs to be struck between over-
fitting the data and good predicative capability. This
point was clearly seen when the data were divided into
two groups, one data set used for learning/training the
network and the other used for only validation/testing.
The number of processmg elements in the hidden layer
was changed until the R” for the learning and the valida-
tion/testing sets were highest. Such an exercise gave a 3-
2-1 back-propagation network, which had good learning
as well as predictive capability.
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4. Experimental
4.1. Synthesis

More details of the synthesis of these compounds are
mentioned in Akamanchi et al.®> Although many syn-
thetic methods can be used for the preparation of
these compounds, the Fries rearrangement* was pre-
ferred since the reactions could be performed easily
and the regioisomers formed could be readily separat-
ed with good yield. Compound 2 was prepared by the
Friedel-Crafts reaction of resorcinol with glacial acetic
acid in the presence of anhydrous zinc chloride. Selec-
tive methylation of compound 2 using excess methyl
iodide and lithium carbonate in dimethyl formamide
gave paeonol (4). The Fries rearrangement of 4-meth-
oxyphenyl acetate gave predominantly compound 3.
Selective methylation of compound 3 with methyl
iodide and potassium carbonate in acetone gave 5.
Compounds 6-20 were synthesized by the Fries rear-
rangement by heating a mixture of anhydrous alumi-
num chloride and corresponding substituted phenyl
acetate. The synthesized compounds were character-
ized by their melting point (Campbell melting point
apparatus), IR spectra (Shimadzu IR 408 using KBr
disk) and '"H NMR spectra (Varian EM 360,
60 MHz).

Platelet aggregation inhibitory activity of these com-
pounds was studied in vitro at King Edward VII
Memorial Hospital, Mumbai, India, from blood sam-
ples taken from donors. Platelet aggregation inhibito-
ry activity was measured using a four-channel
aggrecorder® (more details are given in Akamanchi
et al., 1999). The concentration of adenosine diphos-
phate eliciting the full biphasic aggregation response
(~5uM) was established using platelet-rich plasma
from each donor before the determination of inhibito-
ry potency. Test drugs were prepared by dissolving
them in methanol to prepare 2% solution. Maximum
percent aggregation (MPA) obtained from the aggre-
gation trace of control (methanol) and treated (test
compound) was used to calculate % inhibition with
the following formula,

% Inhibition = 100 % (1 — MPA of test compound/
MPA of control).

4.2. Molecular modeling studies

The molecule structures of the compounds were built
using HYPERCHEM® (HYPERCUBE Inc., USA)
and their minimum energy conformation was deter-
mined first by minimizing the structures using molecular
mechanics MM+ force field, followed by minimizing the
structures with semi-empirical quantum mechanics
(AM1 method with restricted Hartree-Fock (RHF))
and finally with an ab initio method (STO-3G minimal
basis set). The constitutional, topological, geometrical,
charge, and quantum mechanical descriptors (419 in to-
tal) were estimated using the software DRAGON®
(Milano Chemometerics, Italy), and HYPERCHEM®

and the correlation coefficients for all of them with inhi-
bition activity were determined.

4.3. Statistical methods

Statistical techniques, such as Cluster Analysis, Princi-
pal Component Analysis, and Nonlinear regression
analysis, were performed on the data set using SY-
STAT® software (SPSS Inc., USA). The same software
was used for estimating dissimilarity distance and cor-
relation coefficients between various molecular parame-
ters. Neural Network simulations were carried out
using NEURALWARE® software (NeuralWare, Inc.,
PA, USA). Back-propagation neural network with
TanH transfer function was used in all cases with Del-
ta-learning rule and 16 epochs. Estimation of dissimi-
larity distance and correlation coefficient was carried
out to identify the best set of molecular descriptors
to be used in the regression and neural network
models.

The goodness of the regression fits were estimated
using parameters, such as R’ Ridj, 4 (also known

as validation R*), RMSSE, and F ratio, which are de-
fined below,

R>=1—SSE/TSS

Ry=1—(n—1)(1—R)/(n—p—1)

adj

¢*. =1 — PRESS/TSS

RMSSE = mean sum of square of the error

= +/SSE/n
F=(n—-2)R*/(1-R?

where n, number of data points; p, number of
parameters.

TSS = Z(ydala,i - yavg)2
SSE = Z(ymodelji _ydataj)z
y”L‘g = Zydata,i/n

Vdata, : = data points; ymoder, ; = model predictions.

PRESS = A model is developed with (n— 1) data
points and the nth point is predicted using this model.
This exercise is carried out for all the points. The sum
of squares of the difference between these predicted
data (using the ‘leave-one-out’ scheme) and the actual
values is called PRESS. Predictive capability of a
model is expressed by qrz,re. RMSSE is an indication
of the mean deviation of the prediction from the data.
A large F indicates the model fit is not a chance
occurrence.
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Abstract—Two new sesquiterpenes, 103-methoxymuurolan-4-en-3-one (1) and 10a-methoxycadinan-4-en-3-one (2), were isolated
from the root bark of Zanthoxylum ailanthoides. The structures of 1 and 2 were elucidated from spectroscopic data. Sixty-seven
compounds obtained from the root bark of the same plant were evaluated for inhibition of HIV replication in H9 lymphocyte cells,
and 14 compounds demonstrated significant activity. Among them, decarine, y-fagarine, and (+)-tembamide were the most potent
anti-HIV compounds, with ECs, values of <0.1 pg/mL and TI values of >226, >231, and >215, respectively.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Zanthoxylum ailanthoides Sieb. & Zucc. (Rutaceae) is a
medium to large tree with odd, pinnate leaves and con-
ical spines in the main stem, distributed in China, Kor-
ea, Japan, Philippines, and throughout the low altitude
forests of Taiwan.! Its leaves are used as folk medicine
to treat the common cold in Taiwan.? In China, the bark
has been prescribed for rheumatism, arthralgia, stasis,
contusions, and snakebite, and to stimulate blood circu-
lation.> Benzo[c]phenanthridines, quinolines, couma-
rins, lignans, flavonoids, and triterpenoids are the
major constituents of this plant.*!'* However, only
two components, xanthyletin and hesperidin,*> have
been isolated from the root bark and, among methanolic
extracts of different parts of this species, only the root
bark has shown anti-HIV activity in vitro. In a previous
paper, we reported two new alkylamides and 110 com-
pounds from the root bark'® and mentioned that, due
to incorrect identification, the original plant of Aralia
bipinnata in three papers'>'* should be revised to Z. ail-
anthoides. A careful examination of the root bark
has now resulted in the characterization of two new
sesquiterpenes as additional constituents. In this article,

Keywords: Zanthoxylum ailanthoides; Rutaceae; Root bark; Sesquiter-

pene; 10B-Methoxymuurolan-4-en-3-one; 10a-Methoxycadinan-4-en-

3-one; Anti-HIV activity; Decarine; y-Fagarine; (+)-Tembamide.

* Corresponding author. Tel.: +886 7 3121101 2123; fax: +886 7
3210683; e-mail: m635013@kmu.edu.tw

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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we report the isolation and structural elucidation of
these two new compounds and the anti-HIV activity of
67 compounds isolated from the root bark of Z.
ailanthoides."

2. Results and discussion
2.1. Structural determination

10B-Methoxymuurolan-4-en-3-one (1) was isolated as
an oil. Its molecular formula, C,4H,¢0,, was established
by EI-MS ([M]", m/z 250) and HREI-MS. UV absorp-
tion bands at 238 nm indicated an o,B-unsaturated car-
bonyl system, which was suggested further by
measuring the absorance at 1667 and 1657 cm ™' in the
IR spectrum. The '*C NMR spectrum exhibited 16 car-
bon signals including one methoxy, one carbonyl, four
methyl, three methylenes, two olefinic carbons, four
methines, and one quaternary carbon. Four indices of
haydrogen deficiency (IHD) were determined from the
°C NMR spectrum, DEPT experiments, and HREI-
MS. The '"H NMR spectrum for 1 was very similar to
that of the known sesquiterpene, muurolan-3-en-9p-ol-
2-one, except that an OMe-16 [0 3.17 (3H, s)] in 1 re-
placed the OH-16 in the latter compound. Peaks were
present at 6 0.90, 0.91 (each 3H, d,J=7.0 Hz, H-13,
14) and 1.87 (1H, br sept. J = 7.0 Hz, H-12) for an iso-
propyl group, a three-proton singlet at 6 1.05 (3H, s)
for a methyl attached to a quaternary carbon, a broad
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signal at 1.78 (3H, br s) due to a methyl group on a dou-
ble bond, and a multiplet at 6 6.95 (1H, dq, J= 6.4,
1.2 Hz) for a trisubstituted olefinic proton. On the basis
of the above data, 1 has a cadinan-type sesquiterpene
[5-isopropyl-3,8-dimethyl-4a,5,6,7,8,8a-hexahydro-1 H-
naphthalene-2-one] skeleton. The COSY spectrum of 1
displayed connectivity between H-5 (6 6.95) and H-6,
which was also coupled to H-1 [0 2.27 (1H, ddd,
J=14.4, 5.5, 47 Hz)] and H-7 [§ 1.46 (1H, m)]. H-1
showed a COSY correlation with H,-protons [0 2.35
(1H, dd, J=17.0, 4.7 Hz, H-2a) and 2.41 (1H, dd,
J=17.0, 14.4 Hz, H-2B). H-6 [ 2.60 (1H, m)] was cou-
pled to the methine proton at ¢ 1.46 (H-7), and the cou-
pling chain continued from H-7 to H-8 [6 1.30-1.50 (2H,
m)] and then to H-9 [0 1.30-1.50 (2H, m)]. H-12 [0 1.87
(1H, br sept. J = 7.0 Hz)] showed a COSY correlation
with H-7, -13, and -14, and also a NOESY correlation
with H-5. This evidence confirmed that the isopropyl
group is at C-7. The relative stereochemistry of 1 was de-
duced from a combination of coupling constants and the
NOESY spectrum. The NOESY spectrum of 1 gave
proof for the proposed cis-fused ring system, as correla-
tion between H-1 and H-6 was observed. The cis-fused 1
showed a coupling constant (6.5 Hz) between H-5 and 6.
In trans-fused isomers, such as T-cadinol,!® the olefinic
proton [0 5.52 (1H, br s)] appears as a broad singlet in
the "H NMR, while in cis-fused muurolene derivatives!’
the olefinic proton resonates as a doublet. Thus, based
on the above evidence, compound 1 was identified as
10B-methoxymuurolan-4-en-3-one (Fig. 1).

