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Abstract
Modification of daunorubicin on its NH2 moiety is a well-established synthetic approach to obtain novel derivatives of this
compound. Moreover, the daunosamine moiety of this antibiotic is considered to be the most sensitive part of a molecule in
terms of biological response to chemical transformations. Using simple and effective synthetic techniques, namely,
alkylation under phase-transfer catalysis and an amine addition across an activated multiple bond, a series of daunorubicin
derivatives retaining the amine functionality have been obtained, which could also be used as potential precursors for further
transformations.
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Introduction

Daunorubicin, like other anthracycline antibiotics, is pre-
sently the first-line drug in the therapy of oncological dis-
eases, particularly leukemias and solid tumors [1]. All such
drugs exhibit very high antimitotic activity which is
unfortunately accompanied by a low selectivity, high car-
diotoxicity as well as immunosuppressive, embryotoxic,
mutagenic, and teratogenic effects [2]. To reduce their
adverse action, studies on synthetic modification of these
compounds began as soon as they were developed in the
1960s. By now, hundreds of derivatives of daunorubicin

and its analogs had been synthesized, however the problem
of the drug selectivity has not yet been solved.

There is a plethora of reviews devoted to synthetic
approaches to modifying anthracycline antibiotics and,
above all, daunorubicin as the most available and low-cost
of them, and often the methods of modification of dau-
nomycine and daunosamine parts of the molecule differ
significantly, resulting in the need to consider these
approaches separately [3]. Chemical modification of dau-
norubicin and its derivatives is rather challenging and in
some cases requires carrying out hydrolysis of the parent
molecule to give aglycon and daunosamine, synthetic
transformations of both fragments and their final assembly
into the target molecule [4]. Such way is rather laborious
and includes 6–8 chemical steps, thus affecting sig-
nificantly the yields of the desired compounds, and does
not provide an access to large libraries of derivatives to
perform a rapid primary screening and identify lead
compounds among them.

In the present study, we propose simple methods for the
modification of the molecule of daunorubicin on the amine
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nitrogen atom, allowing rapid and effective synthesis of
novel anthracycline antibiotics not only with the aim of
assessing their primary cytotoxicity, but also of using them
as starting materials (building blocks) for further transfor-
mations. All compounds obtained by us comprise the amine
nitrogen atom in the daunosamine moiety, i.e., the amine
functionality remains unchanged, which is crucial to
retaining high antiproliferative activity and some other
important properties of the cancerolytic agents [5].

The importance of retaining the amine functionality in
the structure of anthracycline antibiotics stems from the
mechanism of action of such cancerolytic agents on a tumor
cell. Intercalation of daunorubicin into the DNA strand
implies the incorporation of its aglycon residue between
pairs of nitrogenous bases such as cytosine–guanine and
formation of hydrogen bonds between the hydroxyl group
of daunomycine and guanine, thereby changing the con-
formation of the aminoglycoside moiety and providing the
close fit of the intercalator to the DNA right minor groove
[1]. And finally, electrostatic interaction between positively
charged amino group and the oxygen atom of the DNA
phosphate moiety proves to be critical to stabilization of
daunorubicin–DNA duplex [6].

The amino group also plays an important role in the
membrane transport of a molecule due to the ability of the
latter to bind to negatively charged membrane phospholi-
pids [7]. Blocking of the amine functionality significantly
reduces the cytotoxicity of compounds and their ability to
bind to DNA as confirmed, e.g., for the known daunor-
ubicin amides [8]. Studies of the influence of the NH2

moiety modifications on alleviating mutagenicity of

compounds without changing their high antiproliferative
activity have also been conducted [9, 10].

As it has been shown earlier by us and our colleagues,
functionalization of the amino group of daunorubicin in
order to obtain N-alkylated derivatives is a well-established
method for modifying anthracyclines [11–13].

Results and discussion

We found that NH2 group of daunorubicin can be alkylated
with active halogenated reagents in a similar way as it had
been described earlier for twinning anthracyclines with
p-xylylenedibromide [14, 15]. In our case, we used com-
pounds comprising an activated halogen atom, e.g., pro-
pargyl bromide (derivatives 1a, b), allyl bromide
(derivatives 1c, d), 3-bromo-1-phenyl-1-propene (derivative
1e), as well as bromoacetic acid ethyl ester (derivative 1f).
With 2-bromo-1-phenylacetone and 2-bromoethanol the
reaction proceeded so vigorously that only products of
anthracycline degradation instead of the desired compounds
were observed (Scheme 1).

As in most cases of alkylation of the primary amine
nitrogen atom with haloalkanes, daunorubicin also pro-
duced a mixture of mono- and dialkylated products. The
products of the reaction with propargyl- and allyl bromides
can be easily separated by chromography to give two
desired building blocks in the ratio of mono- and dialky-
lated compounds ~5: 1.

It should be noted that the optimal reagent ratio is dau-
norubicin: halogenated derivative = 1: 1.2 ÷ 1.3. Any shift in

Scheme 1 Synthesis of compounds 1a–1f
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this ratio reduces the yields of both mono- and dialkylated
products; increasing or decreasing the proportion of the halo-
genated derivative does not result in a corresponding increase
or decrease of the proportion of dialkylaminodaunorubicin.

When using bromoacetate acid ester, only mono-
derivative 1f is obtained, the di-product might also be
formed, but is lost in chromatographical purification. The
similar situation is observed for the product formed from 3-
bromo-1-phenyl-1-propene, but in this case only di-product
1e can be isolated.

Individual monoalkylated products can be used in the
alkylation reaction over again with the same or another
alkyl halide; in this way, the mixed product 2 was obtained
(Scheme 2).

All alkylation reactions of daunorubicin and its derivatives
are carried out under phase-transfer catalysis (PTC) conditions
using freshly calcined potassium carbonate as a base and in
the absence of a phase-transfer catalyst. This reaction is very
sensitive to the quality of the base in use: potassium carbonate
must necessarily be freshly calcined, otherwise the product
yields will decrease dramatically. Replacing potassium car-
bonate with sodium carbonate or cesium carbonate, or its use
in larger amounts than specified have a similar result. Heating
the reaction mixture in order to accelerate the process dra-
matically decreases the yields of the products right up to their
complete resinification. The low yield of compounds 1b and
1d can be explained by their ability to react with alkyl bro-
mides with to formation of quaternary ammonium salts.

Another approach to obtain derivatives of daunorubicin
functionalized on the nitrogen atom comprises the aza-
Michael reaction [16], i.e., the addition of anthracycline
across an activated multiple bond. Such approach had been
proposed earlier to obtain conjugates of daunorubicin with
cyclic ketones containing conjugated C=C, C=O bonds
[17]. We found that the amino group of the cancerolytic

agent readily reacted with acrylonitrile (derivative 3a),
methacrylate (derivative 3b), dimethylacetylenedicarbox-
ylate (derivative 3c), and ethylpropiolate (derivative 3d).

