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Abstract

A series of new antitumour lactones containing[&8.0] bicyclic furano-lactone core and the
halogen or azido group at the C-7 position have lsesigned, synthesized, and evaluated for their
in vitro antitumour activity against a panel of hamtumour cell lines. Some of the analogues
displayed powerful antiproliferative effects toteen human tumour cells, but all of them were
devoid of any cytotoxicity towards the normal fddteng fibroblasts (MRC-5). A SAR study
reveals the structural features of these lactdmtsmhay affect their antiproliferative activity. @$e
are: the nature of substituent present at the Gsitipn, stereochemistry at the C-7 position, the
absence of phenyl group at the C-7 position. Flgieroetry data indicate that the cytotoxic effects
of the synthesized analogues in a culture of K583 are mediated by apoptosis, additionally
revealing that these molecules induced changesllicycle distribution of these cells. Results of
Western blot analysis suggested that the mostriahegized compounds induce apoptosis in K562

cells in caspase-dependent way.

" Corresponding author. Tel.: +381 21 485 27 68; 881 21 454 065. E-mail address: velimir.pops@ith.uns.ac.rs
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1. Introduction

Nature is an inexhaustible source of biologicalitivee compounds. Particularly interesting are
styryl lactones, which have been isolated from@boaiothalamus plant genus [1]. Special interest
of medicinal chemists is directed to the styrytdaes with furano-furone scaffold, such as (+)-
goniofufurone {) and 7epi-(+)-goniofufurone 2), which have been isolated from the stem bark of
Goniothalamus giganteus [2,3]. As both natural products &nd2) and a number of their

derivatives and analogues exhibited promising amiitur properties [1,4,5], they have been the
target of many synthetic efforts [6—8]. We havedieen involved in the synthesis of natural styryl
lactones and their analogs [9-11]. Thus, we hasentéy reported a preliminary account [10] on a
new and facile route to (+)-goniofufurone andpr<+)-goniofufurone mimics bearing chloro
(analogues8 and4, Scheme 1), or bromo functions (analogbesd6) at the C-7 position. The
results of preliminary in vitro antitumour assag] tonfirmed that the replacement of hydroxyl
group at the C-7 position with a halogen may inseethe antitumour potency originally displayed
by leadsl and2 against several human tumour cell lines [10]. @ndther hand, a study carried out
previously in our laboratory showed that 7-dephemdlogue ol (compoundLl3), and in particular
the corresponding G4R)-stereoisomer (not shown in the scheme) strongtiibited the growth of
certain human neoplastic cell lines [13]. Baseduih@se observations, we designed a series of
bicyclic lactones3-12, as direct isosteres dfand2. Finally, several new (+)-goniofufurone and 7-
epi-(+)-goniofufurone bioisosteres of tyfid—18 have been designed by combining both isosterism

and ring removal methods. Detailed design strategytlined in Scheme 1.
<Insert Scheme 1>

2. Resultsand discussion

2.1. Chemistry

As both titanium(IV) chloride and bromide efficigntatalyzed rapid nucleophilic replacement of
benzoyloxy groups at C-7 with chloro or bromo nopleiles to afford the corresponding isosteres
3-6 [10], we wanted to use titanium(IV) iodide and Huwmilar methodology to prepare 7-iodo
analogues of (+)-goniofufurone andydi-(+)-goniofufurone (compoundsand8). However,
treatment ofl9 with titanium(lV) iodide in dry dichloromethaned®me 2) did not afford the
expected 7-iodo derivatives, but resulted i@-Blebenzylation with the formation of alcolil
(Scheme 2). Hence we were forced to look for agréitive procedure based on the Garegg-

Samuelsson reaction [14].



<Insert Scheme 2>

The synthesis started from the known benzylic altoPl and22 (Scheme 2) that were previously
prepared in our laboratory starting frayxylose [15]. Treatment of lactor®l with iodine,
imidazole and triphenyl phosphine in dry toluenferafed 7-iodo derivat@3 (41%) as the main
reaction product, accompanied with a minor amoaohs-7 epime24 (11%) and olefir5 (10%).
Under the similar reaction conditions, compo22djave the expected 7-iodo derivatein a 44%
yield, along with traces &3 (2%), and a minor amount of olef®® (11%). It should be underlined
that the major reaction products in both reactimage inverted configuration at the C-7 position.
Further treatment of compoun®3 or 24 with titanium(1V) iodide in dry dichloromethane\gaa
mixture of 7 (17% from23, 31% from24,) and8 (17% from23, 11% from24). Obviously,
titanium(lV) iodide apart from debenzylation partiguses the epimerization at the C-7 position.
Stereochemistry of iodo-lacton@sand24 were confirmed by single crystal X-ray diffraction

analysis (for the crystal structuresfodnd24, see the Supplementary data).

Since our recent study showed that treatmef®d¢Bcheme 2) with titanium(lV) fluoride does not
give the corresponding 7-fluoro derivatives [16¢ decided to apply a different methodology for
the introduction of fluoro groups at the C-7 pasiti Again, the synthesis of target molecdesd

10 starts from known [15] styryl lacton@4 and22 (Scheme 3).
<Insert Scheme 3>

Treatment of compoungll with diethylaminosulfur trifluoride (DAST) in didbromethane gave 7-
deoxy-7-fluoro derivative6 (63%), as the major product, accompanied withrromamount of the
C-7 epimer27 (12%). Under the same reaction conditions, comg@2rgave the expected 7-
deoxy-7-fluoro derivativ@7 as a major product (76%), along with a minor am@firC-7 epimer

26 (24%). It appears that the replacement of hydrgrgup at C-7 in botB1 and22 preferentially
occurs with retention of configuration at the elephilic position. 50-Benzyl protective groups
were removed under the standard reaction condifidyn9Pd/C, cat. HCI, EtOAc) whereby the
desired 7-fluoro derivative3and10 were obtained in 70 and 79% vyield, respectively.
Stereochemistry of fluoro-lacton&8 and27 has been unambiguously confirmed by single crystal

X-ray diffraction analysis (for the crystal strusts of10 and27, see the Supplementary data).

After obtaining the halogen isosteres of naturabpctsl and2, our further activities were focused
on the synthesis of the corresponding 7-azido dévies. Apart from being an isostere, the azido
group has been extensively used in joining tworelytdifferent building blocks (“click reaction”),



thus enabling an easy access to highly complexculaearchitectures of interest for both

medicinal chemistry and chemical biology [17,18]okder to prepare azido isostetdsand12 we
have adopted a literature procedure that was pushj@pplied for the epoxide ring opening by
using trimethylsilyl azide/boron trifluoride diethgtherate reagent system [19,20]. The synthesis of
azido derivatived1 and12 started from the known oxetaB8 (Scheme 4) that is readily available
from 7-epi-(+)-goniofufurone in one step [15].

<Insert Scheme 4>

Treatment o8 with trimethylsilyl azide in dry dichloromethane, presence of boron trifluoride
diethyl etherate gave the expected analdguas a major product (24%) and the corresponding C-7
epimerll (10%) as a minor reaction product. Stereocherastf these 7-azido-lactones were
unequivocally confirmed by single crystal X-rayfdatction analysis (for the crystal structureslbf
and12 see the Supplementary data). An unexpected pr@dweith unusual pyrano-furone
skeleton was also isolated in 12% yield.NMR data 0f29 (Js = 12.4 Hz and H-6/H-3 NOE
contact) indicated that the six-member ring occsipi¢éwist-boat conformation with all substituents
being pseudo-equatorially oriented. The singletatys-ray analysis o029, confirmed the twist-

boat geometry of the six-member ring (Fig. 1), &l as theanti (trans-diaxial) arrangement of H-

5 and H-6 € = 173.1°), which is in accordance with the obsémvieinal coupling of 12.4 Hz.
Finally, the distance between H-3 and H-6 (2.87n&he molecular structure @0 is consistent

with NOE results.

<Insert Figure 1>

A possible mechanism of this reaction (Scheme vplugs an initial formation of the stabilized
carbocatior28a. The attack of azide nucleophile from the lessléiadre-face gavel2 as the
major product, while the minor stereoisonéris formed as a result of attack to the electropiat
7 position from the more hinderedface. The formation of pyrano-furo@8 started with the
rearrangement of benzylic carbocati8a to the intermediat28b, followed by the carboxonium

ion capture preferentially from the less hindeeside.

The synthesis of 7-dephenylated goniofufurone anede bearing a halogen or azido group at the
C-7 position was carried out to examine the rolthefphenyl group in the biological activities of

lactones of typd. Preparation of these analogues (compoudes8) is presented in Scheme 5.

<Insert Scheme 5>



The known furano-lacton&3 [13,21-23], which might be considered as a deplagsy analogue of
goniofufurone {), was used as a convenient starting materiahiergart of the work. Apart from
being a starting material in the synthesis, comddidwill be also used as a positive control in
biological testing of analogud4-18. Lactonel3 readily reacted with carbon tetrachloride and
triphenyl phosphine in dry dichloromethane, in phesence of pyridine to afford 7-chloro
derivativel4 in 38% yield. The reaction df3 with carbon tetrabromide and triphenyl phosphine
gave 7-bromo derivativéb in 28% yield. Absolute value of optical rotatiohomur samplels

{[ a]*% +10.9 € 1.8, CHC})} is somewhat smaller, but of an opposite sigantthe reported value
for the enantiomeent-15 {[ 0]*% —22.0 € 1.8, CHC})} [24]. However, the melting point {lit. [24]
mp = 88-90 °C, found 87-89 °C} and NMR data of bgsized sampl#5 were in full agreement
with those reported faent-15 [24]. Moreover, lacton&3 readily reacted with iodine, imidazole and
triphenyl phosphine, under the standard conditadrice Garegg-Samuelsson reaction [14], to
afford the known [25] 7-iodo derivativis in 63% yield. Physical constants (mp and optical
rotation) and NMR spectral datd{and*>C) of thus obtained samplé are in reasonable
agreement with previously reported data [25]. Qispment of 7-iodo function &6 with azido
group was achieved by treatment of compoidaith sodium azide in DMF, in the presence of
ammonium chloride, to give the desired compol®th 66% yield. The molecular structure of 7-
azido-lactonel8 was confirmed by single crystal X-ray diffractianalysis (for the crystal structure
of 18, see the Supplementary data). The synthesis dfetsgtated 7-fluoro derivativé7 was
completed by using the methodology similar to #degady used for the preparation of 7-fluoro
derivatives9 and10 (Scheme 3). Thus, treatment of known lact8@¢l3] with DAST in
dichloromethane gave a moderate yield of the cpomding 7-fluoro derivativ8l (35%).

Catalytic hydrogenation &1 over 10% Pd/C, in the presence of traces of cdretea

hydrochloric acid, gave the desired debenzylatetvateve 17 in 57% yield.

