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Novel macrocyclic derivatives of diterpenoid isosteviol (16-oxo-ent-beyeran-19-oic acid) possessing two or four ent-
beyerane skeletons bonded with linkers having ester, hydrazide, and hydrazone moieties were synthesized.
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Cunmesuposanvl MaKpoOYUKIUYeCKue npou3eooHvle oumepnerouda usocmeguona (16-oxco-asnm-6etiepan-19-o6as
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Introduction

Among about 3000 macrocyclic compounds” isolated
from various natural sources (macrolactames, macrolides,
cyclic peptides, cyclic oligosaccharides etc.) about 100
compounds are macrocyclic diterpenoids.I'*! The most
famous are cembranes, jatrophanes, lathyranes; on the
contrary, casbanes and dolabellanes are rather rare in
nature.["*7 Their carbohydrogen skeleton is 14-, 12, or 11-
membered cycle fused with cyclopropane, cyclopentanel!-*6!
or oxiranel” rings. It should be emphasized that each naturally
occurring macrocyclic diterpenoid is a one molecule (Scheme
la). The literature has provided no examples of naturally

" A macrocycle is meant to be a compound the molecule of which
has a ring formed by more than 10 atoms.
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occurring macrocyclic diterpenoids that could be formed by
macrocyclization of an one diterpenoid molecule (Scheme
1b), or by connecting of several diterpenoid molecules
(Scheme 1c,d). Macrocycles having such structures were
obtained with the help of synthesis only. Thus macrocycles
synthesized on the basis of monoterpenes (myrtenal,®
3-carene,”!”  qa-pinene!”), diterpenoids (isosteviol,l"1¥
steviol,®! paclitaxel"®!7), and bile acids!"®"! have been
reported. In these compounds mono- or polycyclic terpene,
or steroide skeletons are combined in macrocycle by various
linkers.

Noteworthy, macrocyclic derivatives of isosteviol
(16-ox0-ent-beyeran-19-oic acid, 1) were previously
synthesized not from isosteviol itself. Some of its
derivatives were used as starting compounds: isosteviol
oxo group was selectively reducted, or the carboxyl group
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Scheme 1. Schematic representation of macrocyclic terpenoids. (a) “One molecular” macrocyclic terpenoid; (b) mononuclear macrocyclic
terpenoid bearing one terpenoid molecule (black circle); (c) binuclear macrocyclic terpenoid constructed from two terpenoid molecules
(black circles); (d) tetranuclear macrocyclic terpenoid constructed from four terpenoid molecules (black circles).

was converted into the carbonyl chloride group, or into
the hydroxymethyl group.!!>"¥] The synthetic potential of
directly the C'*=0O group of isosteviol was not realized,
though the involving this functionality in reactions with
amines should lead to nitrogen containing macrocycles
which could exhibit any biological activities. In addition,
the course of a macrocyclization reaction of isosteviol
derivative bearing the C'OH and the C*CH,OH groups
with chloride-anhydrides of dicarboxylic acids appeared to
be dependent on their length. Reactions with acid chlorides,
in which the C(O)Cl groups are separated by polymethylene
chain having n > 5, led to the formation of mononuclear
macrocycles!' (Scheme 1b), whereas reactions with acid
chlorides, in which the C(O)Cl groups are separated by
polymethylene chain having n <5 (e.g. adipic and malonic),
afforded the mixture of bi- and tetranuclear macrocycles!'”
(Scheme 1c¢,d), each macrocycle existing as several isomers
of head-to-head and head-to tail kinds.'? The reason
of the formation of such mixtures seems to be clear: the
C(O)CI groups of acid chlorides reacted with the C'*OH
and the C*CH,OH groups of two and more molecules of
the reducted isosteviol derivative with equal probability. To
avoid the such situation, the macrocyclization of isosteviol
and its isomer steviol carried out in several steps at a later
time. Two isosteviol molecules were first bonded via the
oxo groups into binuclear isosteviol derivative possessing
an unfolded structure, and its macrocylization was realized
in the last step.['3!"]

Continuing the series of papers concerned with
syntheses of macrocyclic isosteviol derivatives, in which
isosteviol moieties were connected by various diester
linkers, "% herein we report the synthesis of macrocyclic
isosteviol derivatives having hydrazide and hydrazone
fragments. It was found previously that the combination of
two isosteviol molecules with diester linker increased its
antituberculosis activity by several times, and the greater is
the distance between isosteviol moieties, the greater is the
activity.?” Diacid 10 showed the highest activity (MIC' 12.5
ug/ml) among compounds assayed.”” The macrocyclization
of this acid into a macrocycle of ¢ kind (Scheme Ic)
resulted in the further increase in bioactivity.') We have
revealed that some binuclear isosteviol derivatives having an
unfolded molecular structure, in which isosteviol moieties

+ Minimal inhibitory concentration

Maxkpozemepoyurnvt / Macroheterocycles 2013 6(2) 184-191

are connected by a dihydrazide linker, inhibited the in vitro
growth of Mycobacterium tuberculosis (H37R ) within
the range of MIC values from 1.7 to 3.1 pg/ml.2Y Taking
into account results aforementioned!**! we suppose that a
synthesis of macrocycles having several isosteviol moieties
connected by dihydrazide and dihydrazone linkers could be
an efficient approach to obtain novel isosteviol derivatives
exhibiting higher antituberculosis activities.