10a-Methoxycadinan-4-en-3-one (2) was isolated as an
oil and shown by HREIMS to have the molecular for-
mula C;¢H»00, [M™*, m/z 250.1928]. The IR spectrum
of 2 displayed peaks for an o,B-unsaturated carbonyl
group that was confirmed further from the UV absorp-
tions at 241 nm. The "H NMR and '*C NMR of 2 were

very similar to those of 10a-hydroxycadinan-4-en-3-
one, '8 except for a methoxy group at J 3.18 (3H, s) rath-
er than a hydroxy group, respectively. The '"H NMR
assignments for 2 are based on the COSY spectrum,
and the relative stereochemistry of 2 was confirmed by
the correlations observed in its NOESY spectrum.!
Thus, compound 2 was identified as 10a-methoxycad-
inan-4-en-3-one.

2.2. Biological activity

Anti-HIV data for isolated compounds of the bark of
this plant are given in Table 1. Fractionation of the
CHCl;-soluble fraction led to the isolation of 14 anti-
HIV active principles: y-fagarine, haplopine, decarine,
O-methylcedrelopsin, isopimpinellin, 5,7,8-trimethoxy-
coumarin, (+)-platydesmine, p-hydroxybenzaldehyde,
4-methoxy-1-methyl-2-quinolone, (+)-hinokinin, (—)-
tetrahydroberberine, (+)-tembamide, O-methyltemba-
mide, and a mixture of [-sitosteryl glucoside and
stigmasteryl glucoside. Among these active compounds,
the benzo[c]phenanthridine alkaloid, decarine, showed
the highest anti-HIV activity in acutely infected H9 cells,
with an ECsq value of <0.1 pg/mL. It inhibited uninfect-
ed HO cell growth with an ICs value of 22.6 pg/mL, giv-
ing a calculated TI value of >226. Thus, in comparison
with the inactive norchelerythrine, the 8-OH group in
decarine seems to play an important role in anti-HIV
activity. The furoquinoline, y-fagarine, also showed a
relatively potent anti-HIV activity, with ECsy and TI
values of <0.1 pg/mL and >231, respectively. In compar-
ison, the furoquinoline haplopine, which has a 7-OH,
showed decreased activity, while replacing the 7-OH
moiety with a 7-OCHj3 moiety gave skimmianine, which
showed no suppression. The other furoquinoline-like
compounds, dictamnine (no substituents in ring A),
confusameline (7-OH), robustine (8-OH), evolitrine

Figure 1. Selected NOESY correlations of 1 and 2.
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Compound

1Cs" (pg/mL)

ECs0” (ng/mL)

Therapeutic index®

6-Acetonyldihydrochelerythrine

6-Acetonyldihydronitidine
Aesculetin dimethyl ether
B-Amyrin
Arnottianamide
Aurapten

Bergapten

Bocconoline

Braylin

Caryophyllene oxide
Chelerythrine
Confusameline
Decarine

Dictamnine
Dihydroavicine
Dihydrochelerythrine
Edulitine

Evolitrine®!

v-Fagarine

Friedelin

Haplopine
(+)-Hinokinin
Hydrangetin
p-Hydroxybenzaldehyde
Isoarnottianamide
Isopimpinellin
Lanyulactone
Lupenone

Lupeol

Lupeol acetate
Luvangetin
(%)-Lyoniresinol
(+)-Marmesin
6-Methoxychelerythrine

4-Methyl-1-methyl-2-quinolone

Methyl palmitate

Mixture of B-sitosterol and stigmasterol
Mixture of B-sitosteryl glucoside and stigmasteryl glucoside

Nitidine
Norchelerythrine
O-Methylcedrelopsin
O-Methyltembamide
Oxyavicine
Oxychelerythrine
Oxynitidine
Phellopterin
Pheophytin-b
(+)-Platydesmine
Pteleine®
Pregnenolone
Quercetin

Robustine
(+)-Sesamin
Sesaminone
Skimmianine
Spathulenol
Squalene
(+)-Syringaresinol
Syringic acid
(+)-Tembamide
Tetracosyl ferulate
(—)-Tetrahydroberberine
2-Tridecanone

5,7,8-Trimethoxycoumarin
6,7,8-Trimethoxycoumarin

2.32
0.209
26.3
DND®
>100
2.37
>25
20.7
10.8
2.32
DND
23.6
22.6
2.17
0.22
23.1
>25
9.41
23.1
DND
23.2
1.87
22.1
22.3
2.12
21.2
>25
DND
DND
DND
>25
>25
21.2
>25
22.7
>25
DND
16.5
DND
DND
21.1
16.4
0.174
DND
19.0
21.7
DND
>100
10.9
2.01
>25
101
21.3
19.6
22.5
>25
1.93
2.29
234
21.5
DND
2.25
21.6
>100
>25

NS¢
<0.1
NS

NS
NS
NS
NS
NS
NS

NS
<0.1
NS
<0.1
NS
NS
NS
<0.1

0.634
<0.1
NS
3.28
NS
0.669
NS

NS
NS
NS
NS
0.625
NS

1.22

0.576
<1.49
<0.1

5.46
NS

1.34
NS
NS
NS
NS
NS
NS
7.41
NS
0.744
NS
4.90
<0.1

<0.1
NS
0.933
NS

NS
>2.09
NS

NS
NS
NS
NS
NS
NS

NS
>226
NS
>2.2
NS
NS
NS
>231

36.7
>18.7
NS
6.81
NS
31.7
NS

NS
NS
NS
NS
36.4
NS

36.6
>11.0
>1.74

3.48
NS

74.4
NS
NS
NS
NS
NS
NS
3.04
NS
2.59
NS
4.76
>215

>22.5
NS
107
NS

(continued on next page)
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Table 1 (continued)

Compound 1Cs50" (ug/mL) ECso® (ng/mL) Therapeutic index®
Umbelliferone 24.0 NS NS

Vanillin 20.5 NS NS

Xanthyletin 2.22 NS NS

AZT! 500 0.022 22,727

AZT? 500 0.0748 6680

AZT? 500 <0.001 >500,000

AZT! for 6,7,8-trimethoxycoumarin, luvangetin, bergapten, braylin, 6-methoxychelerythrine, nitidine, isoarnottianamide, edulitine, lanyulactone,

quercetin, (¥)-lyoniresinol, spathulenol, lupenone, methyl palmitate.
AZT? for robustine.

AZT? for remaining compounds.

# Concentration that inhibits uninfected H9 cell growth by 50%.

® Concentration that inhibits viral replications by 50%.

¢TI = IC5¢/ECsy.

4NS, no suppression.

*DND, did not dissolve.

(7-OCH3),?° and pteleine (6-OCHj5),?! showed no anti-
HIV activity. Thus, these results suggested that the 8-
OCHj3; in furoquinoline may be necessary for anti-HIV
activity. An aromatic amide, (+)-tembamide, showed sig-
nificant anti-HIV activity with EC5, and TI values of
<0.1 ug/mL and >215. However, O-methyltembamide
with a methoxy rather than a hydroxy group was 15-fold
less active (ECso= 1.49 pg/mL) than (+)-tembamide.
O-Methylcedrelopsin, isopimpinellin, 5,7,8-trimethoxy-
coumarin, (+)-platydesmine, 4-methoxy-1-methyl-2-
quinolone, (+)-hinokinin, and (—)-tetrahydroberberine
also exhibited significant anti-HIV activity, with ECs
values ranging from 0.1 to 1.34 ng/mL and TI values from
18.7 to 107. The quaternary benzo[c]phenanthridines,
fagaronine and nitidine, and protoberberine type alka-
loids, berberine, palmatine, and jatrorrhizine, have been
previously reported to have inhibitory activity against
HIV-1 reverse transcriptase.?? It is interesting that the ter-
tiary phenolic benzo[c]phenanthridine, decarine, showed
activity against HIV replication. Besides decarine, y-faga-
rine and (+)-tembamide also had TI values >200 and may
be useful in the development of anti-HIV agents (Fig. 2).