2.2. In vitro antitumour activities and SAR

After completion of the synthesis, all synthesizechpounds were evaluated for their in vitro
cytotoxic activity against a panel of seven humaiignant cell lines, including human
myelogenous leukaemia (K562), human promyelocgtikhemia (HL-60), T cell leukaemia
(Jurkat), Burkitts lymphoma (Raji), ERbreast adenocarcinoma (MCF-7), cervix carcinoma
(HeLa), lung adenocarcinoma epithelial cells (A5489 a single normal cell line — foetal lung
fibroblasts (MRC-5). Cell growth inhibition was dwated by using the standard MTT colorimetric

assay after exposure of cells to the test compoiand® h. (+)-Goniofufuronel}), 7-epi-(+)-



goniofufurone 2), dephenyl goniofufuronel8) and the commercial antitumour agent doxorubicin
(DOX) were used as positive controls.

<Insert Table 1>

According to the resulting Kg values of the cytotoxic assay (Table 1), the K362,60, Jurkat,

Raji, HeLa and A549 cell lines were sensitive iméthe synthesized analogues. The highest
potency in the culture of K562 was recorded aftestment with 7-chloro derivativie(ICsp 0.11
KM), which demonstrated about 2-fold higher potetihan the commercial antitumour agent DOX.
A potent submicromolar antiproliferative activityaa/recorded after treatment of K562 cells with
bromo derivatives (ICso 0.98 pM). The highest potency in the HL-60 celkelwas recorded after
treatment with 7-bromo isostebgICsp 0.11 uM), which was approximately 8-fold more aeti

than DOX. All goniofufurone mimics3( 5, 7, 9 and11) demonstrated powerful to moderate
antiproliferative effects toward HL-60 cells, inntoast to lead, which was completely inactive
against this cell line. With the exception of amale8, the remaining four of @&pi-(+)-
goniofufurone mimics4, 6, 10 and12) were more potent than le2dThe most active compound in
the culture of Jurkat cells was analogu@Csy 0.03 uM), which demonstrated the same potency as
the commercial antitumour drug DOX. The most acthaecules against Raji cell line were the
following isosteres: 7-fluoro derivativi® (IC5o 0.03 uM), 7-chloro derivativé (ICso 0.04 uM) and
7-iodo derivativer (ICso 0.04 M), which exhibited 75- and 99-fold highetgncy than the
commercial antitumour agent DOX @§2.98 uM), as well as 42- and 461-fold strongeivaygt

with respect to lead® andl, respectively. Several compounds exhibited sutomotar activities
toward the HelLa cells. These are: 7-azido deriedti/(ICso 0.12 uM), 7-fluoro derivativé7 (ICs
0.52 uM), 7-bromo derivative (ICso 0.68 uM) and 7-chloro derivativg(ICso 0.81 uM). However,
the potencies of these analogues were significémthgr than that recorded for DOX in the same
cell line (1Gso 0.07 uM). The highest potency in the culture o#i8%vas recorded after treatment
with dephenyl 7-chloro derivativit (ICs0 4.02 uM), which demonstrated the similar potersy a
DOX in the same cell line. The most potent compoagainst MCF-7 cells (I§ 0.85 uM) is
dephenyl azido derivative (molecul8), but the potency of this compound was 4-fold loWan
that recorded for commercial drug doxorubicin. Redhly, all of the synthesized styryl lactones
including natural products and2 were completely inactive toward normal MRC-5 célts

contrast to the commercial antitumour drug DOX, ekhexhibited a potent cytotoxic activity @&
0.10 uM) against this cell line. These results wiggest that the synthesized styryl lactones
represent selective antitumour agents, but thisragson should be verified by additional in vitro

experiments with additional normal cell lines.



In order to correlate the structure of synthesgediofufurone mimics with their cytotoxic
activities, we first considered the effect of haognd azido groups at C-7 position. The natural
productsl, 2 and synthetic dephenyl goniofufuroh@have been used as controls in this SAR
analysis. As the data in Table 1 reveal the intctidu of halogen or azido group caused the
increased antitumour potency originally displaygddadl, but decreased the cytotoxicity
originally demonstrated by le&l However, almost each of dephenyl analogdédsi@8) displayed
the increased antitumour potency with respectdbdahiginally displayed by the control molecule
13, against the majority of tumour cell lines. Howe\aeveral interesting exceptions deserve to be
commented: replacement of C-7 hydroxyl group byarine in the lead (compoundb) has the
smallest impact on antitumour potency, but proddlcesnost active analogue which exhibited
antitumour activity in a submicromolar range agahhis-60 cell line (IGo 0.11 uM). The same
structural modification of lead increased potency of resulting analo§ueward HL-60 and Jurkat
cells. Replacement of the hydroxyl group by a flaeratom in the structure of le@chas a small
impact on antitumour potency of analogues agalrestriajority of tumour cells. However it
produces the most active analogl@) (in this study which exhibited antitumour activitya low
submicromolar range (K2 0.03 uM) against Raji cell line (for more detaée the Supplementary
data, Table S6 and Fig. S8 a—c).

The next round of modifications undertaken to inwerthe antiproliferative activities have been
performed by a formalremoval of phenyl group frdra C-7 position. The relationships between
these structural changes and antiproliferativermés were established by comparing theg IC
values of dephenyl derivatives (analogés18) with those recorded for the corresponding
halogen and azido derivatives with phenyl group #na arbitrarily used as control molecules
(analogue$-12). As the data in Table 1 indicate the removalltémyl group decreased
antiproliferative activity of the chloro, bromo aratlo isosteres, against majority of tumour cell
lines under evaluation. Remarkably, the same stralkcinodification of mimics bearing fluoro and
azido groups increased antitumour potency of reguénaloguesly and18), against almost the all
malignant cell lines under evaluation. We also carag the activity of dephenyl derivati¥d with
that of natural productsand2, and found that compourdi@ was more active against four cell lines
when compared to goniofufuron®)(but against three cell lines when compared épi7-

goniofufurone 2). (For more details see the Supplementary datalgTs6 and Fig. S9).

Finally, we wanted to explore the effects of absoktereochemistry at C-7 to antiproliferative
activity of analogues. Our previous studies [10j26f]cated that the styryl lactones having th§){7

stereochemistry represent more potent cytotoxiatageith respect to the corresponding)-7



epimers. To further verify this assumption, we canegl the G, values of six pairs of C-7 epimers
(1 and2, 3 and4, 5 and6, 7 and8, 9 and10, 11 and12), each of which contains exactly the same
substituents and differs only in their absoluteesiehemistry at C-7. Epimers withR)#absolute
configuration ¢, 3, 5, 7, 9 and11) are considered as controls in this part of SAR\ais. Similarly
to natural product& and2, the (S)-stereocisomers bearing an azido group (analdgushowed a
more potent cytotoxicity than the correspondinB){épimerll. These results are consistent with
our previous findings [10,26]. In contrast to thadt,sterecisomers of BJ-series with chloro,
bromo, iodo and fluoro groups at the C-7 positi®rb( 7 and9) showed increased antitumour
potency then (3-epimers 4, 6, 8 and10) against a majority of malignant cell lines under
evaluation (for details see the Supplementary dathle S6 and Fig. S8 d). Unfortunately, these

findings disagree with the results of our previstiglies [10,26].
2.3. Cdl cycleanalysis

The cell passes through a series of events (celkxieading to cell division and duplication. Gell
that actively pass through the cell cycle repreti@atargets in cancer chemotherapy. We studied
effects of (+)-goniofufuronel] and analogues(5, 7, 9 and11l), as well as &pi-(+)-

goniofufurone 2) and its analogued (6, 8, 10 and12), and finally dephenyl goniofufuroné3)

and analoguedld, 15, 16, 17 and18) to the cell cycle perturbations. The cell cycdiefipe of
exponentially growing K562 cells treated with syegtzed compounds for 72 h was analyzed by
flow cytometry in cells stained with propidium idd. Untreated cells served as a control. The
results are presented in Table 2A (for graphicemegion see Figs. S13, S14 and S15 in the
Supplementary data). As the data in Table 2A irtdiea72-h treatment of K562 cells with
goniofufurone {) and the corresponding analogu@sy( 7, 9 and11) slightly change the
percentage of cells in GO/G1, S and G2/M phaselbtgcle compared to control. But all of these
compounds increased the percentage of cells iauhé51 phase (which is suggestive of apoptosis)
from cca. 2- to 10-fold compared to the controRZido mimetic of goniofufurone (compourid)

induced the most prominent sub-G1 peak in K56& @dter 72-h treatment.
<Insert Table 2>

Table 2A further reveals thatepi-(+)-goniofufurone 2) and the corresponding analoguésy( 8,
10 and12), slightly change the percentage of cells in GO/S&and G2/M phase of cell cycle
compared to control. However, all analogues in@éas to 10-fold the percentage of cells in the
sub-G1 phase when compared to untreated contreleXbeption is &pi-(+)-goniofufurone which



decreased the percentage of cells in the sub-Gdephigh respect to control. 7-Chloro analogue of
7-epi-(+)-goniofufurone (compound)) induced the most prominent sub-G1 peak in K562 edter

72-h treatment.

The data in Table 2A also indicate that 72-h tregiihof K562 cells with dephenyl goniofufurone
(13) and the corresponding analogu#$-(18) slightly change the percentage of cells in GO/&1,
and G2/M phase of cell cycle. But all of these coonmals significantly increased the percentage of
cells in the sub-G1 phase (from 1.5- to 30-fold pamed to the control). Bromo, fluoro and azido
derivatives of dephenyl goniofufurone (compould17 and18) induced the most prominent sub-

G1 peaks in K562 cells after 72-h treatment.

The obtained results showed that synthesized halisgsteres of (compounds, 5, 7, 9, 11), 2
(compoundé, 6, 8, 10, 12) and of13 (compound44-18) induced changes in cell cycle distribution
of K562 cells.

2.4. Detection of apoptosis

Cell cycle analysis indicated the pro-apoptotieeffof synthesized analogues through the
formation of sub-G1 peak. Therefore, we furtheryred apoptotic cell death using double staining
with Annexin V-FITC and propidium iodide. Doublesting enables detection of cells in the early
phase of apoptosis and clearly discriminates tnelgrotic cells from the Annexin V positive cells.
The type of cell death induced by goniofufurofg 7-epi-goniofufurone 2), dephenyl

goniofufurone {3) and analogues{12, 14-18) in K562 human leukaemia cells, was determined
by flow cytometry after staining, and the results shown in Table 2B (for a graphic presentation
see Figs. S10, S11 and S12 in the Supplementaay. dat

Apoptotic response, which was presented as a pagenf specific apoptosis, shows that all
analogues increased the percentage of Annexin \hgosells compared to parent compound
Compound3 causes the greatest specific apoptosis (58.36%0}. @an be seen, a few analogues
induced several-fold more Annexin V positive cellsnpared to parent compouBdExceptions

are compound6 and12. However, the 7-chloro mimic of &i-goniofufurone (compound)

causes the greatest specific apoptosis (38.77%i}.cas be further seen, all 7-dephenyl analogues
induced several-fold more Annexin V positive cellsen compared to the parent compod&d
Compoundd47, 18 and15 cause the greatest specific apoptosis (11.330kd 19.59%,
respectively). These results confirmed that 7-chbmmalogue8 and4, and dephenyl 7-fluoro, 7-
azido and 7-bromo isostergs, 18 and15 increased the percentage of Annexin V positives ¢el-,

10



8-, 226-, 362- and 391-fold respectively, compdeegarent compounds 2 and13. These findings
agree well with the results of cell cycle analysish-G1 peak). The highest percentage of specific
necrosis caused analogues bearing 7-bromo, 7-idl@-@zido groups, while the analogues with 7-
chloro and 7-fluoro groups showed slightly lowelues. But all 7-dephenyl analogues increase the

percentage of specific necrosis to 13.4-fold.