Experimental

NMR experiments were carried out with Avance-600 (Bruker,
Germany) spectrometer in CDCI, or C,D,N at 600.13 MHz at 30 °C.
MALDI mass spectra were measured on DYNAMO MALDI TOF
instrument (Thermo BioAnalysis, Santa Fe, New Mexico). Samples
were prepared as 0.1 % solutions of compounds in an appropriate
solvent. The matrix was p-nitroaniline (Acros). IR spectra were
recorded with Vector-22 Fourier spectrometer (Bruker, Germany).
Melting points of substances were determined on a SMP10
compact heating table (Barloworld Scientific Ltd., South Africa).
The completeness of the reaction and the purity of the compounds
were monitored by TLC on Sorbfil plates (Sorbfil, Russia). Spots
were detected by treatment with the 5% solution of sulfuric acid,
followed by heating up to 120 °C. Isolation of individual substances
was performed with a dry-column flash chromatography on Silicagel
KSK (0.063-0.125 mm, Crom-Lab Ltd, Russia).

Isosteviol 1 was obtained by the literature method®? from the
sweetener Sweta (Steivan Biotechnology Corp., Malaysia), m.p.
233-235 °C (231-233 °C®™)). Dihydroisosteviol 9 was prepared by
the reaction of isosteviol 1 with NaBH,,”¥ m.p. 199-200 °C (m.p.
198-200 °CP4), Diacid 8 was synthesized by the interaction of
isosteviol with adipic acid dihydrazide,”” m.p. > 300 °C (m.p. >
300 °CPY), Diacid 10 was obtained from dihydroisosteviol 9,3 m.p.
109-110 °C (m.p. 105-110 °C?"). Acid chloride 12 was synthesized
from diacid 10 by a facile rout!'*! as an oil that was immediately used
in the reactions with adipic acid dihydrazide and hidrazine. Adipic
acid dihydrazide was purchased from Alfa Aesar (Massachusetts,
USA). All solvents were dried according to standard protocols.

General procedure for the synthesis of compounds 2 and
3. A solution of ditosylate (0.5 equiv.) in CH,CN (10 ml) was
added dropwise to a stirred solution of equimolecular amounts of
isosteviol 1 and K,CO, in CH,CN (70 ml) under refluxing for 1 h.
Then a reaction mixture was heated under reflux for a further 8 h.
A precipitate was filtered off and washed with CH,CL,. The filtrate
was evaporated until dry, the precipitate that formed was dissolved
in CH,Cl,, the solution was washed with water, and extracted. The
organic extracts were combined and fractioned by silica gel column
chromatography.
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Ethane-1,2-diyl-bis(16-oxo-ent-beyeran-19-oat) (2). 54 %, R
(hexane - ethyl acetate, 4:1) 0.48, m.p. 185 °C (m.p. 183-185 °C*I),

Propane-1,3-diyl-bis(16-oxo-ent-beyeran-19-oat) (3). 64 %,
R,.(hexane - ethyl acetate, 4:1) 0.53, m.p. 155 °C (m.p. 153-155
oCL2sl),

General procedure for the synthesis of compounds 4-7.
A solution of compound 2 (or 3) in benzene (50 ml) was heated
under reflux with a Dean-Stark trap for 1 h. Then a solution was
cooled and equimolecular amount of adipic acid dihydrazide and
several crystals of TSOH were added. The heterogeneous mixture
that formed was refluxed with a Dean-Stark trap for a further 15 h.
Then benzene was removed under reduced pressure, a precipitate
was dried under vacuum, dissolved in absolute ethanol (40 ml)
and refluxed until all the solids went into solution. During further
reflux a new precipitate begun to appear. When the formation of the
precipitate had finished, a heating was stopped. The precipitate was
filtered off from the hot solution, dried firstly in air, and then was
dried with CaCl, in a vacuum-exiccator. The obtained white powder
appeared to be the mixture of macrocycles 4 and 6 according to the
'"H NMR spectroscopy data.