The addition of the daunorubicin base across the acti-
vated multiple bonds was carried out under standard con-
ditions at 20 °C in the methanol (derivative 3a–3c) or
ethanol (derivative 3d) solution in the absence of a catalyst.
The daunorubicin free base was obtained according to the
previously reported procedure [17] immediately prior to the
reaction from its hydrochloride, since the free base under-
goes degradation upon storage. More than 2 mol of an
electrophile per 1 mol of anthracycline were used in the
reaction (with equimolar ratio of reactants the yields of the
products decreased markedly) (Scheme 3).

Only in the case of ethylpropiolate we managed to isolate
the di-addition product 3d, while the other derivatives were
the products of monoaddition.

Compounds 1–3 were tested in the lung carcinoma
(А549), rhabdomyosarcoma (RD), colorectal carcinoma
(HCT116), and embryonal renal epithelium (HEK293) cell
lines. The results of the primary screening of cytotoxicity
are summarized in Table 1. Also, the cytotoxicity data for
the starting daunorubucin are given, which was a reliable
reference compounds in our case.

As can be seen from the above data, almost all of the
compounds show moderate toxicity values. The adduct 1e of
3-bromo-1-phenyl-1-propene and daunorubicin was found to
have especially low toxicity towards tumor cells. It had low
affinity for tumor tissues compared to the healthy ones. This is
probably due to the steric hindrances caused by phenyl groups,
which hinder the ability the derivative to bind to DNA. Indeed,
for anthracycline analogs bearing bulky substituents at the
nitrogen atom, the mechanism of inhibition of topoisomerase
II involved in the DNA cleavage processes differ significantly
from that described, e.g., for daunorubicin [18].

Scheme 2 Synthesis of compound 2
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Among the products obtained, compound 1c is the most
promising in terms of studying its biological activity. The
compound derived from allyl bromide and anthracycline
exhibits higher efficiency towards rhabdomyosarcoma cells,
namely, 1.3 times higher than that of the starting daunor-
ubicin, and also high potency towards colorectal carcinoma
cells, which is 8 times higher than in the case of the starting
cancerolytic drug. This can be explained by the structure of
the substituent in the nitrogen atom. In the case of com-
pounds 1c, are likely to play two factors, these are the
smallest steric obstacles, as well as the presence of a double
bond. These factors probably facilitate the incorporation of
compound 1c into the DNA-topoisomerase complex and
prevent further DNA synthesis. Further studies of acute
toxicity of adduct 1c will make it possible to reach an
unequivocal conclusion about the prospects of this com-
pounds for the treatment of the colorectal tumors.

Conclusion

All compounds obtained by us are secondary or tertiary
amines bearing various functionalities and represent build-
ing blocks for subsequent synthesis of daunorubicin

derivatives retaining the amine moiety. The proposed
methods for functionalizing daunorubicin open the way to
the synthesis of entire libraries of its novel derivatives,
which can be readily obtained from the above compounds,
for instance, via the addition of azides or nitrile oxides
across multiple bonds, metathesis reaction, etc. according to
the known procedures.

Experimental/Materials and methods

NMR spectra were recorded on a Bruker AV-400 spectro-
meter in CDCl3 solutions using residual proton signals of
the deuterated solvent as an internal reference (1H, 13C). 13C
NMR spectra were recorded in JMODECHO mode, the
signals of carbon atoms with even and odd number of
protons have opposite polarity. Reactions were monitored
by TLC on alumina TLC plates w/UV254. The chromato-
graphic purification of compounds was carried out on a
Macherey-Nagel silica gel (MN Kieselgel 60, 70–230
mesh) using the solvent systems CHCl3: MeOH and CHCl3:
MeOH: NH3(aq). IR samples were measured as KBr pellets
with FT-IR Spectrometer (InfraRed Bruker Tensor 37) in
the 400–4000 cm−1 range with 2 cm−1 resolution, 32 scans.

Table 1 Cytotoxicity of
daunorubicin derivatives

Compound IC50 (µmol L−1) SI (IC50HEK293/
IC50HCT116)

А549 RD HCT116 НЕК293

1a 4.07 ± 0.21 14.00 ± 0.46 7.29 ± 0.48 4.97 ± 0.65 0.7

1b 12.20 ± 0.16 13.16 ± 0.43 3.28 ± 0.08 11.35 ± 0.87 3.5

1c 5.05 ± 0.36 0.31 ± 0.01 0.03 ± 0.00 2.25 ± 0.01 75

1d 18.83 ± 1.07 8.96 ± 0.08 4.08 ± 0.25 5.36 ± 0.19 1.3

1e 164.24 ± 4.21 111.90 ± 8.35 105.48 ± 4.14 121.86 ± 4.58 1.2

1f 96.08 ± 5.70 88.62 ± 1.14 52.84 ± 7.12 29.92 ± 3.40 0.6

2 66.26 ± 5.19 30.15 ± 3.06 10.65 ± 0.80 11.49 ± 0.39 1.1

3a 23.24 ± 0.77 35.42 ± 3.63 8.45 ± 0.48 20.06 ± 3.37 2.4

3b 81.45 ± 1.19 61.43 ± 1.88 37.03 ± 4.64 34.17 ± 2.75 0.9

3c 9.06 ± 0.15 9.09 ± 0.14 2.20 ± 0.74 2.19 ± 0.23 1.0

3d 109.06 ± 0.15 98.09 ± 0.14 102.20 ± 0.74 112.19 ± 0.23 1.1

DR-NH2∙HCl 0.69 ± 0.02 0.42 ± 0.01 0.24 ± 0.01 4.80 ± 0.51 20

Scheme 3 Synthesis of compounds 3a–3d
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High resolution mass spectra (HR MS) were measured on a
Bruker micrOTOF II instrument using electrospray ioniza-
tion (ESI) [19]. The measurements were done in a positive
ion mode (interface capillary voltage −4500 V); mass range
from m/z 50 to m/z 3000; external or internal calibration was
done with ESI Tuning Mix, Agilent. A syringe injection
was used for solutions in acetonitrile (flow rate 4 μL/min).
Nitrogen was applied as a dry gas; interface temperature
was set at 180 or 200 °C. HR MS were recorded in the
Department of Structural Studies of Zelinsky Institute of
Organic Chemistry, Moscow. The biological testing of
anticancer activity was performed in the Institute of Phy-
siologically Active Compounds, Russian Academy of Sci-
ences, Chernogolovka. Daunorubicin hydrochloride was
purchased from Aldrich. Commercially available starting
materials were used without further purification. All
obtained daunorubicin derivatives are decomposed on
heating above 200 °C.