To evaluate the mechanisms underlying the apopiudised with synthesized analogugsiQ)
we have studied the ability of these compoundsddutate expression of selected apoptosis
markers, such as Bcl-2, Bax, caspase-3 and Poly(Albse) polymerase (PARP). The results are

presented in Table 3 (for more details see the IBopmtary data, Figs. S16, S17 and S18).
<Insert Table 3>

Semi-quantitative Western blot analysis revealed tiine majority of examined compounds&, 7—
12 with the exception db, 13-18) increased expression of anti-apoptotic Bcl-2 giroin K562

cells when compared to control. The majority otedscompounds (with the exceptionlpfl5, 16
and17) reduced expression of pro-apoptotic protein B2ol-@ associated protein X) which, when
activated, forms the oligomers that disrupt outéoamondrial membrane. Cytochrome c released
from damaged mitochondria promotes caspase-9 #otivan the scaffold protein APAF1 [27,28].
Caspases, a family of aspartate-specific cysteioeases, play central role in the mechanism of
apoptosis as they both initiate and execute thptapo process. The expression level of the
caspase-3 precursor and active subunit of caspaffee3or, as well as catalytic fragment of PARP
in the cells exposed to synthesized compounds messured in order to determine whether
apoptosis was associated with the activation gasess. Caspase-3 activation is followed by
cleavage of different downstream targets inclugialy ADP-ribose polymerase (PARP), which is
specifically cleaved on a DNA-binding domain anchgalytic fragment [29]. Western blot analysis
showed over-expression of both caspase-3 activengiudnd cleaved catalytic PARP fragment (85
kD) in K562 cells after treatment with lactorgdl1, 12 and18 while all other synthesized
compounds (with exception of bromo derivaté)enfluenced only PARP cleavage. During the
execution phase of apoptosis, PARP-1 is specifigathteolyzed by caspases &xderminal
apoptotic fragment of PARP-1 loses its DNA-dependatalytic activity upon cleavage with
caspase-3 whilBl-terminal apoptotic fragment, retains DNA-bindingiigity and inhibits the
catalytic activity of uncleaved PARP-1 [29]. Thessults suggest that all the investigated
compounds (with exception 6} induce apoptosis of K562 cells in caspase-dependay.
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Biochemical changes in apoptosis, DNA fragmentatiod caspase activation, may explain in part
some of the morphological changes in apoptosistefbee, it is important to note that apoptosis

may occur without oligonucleosomal DNA fragmentatand can be caspase-independent [30].
3. Conclusions

In conclusion, fifteen new analogues of goniofuhedl) and 7epi-goniofufurone 2), bearing a
halogen or azido functionality at the C-7 positiosgre designed and synthesized in this work. All
the synthesized compounds were tested in vitroraganel of human tumour cell lines, and the
structure—activity relationships are briefly diseed. The ability of synthesized compound to induce
apoptosis and to change the distribution of K5@Ragele was also studied. Some of the
synthesized compounds showed potent antitumownitgctespecially analogue 7, 10 (0.03-0.04
MM against Raji), and (0.03 uM against Jurkat), which displayed the agilactivity of all

compounds under evaluation.

The preliminary SAR analysis suggested the foll@structural requirements for the
antiproliferative action of synthesized analogy@s:the presence of halogen or azido group at C-7
increases the antitumour potency originally dispthipy leadl, but decreases the cytotoxicity
originally demonstrated by le&] (B) removal of the phenyl group may increaseexrdase
antiproliferative activity depending on the natofesubstituent at the C-7 position; (C) generally,
styryl lactones having the $F-stereochemistry represent more potent cytotoyents than the
corresponding (R)-isomers, but the activity also depends on thaneadf substituent present at the

C-7 position.

The cell cycle analysis reveals that treatmeneds avith synthesized compounds increases
percentage of K562 cell in sub G1 phase indicatiagthe mechanism of action of these
compounds probably involves apoptosis. The flovertry further confirmed a significant
percentage of specific apoptotic cells that wasaet after treatment with majority of analogues.
Compound3 causes the greatest specific apoptosis (58.36%3t&kh blot analysis of apoptosis
markers (Bcl-2, Bax, caspase-3, PARP) suggestealihaf the synthesized compounds (with
exception 06) induced apoptosis in K562 cells in caspase-degr@naay.

4. Experimental section
4.1. Chemistry

4.1.1. General experimental procedures
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Melting points were determined on a Hot Stage Micope Nagema PHMK 05 and were not
corrected. Optical rotations were measured on aopal IV (Rudolph Research) polarimeter at
room temperature. NMR spectra were recorded orukeéBrAC 250 E or a Bruker Avance IIl 400
MHz instrument and chemical shifts are expressqipim downfield from TMS. IR spectra were
recorded with an FTIR Nexus 670 spectrophotomdteer(mo-Nicolet). High resolution mass
spectra (ESI) of synthesized compounds were aatjomea Agilent Technologies 1200 series
instrument equipped with Zorbax Eclipse Plus CX®(tdm x 2.1 mm i.d. 1.8 um) column and
DAD detector (190-450 nm) in combination with a 82ime-of-flight LC/MS instrument (ESI) in
the positive ion mode. Flash column chromatograpay performed using Kieselgel 60 (0.040—
0.063, E. Merck). Preparative TLC was performedhand-made plates, 20 x 20 cm size with ~1
mm layer thickness. Kieselgel 60 G (E. Merck) witlorescent indicator J54 as additive was used
as stationary phase. The corresponding bands weapexl and eluted with EtOAc. All organic
extracts were dried with anhydrous 8&,. Organic solutions were concentrated in a rotary
evaporator under diminished pressure at a bathéeatyre below 35 °C. The purities of the tested
compounds were established by HPLC (compo@d8 and15-18) or by combustion analysis
(compoundl4) and were found to be >95% pure. HPLC analysiseaased out using an Agilent
1100 HPLC system (Agilent Technologies, Palo AG&, USA) with DAD detector and Zorbax
SB-C 18 column (4.6 x 150 mm, 5 um). Eluent: adétterwater (HPLC grade); gradient elution:
60—100% acetonitrile; flow rate: 0.5 mL/min. Temgatere: 25 °C. Detection: 254 nm (compounds
3-10, 12, 13 and16) and 210 nm (compoundsg, 15, 17 and18). For details see the Supplementary

data.

The procedures for preparation of 7-chla@(d4) and 7-bromo derivative® @nd6) are

described in reference 10.
4.1.2. 3,6-Anhydro-7-O-benzoyl-2-deoxy- 7-C-phenyl-D-glycer o-D-ido-heptono- 1,4-lactone (20)

To a cooled (0 °C) and stirred solution18f(0.103 g, 0.23 mmol) in anhydrous &, (6 mL) was
added Ti} (0.419 g, 0.75 mmol). The mixture was stirred &CCdor 0.5 h and then at room
temperature for 3.5 h. The mixture was poured a@@nd water, and extracted with &Hb. The
combined extracts were washed with 10% aqg Naki@fed and evaporated. The residue was first
purified by flash column chromatography (19:1 LH/EtOAc) and then by preparative TLC (1:1
toluene/EtOAC) to give purg0 (0.042 g, 55%) as a colourless syrug®}, = +50.0 € 1.0, CHCY),

Rf = 0.25 (19:1 CBCI/EtOAC). IR (film): vimax 3454 (OH), 1787 (C=0, lactone), 1722 (PhC=0).
'H NMR (250 MHz, CDCJ): & 1.30 (br s, 1H, OH), 2.55 (d, 1Bka 2o= 18.8 Hz, H-2a), 2.67 (dd,
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1H, Joa 2o= 18.8,Jop3= 5.1 Hz, H-2b), 4.32 (dd, 1Hs6=2.1,J5.7 = 9.2 Hz, H-6), 4.45 (d, 1H5s ¢
= 2.1 Hz, H-5), 4.95-5.04 (m, 2H, H-3 and H-4),26(d, 1H,Js 7 = 9.3 Hz, H-7), 7.35-8.14 (m,
10H, Ph).X*C NMR (62.9 MHz, CDGJ): § 35.8 (C-2), 73. 2 (C-5), 73.2 (C-7), 77.1 (C-3,3B(C-
6), 87.0 (C-4), 127.6, 128.6, 128.7, 128.9, 12933.9, 136.8 (Ph), 166.9 (BRO), 175.40 (C-1).
HRMS (ESI):m/e 377.0984 (M + Na), calcd for ggH1gNaGQs: 377.0996/e 393.0723 (M + K),
calcd for GoH18KOg: 393.0735.

4.1.3. Preparation of 7-iodo derivatives 23 and 24

Procedure A. To a solution of1 (0.081 g, 0.24 mmol) in dry toluene (5.5 mL) wdsled iodine
(0.118 g, 0.47 mmol), imidazole (0.043 g, 0.64 mnaold PRP (0.162 g, 0.62 mmol). The mixture
was stirred at 70 °C for 3 h, then evaporated. mheure of23, 24 and25 was first purified by
flash column chromatography (3:2 light petroleunsi@Btand then by preparative TLC (3:2
CH.Cl,/light petroleum, 5 successive developments). Elfitst was the minor produb (0.008

g, 10%) that was isolated in the form of colourlessdles, mp 165 °Cy]f = +7.5 € 0.5,

CHCls), R = 0.52 (CHCI,). Further elution gave pure compourd3s41%) and24 (11%).

Procedure B. To a cooled (0 °C) and stirred solution2@f(0.099 g, 0.29 mmol) in anhydrous
CHxCl, (1.5 mL) was added 2,6-lutidine (0.11 mL, 0.94 mymehsP (0.244 g, 0.93 mmol) and
iodine (0.246 g, 0.97 mmol). The mixture was stira¢ O °C for 0.5 h and then at room temperature
for 28 h, under nitrogen atmosphere. The mixturs pa@ured in 1 M HCI (pH 1), and extracted

with CH,Cl,. The combined extracts were washed with 10% ad §&€7), dried and evaporated.
The mixture of23, 24 and25 was first purified by flash column chromatogragBy2 light
petroleum/EfO) and then by preparative TLC (3:2 &Hb/light petroleum, 5 successive
developments). Eluted first was the minor prodiac¢0.011 g, 11%). Further elution gave pure
compound23 (2%) and24 (44%).