The mixture of 14,17-dioxa-2,3,10,11-tetraaza-
1,12(16,40)di(19-nor-ent-beyerana)cyclooctadecaphane-
1(2),125(11)-diene-4,9,13, 18-tetraone  (4) and 14,17,32,35-
tetraoxa-2,3,10,11,20,21,28,29-octaaza-1,12,19,30(16,40)
tetra(l9-nor-ent-beyerana)cyclohexatriacontaphane-
1'%(2),12'(11),19'°(20),30'5(29)-tetraene-4,9,13,18,22,27,31,36-
octaone (6).Yield 55 %, R (CHCI,-CH,OH, 8:1) 0.50. m/z (MALDI
TOF) 801.6, [M4+H]"; 823.6, [M4+Na]"; 839.6, [M4+K]"; 1624,
[M6+Na]". 'H NMR (C,D,N, 303 K) 8, ppm: 10.21 (2H, s, 2NH),
10.15 (2H, s, 2NH), 10.07 (2H, s, 2NH), 4.33-4.19 (4H, m, C**(O)
OCH,CH,0(0)C"),4.19-3.99 (8H, m, 2C"(O)OCH,CH,0(0)C"),
3.08-2.93 (2H, m, 2C*H,), 2.88-2.78 (4H, m, 4C"H,), 2.38-0.53
(138H, mm, six ent-beyerane skeletons, three NC(O)(CH,),C(O)N
linkers), 1.16 (6H, s, 2C"*H,), 1.14 (12H, s, 4C'¥H,), 1.12 (6H, s,
2C"H,), 1.10 (12H, s, 4C'H,), 0.72 (12H, s, 4C*"H,), 0.66 (6H, s,
2C*H,).

The mixture of 14,18-dioxa-2,3,10,11-tetraaza-1,12(16,4a)-
di(19-nor-ent-beyerana)cyclononadecaphane-1'°(2),12'5(11)-
diene-4,9,13,19-tetraone (5) and 14,18,33,37-tetraoxa-
2,3,10,11,21,22,29,30-octaaza-1,12,20,31(16,4a)tetra(19-
nor-ent-beyerana)cyclooctatriacontaphane-1'5(2),12'5(11),
20'°(21),31'5(30)-tetraene-4,9,13,19,23,28,32,38-octaone (7). Yield
18 %, R, (CH,C1,-CH,OH, 40:1) 0.45. m/z (MALDI TOF) 815.8,
[M5+H]"; 853.8, [M5+K]"; 1652.6, [M7+Na]". '"H NMR (C,D.N,
303 K) 5, ppm: 10.06 (2H, s, NH), 9.09 (4H, s, NH), 4.36-4.09
(4H, m, 2C*(0)OCH,), 4.02-3.86 (8H, m, 4C'”(O)OCH,), 3.25-
3.14 (4H, m, 4C'*H ), 3.03-2.92 (2H, m, 2C"H,), 2.60-0.51 (144H,
mm, six ent-beyerane skeletons, three NC(O)(CH,),C(O)N linkers,
three central CH, groups of three C'*(0)O(CH,),0(0)C" linkers),
1.11 (18H, s, 6C'*H,), 1.06 (18H, s, 6C'H,), 0.82 (12H, 5, 4C*"H,),
0.72 (6H, s, 2C*°H,).

The reaction of diacid 8 with ethylene glycol ditosylate.
The solution of ethylene glycol ditosylate (0.24 g, 0.65 mmol) in
CH,CN (15 ml) was added dropwise to the refluxing and stirred
heterogeneous mixture of diacid 8 (0.5 g, 0.65 mmol) and K,CO,
(0.09 g, 0.65 mmol) in CH,CN (25 ml) for 2 h, and then refluxed
for a further 20 h under dry argon. A precipitate was filtered off,
washed with water (2x50 ml), dried in air, and refluxed in absolute
ethanol (50 ml) until all the solids went into solution. During further
reflux a new precipitate begun to appear. When the formation of
the precipitate had finished, heating was stopped. The precipitate
was filtered off from the hot solution, dried firstly in air, and then
was dried with CaCl, in a vacuum-exiccator. The obtained white
powder (0.23 g) appeared to be the mixture of macrocycles 4 and 6
according to the '"H NMR spectroscopy data.

Bis(19-nor-4a-carbonylchloride-ent-beyeran-16(R)-yl)
suberate (13). To the solution of diacid 11 (0.2 g, 0.26 mmol) in dry
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CH,CI, (6 ml) was added thionyl chloride (1 ml), the mixture was
refluxed for 6 h under dry argon, and the excess thionyl chloride
was then removed under reduced pressure. After addition of CH,Cl,,
the mixture was stirred, the solvent was removed under reduced
pressure, and the precipitate was dried in vacuo to give 13 as an oil
in quantitative yield (0.21 g). IR (KBr) vem™: 1732, 1796 (C=0).