3. Experimental
3.1. General

Melting points were determined with a YANACO mi-
cro-melting point apparatus and are uncorrected. Opti-
cal rotations were measured using a JASCO DIP-370
polarimeter in CHCI;. IR spectra were taken on a Hit-
achi 260-30 spectrophotometer. UV spectra were ob-
tained on a JASCO UV-240 spectrophotometer in
EtOH. EI-MS and HREI-MS were performed on a
Finnigan/Thermo Quest MAT 95XL mass spectrometer;
spectra were recorded on a JEOL JMS-HX 110 mass
spectrometer. '"H NMR (600 MHz), '*C NMR
(150 MHz), DEPT (90, 135), 'H-'H COSY, 'H-'H
NOESY, HMQC (optimized for 'Jyc =45Hz), and
HMBC (optimized for "Jyc = 8 Hz) spectra were mea-
sured on a Varian Unity Inova 600 spectrometer in
CDCIl; and are given in ppm (J) downfield from TMS
used as internal standard. Silica gel 60 (Merck 70-230

mesh, 230-400 mesh, ASTM) was used for CC and silica
gel 60 F»s4 (Merck) for TLC.

3.2. Plant material

The root bark of Z. ailanthoides was collected in Lai-I,
Pingtung County, Taiwan, in December 1999. Ih-Sheng
Chen, corresponding author of this paper, identified the
plant, and a voucher specimen (Chen 5645) was deposited
in the Herbarium of the School of Pharmacy, Kaohsiung
Medical University, Kaohsiung, Taiwan, Republic of
China.

3.3. Extraction and isolation

Dried root bark (9 kg) was sliced into chips, extracted
with cold MeOH, and concentrated under reduced pres-
sure. The MeOH extract (920 g) was partitioned be-
tween CHCI3/H,O (1:1) to provide CHCl;- (fraction
A, 320 g) and H,O-soluble fractions. The H>O-soluble
fraction was partitioned with EtOAc, then with n-BuOH
to give EtOAc- (fraction B, 10 g), n-BuOH- (fraction C,
60 g), and H,O-soluble (fraction D, 180 g) fractions.
Part (100 g) of fraction A (320 g) was chromatographed
over Si gel (2000 g) eluting with n-hexane, enriched with
EtOAc and acetone, to furnish 15 fractions: frs. A1-A4
(each 2500 mL, n-hexane), frs. A5-A6 (each 2500 mL,
n-hexane/EtOAc, 20:1), frs. A7-A9 (each 2500 mL,
n-hexane/EtOAc, 9:1), frs. A10-Al1l (each 2500 mL, n-
hexane/EtOAc, 3:1), fr. Al2 (2500 mL, n-hexane/
EtOAc, 1:1), fr. A13 (3000 mL, EtOAc), and frs. A14-
A15 (each 5000 mL, MeOH). Fr. A4 (6.0 g) was rechro-
matographed over Si gel (48 g) eluting with CH,Cl,/
EtOAc (1:0-1:1) to obtain 10 fractions (each 500 mL,
fr. A4-1-fr. A4-10). Fr. A4-8 (100 mg) was purified
further by prep. TLC (benzene/EtOAc, 8:1) to afford 1
(1.1 mg) (R;=10.46) and 2 (11.1 mg) (R, = 0.37).

3.3.1. 10p-Methoxymuurolan-4-en-3-one (1). Colorless
oil; [oc]f)sz —65.0° (¢ 0.015, CHCl3); HREI-MS m/z
250.1928 [M]" (caled for CigH»605 250.1928); UV Jax
(MeOH) nm 238 (3.96); IR vy cm™ ' 1667, 1657; 'H
NMR (CDCl;) 6 0.90 (3H, d, J=7.0 Hz, H-13), 0.91

(3H, d, J=7.0 Hz, H-14), 1.05 (3H, s, H-15), 1.30—
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Figure 2. Active anti-HIV constituents obtained from the root bark of Z. ailanthoides.

1.50 (4H, m, H-8, 9), 1.46 (1H, m, H-7), 1.78 (3H, br s,
H-11), 1.87 (1H, br sept., J =7.0 Hz, H-12), 2.27 (1H,
ddd, J=14.4, 5.5, 4.7 Hz, H-1), 2.35 (1H, dd, J = 17.0,
4.7 Hz, H-20), 2.41 (1H, dd, J =17.0, 14.4 Hz, H-2p),
2.60 (1H, m, H-6), 3.17 (3H, s, OMe-16), 6.95 (1H, dq,
J=6.4, 1.2 Hz, H-5); '*C NMR (CDCl;) 6 15.7 (C-
13), 16.0 (C-11), 19.2 (C-15), 21.3 (C-8), 21.5 (C-14),
27.8 (C-12), 30.3 (C-9), 42.6 (C-7), 43.0 (C-1), 48.1
(OMe-16), 75.0 (C-10), 134.7 (C-4), 151.0 (C-5), 199.5
(C-3); EI-MS m/z (rel. int.) 250 (M*, 82).

3.3.2. 10a-Methoxycadinan-4-en-3-one (2). Colorless oil;
[cx]zDS: —60.0° (¢ 0.09, CHCls); HREI-MS m/z 250.1928
[M]" (caled for CigHyOs 250.1928); UV Apax
(MeOH) nm 241 (3.97); IR vpaxcm ™! 1670, 1655; 'H
NMR (CDCls) 6 0.82 (3H, d, J=6.6 Hz, H-13), 0.99
(3H, d, J=6.6 Hz, H-14), 1.12 (3H, s, H-15), 1.17
(2H, m, H-7, 8B), 1.48 (1H, qd, J = 12.0, 4.0 Hz, H-14,
H-9B), 1.71 (1H, m, H-8«), 1.80 (3H, q, /= 1.0 Hz, H-
11), 1.87 (1H, m, H-9q), 1.97 (1H, ddd, J = 14.4, 10.8,
3.0 Hz, H-1), 2.06 (1H, dd, J=16.0, 14.4 Hz, H-2p),
2.15 (1H, br t, J=10.8 Hz, H-6), 2.23 (1H, sep d,

J=6.6, 2.5Hz, H-12), 2.70 (1H, dd, J =16.0, 3.0 Hz,
H-2a), 3.18 (3H, s, OMe-16), 6.81 (1H, br s, H-5); *C
NMR (CDCls): d 15.2 (C-13), 16.0 (C-11), 17.8 (C-15),
21.0 (C-8), 21.4 (C-14), 26.2 (C-12), 35.0 (C-9), 38.3
(C-2), 40.5 (C-6), 45.1 (C-7), 47.8 (OMe-16), 48.2 (C-
1), 74.8 (C-10), 135.4 (C-4), 146.1 (C-5), 200.3 (C-3);
EI-MS m/z (rel. int.) 250 (M, 80).

4. Biology
4.1. Anti-HIV assay

The isolation procedure for the 67 isolates found in Ta-
ble 1 was described in our previous paper.!> The T cell
line, H9, was maintained in continuous culture with
complete medium RPMI 1640 with 10% fetal calf serum
(FCS) supplemented with L-glutamine at 5% CO, and
37 °C. Aliquots of this cell line were only used in exper-
iments when in log phase of growth. Test samples were
first dissolved in dimethylsulfoxide (DMSO). The fol-
lowing were the final drug concentrations routinely used





5920 M.-J. Cheng et al. | Bioorg. Med. Chem. 13 (2005) 5915-5920

for screening: 100, 20, 4, and 0.8 pg/mL, but for active
agents, additional dilutions were prepared for subse-
quent testing so that an accurate ECso value could be
achieved. As the test samples were being prepared, an
aliquot of the T cell line, H9, was infected with HIV-1
(ITIB isolate), while another aliquot was mock-infected
with complete medium. The mock-infected aliquot was
used for toxicity determinations (ICsg). The stock virus
used for these studies typically had a TCIDs, value of
10* TU/mL. The appropriate amount of virus for a mul-
tiplicity of infection (moi) between 0.1 and 0.01 infec-
tions units/cell was added to the first aliquot of H9
cells. The other aliquot of H9 cells only received culture
medium and then was incubated under identical condi-
tions as the HIV-infected H9 cells. After a 4 h incuba-
tion at 37 °C and 5% CO,, both cell populations were
washed three times with fresh medium and then added
to the appropriate wells of a 24-well plate containing
the various concentrations of the test drug or culture
medium (positive infected control/negative drug con-
trol). In addition, AZT was also assayed during each
experiment as a positive drug control. The plates were
incubated at 37 °C and 5% CO, for 4 days. Cell-free
supernatants were collected on day 4 for use in our
in-house p24 antigen ELISA. p24 antigen is a core pro-
tein of HIV and therefore is an indirect measure of the
virus present in the supernatants. Toxicity was deter-
mined by performing cell counts by a Coulter Counter
on the mock-infected H9 cells, which had either re-
ceived culture medium (no toxicity) or test sample or
AZT.?
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Abstract—Bioassay-guided fractionation of the MeOH and EtOAc fractions of extracts of two lianas collected in Suriname has led
to the isolation of five new diterpenoids, humirianthone 1, 1-hydroxy-humirianthone 2, 15R-humirianthol 3, patagonol 4, and
patagonal 5, and the five known diterpenoids, humirianthol 7, annonalide 8, acrenol 9, icacinol 10, and the oxidized annonalide
11. All 10 diterpenoids showed cytotoxic activity against the A2780 human ovarian cancer cell line, and compounds 1, 3, 8, and