3,6-Anhydro-5-O-benzyl-2,7-dideoxy-7-iodo- 7-C-phenyl -L-gl ycer o-D-ido-heptono-1,4-lactone (23)

Colourless needles, mp 136-138 °@?}, = +35.0 (c 0.5, CHG), R = 0.30 (CHC,). IR (film):
Vmax 1789 (C=0)*H NMR (250 MHz, CDGJ): & 2.76 (dd, 1H,)a 2= 18.9,J,4 3= 5.8 Hz, H-2a),
2.88 (bd, 1H,J,4.20= 18.6 Hz, H-2b), 3.78 (d, 1Hs6= 3.2 Hz, H-5), 4.08 and 4.24 (2xd, 2Ken,
=11.3 Hz, ®,Ph), 4.69 (dd, 1HJs = 3.2,J5.7 = 10.2 Hz, H-6), 4.92 (d, 1H34= 4.5 Hz, H-4),
5.07 (bt, 1HJs 4= 4.6 Hz, H-3), 5.29 (d, 1Hs 7 = 10.2 Hz, H-7), 7.08-7.48 (m, 10H, 2xPHE
NMR (62.9 MHz, CDCJ): 5 27.8 (C-7), 35.9 (C-2), 72.€H,Ph), 77.7 (C-3), 79.3 (C-5), 85.1 (C-
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4), 85.5 (C-6), 127.5, 127.8, 128.2, 128.4, 12828.8, 136.4, 140.5 (2xPh), 175.1 (C-1). HRMS
(ESI): m/e 468.0658 (M+NHy), calcd for GgH,3INO,4: 468.0666.

3,6-Anhydro-5-O-benzyl-2,7-di deoxy-7-iodo- 7-C-phenyl-D-gl ycer o-D-ido-heptono- 1,4-lactone (24)

Colourless needles, mp 149-150 °?}, = 9.8 € 0.5, CHC}), Rr = 0.38 (CHCL). IR (film):

Vmax 1789 (C=0)*H NMR (250 MHz, CDCY): § 2.54 (d, 1H )4 2= 18.9 Hz, H-2a), 2.64 (dd, 1H,
Jobz= 4.8,J20.20= 18.9 Hz, H-2b), 4.63 (d, 1Hs 6= 2.9 Hz, H-5), 4.75 (d, 1Higem= 10.9 Hz,
CH.Ph), 4.81-5.03 (m, 4H,KPh, H-3, H-4 and H-6), 5.31 (d, 1B+ = 10.7 Hz, H-7), 7.28-7.54
(m, 10H, 2xPh)*C NMR (62.9 MHz, CDG)): § 26.2 (C-7), 36.4 (C-2), 74.ZH,Ph), 78.8 (C-3),
82.7 (C-5), 84.1 and 84.2 (C-4 and C-6), 127.8,3,2B28.4, 128.43, 128.7, 128.8, 136.9, 140.8
(2xPh), 175.1 (C-1). HRMS (EShve 468.0653 (M+NH,), calcd for GoH23INO,: 468.0666.

Olefin 25

Colourless needles, mp 165 °G]%, = +7.5 € 0.5, CHC}), R = 0.52 (CHCL). IR (film): vimnax

1793 (C=0)H NMR (250 MHz, CDCYJ): 5 2.83 (dd, 1HJ:a2,= 18.6,Jr23= 4.6 Hz, H-2a), 2.94

(d, 1H,J24 2= 18.6 Hz, H-2b), 4.60 (s, 1H, H-5), 4.61 and 4Z%d, 2H,Jyem = 11.5 Hz, Ei,Ph),
4.94 (d, 1HJs 4 = 3.8 Hz, H-4), 5.34 (t, 1Hba3= 4.2,J54= 4.0 Hz, H-3), 5.55 (s, 1H, H-7), 7.16—
7.62 (m, 10H, 2xPh); NOE contact: H-5 and H3Z. NMR (62.9 MHz, CDGJ): 6 35.8 (C-2), 70.6
(CH,Ph), 81.0 (C-3), 81.5 (C-5), 83.5 (C-4), 105.7 (C126.5, 127.9, 128.2, 128.3, 128.6, 128.65,
134.6, 136.8 (2xPh), 152.0 (C-6), 173.8 (C-1). HR(#SI): nVe 323.1270 (M+H), calcd for
CooH1904: 323.1278m/e 345.1089 (M+Na), calcd for GoH1gNaQ,: 345.1097 e 361.0838

(M*+K), calcd for GgH1gKO4: 361.0837.

4.1.4. General procedure for the preparation of 7-iodo analogues 7 and 8

To a cooled (0 °C) and stirred solution23for 24 (1 equiv) in dry CHCI, (0.04 M) was added Til
(2.5-2.7 equiv). The mixture was first stirred &®for 0.5 h and then at room temperature until
the starting materials were consumed (TLC, 3 [281”2.5 h for24). The mixture was poured onto
ice and water and the resulting suspension waaagtt with CHCI,. The combined extracts were
washed with saturated aq NaH¢ @ried and evaporated. The residue was firstiedriby flash
column chromatography (19:1 GEl,/EtOAc), and then by preparative TLC (9:1 {LHY/EtOAC, 3

successive developments), to afford plieand8.

3,6-Anhydro-2,7-dideoxy-7-iodo-7-C-phenyl -D-gl ycer o-D-ido-heptono-1,4-lactone (7). Yield: 31%
(from 24); 17% (from23). Colourless needles, mp 123-125 °@°} = -71.2 € 0.5, CHC}), R =
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0.49 (4:1 CHCI/EtOAC). IR (KBr): vimax 3396 (OH), 1752 (C=O}H NMR (250 MHz, CDCJ):

2.62 (d, 2HJ2a 2= 17.4 Hz, H-2a and OH), 2.66 (dd, 1bk 3= 5.0,J2.20= 18.8 Hz, H-2b), 4.84—
4.91 (M, 2HJs.6 = 2.7 Hz, H-5 and H-6), 4.96 (d, 18,4 = 4.2 Hz, H-4), 5.04 (m, 1H, H-3), 5.21

(d, 1H,Js7 = 10.5 Hz, H-7), 7.28-7.54 (m, 5H, PHC NMR (62.9 MHz, CDGJ): § 26.8 (C-7),

36.4 (C-2), 75.8 (C-5), 78.7 (C-3), 84.1 (C-6),B@C-4), 127.8, 128.5, 128.9, 140.5 (Ph), 175.2 (C-
1). HRMS (ESI)m/e 378.0196 (M+NH,), calcd for GsHi7INO4: 378.0197.

3,6-Anhydro-2,7-dideoxy-7-iodo-7-C-phenyl -L-glycer o-D-ido-heptono-1,4-lactone (8). Yield: 17%
(from 23); 11% (from24). Colourless needles, mp 204-206 @, F +38.6 € 0.5, CHC}), R =
0.44 (4:1 CHCI,/EtOAC). IR (CHC}): Vinax 3440 (OH), 1739 (C=0}H NMR (250 MHz, CDCJ):

§ 2.77 (dd, 1HJo4 2= 18.9,J023= 5.7 Hz, H-2a), 2.88 (d, 1H;4 2= 18.8 Hz, H-2b), 4.09 (br s,
1H, H-5), 4.61 (d, 1HJ)56=2.7,J67= 10.1 Hz, H-6), 4.95 (d, 1H3 4= 4.3 Hz, H-4), 5.10 (m, 1H,
H-3), 5.24 (d, 1HJs 7 = 10.1 Hz, H-7), 7.28-7.51 (m, 5H, PHC NMR (62.9 MHz, CDQ)): &
27.2 (C-7), 35.9 (C-2), 72.2 (C-5), 76.4 (C-3),BEC-6), 88.0 (C-4), 127.4, 128.5, 129.1. 140.2
(Ph), 175.1 (C-1). HRMS (ESli'e 378.0194 (M+NH,), calcd for GsH17ANO,: 378.0197.

4.1.5. General procedure for the preparation of 7-fluoro derivatives 26 and 27

To a cooled (0 °C) and stirred solution2dfor 22 (1 equiv) in dry CHCI, (0.17 M) was added
DAST (3.0-3.1 equiv). The mixture was first stir@d) °C for 0.5 h and then at room temperature
until the starting materials were consumed (TLG,8for21, 2.5 h for22). The mixture was
suspended in cold 10% aq NaH¢§ @nd the resulting suspension was extracted wWiyOG, dried
and evaporated. The residue was then purifieddshfcolumn chromatography (4:1 &Hb/light
petroleum), to give pure produ@s and27.

3,6-Anhydr o0-5-O-benzyl-2,7-dideoxy-7-fluor o-7-C-phenyl -D-gl ycer o-D-ido-heptono- 1,4-lactone
(26). Yield: 63% (from21); 24% (from22). Colourless needles, mp 89 °@G]J= +29.4 € 0.5,
CHCly), Rr = 0.30 (4:1 CHCly/light petroleum). IR (KBr)vmax 1785 (C=0)*H NMR (250 MHz,
CDCl3): 6 2.54 (d, 1H )4 2p= 18.5 Hz, H-2a), 2.66 (dd, 1B, 2p= 18.5 Hz, H-2b), 4.34 (m, 1H,
Js6=3.1,J67= 8.8,Jr6 = 4.6 Hz, H-6), 4.46 (d, 1H 6= 3.1 Hz, H-5), 4.75 and 4.82 (2xd, 2H,
Jgem= 11.6 Hz, G1,Ph), 4.95 (m, 2H, H-3 and H-4), 5.70 (dd, Dkl; = 8.7,J 7 = 44.8 Hz, H-7),
7.20-7.49 (m, 10H, 2xPhYC NMR (62.9 MHz, CDGJ): § 35.8 (C-2), 72.6GH,Ph), 77.5 (C-3),
80.8 (C-5), 81.8 (dJr,¢=36.2 Hz, C-6), 85.1 (C-4), 89.8 (@ ~=167.8 Hz, C-7), 126.7, 127.9,
128.3,128.4, 128.6, 128.8, 137.0, 137.2 (2xPH,A{C-1). HRMS (ESI)m/e 360.1608
(M*+NHy,), calcd for GgH.3sFNO;: 360.1606.
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3,6-Anhydr o-5-O-benzyl-2,7-dideoxy-7-fluor o-7-C-phenyl -L-gl ycer 0-D-ido-heptono-1,4-lactone

(27). Yield: 12% (from21); 76% (from22). Colourless plates, mp 123-124 °@%, = +71.8 ¢

0.5, CHC}), R =0.19 (4:1 CHCly/light petroleum). IR (KBr)vmax 1793 (C=0)*H NMR (250
MHz, CDCL): § 2.63—-2.87 (m, 2H, 2xH-2), 3.85 (d, 184,s= 3.9 Hz, H-5), 4.32 and 4.47 (2xd,
2H, Jgem= 11.5 Hz, E1,Ph), 4.49 (ddd, 1Hls 6= 4.1,J57= 7.1,Jr s = 12.0 Hz, H-6), 4.89 (t, 1H,
J34= 3.1,J3F = 3.6 Hz, H-4), 5.14 (m, 1H, H-3), 5.70 (dd, 1y = 7.1,J-7 = 48.2 Hz, H-7), 7.23—
7.46 (m, 10H, 2xPh)}*C NMR (62.9 MHz, CDG)): 5 36.0 (C-2), 72.7GH.Ph), 77.8 (C-3), 82.0
(d, Jp=6.7 Hz, C-5), 83.0 (dlr6=21.9 Hz, C-6), 84.6 (C-4), 93.3 (@, =172.6 Hz, C-7), 126.9,
127.2,128.2, 128.55, 128.58, 128.9, 135.9, 135¢@lt), 175.0 (C-1). HRMS (ESkve 360.1604
(M*+NHy,), calcd for GgH.3sFNO;: 360.1606.