2,13-Dioxa-16,17,24,25-tetraaza-1,14(16,40)di(19-nor-ent-
beyerana)cyclohexacosaphane-3,12,15,18,23,26-hexaone (14).
Adipic acid dihydrazide (0.07 g, 0.40 mml) was added to the
solution of fresh acid chloride 12 (0.32 g, 0.40 mmol) in pyridine
(10 ml), and the mixture was stirred for 8 h at room temperature.
Then the flask contents were dissolved in diethyl ether (100 ml),
the solution was washed with acidified water (2x50 ml), extracted,
and the organic layer was dried with anhydrous Na,SO,. After
removing diethyl ether under reduced pressure the precipitate was
fractioned by silica gel column chromatography. By using ethyl
acetate as eluent the remains of adipic acid dihydrazide and diacid
10 were separated, and silica gel was flushed with ethanol. Then
the solvent was removed under reduced pressure, a precipitate was
recrystallized from methanol, dried in vacuo, and the pure product
was obtained. Yield 0.26 g (71 %), white powder, m.p. 240 °C (with
decomposition). Found: C 71.34, H 10.02, N 5.89. C, H N O,.
Calculated: C 71.15, H 9.38, N 5.93. m/z (MALDI TOF) 946. 4
[M+H]"; 968.4, [M+Na]; 984.0, [M+K]". '"H NMR (CDCI,, 303
K) 8, ppm: 9.50 (2H, s, 2NH), 8.37 (2H, s, 2NH), 4.76-4.70
(2H, m, 2C'H), 2.33-2.21 (4H, m, 2C'*OC(O)CH,), 2.18-2.09
(2H, m, 2C°H, ), 1.22 (6H, s, 2C"*H,), 0.93 (6H, s, 2C""H,), 0.75
(6H, s, 2C*°H,), 0.8-1.9 (58H, m, two ent-beyerane skeletons, the
NC(O)(CH,),C(O)N linker, the (CH,), fragment of the C'SOC(O)
(CH,),C(0)OC' linker).

The reaction of acid chloride 13 with adipic acid dihydrozide.
Adipic acid dihydrazide (0.07 g, 0.42 mmol) was added to the
solution of fresh acid chloride 13 (0.34 g, 0.42 mmol) in pyridine (30
ml), and the mixture was stirred for 24 h at room temperature. When
the reacrion finished pyridine was removed under reduced pressure, a
precipitate was dried in vacuo and then dissolved in CH,Cl, (50 ml).
The solution was washed with acidified water (2x50 ml), and dried
with anhydrous Na,SO,. After removing the solvent under reduced
pressure the precipitate was dried with P,O; in a vacuum-exiccator,
and was fractioned by silica gel column chromatography.

2,11-Dioxa-14,15,22,23-tetraaza-1,12(16,40)di(19-nor-ent-
beyerana)cyclotetracosaphane-3,10,13,16,21,24-hexaone (15).
Yield 0.23 g (59 %), white powder, R (CH,Cl,-CH,OH 30:1) 0.36,
m.p. 200-205 °C. Found: C 70.42, H 9.95, N 6. 16 C, H,N,O,.
Calculated: C 70.71, H 9.23, N 6.11. m/z (MALDI TOF) 918,
[M+HT; 939.9, [M+Na]’; 955.9, [M+K]". '"H NMR (CDCI,, 303
K) 6, ppm: 9.86 (2H, s, 2NH), 8.50 (2H, s, 2NH), 4.76 (2H, dd,
1J=10.3 Hz, *J = 2.6 Hz, 2C'*H), 2.37-2.17 (4H, m, 2C'*OC(O)
CH,), 2.12 (2H, d, 'J =12.1 Hz, 2C°H, > 2.06-0.57 (54H, m, two
ent-beyerane skeletons, the NC(O)(CH ) C(O)N linker, the (CH,),
fragment of the C'*OC(O)(CH,),C(O)OC'S linker), 1.19 (6H, s,
2C"H,), 0.91 (6H, s, 2C""H,), 0.73 (6H, s, 2C*°H,).

15,24,39,48-Tetraoxa-3,4,11,12,27,28,35,36-octaaza-
1,14,25,38(40,16)tetra(19-nor-ent-beyerana)cyclooctatetra-
contaphane-2,5,10,13,16,23,26,29,34,37,40,47-dodecaone  (16).
Yield 0.03 g (8 %), white powder, R,=0.39 (ethyl acetate), m.p.
147-150 °C. Found: C 70.23, H 904 N 5.99. C H NO,.
Calculated: C 70.71, H 9.23, N 6.11. m/z (MALDI TOF) 1834.6,
[M+H]"; 1856.6, [M+Na]'; 1872.6, [M+K]". 'H NMR (CDCIL,
303 K) 3, ppm: 9.57 (4H, s, 4NH), 8.23 (4H, s, 4NH), 4.71-4.63
(4H, m, 4C'*H), 2.39-2.20 (8H, m, 4C'OC(O)CH,), 2.19-2.13 (4H,
m, 4C3ch), 2.11-0.65 (148H, mm, four ent-beyerane skeletons,
two NC(O)(CH,),C(O)N linkers, two (CH,), fragments of two
C'*0OC(O)(CH,),C(O)OC'® linkers), 1.24 (12H, s, 4C*H,), 0.91
(12H, s, 4C"H,), 0.74 (12H, s, 4C*°H,).