9 also showed activity against phytopathogenic fungi.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Extracts from two lianas were obtained from Suriname
through our International Cooperative Biodiversity
Group (ICBG) as part of a continuing investigation of
plants from Suriname and Madagascar in an effort to
isolate potential anticancer agents. One of the lianas,
collected in Godo village, Suriname, under the vernacu-
lar name loambitatai, was identified as a Casimirella sp.
(formerly Humirianthera sp.) (Icacinaceae) and tenta-
tively identified as Casimirella ampla (Miers) R. A.
Howard. A second liana was collected in Akisiamaw vil-
lage, Suriname, under the vernacular name apukutatai.
This collection was sterile and could not be positively
identified, but it is most probably also a Casimirella spe-
cies. The tuber of a related species is used as food, while

Keywords: Diterpenoids; Icacinaceae; Phytopathogen; Cytotoxicity;

Humirianthol; Annonalide.

* See Ref. 1.

* Corresponding author. Tel.: +1 540 231 6570; fax: +1 540 231
3255; e-mail: dkingston@vt.edu

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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that of C. ampla is used as a treatment for snakebites.?>
A previous study of this species led to the isolation of
three diterpenoids.? Our studies have yielded five new
and five known cytotoxic diterpenoids. This is the first
known investigation of the plant for use as potential
anticancer compounds.

2. Results and discussion

The MeOH and EtOAc extracts of the apukutatai liana
were partitioned between hexane and 60% aq MeOH,
and then partitioned between CH,Cl, and 50% aq
MeOH. All the fractions were tested for cytotoxicity,
while only the CH,Cl, fraction was active. The active
fraction was subjected to reversed-phase C-18 column
chromatography, followed by reversed-phase HPLC,
to produce the five new diterpenoids 1-5, as well as
the five known diterpenoids 7-11.

Compound 1 was isolated as a colorless amorphous solid,
and HR-FABMS indicated a molecular formula of
CaoH406 (m/z 361.1641 [M+1]%). Its "H NMR spectrum
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revealed the presence of two methyl groups as singlets at
0 1.00 and 0 1.56 corresponding to the methyl protons
on C-17 and C-18, respectively. The spectrum also
showed multiplets at 6 1.62, § 2.22 and 2.25, 6 1.18
and 1.58, and 6 1.32 for C-1, C-2, C-11, and C-12 methyl-
enes, respectively. Also, two doublets of doublets at 6 1.68
(dd, J=12.1, 2.9) and o 2.34 (dd, J=2.6, 6.9) were
observed for the C-9 and C-5 methines, respectively.
The spectrum had a pair of doublets at ¢ 3.68 (d,
J=3.4,59) and ¢ 4.31 (d, J=34, 5.9), and also at ¢
397(d,J=17.2)and 6 4.53 (d, J = 17.2) assigned to the
methylene protons on C-20 and C-16, respectively. The
spectrum also exhibited a singlet at 6 4.15, a doublet
of doublets at 6 4.98 (dd, J = 2.3, 4.8), another doublet
at 6 6.10 (d, J = 4.9), and another singlet at ¢ 7.02 corre-
sponding to the C-14 and C-6 methines, the C-7 olefinic
proton, and the hydroxylic proton on C-3, respectively.

The '>*C NMR spectrum of compound 1 showed the
presence of 20 carbons. It had one carbonyl resonance
at 0 216.2 assigned as C-15 and one lactone resonance at
0 179.2 assigned as C-19. The carbon resonances at o
119.2 and 6 144.3 corresponding to C-7 and C-8, respec-
tively, indicated the presence of one double bond. The

Table 1. 'H and '*C NMR data for compounds 1-3 in CsHsN

DEPT spectrum revealed that its carbon skeleton was
composed of two methyls, six methylenes, five methines,
and seven quaternary carbons. The final structure was
elucidated using COSY, HMQC, HMBC, and NOESY
correlation spectra. The structure was confirmed by
comparing its '*C NMR and 2D NMR data with the
published data of the known compound 7.2 Both com-
pounds had essentially identical spectra for the A and B
rings, and differed significantly only in the resonances of
the atoms of the tetrahydrofuran ring D. As indicated
above, the resonances of 1, with a carbonyl resonance at
C-15, were consistent with the assigned structure.

Compound 2 was also a colorless amorphous solid,
and HR-FABMS indicated a molecular formula of
CaoH407 (mlz 377.1624 [M+11%). Its '"H NMR spec-
trum was very similar to that of 1 (Table 1), differing pri-
marily in the resonances for C-1. In compound 1, the
two C-1 protons appeared as two multiplets at ¢ 1.62
and 1.68, but in 2 the single C-1 proton appeared as a
doublet of doublets at § 4.25. This and other associated
changes, including a singlet at § 6.90 and a doublet at ¢
6.87 (d, J = 4.0) for hydroxylic protons on C-3 and C-1,
indicated that 2 was a 1-hydroxy derivative of 1. The fi-
nal structure was confirmed using COSY, HMQC,
HMBC, and NOESY correlation spectra. The stereo-
chemistry of the C-1 hydroxyl group was assigned as B
based on a NOESY correlation.

Compound 3, also a colorless amorphous solid, was iso-
lated along with the known compound 7.2 It had the
same molecular formula as 7 (CyH»Og), and its 'H
NMR spectrum (Table 1) was very similar to that of
7, differing significantly only in the resonances for the

Position Humirianthone (1) 1-Hydroxy-humirianthone (2) 15R-Humirianthol (3)
0H 0C oH 0 C o0H 0 C
1 1.62 m, 1.68 m 29.2 4.25dd (1.9, 3.9) 66.6 1.64, .71 m 28.5
2 222 m,225m 28.5 2.99dd (4, 4) 41.5 2.22m,225m 28.2
3 97.2 97.9 97.2
4 50.8 51.2 50.9
5 2.34 dd (2.6, 6.9) 45.1 2.70 dd (2.6, 7) 43.8 2.34dd (2.9, 12.2) 453
6 4.98 dd (2.3, 4.8) 72.5 5.13 dd (2.3, 4.8) 71.8 4.96 dd (4.8, 6.8) 72.6
7 6.10 d (4.9) 119.2 6.16 d (4.6) 119.5 5.96 d (4.8) 116.9
8 144.3 145.1 147.1
9 1.68 dd (12.1, 2.9) 37.1 2.41dd (2.6, 7) 36.6 1.78 dd (12.2, 2.9) 37.7
10 30.7 30.1 30.8
11 1.18 m, 1.58 m 25.5 1.18 m, 1.58 m 25.7 1.18 m, 1.61 m 25.9
12 1.32m 29.7 1.32m 30.2 1.2l m 29.4
13 50.1 50.7 47.2
14 4.15s 87.8 4.19 87.8 39s 88.1
15 216.2 216.7 4.05t(8.1),4.23 t (8.1) 79.4
16 3.97d (17.2) 70.7 3.96 d (16.95) 723 3.68 dd (1.9, 8.9) 72.7
4.53d(17.2) 4.47 d (16.95) 4.33dd (1.9, 8.9)
17 1.00 14.8 1.03 15.5 1.04 s 19.3
18 1.56 19.2 1.60 19.9 1.55s 19.4
19 179.2 179.4 179.5
20 3.68 dd (3.4, 5.9) 72.1 4.33dd (3.4, 5.9) 67.2 3.68 dd (1.9, 8.9) 71.9
431dd (34,59 4.64 dd (3.4, 8.9) 4.33 dd (1.9, 8.9)
1-OH 6.90 s, 6.87 d (4.0)
3-OH 7.02 s 6.90 6.83 s
15-OH 6.82d (4)
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tetrahydrofuran ring. Both compounds also had similar
13C NMR spectra, but showed a clear difference in the
chemical shifts of C-13—C-17. Thus, the chemical shifts
for C-13—C-17 were at 6 50.0, 86.5, 78.8, 76.4, and
15.6 for compound 7, and ¢ 47.2, 88.1, 79.4, 72.7, and
19.3 for 3. These minor differences are only explicable
if the compounds differ in stereochemistry at C-15. Since
the absolute configuration at carbon C-15 for the known
compound 7 was previously determined as S.> com-
pound 3 must have the R configuration at C-15.