4.1.6. General procedure for the preparation of fluoride analogues 9 and 10

A solution 0f26 or 27 (1 equiv) in EtOAc (0.06 M + 2% conc. HCI) was hggenated over 10%
Pd/C (0.02 g; the catalyst contained 50% of wdterB0 h (for26) or 21 h (for27) at room
temperature. The mixture was filtered through at€elad and the catalyst washed with EtOAc.
The combined organic solutions were evaporatedtandesidues were purified by flash
chromatography (7:3 toluene/EtOAc ®r3:2 toluene/EtOAc fot0), to afford pured or 10.

3,6-Anhydro-2,7-dideoxy-7-fluor o-7-C-phenyl-D-glycer o-D-ido-heptono- 1,4-1actone (9). Yield:

70%. Colourless needles, mp 124-125 %% = +18.2 € 0.5, CHC}), R = 0.32 (3:2
toluene/EtOAC). IR (KBr)vmax 3456 (OH), 1771 (C=0OYH NMR (250 MHz, CDGJ): § 2.62 (d,
1H, Joa 2p= 18.4 Hz, H-2a), 2.74 (dd, 1B, 2p= 18.8,J2p3= 5.4 Hz, H-2b), 4.26 (td, 1K= 2.9,
Js.7=Jrs= 7.5 Hz, H-6), 4.70 (br s, 1H, H-5), 4.95 (d, 14, = 4.2 Hz, H-4), 5.05 (t, 1H, J = 4.5
Hz, H-3), 5.66 (dd, 1H)s 7= 7.9,Jr 7 = 45.5 Hz, H-7), 7.32-7.59 (m, 5H, PHFC NMR (62.9
MHz, CDCk): 6 35.9 (C-2), 74.0 (C-5), 77.5 (C-3), 82.1 Jds = 31.9 Hz, C-6), 87.4 (C-4), 91.0
(d,Jr7=167.8 Hz, C-7), 126.5, 126.6, 129.0, 129.3,338636.6 (Ph), 175.2 (C-1). HRMS (ESI):
m/e 270.1138 (M+NHy), calcd for GsH;7FNO4: 270.1136.

3,6-Anhydro-2,7-dideoxy-7-fluor o-7-C-phenyl-L-glycer o-D-ido-heptono-1,4-lactone (10). Yield:

79%. Colourless prisms, mp 152—154 °@%}, = +132.9 ¢ 0.5, CHC}), R = 0.24 (3:2
toluene/EtOAC). IR (KBr)vmax 3497 (OH), 1763 (C=0OYH NMR (250 MHz, CDGJ): § 2.49 (d,

1H, Js on = 5.7 Hz, OH), 2.77 (m, 2H, 2xH-2), 4.12 (br s,, HH5), 4.37 (ddd, 1H)s5 6= 4.4,J67 =
7.1,J 6= 16.8 Hz, H-6), 4.85 (t, 1H3 4= 3.2,J3 = 3.3 Hz, H-4), 5.14 (m, 1H, H-3), 5.69 (dd, 1H,
Jo.7= 7.1,Jr.7= 48.1 Hz, H-7), 7.33-7.56 (m, 5H, PHC NMR (62.9 MHz, CDGJ): § 36.0 (C-2),
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74.5 Jr5= 6.7 Hz, C-5), 77.0 (C-3), 83.1 (@6 = 21.0 Hz, C-6), 87.6 (C-4), 93.3 #,7=172.6
Hz, C-7), 126.7, 126.8, 129.0, 129.5, 135.5, 18819, 175.3 (C-1). HRMS (ESlj/e 270.1135
(M*+NH,), calcd for GaH17FNO4: 270.1136.

4.1.7. Preparation of azido derivatives 11, 12 and 29

To a cooled (0 °C) and stirred solution28f(0.042 g, 0.18 mmol) in dry CE&Il, (1 mL) was added
MesSiN3 (0.12 mL, 0.90 mmol) and BFELO (0.03 mL, 0.24 mmol). The mixture was stirred at
°C for 4 h, then BN (0.05 mL, 0.33 mmol) was added, and the mixtuas stirred at 0 °C for
additional 0.5 h. The reaction mixture was pourediater and extracted with GEl,. The
combined organic solutions were dried and evapdrdtee remaining crude residue was first
purified by flash column chromatography (19:1 LOH/EtOAc) and then by preparative TLC

(Et.O, 2 successive developments).

(3aR,5S,6S,7S,7aR)-5-Az do- 7-hydr oxy-6-phenyl -hexahydr ofur o 3,2-b] piran-2-on (29). Yield:

12%. Colourless needles, mp 185-186 HJ°% = +225.8 ¢ 0.4, CHC}), R = 0.25 (9:1
CH,Cl/EtOAC). IR (film): Vinax 3439 (OH), 2105 (8, 1774 (C=0)H NMR (250 MHz, CDC}) &
1.83 (br s, 1H, OH), 2.70 (dd, 1B ¢ = 12.4,Js7 = 8.3 Hz, H-6), 2.73 (d, 1Ha 2= 18.7 Hz, H-
2a), 2.98 (dd, 1HJoa 20= 18.7,Jop.3= 6.9 Hz, H-2b), 4.23 (dd, 1H45=5.9,J56 = 12.4 Hz, H-5),
4.58 (dd, 1HJ34=4.9,J45=5.7 Hz, H-4), 4.93 (dd, 1Hp,3=6.4,J34=5.0, H-3), 5.37 (d, 1H,
Js.7= 8.3 Hz, H-7), 7.20-7.48 (m, 5H, PAJC NMR (62.9 MHz, CDGJ): § 35.1 (C-2), 50.7 (C-6),
68.5 (C-3), 71.6 (C-5), 85.3 (C-4), 93.1 (C-7), B828.6, 129.5, 135.7 (Ph), 174.3 (C-1). HRMS
(ESI): m/e 293.1243 (M+NHy), calcd for GaH17N4O4: 293.1244.

3,6-Anhydro-7-azdo-2,7-dideoxy-7-C-phenyl-D-glycer o-D-ido-heptono-1,4-lactone (11). Yield:
10%. Colourless needles, mp 137-138 #¥0°%} = -75.2 € 0.25, CHC}), R = 0.66 (E$O). IR
(film): Vimax 3448 (OH), 2106 (8, 1785 (C=0)H NMR (250 MHz, CDC})  2.43 (br s, 1H, OH),
2.61 (d, 1H o4 2= 18.5 Hz, H-2a), 2.71 (dd, 1834 25= 18.7,Jop3= 5.4 Hz, H-2b), 4.18 (dd, 1H,
Js6= 2.8,J6.7= 8.0 Hz, H-6), 4.57 (d, 1H5 6 = 2.7 Hz, H-5), 4.85 (d, 1Hjs 7 = 8.0 Hz, H-7), 4.92
(d, 1H,J34= 4.1 Hz, H-4), 5.04 (dd, 1H; 4= 4.3,J, 3= 5.2 Hz, H-3), 7.32-7.52 (m, 5H, PhiC
NMR (62.9 MHz, CDCJ): 6 35.9 (C-2), 64.1 (C-7), 74.1 (C-5), 77.4 (C-3),8B&-6), 87.2 (C-4),
127.6, 129.07, 129.09, 135.59 (Ph), 175.1 (C-1)M3RESI):m/e 298.0797 (M+Na), calcd for
Ci3H13NsNaOy: 298.0798.

3,6-Anhydro-7-azido-2,7-dideoxy-7-C-phenyl-L-glicero-D-ido-heptono-1,4-lactone (12). Yield:
24%. Colourless plates, mp 133-134 °@%}, = +149.2 ¢ 0.25, CHC}), R = 0.59 (E£O). IR
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(film): vmax 3442 (OH), 2104 (8, 1785 (C=0)*H NMR (250 MHz, CDCJ):  2.40 (br s, 1H,
OH), 2.79 (d, 2HJ, 3 = 3.2 Hz, 2xH-2), 4.04 (d, 1Hs 6 = 2.6 Hz, H-5), 4.24 (dd, 1Hs 6= 2.9,
Jo.7 = 8.3 Hz, H-6), 4.73-4.95 (m, 2H, H-4 and H-7),3(m, 1H, H-3), 7.32-7.55 (m, 5H, PAC
NMR (62.9 MHz, CDCJ): & 35.6 (C-2), 64.8 (C-7), 74.0 (C-5), 77.4 (C-3),886C-6), 87.3 (C-4),
127.7, 129.1, 135.7 (Ph), 175.2 (C-1). HRMS (EBIE 298.0803 (M+Na), calcd for
Ci3H13NsNaOy: 298.0798.

4.1.8. 3,6-Anhydro-2-deoxy-D-ido-heptono-1,4-lactone (13)

Prepared according to the literature procedure [Rtlourless crystals, mp 72-74 °@)%; =

+26.8 € 1.8, H0), R = 0.72 (9:1 CHCIly/MeOH). lit. [22] mp 72—74 °C o|*’, =+28.4 € 1.97,
H,0), lit. [21] [¢]*% = +23.0 € 0.5, HO). IR (film): vinax 3419 (OH), 1770 (C=O¥H NMR (250
MHz, acetone-g): 6 2.47 (d, 1H,J,4 2p= 18.8 Hz, H-2a), 2.85 (dd, 1B, 3= 6.1 Hz, H-2b), 3.66
(dd, 1H,J7a,7b=11.6,J726= 5.2 Hz, H-7a), 3.75 (d, 1Hs 7, = 5.1 Hz, H-7b), 3.96 (M, 1K= 1.8
Hz, H-6), 4.25 and 5.01 (br s, 2H, exchangeablb ™0, 2x0OH), 4.34 (d, 1H, H-5), 4.88 (d, 1H,
J34= 4.4 Hz, H-4), 4.94 (t, 1H, H-3)*C NMR (62.9 MHz, acetonesfi & 36.5 (C-2), 60.9 (C-7),
75.1 (C-5), 77.5 (C-3), 82. 1 (C-6), 89.1 (C-4)61¥(C-1). HRMS (ESI)m/e 175.0597 (M+H),
calcd for GH;10s: 175.0601.