General procedure for the alkylation of the
daunorubicin

Daunorubicin hydrochloride (100 mg, 0.18 mmol) or com-
pounds 1a, 1c (100 mg, 0.18 mmol) were dissolved in a
mixture of N,N-dimethylformamide (DMF) and CH2Cl2
(1:1 v/v; 3 mL). Then, a powder of K2CO3 (49 mg,
0.36 mmol) and an appropriate bromide (0.22 ÷ 0.23 mmol)
were added. The reaction mixture was stirred at room
temperature for 20–28 h. The progress of the reaction was
monitored by TLC (CHCl3: MeOH: NH3(aq) at v/v ratios 85:
14: 1). After the reaction was complete, the reaction mixture
was diluted with CH2Cl2 (50 mL) and poured into water
(50 mL). The organic layer was separated and washed with
water until neutral pH, dried over anhydrous Na2SO4, and
evaporated under reduced pressure. The crude products
were purified by column chromatography, eluted with
CHCl3: MeOH at v/v ratios from 100: 1 to 10: 1 (com-
pounds 1c, 1d, 1e, 2) or CHCl3: MeOH: NH3(aq) at v/v ratios
from 100: 1: 0.1 to 10: 1: 0.1 (compounds 1a, 1b, 1f).

(8S,10S)-8-Acetyl-6,8,11-trihydroxy-10-{[(2R,4S,5S,6S)-
5-hydroxy-6-methyl-4-(prop-2-yn-1-ylamino)tetrahydro-
2H-pyran-2-yl]oxy}-1-methoxy-7,8,9,10-tetra-
hydrotetracene-5,12-dione (1a): red solid, yield 81%; IR
(KBr) ν= 3480 (br, m) (νOH), 3283 (br, m) (νNH), 2972 (sh,
m), 2934 (m) and 2843 (sh, m) (all three νCH), 2249 (vw)
and 2120 (vw) (both νC≡CH), 1716 (s) (νC=O), 1617 (s) and
1578 (s) (both νC=C), 1413 (s) and 1352 (s) (both δOH), 1286
(vs), 1232 (s) and 1208 (vs) (all three νC–O), 1118 (s), 984
(vs) (δC=C), 816 (m), 792 (m), 464 (w) cm−1; 1H NMR
(CDCl3, 400MHz,):δ= 14.05 (1H, br. s, OH-6), 13.67 (1H,
br. s, OH-11), 7.98 (1H, d, J= 7.6 Hz, H-1), 7.77 (1H, t,
J= 8.0 Hz, H-2), 7.38 (1H, d, J= 8.0 Hz, H-3), 5.53 (1H,

br. s, H-1′), 5.27 (1H, br. s, H-7), 4.69 (1H, br. s, OH-9),
4.08 (4H, br. s, H-15, H-5′), 3.66 (1H, br. s, H-4′), 3.42 (2H,
d, J= 4.0 Hz, N–CH2), 3.16 (1H, d, J= 18.8 Hz, H-10),
3.13–3.09 (1H, m, H-3′), 2.87 (1H, d, J= 18.8 Hz, H-10),
2.43 (3H, s, H-14), 2.36 (1H, d, J= 14.6 Hz, H-8), 2.20
(1H, t, J= 2.2 Hz, C≡CH), 2.10 (1H, dd, J= 4.0, 14.6 Hz,
H-8), 1.82–1.67 (2H, m, H-2′), 1.38 (3H, d, J= 8.0 Hz, H-
6′);13C NMR (CDCl3, 100MHz,):δ= 211.77 (C, C-13),
186.71 (C, C-12), 186.38 (C, C-5), 160.82 (C, C-4), 156.23
(C, C-6), 155.61 (C, C-11), 135.53 (CH, C-3), 135.24 (C,
C-12a), 134.28 (C, C-6a), 134.06 (C, C-4a), 120.62 (C, C-
10a), 119.58 (CH, C-2), 118.23 (CH, C-1), 111.15 (C, C-
11a), 111.01 (C, C-5a), 100.55 (CH, C-1′), 81.05 (C,
C≡CH), 76.91 (C, C-9), 71.98 (CH, C≡CH), 69.51 (CH, C-
7), 66.49 (CH, C-4′, C-5′), 56.49 (CH3, C-15), 51.09 (CH,
C-3′), 34.70 (CH2, NCH2), 34.32 (CH2, C-10), 33.14 (CH2,
C-8), 29.79 (CH2, C-2′), 24.67 (CH3, C-14), 16.92 (CH3, C-
6′); HRMS (ESI) m/z found 566.2025, 588.1841, 604.1585;
calculated for C30H31NO10 566.2021 (M+H+), 588.1840
(M+Na+), 604.1580 (M+K+).