3R, = B-OH; R, =H
7R; = 0-OH ; R, =H
10 R; = a-OH ; R, =OH

Compound 4 was isolated as a colorless amorphous
solid, with the molecular formula of C,yH30O3 (m/z
301.2157 [M—OH]"), as determined by HR-FABMS.
Its '"H NMR spectrum indicated the presence of three
methyl groups; two of these, with resonances at § 0.77
and 1.10, were attached to quaternary carbons, while
one (0 0.85, d, J=6.4 Hz) was attached to a methine.
Resonances at ¢ 4.01, 4.03 (m), and 6 4.80 (m) appeared
to be due to two oxygenated methylenes. Two vinylic
proton resonances were also observed. One was at ¢
5.55 (m) and the other at § 7.33 (m), suggesting the pres-
ence of an o, B-unsaturated carbonyl. The '*C NMR and
DEPT spectra indicated that compound 4 contained
three methyl groups, eight methylene groups (including
two CH,O groups at 6 62.8 and 72.1), four methines
(including two vinylic groups at ¢ 122.4 and 147.2),
and five quaternary carbons (two vinylic quaternary car-
bons at ¢ 135.0 and 148.6, and one lactone at 6 176.9).
An examination of the literature indicated that 4 was
an analog of patagonic acid (6). The '*C NMR data
for 4 were thus very similar to those for 6, differing
significantly only at positions C-3 and C-18.# These dif-
ferences could be accounted for by the change from the
C-18 COOH group of 6 to the CH,OH group of 4. The
structure was confirmed as the allylic alcohol analog 4
by its HMQC, HMBC, and COSY correlations, and
its relative configuration was confirmed by NOESY
correlations (Fig. 1).

Figure 1. HMBC (left) and NOESY (right) correlations for 4.

Based on these spectral data, 4 was identified as the new
compound neocleroda-3,13-diene-15,16-olide-18-o0l, and
in keeping with previous nomenclature the trivial name
patagonol is proposed.

Compound 5 was isolated as a colorless oil, and the
molecular formula C,oH,505 (m/z 317.2113 [M+H]")
was assi;%ned by HR-FABMS. A comparison of the
MS and 'H and '>C NMR data of 5 to those of 4 indi-
cated that the compounds were very similar, and that
the allylic alcohol group found in 4 had been oxidized
to an aldehyde (6 9.31, s; 0 194.2). Since only a limited
amount of compound 5 was available, its structure
was confirmed by semisynthesis from compound 4. Oxi-
dation of 4 using Dess-Martin periodinane gave 5, and
the 'H and '*C NMR spectra of the synthetic product
matched those of the isolated compound exactly. The
structure of 5 was also confirmed using HMQC,
HMBC, and COSY correlations. Thus, compound 5
was determined to be the new compound neocleroda-
3,13-diene-15,16-olide-18-al, and the trivial name patag-
onal is proposed.

Compounds 7, 8, 9, 10, and 11, obtained as colorless
amorphous solids, were identified as humirianthol (7),
annonalide (8), acrenol (9), icacinol (10), and the anno-
nalide oxidation product 11. Compound 11 was previ-
ously produced by the oxidation of annonalide, but is
isolated here for the first time as a natural product.’
Compounds 7, 8, and 9 were previously isolated from
Humirianthera ampla, but their biological activities were
not reported.> The 'H and '*C NMR spectra and low-
resolution mass of the known compounds agreed with
the previously reported data. Their structures were also
confirmed with 2D NMR (HMQC, HMBC, COSY, and
NOESY).

18 R 19

4 R = CH,OH 8 R = CH,OH 9
5R=CHO 11R=0OH
6 R = CO,H

Compounds 1, 4, 5, 7, and 8 were also isolated from the
Suriname collection of loambitatai, identified most
probably as C. ampla.

Compounds 1, 3, 7, 8, 9, and 10 exhibited cytotoxic
activity against the A2780 human ovarian cancer cell
line, with ICso values of 6.1, 2.2, 3.0, 3.9, 1.8, and
1.7 uM, respectively. Compounds 2, 4, 5, and 11 were
weakly active, with ICs, values of 43, 47, 33, and
40 uM, respectively. Compounds 7 and 8 were submit-
ted to the NCI for testing in the 60 cell-line screen. With
the exception of 1, the other compounds were not isolat-
ed in sufficiently large quantities for testing. Only after 7
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and 8 were tested was a large enough quantity of 1 iso-
lated. The total growth inhibition (TGI) values for com-
pound 7 (humirianthol) in the 60 cell lines ranged from
>100 to 2.5 uM, and the values for compound 8 (anno-
nalide) were between >100 and 4.8 pM. These values
were not sufficiently potent or selective to warrant fur-
ther investigation.

Compounds 1, 3, 8, and 9 were tested for activity against
the phytopathogenic fungi Leptosphaeria nodurum, Phy-
tophthora infestans, Pyricularia oryzae, Septoria tritici,
Ustilago maydis, and Saccharomyces cerevisiae (Table
3). All four compounds showed moderate to good activ-
ity against P. infestans, with compound 1 being the most
potent. None of the compounds showed significant
activity against the other organisms.

3. Experimental section
3.1. General procedures

Optical rotations were measured with a Perkin-Elmer
Model 241 polarimeter. IR and UV spectra were
measured on MIDAC M-series FTIR and Shimadzu
UV-1201 spectrophotometers, respectively. The NMR
spectra were obtained either on a JEOL Eclipse 500
spectrometer or a Varian Inova 400 spectrometer. The
mass spectra were obtained on a JEOL JMS-HX-110
instrument. A flash chromatograph from Biotage Inc.
was used for flash chromatography. HPLC was
performed on a Shimadzu LC-10AT instrument using a
Varian Dynamax C-18 column (250 x 10 mm). C-18
SPE columns were obtained from Supelco.

Table 2. 'H and '*C NMR data for compounds 4 and 5

3.2. Cytotoxicity assays

The A2780 human ovarian cancer cell line cytotoxicity
assay was performed at Virginia Polytechnic Institute
and State University, as previously reported.®

3.3. Fungicidal assays

Cultures of test organisms were maintained on various
agar formulations, such as potato dextrose agar or
broth; rye seed or rice polish agar depending on the test
organism. Assays for growth inhibition of test organ-
isms were conducted using liquid minimal media:

Inoculum was harvested and prepared concurrent with
assay plate preparation. Conidia were harvested by
flooding a culture plate with assay medium and scraping
with a sterile cell lifter. The conidial suspension was then
filtered through two layers of sterile cheesecloth and
sterile glass wool to remove hyphal fragments that
may be present. The conidial suspensions were then
adjusted to 3 x 10° conidia/mL for PHYTIN, PYRIOR,
LEPTNO, and SEPTTR wusing a hemocytometer.
Conidia concentrations for USTIMA and SACCCE
were determined by measuring the optical density at
450 nm using a spectrophotometer and were adjusted
to 0.075-0.100 ODyso.

Compounds were tested for inhibition of fungal growth
(% INH) in 96-well polystyrene microtiter plates. The
test compounds were diluted to desired concentrations
in DMSO so that all wells received 2.5 pl DMSO. Plates
were inoculated by adding 200 pl of the conidial suspen-
sion. The incubation times were 1 day for SACCCE

Position Patagonol (4)* Patagonal (5)°
oH 0C o H 6C
1 1.45¢% 1.71¢ 19.3 1.42°, 1.74 dd 17.5
(12.8, 6.7)

2 2.14 m 27.5 2.38 m, 248 m 28.6

3 5.55m 122.4 6.59 dd (4.4, 2.8) 152.4
4 148.6 151.7

5 38.9 37.6

6 1.35 ddd (12.8, 12.8, 3.9) 1.77 ddd (12.8, 3.1, 3.1) 374 1.11 ddd (12.7, 12.7, 4.5) 2.65 ddd (13.3, 3.2, 3.2) 35.2

7 1.43°1.53°¢ 28.4 1.45°1.53° 27.1

8 1.55¢ 37.6 1.54¢ 36.3

9 39.8 38.7
10 1.44° 47.7 1.34d (11.7) 46.7
11 1.51°, 1.64 dd (12.7, 4.9) 37.3 1.50°, 1.66 ddd (13.7, 13.7, 4.7) 36.0
12 2.07m, 2.19 m 19.9 2.05m, 222 m 19.0
13 135.0 134.9
14 7.33 m 147.2 7.10 dd (3.0, 1.6) 143.5
15 4.80 m 72.1 4.78 dd (3.6, 1.7) 70.2
16 176.9 174.4
17 0.85d (6.4) 16.3 0.83 d (6.2) 15.9
18 4.0l m, 4.03 m 62.8 9.31s 194.2
19 1.10 s 21.7 1.16 s 20.1
20 0.77 s 18.6 0.77 s 18.3

#Spectra collected in CD;0D.
®Spectra collected in CDCl;.
“Resonances were in overlapping regions.
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Table 3. In vitro ICsy (lowest concentration in pg/mL inhibiting
growth by 50% or more) for compounds 1, 3, 8, and 9 against plant
pathogens

Fungus 9 3 1 8

LEPTNO >25 >25 >25 >25
PHYTIN 25 25 0.93 25
PYRIOR >25 >25 >25 >25
SACCCE >25 >25 >25 >25
SEPTTR >25 >25 >25 >25
USTIMA >25 >25 >25 >25

LEPTNO, L. nodurum; PHYTIN, P. infestans; PYRIOR, P. ory:zae;
SACCCE, S. cerevisiae; SEPTTR, S. tritici; USTIMA, U. maydis.

and USTIMA, 2 days for LEPTNO, SEPTTR, and
PYRIOR, and 3 days for PHYTIN. All plates were eval-
uated for percent inhibition of fungal growth using a
nephlometer (Nephelostar Galaxy, BMG Labtechnolo-
gies, Offenburg, Germany).