4.1.9. 3,6-Anhydro-7-chloro-2,7-dideoxy-D-ido-heptono-1,4-lactone (14)

To a cooled (0 °C) and stirred solution13f(0.149 g, 0.86 mmol) in dry G&l, (15 mL) and Py
(0.74 mL) was added B (1.011 g, 3.85 mmol) and CG0.75 mL, 7.71 mmol). The mixture was
stirred at 0 °C for 0.5 h and then at room tempeeafor 51 h. The mixture was poured in 6 M HCI,
and extracted first with Ci€l, and then with EtOAc. The combined extracts wershed with

10% aq NacCl, dried and evaporated. The residugwafed by flash column chromatography (1:1
light petroleum/E£O), to afford purel4 (0.063 g, 38%) as colourless plates, mp 92—94 1% =
+21.0 € 0.5, CHC}), R = 0.49 (1:1 light petroleum/EtOAC). IR (filmymax 1786 (C=0), 3391

(OH). 'H NMR (400 MHz, CDCJ): 6 2.61 (br s, 1 H, OH), 2.67 (br d, 184 2,= 18.8 Hz, H-2a),
2.78 (dd, 1H,)4 2p= 18.8,J2p3= 5.2 Hz, H-2b), 3.68 (dd, 1K 7= 6.3,J7a 7= 10.8 Hz, H-7a),

3.72 (dd, 1H,)s 7 = 7.8,J7a7b= 10.8 Hz, H-7b), 4.27 (m, 1H, H-6), 4.59 (br B, H-5), 4.93 (d, 1H,
Js.4= 4.2 Hz, H-4), 5.01 (m, 1H, H-3YC NMR (100 MHz, CDG)): § 36.0 (C-2), 39.8 (C-7), 73.6
(C-5), 77.3 (C-3), 80.9 (C-6), 87.6 (C-4), 175.4(CHRMS (ESI)m/e 210.0526 (M+NH,),

calcd for GH13CINO,4: 210.0528. Anal. Found: C, 43.44; H, 4.78. CalwdG;HyClO,: C, 43.65; H,
4.71.

19



4.1.10. 3,6-Anhydro-7-bromo-2,7-dideoxy-D-ido-heptono-1,4-lactone (15)

To a cooled (0 °C) and stirred solution1@f(0.306 g, 1.76 mmol) in dry CE&Il, (50 mL) and Py
(2.5 mL) was added RBR (1.152 g, 4.39 mmol) and CB.457 g, 4.40 mmol). The mixture was
stirred at 0 °C for 0.5 h and then at room tempeeafor 72 h. The mixture was poured in 6 M HCI,
and extracted with EtOAc. The combined extractsewesished with 10% aq NacCl, dried and
evaporated. The residue was purified by three ftastaimn chromatography (first £2; second and
third CHCE), gave purd5 (0.116 g, 28%) as colourless needles, mp 87-8%uj¢, = +10.9 ¢

1.8, CHC}), R = 0.26 (1:1 light petroleum/EtOAc); lit. [24] mfot enantiomer) 88—90 °CyJ*’, =
-22.0 € 1.8, CHC}) (for enantiomer). IR (film)ymax 1782 (C=0), 3448 (OH}H NMR (400 MHz,
CDCl): 6 2.66 (d, 1H, Jsa2= 18.7 Hz, H-2a), 2.70 (dd, 1844 2= 18.7,J253= 5.2 Hz , H-2b),
3.12 (br s, 1H, OH), 3.40-3.60 (m, 2K,; = 6.4 Hz, H-7), 4.30 (M, 1Hs ¢ = 3.0,J56= 6.3 Hz, H-
6), 4.58 (d, 1HJs5 6= 2.9 Hz, H-5), 4.93 (d, 1H 4= 4.2 Hz, H-4), 5.02 (m, 1H, H-3)*C NMR
(100 MHz, BO): 6 28.4 (C-7), 36.4 (C-2), 73.8 (C-5), 78.1 (C-3),B(C-6), 89.2 (C-4), 180.0 (C-
1). HRMS (ESI)m/e 254.0020 (M+NHy,), calcd for GH13NBrO,: 254.0022.

4.1.11. 3,6-Anhydro-2,7-dideoxy-7-iodo-D-ido-heptono-1,4-lactone (16)

To a solution ofi3 (0.281 g, 1.61 mmol) in dry THF (2.5 mL) was addedlazole (0.219 g, 3.22
mmol) and P§P (0.845 g, 3.22 mmol). In the refluxing mixturesrsdded dropwise a solution of
iodine (0.491 g, 1.93 mmol) in dry THF (1.4 mL).el'mixture was stirred for 3 h under reflux, and
then evaporated. The residue was purified by ftadbmn chromatography (2:1 light
petroleum/EtOAC), to afford purks (0.290 g, 63%) as a colourless powder, mp 131dE% =
+10.7 € 1, CHCE), Ry = 0.32 (1:1 light petroleum/EtOAc). lit. [25] mB1-133 °C, ¢]*% = +17.2

(c 1.0, CHCY). IR (film): vmax 1778 (C=0), 3436 (OH}H NMR (250 MHz, CDCJ): § 2.64 (d, 1H,
Joa20=18.7 Hz, H-2a), 2.76 (dd, 1B4a 2= 18.7,Jop3= 5.3 Hz, H-2b), 3.10 (br s, 1H, OH), 3.18—
3.34 (m, 2H, H-7a and H-7b), 4.30 (m, 1= 2.6,Js 7= 7.2 Hz, H-6), 4.59 (br s, 1H, H-5), 4.93
(d, 1H,J34= 4.2 Hz, H-4), 5.04 (m, 1H, H-3)°C NMR (62.9 MHz, CDG)): 5 -1.1 (C-7), 36.2 (C-
2), 73.9 (C-5), 77.6 (C-3), 81.4 (C-6), 87.7 (CH)5.6 (C-1). HRMS (ESI)/e 301.9887
(M*+NHy,), calcd for GH13NIO,: 301.9884.

4.1.12. 3,6-Anhydro-7-azido-2,7-dideoxy-D-ido-heptono-1,4-lactone (18)

To a solution ofi6 (0.208 g, 0.73 mmol) in anhydrous DMF (17 mL) veasled NHCI (0.055 g,
1.03 mmol) and NapN(0.477 g, 7.33 mmol). The mixture was stirred#d h at 50 °C, then for 24
h at room temperature and evaporated. The residsguwrified by flash column chromatography
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(1:1 light petroleum/EtOAC), to give puld (0.096 g, 66%) as colourless plates, mp 85-87 °C,
[a]?% = +11.0 € 0.2, CHC}), R = 0.31 (1:1 light petroleum/EtOAC). IR (KBRiax 1755 (C=0),
2097 (Ny), 3412 (OH)*H NMR (250 MHz, CDC}) & 2.68 (dd, 1H,)24 2= 18.7,J2a3= 1.2 Hz, H-
2a), 2.79 (dd, 1HJza 20= 18.8,Jop 3= 5.2 Hz, H-2b), 3.09 (br s, 1H, OH), 3.58 (d, Jkk = 5.8 Hz,
H-7), 4.17 (td, 1HJs7 = 5.8,J56 = 3.4 Hz, H-6), 4.50 (br s, 1H, H-5), 4.90 (d, kl, = 4.2 Hz, H-
4), 5.02 (m, 1H, H-3)**C NMR (62.9 MHz, CDGJ): & 36.0 (C-2), 49.5 (C-7), 71.3 (C-5), 76.9 (C-
3), 79.2 (C-6), 88.0 (C-4), 175.6 (C-1). HRMS (ES®#je 217.0927 (M+NH,), calcd for

C7H1aNO,: 217.0931.

4.1.13. 3,6-Anhydro-3-O-benzyl-2,7-dideoxy- 7-fluor o-D-ido-heptono-1,4-lactone (31)

To a cooled (0 °C) and stirred solution30f(0.074 g, 0.28 mmol) in dry CE&Il, (1.5 mL) was
added DAST (0.11 mL g, 0.84 mmol). The mixture wiged at O °C for 0.5 h and then at room
temperature for 3 h. The mixture was suspende®% a4q NaHC@® and the resulting suspension
was extracted first with Cil, and then with EtOAc, dried and evaporated. Thielueswas
purified by flash column chromatography (4:1 £&/light petroleum), to give pure produgt
(0.026 g, 35%) as a colourless syrug®}, = +16.2 € 0.2, CHC}), R; = 0.80 (3:2 light
petroleum/acetone). IR (filmymax 1782 (C=0)*H NMR (250 MHz, CDC}): § 2.73 (m, 2H, H-2),
4.29 (d, 1HJs ¢ = 4.7 Hz, H-5), 4.31-4.45 (m, 1H, H-6), 4.48—4(@9 3H, H-7 and E&,Ph), 4.95
(d, 1H,J54 = 4.7 Hz, H-4), 5.01 (m, 5H, H-3), 7.47-7.29 (rhl, h).**C NMR (62.9 MHz,
CDCl3): 6 36.0 (C-2), 72.8GH,Ph), 77.2 (C-3), 78.9 and 79.% 6= 21.4 Hz, C-6), 80.4 and 83.1
(Jr7=168.6 Hz,C-7), 81.4 and 81.%§=5.0 Hz, C-5), 85.4 (C-4), 127.8, 128.3, 12836.1

(Ph), 174.9 (C-1). HRMS (ESli/e 284.1285 (M+NH,), calcd for G4H1sFNO,: 284.1293.

4.1.14. 3,6-Anhydro-2,7-dideoxy-7-fluoro-D-ido-heptono-1,4-lactone (17)

A solution 0f31 (0.047 g, 0.18 mmol) in EtOAc (3 mL + 1% conc. H@hs hydrogenated over
10% Pd/C (0.047 g; the catalyst contained 50% aéxrydor 19 days at room temperature. The
mixture was filtered through a Celite pad and taelyst washed with EtOAc. The combined
organic solutions were evaporated and the residisepurified by flash column chromatography
(7:3 light petroleum/acetone) to afford pdig(0.017 g, 57%) as a colourless syrufp®}, = +30.3

(c 0.3, CHC}), R = 0.42 (7:3 light petroleum/acetone). IR (film};a 1783 (C=0), 3431 (OH}H
NMR (400 MHz, CDC4): 6 2.20 (br s, 1H, OH), 2.70 (bd, 1Bbs 2n= 18.8 Hz, H-2a), 2.80 (dd, 1H,
Joaop= 18.8,J2p3= 5.7 Hz, H-2b), 4.31 (M, 1Hs 7= 4.5,J7 = 13.6 Hz, H-6), 4.61 (d, 1H56=

3.7 Hz, H-5), 4.70 (m, 2Hls 7 = 4.5,37a7o= 10.1,Jr7 = 46.8 Hz, ®&1,-7), 4.91 (d, 1HJs 4= 4.2 Hz,
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H-4), 5.10 (m, 1H, H-3)}*C NMR (100 MHz, CDGJ): 6 36.0 (C-2), 74.6 and 74.3xs = 4.9 Hz,
C-5), 77.0 (C-3), 79.2 and 81.0-¢ = 20.9 Hz, C-6), 80.9 and 82.5%§ = 167.3 Hz, C-7), 88.2 (C-
4), 175.5 (C-1). HRMS (ESI)/e 194.0821 (M+NH,), calcd for GH15FNO,: 194.0821.

4.2. X-ray Crystal Structure Analysis

Diffraction experiments were performed on an OxfDitfraction Gemini S diffractometer. Crystal
structures were solved by SHELXT [31] or SIR92 [3R} refined with SHELXL [33]. See the
Supplementary data for details. Crystallographia di@ve been deposited at the Cambridge
Crystallographic Data Centre. CCDC Numbers: 15149),01514911 10), 1514912 11), 1514913
(12) 1514914 18), 151491524), 1514916 27), and 151491720). These data are available free of
charge via www.ccdc.cam.ac.uk/data_request/cif.