(8S,10S)-8-Acetyl-6,8,11-trihydroxy-10-{[(2R,4S,5S,6S)-
5-hydroxy-6-methyl-4-(di(prop-2-yn-1-yl)amino)tetrahydro-
2H-pyran-2-yl]oxy}-1-methoxy-7,8,9,10-tetra-
hydrotetracene-5,12-dione (1b): red solid, yield 15%; IR
(KBr) ν= 3482 (br, m) (νOH), 3280 (br, m) (νNH), 2974 (sh,
m), 2936 (m) and 2842 (sh, m) (all three νCH), 2283 (vw),
2250 (vw), 2120 (vw) and 2107 (vw) (all four νC≡CH), 1716
(s) and 1669 (m) (both νC=O), 1618 (s) and 1578 (s) (both
νC=C), 1414 (s) and 1352 (s) (both δOH), 1286 (vs), 1232 (s)
and 1210 (vs) (all three νC–O), 1124 (s), 985 (vs) (δC=C), 792
(m), 662 (w) 464 (w) cm−1; 1H NMR (CDCl3, 400MHz,):
δ= 13.89 (1H, br. s, OH-6), 13.13 (1H, br. s, OH-11), 7.92
(1H, d, J= 7.8 Hz, H-1), 7.73 (1H, t, J= 7.8 Hz, H-2), 7.35
(1H, d, J= 8.0 Hz, H-3), 5.55 (1H, br. s, H-1′), 5.24 (1H,
br. s, H-7), 4.66 (1H, br. s, OH-9), 4.05 (4H, br. s, H-15, H-
5′), 3.71 (1H, br. s, H-4′), 3.57–3.48 (4H, m, N–CH2), 3.11
(1H, d, J= 17.6 Hz, H-10), 2.86–2.83 (1H, m, H-3′), 2.80
(1H, d, J= 18.0 Hz, H-10), 2.40 (3H, s, H-14), 2.32 (1H, d,
J= 14.8 Hz, H-8), 2.19 (2H, br. s, C≡CH), 2.07 (1H, dd,
J= 4.0, 14.8 Hz, H-8), 1.92–1.83 (2H, m, H-2′), 1.37 (3H,
d, J= 8.0 Hz, H-6′); 13C NMR (CDCl3, 100MHz,): δ=
211.70 (C, C-13), 186.54 (C, C-12), 186.22 (C, C-5),
160.72 (C, C-4), 156.16 (C, C-6), 155.45 (C, C-11), 135.46
(CH, C-3), 135.08 (C, C-12a), 134.22 (C, C-6a), 134.00 (C,
C-4a), 120.46 (C, C-10a), 119.47 (CH, C-2), 118.18 (CH,
C-1), 111.01 (C, C-11a), 110.91 (C, C-5a), 100.12 (CH, C-
1′), 78.02 (C, C≡CH), 76.53 (C, C-9), 73.55 (CH, C≡CH),
69.15 (CH, C-7), 66.64 (CH, C-4′, C-5′), 56.42 (CH3, C-
15), 54.70 (CH, C-3′), 38.45 (CH2, NCH2), 34.61 (CH2, C-
10), 33.09 (CH2, C-8), 29.76 (CH2, C-2′), 24.61 (CH3, C-
14), 16.90 (CH3, C-6′); HRMS (ESI) m/z found 604.2174,
626.1982; calculated for C33H33NO10 604.2177 (M+H+),
626.1997 (M+Na+).
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(8S,10S)-8-Acetyl-6,8,11-trihydroxy-10-{[(2R,4S,5S,6S)-
5-hydroxy-6-methyl-4-(prop-2-en-1-ylamino)tetrahydro-
2H-pyran-2-yl]oxy}-1-methoxy-7,8,9,10-tetra-
hydrotetracene-5,12-dione (1c): red solid, yield 80%; IR
(KBr) ν= 3480 (br, m) (νOH), 3327 (br, m) (νNH), 2974 (sh,
m), 2933 (m) and 2843 (sh, m) (all three νCH), 1716 (s)
(νC=O), 1618 (s) and 1578 (s) (both νC=C), 1414 (s) and
1352 (s) (both δOH), 1286 (vs), 1232 (s) and 1209 (vs) (all
three νC–O), 1119 (s), 985 (vs) (δC=C), 817 (m), 792 (m),
464 (w) cm−1; 1H NMR (CDCl3, 400MHz,): δ= 14.01
(1H, br. s, OH-6), 13.32 (1H, br. s, OH-11), 8.05 (1H, d,
J= 7.7 Hz, H-1), 7.81 (1H, t, J= 8.0 Hz, H-2), 7.42 (1H, d,
J= 8.4 Hz, H-3), 5.91 (1H, dd, J= 10.3, 16.9 Hz,
CH=CH2), 5.55 (1H, br. d, J= 3.4 Hz, H-1′), 5.31 (1H, br.
s, H-7), 5.20 (2H, dd, J= 10.1, 17.2 Hz, CH=CH2), 4.64
(1H, br. s, OH-9), 4.15–4.06 (4H, br. s, H-15, H-5′), 3.77
(1H, br. s, H-4′), 3.44 (2H, d, J= 6.0 Hz, NCH2), 3.25 (1H,
d, J= 18.8 Hz, H-10), 3.05 (1H, d, J= 12.4 Hz, H-3′) 2.99
(1H, d, J= 18.8 Hz, H-10), 2.44 (3H, s, H-14), 2.37 (1H, d,
J= 14.9 Hz, H-8), 2.13 (1H, dd, J= 4.1, 14.8 Hz, H-8),
1.94 (1H, dd, J= 4.0, 14.1 Hz, H-2′), 1.76 (1H, dd, J= 4.7,
13.0 Hz, H-2′), 1.38 (3H, d, J= 6.6 Hz, H-6′); 13C NMR
(CDCl3, 100MHz,): δ= 211.73 (C, C-13), 186.76 (C, C-
12), 186.39 (C, C-5), 160.85 (C, C-4), 156.33 (C, C-6),
155.65 (C, C-11), 135.53 (CH, C-3), 135.28 (C, C-12a),
134.37 (CH, CH=CH2), 134.29 (C, C-6a), 134.17 (C, C-
4a), 120.65 (C, C-10a), 119.59 (CH, C-2), 118.24 (CH, C-
1), 117.80 (CH2, CH=CH2), 111.14 (C, C-11a), 111.03 (C,
C-5a), 100.86 (CH, C-1′), 77.24 (C, C-9), 69.63 (CH, C-7),
66.63 (CH, C-4′), 66.27 (CH, C-5′), 56.51 (CH3, C-15),
54.72 (CH, C-3′), 51.12 (CH2, NCH2), 34.67 (CH2, C-10),
33.15 (CH2, C-8), 28.27 (CH2, C-2′), 24.67 (CH3, C-14),
17.06 (CH3, C-6′); HRMS (ESI) m/z found 568.2169; cal-
culated for C30H33NO10 568.2177 (M+H+).

(8S,10S)-8-Acetyl-6,8,11-trihydroxy-10-{[(2R,4S,5S,6S)-
5-hydroxy-6-methyl-4-(di(prop-2-en-1-yl)amino)tetrahydro-
2H-pyran-2-yl]oxy}-1-methoxy-7,8,9,10-tetra-
hydrotetracene-5,12-dione (1d): red solid, yield 16%; IR
(KBr) ν= 3477 (br, m) (νOH), 2975 (sh, m), 2936 (m) and
2841 (sh, m) (all three νCH), 1717 (s) (νC=O), 1618 (s) and
1579 (s) (both νC=C), 1414 (s) and 1352 (s) (both δOH), 1287
(vs), 1232 (s) and 1210 (vs) (all three νC–O), 1126 (s), 987
(vs) (δC=C), 811 (m), 792 (m), 463 (w) cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 13.95 (1H, br. s, OH-6), 13.23
(1H, br. s, OH-11), 8.01 (1H, d, J= 7.9 Hz, H-1), 7.78 (1H,
t, J= 8.0 Hz, H-2), 7.39 (1H, d, J= 8.5 Hz, H-3), 5.91 (2H,
dd, J= 10.0, 17.1 Hz, CH=CH2), 5.56 (1H, br. d, J=
3.4 Hz, H-1′), 5.27 (1H, br. s, H-7), 5.12 (4H, br. d, J=
15.3 Hz, CH=CH2), 4.71 (1H, br. s, OH-9), 4.09 (3H, s, H-
15), 4.03 (1H, q, J= 6.4 Hz, H-5′), 3.71 (1H, br. s, H-4′),
3.22 (4H, br. d, J= 6.4 Hz, NCH2), 3.17 (1H, d, J=
19.0 Hz, H-10), 2.96 (1H, d, J= 12.0 Hz, H-3′) 2.87 (1H, d,
J= 18.9 Hz, H-10), 2.42 (3H, s, H-14), 2.35 (1H, d, J=

14.6 Hz, H-8), 2.09 (1H, dd, J= 4.0, 14.8 Hz, H-8),
1.86–1.80 (2H, m, H-2′), 1.38 (3H, d, J= 6.6 Hz, H-6′); 13C
NMR (CDCl3, 100MHz,): δ= 211.75 (C, C-13), 186.77
(C, C-12), 186.42 (C, C-5), 160.85 (C, C-4), 156.27 (C, C-
6), 155.64 (C, C-11), 135.56 (CH, C-3), 135.27 (C, C-12a),
135.17 (CH, CH=CH2), 134.28 (C, C-6a), 134.09 (C, C-
4a), 120.65 (C, C-10a), 119.61 (CH, C-2), 118.26 (CH, C-
1), 117.04 (CH2, CH=CH2), 111.17 (C, C-11a), 111.04 (C,
C-5a), 100.68 (CH, C-1′), 76.69 (C, C-9), 69.68 (CH, C-7),
66.63 (CH, C-4′), 66.51 (CH, C-5′), 56.52 (CH3, C-15),
51.93 (CH, C-3′), 48.28 (CH2, NCH2), 34.72 (CH2, C-10),
33.13 (CH2, C-8), 29.73 (CH2, C-2′), 24.69 (CH3, C-14),
16.94 (CH3, C-6′); HRMS (ESI) m/z found 608.2488; cal-
culated for C33H37NO10 608.2490 (M+H+).