3.4. Plant material

A liana was collected in Akisiamaw village, Surina-
me, under the vernacular name apukutatai as collec-
tion number CI-944MeMill10986 in June 2000. A
second liana was collected in Godo village, Suriname,
under the vernacular name loambitatai, and was
identified as a Casimirella sp. (formerly Humirianthera
sp.) (Icacinaceae), and tentatively identified as C.
ampla (Miers) R.A. Howard. It was given the code
CI-2996MeKd11888 and herbarium number CI-1114.
The liana had a height of 4m and a diameter of
2 cm, and was collected near a riverbank on sandy
loam. MeOH and EtOAc extracts of dried plant
material were prepared at BGVS and shipped to VPI-
SU for bioassay and isolation chemistry. Extracts of
CI-944MeMil10986 were designated BGVS 940412
and extracts of CI-2996MeKd11888 were designated
BGVS 220013.

3.5. Extraction and isolation

The MeOH and EtOAc extracts of BGVS 940412 (4 g)
were partitioned between hexane and 60% aqueous
MeOH, and then followed by partition between
CH,Cl, and 50% aqueous MeOH. BGVS 220013
(0.3 g) was treated similarly. All the fractions were
evaporated to dryness and tested for their biological
activity, and only the CH,Cl, fraction was active.
The active fraction was subjected to reversed-phase
C-18 column chromatography (MeOH/H,O, 1/1), fol-
lowed by reversed-phase HPLC using the same solvent
system as mobile phase to produce the three new dit-
erpenoids 1 (15 mg),2 (1.7 mg), and 3 (1.5 mg), as well
as the five known diterpenoids 7 (20 mg), 8 (10 mg), 9
(1.1 mg), 10 (1.2mg), and 11 (0.8 mg) as colorless
amorphous solids. The new compounds 4 and 5 were
isolated from the CH,Cl, fraction after partition on a
C-18 SPE column. The column was washed with 50%
aq MeOH, and the fraction containing 4 and 5 was
collected using 100% MeOH. The 100% MeOH frac-
tion was purified by RP-HPLC with 70% aq MeCN
to give 4 (Smg) and 5 (0.9 mg).

3.6. Compound 1

Colorless amorphous solid; [oc]g] —119° (¢ 0.1, CHCl3/
MeOH 1/12; IR vpax cm ' 3496 br, 2922, 1761,
1663 cm™'; 'H and '°C NMR, see Table 1; HR-FABMS
mlz 361.1641 [M+H]" (caled for Co0H,504, 361.1651).

3.7. Compound 2

Colorless amorphous solid; [oc]g] —27° (c 0.05, CHCl3/
MeOH 1/1); IR vpax 3496 br, 1761, 1663 cm™'; "H and
13C NMR, see Table 1; HR-FABMS m/z 377.1624
[M+H]" (caled for CooH,50-, 377.1600).

3.8. Compound 3

Colorless amorphous solid; [o]7y —91° (¢ 0.06, CHCly/
MeOH 1/1); IR viax cm ™' 3550 br, 2940, 1761 cm™'; 'H
and '>C NMR, see Table 1; HR-FABMS m/z 363.1824
[M+H]" (caled for CooH»70s, 363.1808).

3.9. Patogonol (4)

Colorless amorphous solid; [oc}zg —43° (¢ 0.12, MeOH);
UV (EtOH) /.« (loge) 216 (3.56) nm; IR v, 3400
br, 1752 cm™!; "H and C NMR, see Table 2; HR-
FABMS m/z 301.2157 [M—OH]" (caled for C,0H90,
301.2168).

3.10. Patogonal (5)

Colorless oil; [oc}f)o —41° (¢ 0.087, CHCl3); UV (EtOH)
Jmax (10g€) 217 (3.90) nm; IR vpay 1753, 1686 cm™'; 'H
and °C NMR, see Table 2; HR-FABMS m/z 317.2113
[M + H]+ (calcd for C20H2903, 317.21 17)

3.11. Oxidation of patogonol (4)

Compound 4 (2.1 mg) was dissolved in 0.3 mL MeCN
and stirred with 3.1 mg (1.1 equiv) of Dess-Martin peri-
odinane for 30 min. The product 5 (1.8 mg) was collect-
ed using the SPE method used above. The isolated
compound had identical 'H and '*C NMR spectra to
those of the natural product.
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Abstract—A novel series of cationic surfactants was prepared based on Mannich base (produced from the condensation of piper-
idine and/or morpholine as secondary amine and paraformaldehyde in the presence of 8-hydroxyquinoline). The chemical structures
of the synthesized cationic surfactants were confirmed using elemental analyses, FTIR spectroscopy and '"H NMR. Surface activities
of the prepared surfactants were measured including: surface tension (y), critical micelle concentration (CMC), effectiveness (ncmc),
efficiency (Pc,g), maximum surface excess (I'ymax), minimum surface area (Ap;,), interfacial tension (y;1), emulsification power and
foaming power at 25 °C. The structural influences on their surface activities and adsorption free energy were discussed. The synthe-
sized cationic surfactants were evaluated for their biocidal activity towards Gram +ve bacteria (Staph. Cocu., Bacillus), Gram —ve
bacteria (Salmonella, E. coli), fungi (A. terrus., A. flav.) and yeast (Candida) at 1.0, 2.5 and 5.0 mg/mL, respectively. The target com-
pounds showed good inhibition towards Gram +ve bacteria, Gram —ve bacteria and yeast. Meanwhile, excellent fungicidal results

were obtained against the various types of fungi under investigation.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Mannich base is a condensation product of ammonia,
primary or secondary amine hydrochlorides with formal-
dehyde and reactive hydrogen containing compounds.!
The reaction proceeded according to the following:

RCOCH; + CH,0 + RNH-HCI — RCOCH,CH,NR,

Mannich base is characterized by the presence of tertiary
nitrogen, which is capable of undergoing a quaterniza-
tion reaction in the presence of halocompounds to pro-
duce cationic compounds with a good surface activity.?
The surface activity of the produced compounds de-
pends mainly on the starting materials of secondary
amines, the active-hydrogen containing compounds
and the quaternizing agents. The long-chain derivatives
of Mannich base cationic surfactants play an important
role in the emulsification process,® while the unsaturated

Keywords: Mannich base; Surface tension; Interfacial tension; Critical

micelle concentration; Effectiveness; Efficiency; Surface pressure; Min-

imum surface area; Emulsification power; Free energy; Adsorption;
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cyclic derivatives exhibit excellent corrosion inhibition
through their tendency towards adsorption at
interfaces.*

A new trend in the Mannich base cationic surfactants
appeared in their biocidal activity towards various types
of microorganisms (bacteria and fungi). That biocidal
activity depends mainly on the chemical structure of
the Mannich base and the surface activity of their
cationic derivatives.’

In this work, six Mannich base cationic surfactants were
synthesized through direct quaternization of (morphol-
ine and/or piperidine) Mannich bases, and dodecyl-,
hexadecyl- and octadecylbromoacetate. The produced
cationic surfactants, namely, 7-pipridinomethyl-8-hy-
droxy-N-methyl-carboxyalkyl quinolinium bromide (P, )
and 7-morpholinomethyl-8-hydroxy-N-methylcarboxyalkyl
quinolinium bromide (M, were confirmed using
elemental analyses, FTIR-spectroscopy and 'H NMR
spectra. Their surface activities were measured including
surface tension (y), critical micelle concentration
(CMQ), effectiveness (ntcmc), efficiency (Pcyp), maximum
surface excess (I'max), minimum surface area (Amin),
interfacial tension (yrr), emulsification power and
foaming power at 25 °C. The biocidal activities of the
synthesized cationic surfactants were tested against
Gram-positive bacteria, Gram-negative bacteria, yeast
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and fungi. The modes of action of these compounds
against these microorganisms were discussed.

