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New A-ring modified betulin and dihydrobetulin derivatives possessing the 2-cyano-1-en-3-one moiety
were prepared and tested for cytotoxicity in seven cancer cell lines. The most active agent 9a synthesized
in this account was further demonstrated to induce apoptosis and to activate caspases in malignant mel-
anoma cells.

� 2009 Elsevier Ltd. All rights reserved.
Pentacyclic triterpenoids are a class of pharmacologically ac-
tive and structurally rich natural products with privileged mo-
tifs for further modifications and structure-activity relationship
analyses.1 The success by Gribble et al. in identification of 2-cy-
ano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) series of ole-
anolic acid derivatives (e.g., 1 and 2) as potent antiproliferative
and antiinflammatory agents2 has sparked much interest in the
introduction of the 2-substituted-1-en-3-one system into the A-
ring of glycyrrhetinic acid (3 and 4),3 ursolic acid (5)3 and bet-
ulinic acid (6).4 The synthetic pentacyclic triterpenoids CDDO
(1) and CDDO–Me (2) are currently in clinical trials for cancer
treatment and have been shown to effectively suppress the
growth of a broad spectrum of solid and hematologic cancer
cell types both in vitro and in mouse models xenografted with
human tumors.2

The mechanism of action conferred by these molecules is not
fully understood. There are evidences that the electrophilic Mi-
chael acceptor moieties in these synthetic triterpenoids can form
reversible adducts with reactive thiol groups in proteins such as
the cytoplasmic repressor Keap-1, glutathione and mitochondrial
proteins to cause protein modification and misfolding, which
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might be responsible for the antiproliferative, antiinflammatory
and antitumor activities seen for these molecules. For example,
thiol modification in Keap-1 results in Nrf2-mediated induction
of the phase II antioxidant response essential for cellular protection
against oxidant and inflammatory stress.2f Intracellular depletion
of glutathione2g or modification of thiols in mitochondrial pro-
teins2c leads to the generation of reactive oxygen species (ROS)
and disruption of redox balance which are critical for apoptosis
induction via caspase-dependent or caspase-independent path-
ways and subsequent cell death. Reactions of 1 and 2 with reactive
cysteine moiety in IjBa kinase b (IKKb) block tumor necrosis factor
a (TNFa)-induced NF-jB regulation of cell proliferation and sur-
vival.2d In addition, activation of the nuclear receptor peroxisome
proliferator-activated receptor c (PPARc) has been reported for
2-cyano derivatives-induced cytotoxicity in different cancer cell
lines.3b,4b

It is generally recognized that the carboxylic acid group at C17
position of betulinic acid (7) is essential for its cytotoxicity,5 as the
corresponding reduced form, betulin (8), is void of such activity.5f

In order to test if this would also be the case in the 2-cyano-1-
en-3-one modified lupane triterpenoids, herein we wish to report
the synthesis and inhibition of cell growth of the lupenone deriva-
tives 9 in which the carboxylic moiety at the C17 is replaced by
hydroxymethyl group.

The reaction sequence to introduce the 2-cyano-1-en-3-one
functionality onto the A-ring of betulin (8) and dihydrobetulin
(10) is shown in Scheme 1. THP-protected betulone (11a) and
dihydrobetulone (11b) were prepared by selective protection of
the 28-OH followed by oxidation of 3-OH under basic conditions
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(CrO3 and pyridine). Formylation at C2 was realized using NaOMe
and HCO2Et and the resulting ketoaldehydes 12a and 12b were
cyclized into isoxazoles 13a and 13b by reacting with NH2OH�HCl.
It is noteworthy that the THP protecting group was lost under
these conditions and had to be reintroduced for the subsequent
reactions to afford 28-O-THP-protected isoxazoles 14a and 14b
(Scheme 1). The isoxazole ring opening between the N–O bond
was prompted by NaOMe uneventfully to deliver the 2-cyano
group (15a and 15b). The new double bond between C1–C2
was formed by dehydrogenation with DDQ to complete the con-
struction of the 2-cyano-1-en-3-one moiety in A-ring (16a and
16b). Deprotection of the THP groups freed the 28-OH (9a and
9b),6 which can be further functionalized. For instance, Jones’ oxi-
dation of 9a and 9b afforded the carboxylic acids 6a and 6b; this
provides another effect route for the synthesis of these acid deriv-
atives, especially for 6a which was not successfully prepared by
You et al.4a Oxidation of 9a under basic conditions furnished
the aldehyde 17a. In order to investigate the importance of the
enone functionality in relation to the antiproliferative activities
of 2-substituted lupanones, the 1,2-saturated a-cyanoketo alcohol
18a was prepared by removal of the 28-O-THP group from the
precursor 15a (Scheme 1).

All the synthesized lupane triterpenoids were evaluated for
their antiproliferative activity using MTS assay7 against a panel
of cancer cell lines including SK-MEL-2 and A-375 of malignant
melanoma, Daoy and LN-229 of cerebellar medulloblastoma, OV-
CAR-3 of ovarian, HT-29 of colon and MCF-7 of breast adenocar-
cinoma and the results are shown in Table 1. Interestingly, the
most cytotoxic compounds were found to be the targeted com-
pounds 9a and 9b with IC50 values ranging from 4 to 9 lM
against almost all tested cancer cell lines except for MCF-7
breast cells, even though they are in general less cytotoxic than
CDDOs (1 and 2).2 Isoxazoles 13a and 13b exhibited better
inhibitory activity against melanoma cells than other types of
cancer cells. In comparison, the 1,2-saturated analogue 18a
was much less cytotoxic. The cytotoxicity of both 2-cyano-1-
en-3-one betulinic acid 6a and the dihydrobetulinic acid deriva-
tive 6b were less potent than reported,4a,c reflecting the labora-
tory variability.