(8S,10S)-8-Acetyl-6,8,11-trihydroxy-10-{[(2R,4S,5S,6S)-
5-hydroxy-6-methyl-4-(di(3-phenylprop-2-en-1-yl)amino)
tetrahydro-2H-pyran-2-yl]oxy}-1-methoxy-7,8,9,10-tetra-
hydrotetracene-5,12-dione (1e): red solid, yield 78%; IR
(KBr) ν= 3479 (br, m) (νOH), 3024 (sh, m), 2973 (sh, m),
2935 (m) and 2840 (sh, m) (all four νCH), 1717 (s) (νC=O),
1617 (s) and 1578 (s) (both νC=C), 1414 (s) and 1352 (s)
(both δOH), 1286 (vs), 1232 (s) and 1209 (vs) (all three
νC–O), 1125 (s), 987 (vs) (δC=C), 793 (m), 764 (m), 694 (m),
464 (w) cm−1; 1H NMR (CDCl3, 400MHz,): δ= 13.97
(1H, br. s, OH-6), 13.22 (1H, br. s, OH-11), 8.01 (1H, d,
J= 7.6 Hz, H-1), 7.78 (1H, t, J= 8.1 Hz, H-2), 7.38 (1H, d,
J= 8.4 Hz, H-3), 7.26 (4H, d, J= 7.3 Hz, o-H-Ph), 7.21
(4H, t, J= 7.6 Hz, m-H-Ph), 7.17–7.13 (2H, m, p-H-Ph),
6.45 (2H, d, J= 15.9 Hz, CH=CHPh),6.16 (2H, dt, J= 6.5,
15.8 Hz, CH=CHPh), 5.59 (1H, br. s, H-1′), 5.28 (1H, br. s,
H-7), 4.68 (1H, br. s, OH-9), 4.10–4.07 (4H, m, H-15, H-
5′), 3.82 (1H, br. s, H-4′), 3.44 (4H, d, J= 6.4 Hz, NCH2),
3.16 (1H, d, J= 19.1 Hz, H-10), 3.01–2.98 (1H, m, H-3′)
2.87 (1H, d, J= 18.8 Hz, H-10), 2.41 (3H, s, H-14), 2.37
(1H, br. s, H-8), 2.11 (1H, dd, J= 4.0, 14.8 Hz, H-8),
2.01–1.96 (2H, m, H-2′), 1.42 (3H, d, J= 6.6 Hz, H-6′); 13C
NMR (CDCl3, 100MHz,): δ= 211.57 (C, C-13), 186.08
(C, C-12), 185.80 (C, C-5), 160.48 (C, C-4), 156.00 (C, C-
6), 155.15 (C, C-11), 136.50 (C, ipso-C-Ph), 135.23 (CH,
C-3), 134.86 (C, C-12a), 133.93 (C, C-6a), 133.87 (C, C-
4a),132.62 (CH, CH=CHPh), 128.07 (CH, m-C-Ph),
127.04 (CH, p-C-Ph), 125.98 (CH, CH=CHPh), 125.87
(CH, o-C-Ph), 120.20 (C, C-10a), 119.27 (CH, C-2), 117.98
(CH, C-1), 110.73 (C, C-11a), 110.64 (C, C-5a), 100.82
(CH, C-1′), 76.44 (C, C-9), 69.63 (CH, C-7), 66.74 (CH, C-
4′), 66.67 (CH, C-5′), 56.21 (CH3, C-15), 54.73 (CH, C-3′),
50.64 (CH2, NCH2), 34.47 (CH2, C-10), 32.81 (CH2, C-8),
28.08 (CH2, C-2′), 24.46 (CH3, C-14), 16.94 (CH3, C-6′);
HRMS (ESI) m/z found 760.3109; calculated for
C45H45NO10 760.3116 (M+H+).

Ethyl 2-[(6-[{(1S,3S)-3-acetyl-3,5,12-trihydroxy-10-
methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl}
oxy](2S,3S,4S,6R)-3-hydroxy-2-methyltetrahydro-2H-
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pyran-4-yl)amino]acetate (1f): red solid, yield 76%; IR
(KBr) ν= 3482 (br, m) (νOH), 3342 (br, m) (νNH), 2975 (sh,
m), 2936 (m) and 2843 (sh, m) (all three νCH), 1739 (s) and
1718 (s) (both νC=O), 1618 (s) and 1578 (s) (both νC=C),
1414 (s) and 1352 (s) (both δOH), 1287 (vs), 1232 (s) and
1209 (vs) (all three νC–O), 1122 (s), 1009 (sh, s) and 985
(vs) (both δC=C), 818 (m), 793 (m), 764 (m), 731 (m), 464
(w) cm−1; 1H NMR (CDCl3, 400MHz,): δ= 13.96 (1H, br.
s, OH-6), 13.28 (1H, br. s, OH-11), 8.04 (1H, d, J= 7.5 Hz,
H-1), 7.79 (1H, t, J= 7.8 Hz, H-2), 7.40 (1H, d, J= 8.5 Hz,
H-3), 5.52 (1H, br. d, J= 3.2 Hz, H-1′), 5.29 (1H, br. s, H-
7), 4.71 (1H, br. s, OH-9), 4.15 (1H, q, J= 7.1 Hz, H-5′),
4.14–4.04 (5H, m, H-15, NHCH2), 3.51 (1H, br. s, H-4′),
3.39 (2H, br. s, COOCH2), 3.21 (1H, d, J= 18.9 Hz, H-10),
2.93–2.79 (2H, m, H-10, H-3′), 2.41 (3H, s, H-14), 2.36
(1H, d, J= 14.8 Hz, H-8), 2.09 (1H, dd, J= 3.9, 14.7 Hz,
H-8), 1.83 (1H, dd, J= 3.8, 13.0 Hz, H-2′), 1.69 (1H, dd,
J= 4.3, 13.0 Hz, H-2′), 1.37 (3H, d, J= 6.5 Hz, H-6′), 1.23
(3H, t, J= 7.1 Hz, CH2CH3);