4.3. Biological materials

Rhodamine B, RPMI 1640 medium, 3-(4,5-dimethyltbi®2,5-diphenyltetrazolium bromide,
foetal calf serum, propidium iodide and RNase Areygurchased from Sigma (St. Louis, MO,
USA). Penicillin and streptomycin were purchasesfiCN Galenika (Belgrade, Serbia). Annexin
V-FITC apoptosis detection kit was purchased frobnHosciences Pharmingen (Belgium).
Proteins were detected by Western blotting usiegdhowing monoclonal antibodies against: Bax,
Bcl-2 and Caspase-3 (obtained from R&D Systemsnlapolis, MN) and anti-Poly (ADP-ribose)
polymerase (PARP) (purchased from Santa Cruz Bio@ogy, Santa Cruz, CA). Enhanced
chemiluminescence (ECL Plus) kit and Hyperfilm wpuoechased from Amersham Biosciences
(Arlington Heights, IL). All other chemicals usadthe experiments were commercial products of
reagent grade. Stock solution (10 mM) was preper&MSO and diluted to various

concentrations with serum-free culture medium.
4.4. Cdl lines

Human chronic myelogenous leukaemia (K562), proougic leukaemia (HL-60), human T cell
leukaemia (Jurkat) and Burkitt's lymphoma (Raji)revgrown in RPMI 1640 while ERbreast
adenocarcinoma (MCF-7), cervix carcinoma (HeLa)gladenocarcinoma epithelial (A549)
malignant cells, and normal foetal lung fibrobla®dRkC-5) were grown in DMEM medium. Both
media were supplemented with 10% of foetal calfise(FTS, NIVNS) and antibiotics (100 IU/mL

of penicillin and 100 mg/mg of streptomycin). Cleles were cultured in flasks (Costar, 25 mL) at
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37°C in the atmosphere of 100% humidity and 5% ©% (GHeraeus). Exponentially growing viable
cells were used throughout the assays.

4.5. Cdllstreatment

The cells were seeded in six-well plates at a comagon of 5x18 cells/well. Cells were treated

for 72 h with goniofufuronel), 7-epi-goniofufuroned), dephenyl goniofufuronel8) and the
corresponding analogue3-12, 14-18) at their IG¢/72 h concentrations. Untreated cells were used
as control. Viable cells of treated and control ga® were used for cell cycle and apoptosis
detection and Western blot analysis. Viability wiasermined using trypan blue dye-exclusion

assay.
4.6. MTT assay

Cells were harvested, counted by trypan blue aatkglinto 96-well microtitar plates (Costar) at
optimal seeding density of 5x16ells per well to assure logarithmic growth réweughout the
assay period. Viable cells were placed in a voloim@0 mL per well, and pre-incubated in
complete medium at 37 °C for 24 h to allow celbgtaation prior to the addition of substances.
Tested substances, at 10-fold the required finatentration, were added (10 mL/well) to all wells
except to the control ones and microplates wengbated for 72 h. The wells containing cells
without tested substances were used as contraeTiours before the end of incubation period
MTT solution (10 mL) was added to each well. MTTswhssolved in medium at 5 mg/mL and
filtered to sterilize and remove a small amouningbluble residue present in some batches of
MTT. Acidified 2-propanol (100 mL of 0.04 M HCI i2-propanol) was added to all wells and
mixed thoroughly to dissolve the dark blue crystdlformazan. After a few minutes at room
temperature, to ensure that all crystals were biedpthe plates were read on a spectrophotometer
plate reader (Multiscan MCC340, Labsystems) at&#0690 nm. The wells without cells

containing complete medium and MTT acted as blank.
4.7. Céll cycle analysis

After treatment K562 cells were washed in cold PB&d and incubated for 30 min in 70%
ethanol on ice, centrifuged and incubated with BQ0RNase A (100 units/mL) and 500 pL
propidium iodide (400 pL/mL) for 30 min at 37 °CelCcycle was analyzed by FACS Calibur
E440 (Becton Dickinson) flow cytometer and the Q@llest software. Results were presented as

percentage of cell cycle phases.
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4.8. Detection of apoptosis

Apoptosis of K562 cells was evaluated with an AnnéxFITC detection kit. Cells from each
sample were collected (800 rpm/5 min, MegafugeRl,.Bleraeus, Thermo Fisher Scientific) and
pellet was re-suspended in 1 mL of phosphate b(fB6S, pH 7.2). K562 cells were washed twice
with cold PBS and then re-suspended in bindingasutf reach the concentration of 1210

cells/mL. The cell suspension (100 mL) was tramsfkto 5 mL culture tubes and mixed with
Annexin V (5 mL) and propidium iodide (5 mL). Thells were gently vortexed and incubated for
15 min at 25 °C. After incubation, 400 mL of bingibuffer was added to each tube and suspension
was analyzed after 1 h on FACS Calibur E440 (BeEtmhkinson) flow cytometer. Results were
presented as percent of Annexin V positive gatéld.deercentage of specific apoptosis was

calculated according to Bender et al [34].
4.9. Western blot analysis

For the Western blot, 50 mg of proteins per sam@ee separated by electrophoresis and electro-
transferred to a PVDF membrane Hybond-P and thettedl with primary antibodies (Bcl-2,
Caspase-3 and PARP). Proteins were detected byhemeed chemiluminescence (ECL Plus) kit
that includes peroxidase-labelled donkey anti-tabbd sheep anti-mouse secondary antibodies.
Blots were developed with an ECL Plus detectiontesysand recorded on the Amersham
Hyperfilm.

Acknowledgement

This work was supported by research grants fronMiméstry of Education, Science and
Technological Development of the Republic of Sefaant No. Ol 172006 and Ol 1612036), and
(in part) by a research project from the Serbiaad®&mny of Sciences and Arts (Grant No. F-130).

Supplementary data

Contains the results of: X-ray crystal structureedaination, SAR analysis, flow cytometry and
Western blot analysis. Copies’®f, and*C NMR spectra of final products, purity grade ofdfi
compounds by HPLC.

References

24



[1] M.A. Blazquez, A. Bermejo, M.C. Zafra-Polo, Dortes, Styryl-lactones fro@oniothalamus
species — a review, Phytochem. Anal. 10 (1999) 18Q--

[2] X.-P. Fang, J.E. Anderson, C.J. Chang, P.Ewk&q J.L. McLaughlin, Novel bioactive styryl-
lactones: goniofufurone, goniopypyrone, and 8-dgetyiotriol from Goniothalamus giganteus
(Annonaceae). X-Ray molecular structure of goniafahe and of goniopypyrone, J. Chem. Soc.
Perkin Transl (1990) 1655—-1655.

[3] X.-P. Fang, J.E. Anderson, C.J. Chang, J.L. Mahlin, P.E. Fanwick, Two new styryl
lactones, 9-deoxygoniopypyrone ané@pi-goniofufurone, frontGoniothalamus giganteus, J. Nat.
Prod 54 (1991) 1034-1043.

[4] A. de Fatima, L.V. Modolo, L.S. Conegero, RRilli, C.V. Ferreira, L.K. Kohn, J.E. de
Carvalho, Styryl lactones and their derivativesidigical activities, mechanisms of action and
potential leads for drug design, Curr. Med. Ch&61(2006) 3371-3384.

[5] H.B. Mereyala, R.R. Gadikota, M. Joe, S.K. A2p86.G. Dastidar, S. Agarwal, Synthesis and
antitumor activity of goniofufurone analogues, BigoMed. Chem. 7 (1999) 2095-2103.

[6] X.-S. Peng, R.M.P. Ylagan, Y.M. Siu, H.N.C. WprSynthesis and application of
[3.3.0]furofuranone in total synthesis, Chem. Asiad0 (2015) 2070-2083.

[7] M. Mondon, J.-P. Gesson, Asymmetric synthesistyryl-lactones, Curr. Org. Synth. 3 (2006)
41-75.

[8] G. Zhao, B. Wu, X.Y. Wu, Y.Z. Zhang, Progreaghe total synthesis of antitumor styryl
lactones, Mini-Rev. Org. Chem. 2 (2005) 546-564.

[9] G. Benedekow, I. Kovatevi¢, M. Popsavin, J. Francuz, V. KgjiG. Bogdanow, V. Popsavin,
Divergent total synthesis of crassalactones B aaddCevaluation of their antiproliferative actiyity
Tetrahedron 71 (2015) 4581-4589 (and referenced ttierein).

[10] J. Francuz, B. Sée, M. Popsavin, G. BenedekéyV. Divjakovi¢, V. Koji¢, G. Bogdanonm,
A. Kapor, V. Popsavin, Novel goniofufurone an@pi-goniofufurone mimics from an unexpected
titanium-mediated displacement process, Tetrahedetin 53 (2012) 1819-1822.

[11] G. Benedekoyi I. Kovatevi¢, M. Popsavin, J. Francuz, V. K§jiG. Bogdanon, V.

Popsavin, New antitumour agents wit3-unsaturated-lactone scaffold: synthesis and

25



antiproliferative activity of (-)-cleistenolide arahalogues, Bioorg. Med. Chem. Lett. 26 (2016)
3318-3321.

[12] Reference 10 describes evaluation of cytotexitvities by using the MTT assay after
exposure of cells to the tested compounds for 48 tine present work cytotoxicities were

evaluated after 72-h of cells treatment.

[13] V. Popsavin, S. Grabez, M. Popsavin, I. Kis¥i. Koji¢, G. Bogdanon, V. Divjakovic,
Wittig reaction with partially protected sugar lalctlerivatives. Preparation of highly cytotoxic
goniofufurone analogues, Tetrahedron Lett. 45 (20d409-9413.

[14] P.J. Garegg, B. Samuelsson, Novel reagenésyitr converting a hydroxy-group into an
iodo-group in carbohydrates with inversion of cgaofiation. Part 2, J. Chem. Soc. Perkin I, (1980)
2866—2869.

[15] V. Popsavin, G. BenedekayiB. Sr&o, J. Francuz, M. Popsavin, V. KgjiG. Bogdano, V.
Divjakovi¢, Enantiodivergent synthesis of cytotoxic styrygttames fronD-xylose. The first total
synthesis of (+)- and (-)-crassalactone C, Tetradre@5 (2009) 10596—-10607.

[16] V. Popsavin, J. Francuz, 8ceB. Zelenow, G. Benedekoy, M. Popsavin, V. Kof, G.
Bogdanow, Heteroannelated and 7-deoxygenated goniofufumtingcs with antitumor activity:
design, synthesis and preliminary SAR studies, Bjobled. Chem. Let23 (2013) 5507-5510.

[17] P. Thirumurugan, D. Matosiuk, K. Jozwiak, ®lichemistry for drug development and diverse
chemical-biology applications, Chem. R&1.3 (2013) 4905-4979.

[18] M.S. Singh, S. Chowdhury, S. Koley, Advancészide-alkyne cycloaddition-click chemistry
over the recent decade, Tetrahedron 72 (2016) 282

[19] A. Banaszek, B. Janisz, Observations on theaog ring opening reactions of a 2-acetamido-
3,4-anhydro sugar and on the inversion of the édralcohols, Tetrahedron: Asymmetry(2000)
4693-4700.