Bis(19-nor-4o-carbazoyl-ent-beyeran-16(R)-yl)sebacate
(17). Anhydrous hydrazine (0.4 ml, 11 mmol) was added to the
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solution of fresh acid chloride 12 (0.19 g, 0.2 mmol) in CH,CI,
(10 ml). The mixture was stirred for 20 h at room temperature,
washed with water, and dried with anhydrous Na,SO,. Then the
solvent and excess thionyl chloride were removed under reduced
pressure, the precipitate was dried with P,O, in a vacuum-exiccator
to give the pure product as an amorphous powder. Yield 0.15 g
(77 %). Found: C 71.05, H 9.37, N 6.64. C, H N, O,. Calculated: C
71.90, H 9.90, N 6.71. m/z (MALDI TOF) 858.1, [M+Na]"; 873.9,
[M+K]"."HNMR (CDCl,, 303 K) 8, ppm: 6.95 (2H, s, C'*(O)NH),
4.71 (2H, dd, 3J— IOSHZ 3J 44Hz 2C°H), 2.29 (4H,t,J=17.3
Hz, 2C“OC(O)CH,), 2.08 (2H, d, J = 14.1 Hz, 2C°*H - 116 (6H,
s, 2C"®H,), 0.91 (6H, s, 2C'"H,), 0.74 (6H, s, 2C2°H) 1.89-0.65
(50H, mm, two ent-beyerane skeletons, the (CH,), fragment of the
C'OC(0)(CH,),C(0)OC'* linker).

7,18,25,36-Tetraoxa-3,4,21,22-tetraaza-1,6,19,24(40,16)
tetra(19-nor-ent-beyerana)cyclohexatriacontaphane-2,5,8,17,
20,23,26,35-octaone (18). The solution of dihydrazide 17 (0.15 g,
0.18 mmol) in CH,CI, (20 ml) was added dropwise to the stirred
solution of acid chloride 12 (0.15 g, 0.18 mmol) in CH,CI, (100
ml) for 1 h under dry argon, then Et;N (0.05 ml, 0.36 mmol) was
added and the mixture was refluxed for a further 18 h. Then the
mixture was washed with water, dried with MgSO,, the solvent was
removed under reduced pressure, and the precipitate was fractioned
by silica gel column chromatography. Yield 0.11 g (40 %), R ,=0.39
(CH,C1,-CH,OH, 10:1), white powder, m.p. 134-136 °C. Found:
C 74. 69 H 9 77, N 3.51 %. C,H,N,O . Calculated: C 74.77,
H 9.79, N 3.49. m/z (MALDI TOF) 1628 1, [M+Na]"; 1644.1,
[M+K]". 'H NMR (CDCl,, 303 K) 8, ppm: 8.71 (4H, s, 4NH), 8.48
(4H, brs, 4NH), 4.79-4.70 (8H, m, 8C'*H), 2.29 (16H, t, J = 7.21
Hz, 8C'SOC(O)CH,), 1.22 (12H, 5, 4C'*H,), 1.21 (12H, s, 4C'*H,),
0.90 (24H, s, 8C'"H,), 0.74 (12H, s, 4C**H,), 0.72 (12H, s, 4C*"H,),
2.12-0.67 (208H, mm, eigth ent-beyerane skeletons, four (CH,),
fragments of C'OC(O)(CH,),C(0O)OC' linkers).

Results and Discussion

We used a two step approach to a synthesis of macro-
cyclic isosteviol derivatives in this study. The first step

V. K. Kataev et al.

consisted in combining two molecules of the starting
compound (isosteviol 1 or dihydroisosteviol 9) into a
molecule with unfolded (linear) molecular geometry using
one of its functional groups (carboxyl, oxo or hydroxyl).
Then this molecule was exposed to macrocyclization using
the second (free) functional group. To connect two isosteviol
molecules via their carboxyl groups the reaction of isosteviol
1 with ditosylates of diols was applied. The choice of
dioxodiesters 2 and 3 (Scheme 2) as the starting compounds
for macrocyclization was caused by their unusual molecular
geometry. According to the X-ray data these compounds
have a tweezer-like structure which is predisposed to
macrocyclization because isosteviol moieties are located
above each other and their C'*=0 groups are oriented in
the same direction.>>?! Moreover, the dioxodiester on the
basis of isosteviol 1 and diethylene glycol was found to
have a tweezer-like structure even in the dilute solution in
CCl,.” The compounds 2 and 3 were previously obtained
by the reaction of the isosteviol chloride-anhydride with
appropriate diols. Using a “tosylate pathway” by the analogy
with a synthesis of isosteviol estersi?®! enabled us to increase
the yields of dioxodiesters 2 and 3, as well as to avoid
the formation of monoalkylated products. The reactions
were carried out in CH,CN under reflux in the presence of
K,CO,. The macrocyclization of dioxodiesters 2 and 3 was
accomplished by the reaction with adipic acid dihydrazide
in absolute ethanol under reflux. Surprisingly, in none of the
cases the formation of macrocycles was not detected even
after 20 hours. We supposed that the reason is the presence
of crystalline water in the reagents and subjected them to
preliminary heating in benzene in a flask equipped with a
Dean-Stark trap for 15 hours. Benzene was then removed
under reduced pressure, the reagents were dissolved in
boiling ethanol and the reaction was carried out as long as
the formation of a precipitate, which is the reaction product,