13C NMR (CDCl3,
100MHz,): δ= 211.67 (C, C-13), 186.92 (C, C-12), 186.58
(C, C-5), 172.65 (C, COOCH2), 160.90 (C, C-4), 156.29 (C,
C-6), 155.73 (C, C-11), 135.55 (CH, C-3), 135.37 (C, C-
12a), 134.21 (C, C-6a), 134.15 (C, C-4a), 120.81 (C, C-
10a), 119.62 (CH, C-2), 118.26 (CH, C-1), 111.27 (C, C-
11a), 111.13 (C, C-5a), 100.75 (CH, C-1′), 76.72 (C, C-9),
69.60 (CH, C-7), 66.81 (CH, C-4′), 66.45 (CH, C-5′), 61.01
(CH2,CH2COO), 56.54(CH3, C-15), 52.97(CH, C-3′),47.49
(CH2, NHCH2), 34.76 (CH2, C-10), 33.19 (CH2, C-8),
30.09 (CH2, C-2′), 24.64 (CH3, C-14), 16.99 (CH3, C-6′),
13.97 (CH3, CH2CH3); HRMS (ESI) m/z found 614.2231,
636.2041; calculated for C31H35NO12 614.2232 (M+H+),
636.2051 (M+Na+).

(8S,10S)-8-Acetyl-6,8,11-trihydroxy-10-{[(2R,4S,5S,6S)-
5-hydroxy-6-methyl-4-(prop-2-en-1-yl(prop-2-yn-1-yl)
amino)tetrahydro-2H-pyran-2-yl]oxy}-1-methoxy-7,8,9,10-
tetrahydrotetracene-5,12-dione (2): red solid, yield 75%; IR
(KBr) ν= 3479 (br, m) (νOH), 3275 (br, m) (νNH), 2975 (sh,
m), 2935 (m) and 2842 (sh, m) (all three νCH), 2250 (vw)
and 2105 (vw) (both νC≡CH), 1716 (s) and 1671 (s) (both
νC=O), 1620 (s) and 1587 (s) (both νC=C), 1415 (s) and 1352
(s) (both δOH), 1286 (vs), 1231 (s) and 1208 (vs) (all three
νC–O), 1125 (s), 1018 (sh, s) and 983 (vs) (both δC=C), 813
(m), 793 (m), 764 (m), 732 (m), 463 (w) cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 13.95 (1H, br. s, OH-6), 13.22
(1H, br. s, OH-11), 7.99 (1H, d, J= 7.7 Hz, H-1), 7.76 (1H,
t, J= 7.9 Hz, H-2), 7.38 (1H, d, J= 8.4 Hz, H-3), 6.24–6.14
(1H, m, CH=CH2), 5.79–5.69 (2H, m, CH=CH2), 5.58
(1H, br. d, J= 3.0 Hz, H-1′), 5.26 (1H, br. s, H-7), 4.73
(1H, br. s, OH-9), 4.08–4.02 (4H, m, H-15, H-5′), 3.73 (1H,
br. s, H-4′), 3.49 (1H, d, J= 17.9 Hz, CH2C≡CH), 3.36
(1H, d, J= 17.8 Hz, CH2C≡CH), 3.27–3.14 (3H, m,
CH2CH=CH2, H-10), 2.92–2.83 (2H, m, H-3′, H-10), 2.43
(3H, s, H-14), 2.36 (1H, d, J= 14.8 Hz, H-8), 2.12–2.05

(1H, m, H-8), 1.86–1.80 (2H, m, H-2′), 1.39 (3H, d, J=
6.4 Hz, H-6′); 13C NMR (CDCl3, 100MHz,): δ= 211.61
(C, C-13), 186.59 (C, C-12), 186.25 (C, C-5), 160.66 (C, C-
4), 156.11 (C, C-6), 155.47 (C, C-11), 135.36 (CH, C-3),
135.12 (C, C-12a), 134.45 (CH, CH=CH2), 134.18 (C, C-
6a), 133.99 (C, C-4a), 120.52 (C, C-10a), 119.41 (CH, C-
2), 118.30 (CH2, CH=CH2), 118.06 (CH, C-1), 110.98 (C,
C-11a), 111.88 (C, C-5a), 100.16 (CH, C-1′),77.06 (C,
C≡CH), 76.91 (C, C-9), 74.85 (CH, C≡CH), 69.06 (CH, C-
7),66.44 (CH, C-4′), 65.83 (CH, C-5′), 56.33 (CH3, C-15),
54.50 (CH, C-3′), 51.55 (CH2, CH2CH=CH2),37.11 (CH2,
CH2C≡CH), 34.52 (CH2, C-10), 33.08 (CH2, C-8), 27.83
(CH2, C-2′), 24.52 (CH3, C-14), 16.84 (CH3, C-6′); HRMS
(ESI) m/z found 606.2327; calculated for C33H35NO10

606.2334 (M+H+).

General procedure for the Aza-Michael
reaction

A mixture of amine of daunorubicin (100 mg, 0.19 mmol)
and alkene or alkyne (0.47 mmol) in MeOH (compounds
3a–3c) or EtOH (compound 3d) (5 mL) was stirred at room
temperature for 20–28 h. The progress of the reaction was
monitored by TLC (CHCl3: MeOH at v/v ratios 85: 15).
After the reaction was complete, the solvent was evaporated
under reduced pressure. The crude products were purified
by column chromatography, eluted with CHCl3: MeOH at
v/v ratios from 100: 1 to 10: 1.