[20] V. Popsavin, G. BenedekayiM. Popsavin, B. St®, D. Djokovi, Regiochemistry of epoxide
ring opening in methyl 2,3-anhydro-4-azido-4-deaxyandp-L-lyxopyranosides, Carbohydr. Res.
340 (2005) 1866-1871.

26



[21] F.Z. Mata, M.B. Martinez, J.A.G. Perez, Reactof sugars with Meldrufs acid: a route to
3,6-anhydro-2-deoxyaldono-1,4-lactones, Carbohigds. 201 (1990) 223-231.

[22] B.A. Dimitriev, A.Y. Chernyak, I.K. Kochetko\synthesis ob-glycero-L-galacto- andbp-
glycero-L-ido-heptose fronp-xylose, Zhur. Obs. Khimd1 (1971) 2754-2760.

[23] P. Koll, A. Wernicke, J. Kovacs, A. Lutzen, @prehensive reinvestigation of the reaction of
D-aldoses with Meldrum's acid yielding mainly chaktended 3,6-anhydro-2-deoxy-aldono-1,4-
lactones, J. Carbohydr. Chem. 19 (2000) 1019-1047.

[24] K. Bock, I. Lundt, C. Pedersen, R. Sonnichselycero-D-gulo-heptono-1,4-lactone as a
precursor for the synthesis of deoxyheptonolactamelsanhydro-heptonolactones, Carbohydr. Res
174 (1988) 331-340.

[25] C. Zhang, J. Liu, Y. Du, A concise total syesis of (+)-pyrenolide D, Tetrahedron L&t
(2013) 3278-3280.

[26] G. Benedekoyi J. Francuz, I. Kovgevi¢, M. Popsavin, B. St® Zelenow, V. Koji¢, G.
Bogdanow, V. Divjakovi¢, V. Popsavin, Conformationally constrained goniofane mimics as
inhibitors of tumour cells growth: design, syntiseand SAR study, Eur. J. Med. Che82 (2014)
449-458.

[27] A.M. Verhagen, P.G. Ekert, M. Pakusch, J. &ilk.M. Connolly, G.E. Reid, R.L. Moritz, R.J.
Simpson, D.L. Vaux, Identification of DIABLO, a manalian protein that promotes apoptosis by
binding to and antagonizing inhibitor of apopta$#/P) proteins, Cell 102 (2000) 43-53.

[28] C. Du, M. Fang, Y. Li, L. Li, X. Wang, Smacnaitochondrial protein that promotes
cytochrome ¢ dependent caspase activation by etmop IAP inhibition, Cell 102 (2000) 33-42.

[29] D. D'Amours, F.R. Sallmann, V.M. Dixit, G.GoRier, Gain-of-function of poly(ADP-ribose)
polymerase-1 upon cleavage by apoptotic proteasgtications for apoptosis, J. Cell. StiL4
(2001) 3771-3778.

[30] R.S.Y. Wong, Apoptosis in cancer: from pathogss to treatment, J. Exp. Clin. Cancer.Res
30 (2011) 87-100.

[31] G.M. Sheldrick SHELXT — Integrated space-graunal crystal structure determination, Acta
Crystallogr. Sect. A 71 (2015) 3-8.

27



[32] A. Altomare, G. Cascarano, C. Giacovazzo, Aafardi, Completion and refinement of crystal
structures with SIR92, J. Appl. Crystallog6 (1993) 343—-350.

[33] G.M. Sheldrick, Crystal structure refinementrwSHELXL, Acta Crystallogr. Sect. C 71
(2015) 3-8.

[34] A. Bender, D. Opel, I. Naumann, R. KapplerFAiedman, D. von Scheinitz, K.-M. Debatin, S.
Fulda, PI3K inhibitors prime neuroblastoma cellsdbemotherapy by shifting the balance towards
pro-apoptotic Bcl-2 proteins and enhanced mitochahdpoptosis, Oncogene 30 (2011) 494-503.

28



Captions

Figure 1. ORTEP presentation of compouz@l

Scheme 1. Design of styryl lactone analogues: (a) isostefi©H — X); (b) ring removal (Ph —
H).

Scheme 2. Reagents and conditions: (a)4 ICHCI,, 0 °C, 0.5 h, then rt, 3.5 h @8, 55% 0f20,

2.5 h for24, 31% of7, 11% of8, 3 h for23, 17% of7 and8; (b) I, PhP, imidazole, toluene, 70 °C,
3 h, 41% of23, 11% of24, 10% of25; (c) L, PhP, 2,6-lutidine, CHCI,, 0 °C, 0.5 h, then rt, 28 h,
44% of24, 2% of23, 11% of25.

Scheme 3. Reagents and conditions: (a) DAST, £, 0 °C, 0.5 h, then rt, 3.5 h fa@d, 63% of
26, 2.5 h for22, 76% of27; (b) H-Pd/C, EtOAc, conc. HCI, rt, 30 h f@6, 70% of9, 21 h for27,
79% of10.

Scheme 4. Reagents and conditions: (a) #8éNs, BF;- OEb, CH.Cl,, 0 °C, 4 h, then BN, 0 °C, 0.5
h, 12% 0f29, 10% ofl11, 24% of12.

Scheme 5. Reagents and conditions: (a) G&hP, Py, CHCI,, 0 °C, 0.5 h, then rt, 51 h, 38%; (b)
CBr4, PhP, Py, CHCI,, 0 °C, 0.5 h, then rt, 72 h, 28%; (g) imidazole, PkP, THF, reflux, 3 h,
63%; (d) NaN, NH,CIl, DMF, 50 °C, 7.5 h, then rt, 24 h, 66%; (e) DASH.CI,, 0 °C, 0.5 h, then
rt 3 h, 35%; (f) H-Pd/C, EtOAc, conc. HCI, rt, 19 days, 57%.
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Table 1. In vitro cytotoxicity of natural lactonesand?2, their analogues3¢12, 13-18) and DOX.

Compd i ICso(UM) ?

K562 HL-60 Jurkat Raji MCF-7 HelLa A549 MRC-5
1 0.41 >100 32.45 18.45 16.59 8.32 35.21 >100
3 2.28 7.37 13.17 0.04 >100 0.81 15.45 >100
5 1.12 0.11 3.07 18.87 13.51 0.68 48.85 >100
7 5.95 13.64 11.77 0.04 21.01 21.85 11.75 >100
9 10.98 15.87 541 1.85 21.39 2.31 30.45 >100
11 11.54 27.14 5.96 18.64 8.85 19.56 33.78 >100
2 0.03 22.02 18.64 1.25 9.24 0.89 21.02 >100
4 0.11 0.15 0.03 1.85 >100 1.11 47.35 >100
6 0.98 0.32 5.44 15.34 23.32 1.64 51.24 >100
8 11.08 24.36 9.56 2.85 1.28 5.69 25.61 >100
10 11.68 14.58 1.55 0.03 31.15 23.64 34.25 >100
12 3.09 15.47 46.32 2.12 44.88 0.12 18.34 >100
13 8.45 15.96 11.05 13.31 24.25 10.05 16.23 >100
14 35.47 4.65 32.01 21.04 3.25 4.62 4.02 >100
15 32.14 8.62 14.97 3.88 6.21 54.13 11.85 >100
16 18.64 11.32 16.01 4.97 2.64 44.25 16.55 >100
17 2.02 0.99 1.02 8.32 3.52 0.52 11.22 >100
18 1.23 0.89 1.21 1.02 0.85 2.69 21.01 >100
DOX 0.25 0.92 0.03 2.98 0.20 0.07 491 0.10

#Cs is the concentration of compound required to iithiie cell growth by 50% compared to an
untreated control. Values are means of three intgp@ experiments. Coefficients of variation
were less than 10%.
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Table 2. (A) Influence of synthesized compound on the KB6R cycle; (B) percentage of specific
apoptosis and necrosis induced with synthesizegoams in the K562 cell culture.

(A) distribution of K562 cells in cell cycle phas@s) (B) type of cell death
e GO/G1 s G2/IM Spec'f'(% /Spomos's Specific necrosis (%)
control 0.55 44.16 40.15 15.14 - -

1 0.97 45.45 43.35 10.23 1.23 0.95
3 2.25 42.17 41.11 14.47 58.36 0.81
5 4.17 40.01 39.43 16.39 2.27 4.35
7 1.77 39.61 48.01 10.61 2.61 2.20
9 191 41.06 49.02 8.01 7.63 0.31
11 5.56 34.06 49.03 11.35 31.42 1.89
control 0.55 44.16 40.15 15.14 - -

2 0.24 44.11 39.56 16.09 4.39 1.28
4 5.46 36.13 49.06 9.35 38.77 0.51
6 0.75 39.12 43.53 16.60 1.70 4.56
8 2.26 39.93 50.75 7.06 5.81 1.45
10 1.68 34.26 51.98 12.08 6.43 0.58
12 1.20 46.29 42.82 9.69 0.16 1.74
control 0.44 55.41 22.92 21.28 - -

13 1.00 52.55 23.77 22.68 0.05 0.68
14 0.67 47.97 24.55 26.82 0.30 9.13
15 10.99 51.35 21.01 16.65 19.59 0.87
16 2.01 41.16 27.17 29.67 0.97 2.67
17 9.33 39.03 26.31 25.54 11.33 0.77
18 13.01 58.67 17.23 11.11 18.10 1.23
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Table 3. Results oiVestern blot analysis.

% of control

O Teaz  eax  camed | Capmesiche MU page ko
1 195.8 103.7 128.9 37.6 124.3 107.9
3 421.7 92.5 175.8 99.6 118.7 132.0
5 346.4 94.9 149.7 87.1 154.5 142.2
7 388.0 59.3 157.5 48.8 148.2 128.5
9 317.6 40.1 157.0 112.9 161.8 161.5
11 601.5 59.5 242.5 166.9 179.3 195.5
2 224.8 99.6 117.5 53.6 116.8 108.4
4 138.1 83.4 82.5 70.0 134.9 102.4
6 75.0 46.7 115.5 69.9 130.6 94.7
8 164.1 47.3 143.7 95.7 118.2 106.0
10 151.2 21.0 177.1 87.5 155.8 103.5
12 132.5 16.9 145.1 1135 164.5 127.1
13 50.6 97.7 114.8 80.6 132.6 201.7
14 72.6 94.4 111.0 70.9 230.7 241.3
15 72.3 102.5 93.7 59.2 305.9 354.5
16 70.6 103.8 68.0 50.7 235.9 324.2
17 75.3 119.1 148.2 77.8 199.3 191.8
18 73.9 88.8 163.7 108.8 343.6 425.4
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Figure 1.
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Scheme 2.
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Scheme 4.
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Scheme 5.
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Highlights

* New halogen isosteres of goniofufurone and 7-epi-goniofufurone were synthesized.

e The most of synthesized compounds inhibit the growth of human tumour cell lines.

SAR analysis revealed the structural requirements for antitumour effects of analogues.

* The most of analogues induced apoptosis in K562 cells in caspase-dependant way.