2. Experimental procedures
2.1. Synthesis of Mannich base

To a cold suspension of 8-hydroxyquinoline (0.01 mol)
in acetic acid (30 mL), piperidine or morpholine
(0.011 mol) was added, followed by paraformaldehyde
(0.11 mol). The reaction mixture was then heated under
reflux for 4 h and left overnight at room temperature.
After removing the acetic acid in a vacuum, the residue
was treated with dilute hydrochloric acid to dissolve the
Mannich base formed. The reaction mixture was filtered
and the cooled filtrate was made alkaline with ammoni-
um hydroxide. The product was filtered and recrystal-
lized twice from acetone to yield piperidine and
morpholine Mannich base, respectively.®

2.2. Synthesis of the cationic form of Mannich base

Mannich base (0.1 mol) and 0.1 mol of the bromoesters
(dodecyl-, hexadecyl- or octadecyl bromoacetate) were
dissolved in ethyl alcohol (50 mL) and refluxed for
6h.” The produced crystalline product was filtered,
washed by petroleum ether (60-80 °C) twice and dried
under vacuum at 50 °C. Elemental analyses, FTIR and
"H NMR spectroscopic analyses confirmed the struc-
tures of the synthesized surfactants (P,_., M,_.).

2.3. Surface tension and critical micelle concentration

Surface tension values of the synthesized cationic surfac-
tant solutions (P, ., M, ) were obtained at 25 °C using
Du-Nouy Tensiometer (KRUSS K6 Type 4851) with a
platinum ring. Apparent surface tensions were measured
about five times for the sample within 2 min interval be-
tween each reading. The obtained data were plotted
against —log C without any correction. CMC values
were determined from the plot of surface tension versus
concentration.®

2.4. Interfacial tension, emulsion stability and foaming
power

Interfacial tension was measured using Du Nouy Tensi-
ometer (KRUSS K6 type 8451). These measurements
were carried out by the addition of 5 mL of the synthe-
sized surfactant solution (0.1 M) and 5 mL of paraffin
oil at ambient temperature. The emulsion stability was

Table 1. Characterization of the Mannich base cationic compounds

performed by vigorously stirring a mixture of 10 mL
(1%) surfactant solution and 10 mL of paraffin oil at
30 °C. Emulsifying power (emulsion stability) was ex-
pressed as the time required for separation of 9 mL pure
water. While, foam power was measured after shaking
100 mL of 0.1% concentration of the surfactant solution
vigorously in a stoppered graduated 250 mL cylinder at
room temperature.’

2.5. Biocidal activity

The antimicrobial activities of the surfactants were tested
according to the diffusion agar technique. They were
tested for their bactericidal activity against Gram +ve
bacteria (Staph. Cocu., Bacillus), Gram —ve bacteria
(Salmonella, E. coli) and for fungicidal activity against
(A. terrus., A. flav.) and yeast (Candida) at 1.0, 2.5 and
5.0 mg/mL.1°

3. Results and discussion
3.1. Structure

The chemical structures of the synthesized surfactants
were confirmed using microelemental analyses, which
showed good coincidence between the calculated and
found values of C, H, N and Br (%), Table 1.

FTIR spectra showed the following bands: ve—g at 1750—
1735 em™ !, vepg, at 2926 cm ™!, ven, at 2853 cm ™!, ve—c at
1667-1640 cmjl, ven at 12501020 cm ™! and v at
3040 cm~ ', which confirmed the expected functional
groups found in the synthesized molecules.

"H NMR analyses of compounds (P,) and (M,) as rep-
resentative samples showed the following; for (P,): at
0=23ppm (t, 3H, CH3); at 1.25 ppm (m, 24H, CH,),
at 0.95 ppm (t, 2H, CH,CO) and at 2.0 ppm (d, 4H,
CH=CH). While, for (M,): at 6 =23 ppm (t, 3H,
CHs;) at 0.95 ppm (t, 2H, CH,CO); at 2.1 ppm (d, 4H,
CH=CH) and at 1.25 ppm (m, 20H, CH>).

The spectral analyses confirmed the chemical structures
of the synthesized cationic surfactants, as shown in
Scheme 1.

3.2. Surface properties
3.2.1. Surface tension (y), interfacial tension (y;r) and

critical micelle concentration (CMC). Figures 1 and 2
represent the variations of surface tension versus —log C

Compound M. wt Solvent Yield (%) C% H% N% Br%
Calcd Found Caled Found Calcd Found Calcd Found

P, 549 Ethanol 79 63.38 63.36 8.56 8.55 5.10 5.09 14.57 14.56
Py 605 Ethanol 75 65.45 65.42 8.76 8.74 4.62 4.62 13.22 13.20
P. 633 Ethanol 72 66.35 65.34 9.01 9.00 442 442 12.63 12.60
M, 551 Ethanol 68 60.98 60.96 7.80 7.78 5.08 5.08 14.51 14.48
M, 607 Ethanol 65 63.26 63.25 8.40 8.39 4.61 4.60 13.17 13.09
M, 635 Ethanol 65 64.25 64.23 8.66 8.65 4.40 4.40 12.59 12.52
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Figure 1. Surface tension isotherm of morpholine derivatives, ¢ M,; @
Mb; A MC.

of the synthesized cationic surfactants P, . and M, . at
25 °C. It is clear from Figure 1 that the surface tension
values were decreasing gradually by increasing the alkyl
chain length (hydrophobic chains). This could be due to
increasing the interaction forces between these chains
and the polar medium (H,O), which directs the surfac-
tant molecules towards the air/water interface.'! Hence,
the surface tension values decrease gradually. Due to
increasing the repulsion forces between the various
piperidine derivatives and the water molecules, their
ability for micellization increases at lower concentra-
tions as represented in Table 2. The gradual increase
of alkyl chain lengths in the surfactant molecules is char-
acterized by decreasing their critical micelle concentra-
tions (CMC), Table 2. That effect was observed in
several studies of surfactants.'>"!* On the contrary, mor-

70
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45 |
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Figure 2. Surface tension isotherm of piperidine derivatives, ¢ P,; @
Pb; A PC.

pholine cationic derivatives showed a reverse trend in
their surface tension and critical micelle concentration
values, which may be due to the presence of the oxygen
atom in their skeleton, and which decreases the water/
hydrophobe repulsion that occurred through hydrogen
bond formation between the morpholine ring and
hydrogen atoms in water molecule.'> This phenomenon
allows the molecules to be presented in the bulk of their
solutions, which corresponded to higher surface tension
values for their solutions at the critical micelle concen-
tration than piperidine derivatives.

The interfacial tension values of piperidine and mor-
pholine cationic surfactants between their solutions
and paraffin oil generally decrease by increasing the
hydrophobic chain length, which may be due to the
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Table 2. HLB, critical micelle concentration (CMC), interfacial tension (y;1), emulsion stability, foaming power and adsorption free energy of the

synthesized cationics

Compound CMC, Interfacial tension E.B}? Foaming power Teme Pcyg Iy X 1077 Apmin AG, 45 kJ/mole
M/L (mN/m) Sec. (mL) Nm?
P, 0.00100 12.5 165 — 43 5.53 5.253 3.16 -9.33
Py 0.00050 3.0 35 30 46 5.51 5.231 3.174 —8.55
P. 0.00025 6.5 65 48 5.94 5.639 2.944 —8.45
M, 0.00025 3.0 160 45 445 4.225 3.93 —-10.42
M, 0.00100 2.5 135 — 43 3.04 2.886 5.753 —11.45
M. 0.00160 2.0 117 — 40 3.12 2.962 5.905 -9.99

#E.B.: Emulsification power.

presence of surfactant molecules at the interfacial layer
between water and paraffin oil phases.!® The presence
of surfactant molecules at the interfaces may facilitate
their amphipathic structure, the presence of polar
groups (N*, OH) (hydrophile) and the nonpolar group
(alkyl chain) (hydrophobe). Hence, the total energy of
the system decreases as a result of solvation of polar
groups in the polar medium and the hydrophobes in
the nonpolar phase. Piperidine cationic derivatives P, .
showed higher interfacial tension values in H,O/paraffin
oil system than those of morpholine homologues. That
may be due to the effect of nonpolar phase on the inter-
facial tension values. Variation of the nonpolar phase
nature from paraffin oil to benzene decreases the interfa-
cial tension values of piperidine cationic surfactants to
extremely lower values (Table 2).

3.2.2. Effectiveness (mcmc), efficiency (Pcyp), maximum
surface excess (I'ax) and minimum surface area (Ap;,).
The difference between surface tension value of the sur-
factant solution at its CMC and that of corresponded
distilled water is defined as effectiveness (mcmce).!” The
efficiency (Pcyg) is the concentration of a surfactant solu-
tion, which is capable of suppressing the surface tension
of surfactant solution to 51.7 mN/m at 25 °C.'® These
two variables determine the activity of surfactant mole-
cules at the air/water interface. Table 2 shows the effec-
tiveness and efficiency values of the synthesized
surfactants P, . and M, . in their solutions at 25 °C.
Obviously, piperidine cationic derivatives showed an
increasing trend in both 7mcpe and Pcyy values by
increasing the hydrophobic chain length reaching the
maximum activity corresponding to the octadecyl pip-
ridinium derivative (P.) at 25 °C. This trend is reversed
in morpholine cationic derivatives, which may be due
to higher hydrophilicity of these molecules as a result
of the presence of an oxygen atom within them. The
lowest surface activity was noticed in octadecyl mor-
pholinium derivative (M,).