3-[(6-[{(1S,3S)-3-Acetyl-3,5,12-trihydroxy-10-methoxy-
6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl}oxy]
(2S,3S,4S,6R)-3-hydroxy-2-methyltetrahydro-2H-pyran-4-
yl)amino]propanenitrile (3a): red solid, yield 63%; IR
(KBr) ν= 3475 (br, m) (νOH), 2967 (sh, m), 2935 (m) and
2844 (sh, m) (all three νCH), 2248 (w) (νC≡N), 1706 (s)
(νC=O), 1617 (s) and 1577 (s) (both νC=C), 1414 (s) and
1353 (s) (both δOH), 1292 (vs), 1262 (s), 1228 (sh, s), 1210
(vs) and 1192 (sh, s) (all five νC–O), 1114 (s), 1018 (sh, s)
and 982 (vs) (both δC=C), 839 (m), 792 (m), 765 (m), 731
(m), 463 (w) cm−1; 1H NMR (CDCl3, 400MHz,): δ= 14.01
(1H, br. s, OH-6), 13.31 (1H, br. s, OH-11), 8.05 (1H, d,
J= 7.6 Hz, H-1), 7.81 (1H, t, J= 8.1 Hz, H-2), 7.42 (1H, d,
J= 8.4 Hz, H-3), 5.54 (1H, br. s, H-1′), 5.31 (1H, br. s, H-
7), 4.64 (1H, br. s, OH-9), 4.11 (4H, br. s, H-15, H-5′), 3.64
(1H, br. s, H-4′), 3.25 (1H, dd, J= 1.5, 18.9 Hz, H-10), 2.97
(1H, d, J= 18.8 Hz, H-10), 2.95–2.92 (3H, m, N–CH2, H-
3′), 2.52 (2H, t, J= 6.6 Hz, CH2CN),2.44 (3H, s, H-14),
2.38 (1H, d, J= 14.8 Hz, H-8), 2.14 (1H, dd, J= 4.0,
14.8 Hz, H-8), 1.84–1.73 (2H, m, H-2′), 1.38 (3H, d, J=
6.6 Hz, H-6′); 13C NMR (CDCl3, 100MHz,): δ= 211.57
(C, C-13), 186.72 (C, C-12), 186.39 (C, C-5), 160.83 (C, C-
4), 156.22 (C, C-6), 155.56 (C, C-11), 135.57 (CH, C-3),
135.21 (C, C-12a), 134.14 (C, C-6a), 133.98 (C, C-4a),
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120.59 (C, C-10a), 119.60 (CH, C-2), 118.27 (C, C≡N),
118.21 (CH, C-1), 111.17 (C, C-11a), 111.03 (C, C-5a),
100.74 (CH, C-1′), 76.66 (C, C-9), 69.84 (CH, C-7), 67.23
(CH, C-4′), 66.59 (CH, C-5′), 56.49 (CH3, C-15), 52.17
(CH, C-3′), 41.33 (CH2, NCH2), 34.71 (CH2, C-10), 33.06
(CH2, C-8), 30.12 (CH2, C-2′), 24.64 (CH3, C-14), 19.07
(CH2, CH2C≡N), 16.89 (CH3, C-6′); HRMS (ESI) m/z
found 581.2128, 603.1947, 619.1683; calculated for
C30H32N2O10 581.2130 (M+H+), 603.1949 (M+Na+),
619.1689 (M+K+).

Methyl 3-[(6-[{(1S,3S)-3-acetyl-3,5,12-trihydroxy-10-
methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl}
oxy](2S,3S,4S,6R)-3-hydroxy-2-methyltetrahydro-2H-
pyran-4-yl)amino]propanoate (3b): red solid, yield 67%; IR
(KBr) ν= 3475 (br, m) (νOH), 2971 (sh, m), 2935 (m) and
2845 (sh, m) (all three νCH), 1734 (s) and 1718 (s) (both
νC=O), 1618 (s) and 1578 (s) (both νC=C), 1414 (s) and 1352
(s) (both δOH), 1287 (vs), 1232 (s) and 1209 (vs) (all three
νC–O), 1120 (s), 1007 (sh, s) and 983 (vs) (both δC=C), 817
(m), 793 (m), 764 (m), 464 (w) cm−1; 1H NMR (CDCl3,
400MHz,): δ= 14.00 (1H, br. s, OH-6), 13.33 (1H, br. s,
OH-11), 8.06 (1H, d, J= 7.4 Hz, H-1), 7.81 (1H, t, J=
8.0 Hz, H-2), 7.42 (1H, d, J= 8.3 Hz, H-3), 5.54 (1H, br. d,
J= 3.4 Hz, H-1′), 5.31 (1H, br. s, H-7), 4.71 (1H, br. s, OH-
9), 4.11–4.07 (4H, m, H-15, H-5′), 3.71 (1H, br. s, H-4′),
3.68 (3H, s, COOCH3), 3.25 (1H, d, J= 18.8 Hz, H-10),
3.02–2.90 (4H, m, H-10, H-3′, NHCH2), 2.55 (2H, br. s,
CH2COO), 2.45 (3H, s, H-14), 2.38 (1H, d, J= 14.9 Hz, H-
8), 2.13 (1H, dd, J= 4.0, 14.8 Hz, H-8), 1.83 (1H, dd, J=
3.8, 12.9 Hz, H-2′), 1.71 (1H, dd, J= 4.3, 13.4 Hz, H-2′),
1.39 (3H, d, J= 6.5 Hz, H-6′); 13C NMR (CDCl3,
100MHz,): δ= 211.69 (C, C-13), 186.59 (C, C-12), 186.27
(C, C-5), 172.81 (C, COOCH3), 160.77 (C, C-4), 156.20 (C,
C-6), 155.54 (C, C-11), 135.48 (CH, C-3), 135.16 (C, C-
12a), 134.16 (C, C-6a), 134.09 (C, C-4a), 120.54 (C, C-
10a), 119.54 (CH, C-2), 118.22 (CH, C-1), 111.07 (C, C-
11a), 110.92 (C, C-5a), 100.85 (CH, C-1′), 76.60 (C, C-9),
69.72 (CH, C-7), 66.44 (CH, C-4′, C-5′), 56.45 (CH, C-3′),
52.12 (CH3, C-15), 51.53 (CH3, COOCH3), 40.79 (CH2,
NHCH2), 34.66 (CH2, C-10), 34.38 (CH2, CH2COO),33.02
(CH2, C-8), 30.07 (CH2, C-2′), 24.64 (CH3, C-14), 16.96
(CH3, C-6′); HRMS (ESI) m/z found 614.2230; calculated
for C31H35NO12 614.2232 (M+H+).

Dimethyl 2-[(6-[{(1S,3S)-3-acetyl-3,5,12-trihydroxy-10-
methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl}
oxy](2S,3S,4S,6R)-3-hydroxy-2-methyltetrahydro-2H-
pyran-4-yl)amino]fumarate (3c): red solid, yield 71%; IR
(KBr) ν= 3483 (br, m) (νOH), 3319 (br, m) (νNH), 2978 (sh,
m), 2947 (m) and 2845 (sh, m) (all three νCH), 1745 (s) and
1719 (s) (both νC=O), 1668 (s), 1619 (s) and 1578 (s) (all
three νC=C), 1434 (s) and 1414 (s) (both δOH), 1286 (vs),
1252 (vs) and 1209 (vs) (all three νC–O), 1107 (s), 1033 (sh,
s), 1019 (s) and 991 (s) (all three δC=C), 820 (m), 775 (m),