o 0
NH N
NHz NH,
—_—
i 4,5
2,3
o) 0
4
/:N NH HN—N
2,46 (n=2)
3,5,7 (n=3)
N—NH HN—N——r‘,_‘/”"
%0 o]
4

Scheme 2. Reagents and conditions: (i) CH,CN, K,CO,, reflux, yields: 2 54 %, 3 64 %; (ii) C,H

(4+6) 55 %, (5+7) 18 %.
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reflux, 6 h; C,H,OH, reflux, 40 h, yields:
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had finished. The MALDI spectrum of the product of the
reaction of dioxodiester 2 with adipic acid dihydrazide was
composed of the main peak group involving the peaks at
m/z 801.6, [M+H]*, m/z 823.6, [M+Na]*, and m/z 839.6,
[M+K]* corresponding to cationized molecules of binuclear
macrocycle 4, as well as the by-product peak at m/z 1624.1,
[M+Na]" corresponding to a trace amount of tetranuclear
macrocycle 6. A similar peak groups were observed in the
MALDI spectrum of the product of the reaction of adipic
acid dihydrazide with dioxodiester 3. There were the main
peak group involving the peaks at m/z §15.8, [M+H]" and
m/z 853.8, [M+K]" corresponding to cationized molecules of
binuclear macrocycle 5, and the peak at m/z 1652.6, [M+Na]*
corresponding to a trace amount of cationized molecules of
tetranuclear macrocycle 7. The "TH NMR spectroscopic data
also confirmed the formation of the macrocycles mixture.
Thus the two sets of signals that are characteristic for
isosteviol 1 and its derivatives!!!-132021.2521 were observed
in the '"H NMR spectrum of the product of the reaction of
dioxodiester 2 with adipic acid dihydrazide. Firstly, these
were singlets at d = 1.16 and 1.14 ppm corresponding to C'*H,
groups of different molecules, singlets at 6 = 1.12 and 1.10
ppm corresponding to C'"H, groups of different molecules,
and singlets at 6 = 0.72 and 0.66 ppm corresponding to C**H,
groups of different molecules. Secondly, these were signals in
the ranges from 3.08 to 2.93 ppm and from 2.88 to 2.78 ppm
corresponding to the C'*H_ proton of different molecules.
Thirdly, there were signals in the ranges from 4.33 to 4.19
ppm and from 4.19 to 3.99 ppm corresponding to C'*(O)
OCH,CH,O(O)C" linkers of different molecules. The 'H
NMR spectrum of the product of the reaction of dioxodiester
3 with adipic acid dihydrazide looked similarly to the one
just mentioned. The signals listed above were assigned to
binuclear and tetranuclear macrocycles on the basis of integral
intensities. The range of hydrazide protons resonances was
the distinctive range in the 'H NMR spectra of the reaction

TsO
S\(")g

products of compounds 2 and 3 with adipic acid dihydrazide.
Several signals corresponding to NH protons were observed
in the '"H NMR spectra of the mixtures of macrocycles 4, 6
and 5, 7. Thus three singlets at 10.15, 10.21 and 10.07 ppm
were observed in the '"H NMR spectrum of the mixtures of
macrocycles 4 and 6, whereas only two singlets at 10.06 u
9.09 ppm were observed in the 'H NMR spectrum of the
mixture of macrocycles 5 and 7. This fact seemed to be the
result of a hindered rotation around the NH-C(O) bonds in
molecules of macrocycles 4-7 that causes the appearance of
several hindered conformations with different orientations of
the N-H bonds relatively to the C=0 and C=N bonds in the
hydrazide/hydrazone moieties. Unfortunately, we could not
isolated macrocycles 4 and 6 as well as macrocycles 5 and 7
owing to their similar polarity.

At the next stage of our study we connected two
isosteviol molecules via the C'*=0 groups using its reaction
with adipic acid dihydrazide that afforded diacid 8 in 45 %
yield (Scheme 3). As a reaction with diol ditosylate showed
itself to advantage in coupling isosteviol molecules, we
planned to use it for macrocyclization of diacid 8. Because
of a restricted solubility of 8 its reaction with ethylene glycol
ditosylate was carried out in boiling CH,CN for 20 hours.
After removing non-reacted starting compounds by boiling
ethanol a white powder was obtained which appeared to be
the mixture of macrocycles 4 and 6 according to the MS
MALDI and NMR spectroscopy data. We did not manage
to isolate the macrocycles in individual forms. Moreover we
could not involve diacid 8 in the reactions with ditosylate of
more lengthy diols.