The maximum surface excess is expressed as the concen-
tration of surfactant molecules at the interface per unit
area (I'may). While, the minimum surface area is defined
as the area occupied by each molecule in nm? at the
interface. Using the adsorption law of molecules at the
interfaces, I'y.x values were calculated according to
the following equation:'’

Fmax = (ay/élogC)T/2303RT,

where 0y/0Olog C is the surface pressure, R, universal gas
constant and 7, the absolute temperature.

IThe surface pressure (slope of surface tension profile
at pre-CMC) determines the variation of surface ten-
sion by increasing the surfactant concentration at the
surface of its solution. This reflects the pumping of sur-
factant molecules from the bulk to surface of the solu-
tion. Table 2 shows the ability of P, . surfactant
molecules to be pumped towards the interface, which
is proved by higher surface pressure and extreme sur-
face concentration at the interface. Also, increasing
the alkyl chain length of the hydrophobe increases
the maximum surface excess values (I',ax) since hydro-
phobicity of the surfactant molecules increases with
increasing the number of methylene groups in the alkyl
chains.

In the case of morpholine cationic surfactants, M,_, the
trend of increasing the surface pressure (0y/0log C) and
I'max Was reversed. That may be due to the increase of
hydrophilicity of the surfactant molecules (M, ) due
to the presence of an oxygen atom within their skeleton.
In general, compounds M,_. showed the lowest surface
concentration, which indicates their tendency towards
solvation in polar medium (H,O).

The minimum surface area occupied by each surfactant
molecule at the air/water interface (4.;,) is calculated,
which is affected mainly by the presence of the polar
and/or charged groups. The polar groups are considered
as attachment points, which are anchored to the water
surface hence, A, of the surfactants (M, ) were ob-
served to increase A, values than those corresponding
to (P,_.),'° which is due to the presence of an ethereal
bond (-O-) that increases A, at the interface. The
maximum area at the air/water interface is correspond-
ing to M, ., which has the longest hydrophobic chain
length (17-CH, group).

3.2.3. Emulsification power. Emulsification power of the
synthesized surfactants was tested against paraffin oil.
The results (Table 2) showed that increasing the hydro-
phobic chain lengths of the synthesized surfactants, gen-
erally, decreases their emulsification powers towards
paraffin oil. That could be rationalized to their HLB val-
ues, which decrease by increasing the hydrophobic
chain.?’ The maximum emulsification tendency is signifi-
cantly observed for P,/paraffin oil (0.1 aqueous solution).

In general, cationic surfactants show the minimum
foamability relative to the other types of surfactants
(anionic, nonionic, zwitterionic or amphoteric). The
synthesized cationic surfactants P, . and M,_. showed
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low foaming power only for Py, while P, and M,
show no foaming power, Table 2.

3.2.4. Adsorption free energy (AG,q4s). The standard free
energies of adsorption for the synthesized cationic sur-
factants were calculated at 25 °C, according to the meth-
odology of Rosen,?! Table 2. It is clear from the —ve
values of AG,qs and AGy,;. that the process of adsorp-
tion is spontaneous.?’ However, the high negativity
AG,qs values showed that the process of adsorption is
the most predominant process. Obviously, the synthe-
sized cationic surfactants prefer adsorption at air/water
interface due to a higher interaction between the hydro-
phobic chains and the polar medium.>® Hence, the
adsorption is the most favourable situation, owing to
their low interaction, which is also stabilized by the
anchoring points (polar groups) at the interface.

The behaviour of surfactant molecules towards their
medium decides their fields of applications. Adsorbed
molecules play an important role in the interfacial appli-
cations including corrosion inhibition,?* emulsification??
and metal flotation.2® Also, micellized molecules had an
applicable role in detergency, solubilization?’” and phase
transfer catalyst.?®

3.2.5. Evaluation of the synthesized surfactants as anti-
bacterial, antifungal and antiyeast agents

3.2.5.1. Antibacterial activity. The combined proper-
ties of quaternary ammonium compounds including ger-
micidal activity, detergent action, low toxicity, high
solubility, stability and noncorrosiveness facilitate their
application as disinfectants and sanitizing agents.?®-3°
Hence, the prepared cationic surfactants were evaluated
as biocides for Gram-positive bacteria, Gram-negative
bacteria, fungi and yeast using different doses (1, 2.5
and 5 mg/mL). The data of biological activity of P, .
and M,_. cationic compounds are given in Table 3.

The biocidal activity of P,_. and M,_. towards microor-
ganisms is found to be dependent on the nature of the
target organisms.

Gram-positive and Gram negative bacteria were affected
extremely by the synthesized cationics (P,_., M, ). The
Gram-positive bacterial cell wall is composed of a pep-
tidoglycan chain of polysaccharide, teichonic acid and
phosphated sugar. Teichonic acids gave the Gram-posi-

tive bacterial cell wall a negative charge, which may be
important in determining the types of substances
attracted to the cell membrane.!

The synthesized cationic Mannich bases (P,_., M,_)
showed a higher biocidal activity towards Gram-positive
strains than the Gram-negative strains, Table 3. That
higher biological activity may be due to several reasons,
which are as follows:

1. The ionization of the molecules under investigation
in the aqueous medium produces different ions?

The produced cations C* are attracted to the negatively
charged cell membrane and neutralize its charges, on ac-
count of which its selective permeability is distorted.

2. The halogen ions penetrate into the cytoplasm of the
cell, which inactivates the essential metabolic com-
pounds, such as proteins and enzymes. The inactivation
action proceeded via oxidation of these proteins result-
ing in the bacterial cell death.?3

The obtained biological activity of the target compounds
showed a lower extent towards Gram-negative bacteria.
This activity may be due to the halogen anions (Br ),
which play a minor role in penetration through the cell
membrane, which is characterized by a more fragile
structure than the Gram-positive strain. As a result,
the Gram-negative bacteria showed some resistance to-
wards the synthesized cationic Mannich bases.

The behaviours of the synthesized cationic surfactants
at the interface play a vital role in their antibacterial
activity. The surface and thermodynamic properties
of these surfactants showed a tendency towards
adsorption at the interfaces, which facilitate their role
of adsorption at the bacterial cell membrane.

Increasing AG,qs enhances the higher adsorptivity of
M,_ derivatives, which show maximum biological activ-
ity towards Gram-positive and Gram-negative bacteria
(—10.42, —11.45 and —9.99 kJ mol ).

3.2.5.2. Antifungal activity. Several investigators have
studied the fungicidal activity of different varieties of
surface active agents towards fungus. The obtained

Table 3. Antibacterial activity of the synthesized surfactants at 1, 2.5 and 5 mg/mL

Bacteria Gram +ve Gram —ve

Bacillus Staph. Cocu. Salmonella E. coli
Dose (mg/mL) 1 2.5 5 1 2.5 5 1 2.5 5 1 2.5 5
Blank + ++ +++ + ++ +++ + ++ +++ + ++ +++
M, + ++ +++ + ++ 4+ + ++ +++ ++ +++ +++
M, ++ +++ +++ + ++ +++ + ++ +++ ++ +++ +++
M, + ++ +++ + ++ ++ + ++ +++ ++ ++ +++
P, + ++ ++ + ++ 4+ + ++ +++ + ++ +++
Py + + ++ + ++ +++ + ++ ++ + + ++
P. + ++ ++ + ++ ++ + ++ +++ + ++ ++
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Table 4. Antifungi and antiyeast activity of the synthesized surfactants at 1, 2.5 and 5 mg/mL
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Organism Fungi Yeast
A. terrus. A. flav. Candida

Dose (mg/mL) 1 2.5 5 1 2.5 5 1 2.5 5
Blank ++ ++ +++ ++ ++ +++ ++ ++ +++
M, + ++ +++ + ++ +++ ++ +++ +++
M, ++ +++ +++ ++ ++ +++ ++ +++ +++
M, + ++ +++ ++ ++ +++ ++ +++ +++
P, ++ ++ +++ ++ ++ +++ ++ +++ +++
Py ++ +++ ++++ ++ +++ +++ +++ +++ +++
P. ++ ++ +++ ++ ++ +++ +++ +++ +++

results showed minor effects; however, a limited range of
these compounds showed significant results.

The synthesized pipridinium and morpholinium bro-
mide derivatives (P,., M, ) were evaluated for their
fungicidal activity against 4. terrus. and A. flav. at differ-
ent doses (1, 2.5 and 5 mg/mL). The obtained results
(Table 4) showed a higher fungicidal activity of pipridi-
nium derivatives (P,_.) and the morpholinium deriva-
tives (M, ). The highest fungicidal activity was
observed in the synthesized cetyl morpholinium bromide
derivative (Mp). The cetyl pipridinium derivative (Py)
was the most active in the piperidine series (My, Py;
AG,q4s: —11.45 and —8.55 kJ mol ™!, respectively). Iden-
tically, the synthesized cationic surfactants showed effec-
tive biological activity towards yeast (Candida), Table 4.

The biological activity of the synthesized cationic surfac-
tants against the tested microorganisms was observed to
increase by increasing their doses. The highest activity
was observed at 5 mg/mL.
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