462 (w) cm−1; 1H NMR (CDCl3, 400MHz,): δ= 13.97
(1H, br. s, OH-6), 13.24 (1H, br. s, OH-11), 8.46 (1H, d,
J= 5.0 Hz, C=CH), 8.01 (1H, d, J= 7.4 Hz, H-1), 7.79
(1H, t, J= 8.2 Hz, H-2), 7.40(1H, d, J= 8.4 Hz, H-3), 5.55
(1H, br. d, J= 3.4 Hz, H-1′), 5.26 (1H, br. s, H-7), 4.45
(1H, br. s, OH-9), 4.34–4.30 (1H, m, H-5′), 4.08 (3H, s, H-
15), 3.83–3.70 (2H, m, H-4′, H-3′), 3.66 (3H, s, COOCH3),
3.20 (1H, d, J= 18.8 Hz, H-10), 2.93 (1H, d,J= 18.8 Hz,
H-10), 2.41 (3H, s, H-14), 2.32 (1H, d, J= 14.8 Hz, H-8),
2.17 (1H, br. s, H-8), 2.03–1.98 (1H, m, H-2′), 1.88–1.82
(1H, m, H-2′), 1.43(3H, d, J= 6.6 Hz, H-6′); 13C NMR
(CDCl3, 100MHz,): δ= 211.11 (C, C-13), 186.85 (C, C-
12), 186.58 (C, C-5), 170.02 (C, COOCH3), 160.93 (C, C-
4), 156.14 (C, C-6), 155.47 (C, C-11), 142.38 (C, C=CH),
135.65 (CH, C-3), 135.25 (C, C-12a), 133.93 (C, C-6a),
133.59 (C, C-4a), 120.64 (C, C-10a), 119.63 (CH, C-2),
118.36 (CH, C-1), 111.36 (C, C-11a), 111.21 (C, C-5a),
100.17 (CH, C-1′), 90.56 (C, C=CH), 76.44 (C, C-9), 70.11
(CH, C-7), 65.46 (CH, C-4′, C-5′), 56.53 (CH3, C-15),
50.87 (CH, C-3′), 43.00 (CH3, COOCH3), 34.87 (CH2, C-
10), 33.08 (CH2, C-8), 32.23 (CH2, C-2′), 24.47 (CH3, C-
14), 15.85 (CH3, C-6′); HRMS (ESI) m/z found 670.2125;
calculated for C33H35NO14 670.2130 (M+H+).

Diethyl 3,3′-[(6-[{(1S,3S)-3-acetyl-3,5,12-trihydroxy-10-
methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl}
oxy](2S,3S,4S,6R)-3-hydroxy-2-methyltetrahydro-2H-
pyran-4-yl)azanediyl]diacrylate (3d): red solid, yield 61%;
IR (KBr) ν= 3483 (br, m) (νOH), 2979 (sh, m), 2936 (m)
and 2845 (sh, m) (all three νCH), 1715 (s) and 1663 (s) (both
νC=O), 1618 (s) and 1588 (s) (both νC=C), 1414 (s) and 1380
(s) (both δOH), 1287 (vs) and 1209 (vs) (both νC–O), 1115
(s), 1033 (sh, s), 1016 (s) and 990 (s) (all three δC=C), 850
(m), 792 (m), 764 (m), 463 (w) cm−1; 1H NMR (CDCl3,
400MHz,): δ= 14.01 (1H, br. s, OH-6), 13.28 (1H, br. s,
OH-11), 8.03 (1H, d, J= 7.6 Hz, H-1), 7.80 (1H, t, J=
8.2 Hz, H-2), 7.41 (1H, d, J= 8.5 Hz, H-3), 7.20 (2H, d,
J= 13.6 Hz, NH–CH=CH), 5.96 (2H, d, J= 15.6 Hz,
CH=CH-COOEt), 5.54 (1H, br. d, J= 3.2 Hz, H-1′), 5.28
(1H, br. s, H-7), 4.43 (1H, br. s, OH-9),4.13 (4H, q, J=
7.1 Hz, OCH2), 4.09 (4H, br. s, H-15, H-5′), 3.71 (1H, br. s,
H-4′), 3.25 (1H, d, J= 18.8 Hz, H-10), 2.93(1H, dd, J=
5.5, 18.8 Hz, H-10), 2.45–2.43 (4H, m, H-14, H-3′), 2.35
(1H, d, J= 14.9 Hz, H-8), 2.18 (1H, dd, J= 3.9, 14.8 Hz,
H-8), 2.05 (1H, dd, J= 3.5, 11.2 Hz, H-2′), 1.88 (1H, dd,
J= 4.7, 13.5 Hz, H-2′), 1.33(3H, d, J= 7.0 Hz, H-6′),
1.38–1.27 and 1.26–1.21 (6H, m, CH2CH3);

13C NMR
(CDCl3, 100MHz,): δ= 211.40 (C, C-13), 186.93 (C, C-
12), 186.62 (C, C-5), 168.61 (C, COOCH2), 160.94 (C, C-
4), 156.20 (C, C-6), 155.58 (C, C-11), 143.01 (CH, NH–
CH=CH), 135.66 (CH, C-3), 135.31 (C, C-12a), 133.99 (C,
C-6a), 133.68 (C, C-4a), 120.63 (C, C-10a), 119.67 (CH, C-
2), 118.33 (CH, C-1), 111.26 (C, C-11a), 111.12 (C, C-5a),
108.14 (CH, CH=CH-COOEt), 100.45 (CH, C-1′), 76.58
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(C, C-9), 70.19 (CH, C-7), 69.81 (CH, C-4′), 66.90 (CH, C-
5′), 59.78 and 59.47 (CH2, OCH2), 56.54 (CH3, C-15),
55.06 (CH, C-3′), 34.85 (CH2, C-10), 33.15 (CH2, C-8),
31.28 (CH2, C-2′), 24.62 (CH3, C-14), 16.55 (CH3, C-6′),
14.31 (CH3, CH2CH3); HRMS (ESI) m/z found 724.2595,
746.2417; calculated for C37H41NO14 724.2600 (M+H+),
746.2419 (M+Na+).

Biological studies

Antiproliferative properties of the claimed compounds were
determined by the MTT test. Human A549 cell cultures
(ATCC® CCL-185 ™), RD (ATCC® CC-136 ™) and
HCT116 (ATCC® CCL-247 ™) are grown in DMEM (NLP
PanEko). In growth medium 10% fetal calf serum (HyClone®,
Thermo Scientific), 2 mmol L-glutamine (NLP PanEco), 1%
gentamicin (JSC Biochemist) were added as antibiotic and
incubated at 37 °C in an atmosphere of 5% CO2 and 95% air.
Cells were sown in a 96-well plate (Costar®) in an amount of
1 × 104 cells/200 μl and cultured at 37 °C in a humid envir-
onment containing 5% CO2. After 24 h of incubation, solu-
tions of different concentrations (from 100 to 0.0012 μmol/l)
were added to the cell culture and then the cells were cultured
under the same conditions for 72 h. For each concentration,
the experiments were performed in triplicate. All compounds
were dissolved in DMSO (PANREAC QUIMICA S.L.U).
The final concentration of DMSO in the well did not exceed
0.1% and was not toxic to the cells. The control wells were
added to the solvent in an amount of 0.1%. After incubation,
20 μl of a solution of 5mg/ml of MTT [bromide 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] (Sigma
Aldrich) in PBS (Phosphate Buffered Saline) and additionally
incubated for 2 h. Then the medium was removed and 100 μL
DMSO was added to each well to dissolve formed formazan
crystals. Using a BioTek Instruments Cytation 3 Imager plate
analyzer, the optical density at 536 nm was determined. The
concentration value, which causes a 50% inhibition of cell
population growth (IC 50), was estimated on the basis of
dose-dependent curves using the software OriginPro 9.0.
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