Having failed in the macrocyclization of diacid 8 we
decided to connect two isosteviol molecules via the C'*=0O
groups by a diester linker, instead of a dihydrazide one. For
this purpose initially isosteviol oxo group was reducted with
NaBH, using the known method."** The reaction proceeded
stereospecific to afford C'%(R)-epimer 9 in accordance with

OTs

-  4+6

ii

Scheme 3. Reagents and conditions: (i) CH,OH, 25 °C, 39 h, yield 61 %; (ii) CH,CN, K,CO,, reflux, 20 h, argon, yield 45 %.
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the data previously reported.?***331 Then two molecules of
dihydroisosteviol 9 were coupled with a diester linker by the
reaction with cebacoyl (or cuberoyl) dichloride (Scheme 4).
Diacid 10 was obtained as described previously.!¥ Diacid 11
obtained earlier by the reaction of dihydroisosteviol 9 with
cuberoyl dichloride in CCl, in the presence of CoCl, in 35
% yield?” was synthesized now under another condition™!
that increased the yield up to 50 %. To obtain macrocyclic

V. K. Kataev et al.

isosteviol derivatives with hidrazide moietis diacids 10
and 11 were converted to their acid chlorides which were
further exposed to the macrocyclization by the reaction
with adipic acid dihydrazide (Scheme 4). The course of the
macrocyclization of acid chlorides 12 and 13 appeared to
depend on a correspondence between the distances between
carbonyl chloride groups in these compounds which were
estimated on the basis of X-ray datal®l and a length of

5
O
=z
T
Z
/_:E
O
@]

“ny

W
(@]

18

Scheme 4. Reagents and conditions: (i) NaBH,, CH,OH, tt, yield 90 %; (ii) CIOC(CH,) COCI, CH,CIl,, DMAP, Py; (iii) SOCI,, 40 °C; 2 h,
quantitative yield; (iv) NH,NHC(O)(CH,),C(O)NHNH,, Py, rt, 16 h; (v) NH,NH, (excess), CH,Cl,, 1t, yield 77 %; (vi) acid chloride 12,

CH,Cl,, EtN, reflux, yield 40 %.
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binucleophile. According to MS MALDI the reaction of
acid chloride 12 with adipic acid dihydrazide afforded
exclusively binuclear macrocycle 14 (Scheme 4) obtained
by column chromatography on silica gel in 71 % yield. Its
MALDI spectrum exhibited peaks at m/z 946.4, [M+H]';
968.4, [M+Na]"; 984.0, [M+K]". The reaction of acid
chloride 13 with adipic acid dihydrazide led to the mixture
of binuclear macrocycle 15 and tetranuclear macrocycle 16
that were separated by column chromatography on silica
gel. Binuclear macrocycle 15 was isolated in 59 % yield,
tetranuclear macrocycle 16 was isolated in 8 % yield. Both
compounds were characterized by MS MALDI, 'H NMR
spectroscopy and elemental analysis data. The reaction was
carried out at room temperature in pyridine which perfectly
dissolves both reagents, and it was found that the course of
the reaction did not depend on the reagent concentrations.
Thus the yields of macrocycles 15 and 16 were very similar
at the acid chloride — pyridine ratio both 1:70 and 1:900. The
"H NMR spectra of compounds 14-16 showed just a one set
of signals characteristic for isosteviol 1 and its derivatives,!'-
13202123291 namely three singlets corresponding to C'H,,
C'H,, C*°H, groups, one multiplet corresponding to C'°H,
and two singlets corresponding to protons of dihydrazide
linker.

One can suppose that the reason of good yields of
binuclear macrocycles 14 (71 %) and 15 (59 %) is the
predisposition of the molecular structures of acid chlorides
12 and 13 to macrocyclization. Probably the distance
between carbonyl chloride groups in their molecules is
closed to the distance between the terminal amine groups
of adipic acid dihydrazide. It follows that if a diamine
whose length is smaller than the distance between carbonyl
chloride groups of acid chlorides 12 (or 13) is involved in
the reaction with these compounds, it can not cyclize them
with the formation of a binuclear macrocycle. Tetranuclear
macrocycle should be formed in this case. To prove this
hypothesis the reaction of acid chloride 12 with the shortest
chain diamine, namely hydrazine, was carried out. For
reliability, the macrocyclization was carried out in two steps:
initially hydrazine was attached to acid chloride 12, and then
obtained dihydrazide 17 was involved in the reaction with
acid chloride 12. According to MS MALDI data the product
of the reaction isolated by column chromatography on silica
gel in 40 % yield appeared to be tetranuclear macrocycle
18 (Scheme 4). Its MALDI spectrum showed only peaks
corresponding to its cationized molecules, namely m/z 1628.1,
[M+Na]", and 1644.1, [M+K]*. The "H NMR spectrum of the
product exhibited characteristic signals corresponding to the
C'"™H,, C'"H,, C*°H, groups of ent-beyerane skeletons, tryplet
at 0 = 2.29 ppm corresponding to protons of C'*OC(O)
CH, moieties of diester linkers, and multiplet in the range
from 4.79 to 4.70 ppm corresponding to C'H protons.
All these data confirmed the formulas of macrocycle 18
in Scheme 4. It is noteworthy that two signals at 6 = 8.71
and 8.48 ppm were observed in the range corresponding to
hydrazide protons of macrocycle 18, though they seemed to
be equivalent. Moreover, in contrast to 'H NMR spectra of
macrocycles 14-16 the '"H NMR spectrum of the discussed
product showed two signals of C'®H, groups at 6 = 1.22 and
1.21 ppm, and two signals of C**H, groups at 6 = 0.74 and
0.72 ppm which were not shifted on heating from 303 K to
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403 K. These facts revealed that the product is the mixture
of several compounds that have the same molecular mass
according to the MS MALDI spectrum and the elemental
analysis data, therefore these are diastereomers. Considering
the synthetic pathway to macrocycle 18 (Scheme 4) it should
be emphasized the following. Individual (-)-isosteviol
123 having four chiral carbons 4(R),8(R),10(S),13(S)B!
was used as the starting material. The reduction of its
oxo group afforded dihydroisosteviol 9 obtained, like in
known papers,* 3331 as the pure 16(R)-epimer. Subsequent
transformations presented in Scheme 4 could not change
the C'¢ carbon configuration, so pure 16(R),16’(R)-epimers
of compounds 12 and 17 were used in the final step of our
convergent synthesis. This fact was proved by their '"H NMR
spectra which displayed only one set of characteristic signals
of C"*H,, C'"H,, and C*°H, groups. Hence diastereomers of
the macrocycle 18 could be formed just in the course of the
reaction of acid chloride 12 with dihydrazide 17. Revealing
structures of diastereomers of macrocycle 18 that needs
special experiments and computations will be undertaken.

Conclusions

To sum up, unknown before macrocyclic derivatives
of diterpenoid isosteviol have been first synthesized. They
contain two or four diterpenoid ent-beyerane skeletons
connected by linkers with ester, hydrazide, or hydrazide/
hydrazone moieties. Three approaches were studied to
synthesize these macrocycles. The first one consisted in
initially coupling of two isosteviol molecules via their
carboxyl groups by a reaction with a diol ditosylate, followed
by a macrocyclization of obtained diketone (2 or 3) that
was carried out by a reaction with adipic acid dihydrazide.
The second approach consisted in initially coupling of
two isosteviol molecules via their carbonyl functionalities
by a reaction with adipic acid dihydrazide, followed by a
macrocyclization of obtained diacid 8 by its interaction with
a diol ditosylate. During the course of the third approach
initially selective reduction of isosteviol oxo group with
NaBH, gave dihydroisosteviol 9. Then two molecules of
hydroxyacid 9 were coupled by the reaction with sebacoyl
dichloride (or suberoyl dichloride) afforded diacid 10 (or
11). In the next step diacids obtained were converted to
acid chlorides (12 or 13) which were macrocyclisized by a
reaction with adipic acid dihydrazide in the final step of the
convergent synthesis. The first approach led to the mixture of
binuclear (compounds 4, 5) and tetranuclear (compounds 6, 7)
macrocycles which we could not separate. Using the second
approach we also did not achieve a success. The reaction of
diacid 8 with adipic acid dihydrazide also gave the mixture
of binuclear macrocycle 4 and tetranuclear macrocycle 6.
Moreover, it appeared to be impossible to involve diacid 8 in
the reactions with ditosylates of n-propane, n-butane, n-hexane,
and n-octane diols because of its restricted solubility. The third
approach appeared to be successful. Binuclear macrocycles
14, 15 and tetranuclear macrocycle 16 were obtained in 71, 59,
and 8 % yields, respectively. It was found out that the courses
of the reactions of acid chlorides 12 and 13 with adipic acid
dihydrazide depend on the distance between isosteviol moieties
in molecules of compounds 12 and 13 (sebacoyl and suberoyl
linkers, respectively). In the first case binuclear macrocycle
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14 was exclusively obtained, whereas in the second one, along
with the formation of binuclear macrocycle 15, tetranuclear
macrocycle 16 was formed, albeit in low yield (8 %). We have
shown that the shortest linker should be used for the synthesis
of tetranuclear macrocycles by a macrocyclization of acid
chlorides 12 and 13. Thus the reaction of acid chloride 12 with
dihydrazide 17 afforded tetranuclear macrocycle 18 in a good
yield (40 %) as a mixture of diastereomers.
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