Compound 9a was then further investigated for apoptosis
induction activity using Annexin-V assay.8 As shown in Figure 1,
9a induced 24% apoptosis in SK-MEL-2 after treated with 50 lM
of agent for 8 h; addition of pancaspase inhibitor z-VAD, as ex-
pected, significantly reduced the apoptotic population to 7%. Fur-
thermore, initial investigation indicated that the 9a-induced
apoptosis was mediated by caspase activation. In Roche Homoge-
nous Caspase Assay,9 9a increased caspase activation by two and
eightfold in SK-MEL-2 after treated with 5 and 50 lM concentra-
tion of compound, respectively, for 8 h; in comparison, betulinic
acid (7) activated the caspases by 70% and 2.6-fold, respectively
(Fig. 2).

In conclusion, incorporation of the 2-cyano-1-en-3-one func-
tionality into the A-ring of betulin (8) and dihydrobetulin (10)
converted the non-cytotoxic molecules to potent apoptosis-
inducing antiproliferative agents 9a and 9b. It was apparent
that the presence of a carboxyl group at C17 such as in 6a
and 6b was not critical for the cytotoxic activity while the
1(2) double bond was essential. The results reported in this ac-
count warrant further investigation of apoptotic pathways for
9a and 9b.
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Scheme 1. Reagents and conditions with yields shown in parentheses: (a) DHP, PPTS, CH2Cl2 (rt); (b) CrO3, pyridine, CH2Cl2 (0 �C); (c) NaOMe, MeOH, HCO2Et (rt); (d)
NH2OH�HCl, H2O, EtOH (reflux); (e) NaOMe, ether, MeOH (0 �C to rt); (f) DDQ, benzene (reflux); (g) PPTS, EtOH (rt); (h) CrO3, H2SO4, acetone (0 �C to rt); (i) CrO3, pyridine,
CH2Cl2 (0 �C).

Table 1
Cytotoxicity of 2-cyano-lup-1-en-3-one triterpenoids measured as IC50 (lM)

Compound SK-MEL-2 A-375 DAOY LN-229 OVCAR-3 HT-29 MCF-7

7 (betulinic acid) 33 51 31 61 59 37 50
6a (ALS 862) >75 >75 >75 18 >75 38 >75
6b (ALS 854) 59 16 71 30 24 18 59
9a (ALS 769) 7 6 8 6 7 8 25
9b (ALS 851) 6 4 9 —a 8 7 >75
13a (ALS 758) 8 —a 8 >75 60 10 25
13b (ALS 778) 8 10 7 >75 75 75 >75
15a (ALS 764) 19 38 29 >75 >75 >75 25
15b (ALS 845) 25 48 21 45 —a >75 >75
16a (ALS 765) 23 12 14 21 >75 >75 >75
17a (ALS 775) 40 7 13 >75 >75 49 >75
18a (ALS 768) 42 >75 44 >75 >75 72 68

a Not determined.
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Figure 1. Annexin assay: SK-MEL-2 cells were treated with 50 lM of 9a for 8 h in the absence (a) or presence (b) of z-VAD.

Figure 2. Caspase assay: SK-MEL-2 cells were treated with betulinic acid (7) or 9a
at 5 and 50 lM concentration for 8 h.

A. Koohang et al. / Bioorg. Med. Chem. Lett. 19 (2009) 2168–2171 2171
References and notes

1. Dzubak, P.; Hajduch, M.; Vydra, D.; Hustova, A.; Kvasnica, M.; Biedermann, D.;
Markova, L.; Urban, M.; Sarek, J. Nat. Prod. Rep. 2006, 23, 394.

2. (a) Liby, K. T.; Yore, M. M.; Sporn, M. B. Nat. Rev. Cancer 2007, 7, 357; (b) Hyer, M.
L.; Shi, R.; Krajewska, M.; Meyer, C.; Lebedeva, I. V.; Fisher, P. B.; Reed, J. C. Cancer
Res. 2008, 68, 2927; (c) Brookes, P. S.; Morse, K.; Ray, D.; Tompkins, A.; Young, S.
M.; Hilchey, S.; Salim, S.; Konopleva, M.; Andreeff, M.; Phipps, R.; Bernstein, S. H.
Cancer Res. 2007, 67, 1793; (d) Ahmed, R.; Raina, D.; Meyer, C.; Kharbanda, S.;
Kufe, D. J. Biol. Chem. 2006, 281, 35764; (e) Liby, K.; Voong, N.; Williams, C. R.;
Risingsong, R.; Royce, D. B.; Honda, T.; Gribble, G. W.; Sporn, M. B.; Letterio, J. J.
Clin. Cancer Res. 2006, 12, 4288; (f) Dinkova-Kostova, A. T.; Liby, K. T.;
Stephenson, K. K.; Holtzclaw, W. D.; Gao, X.; Suh, N.; Williams, C.; Risingsong,
R.; Honda, T.; Gribble, G. W.; Sporn, M. B.; Talalay, P. Proc. Natl. Acad. Sci. U.S.A.
2005, 102, 4584; (g) Samudio, I.; Konopleva, M.; Hail, N., Jr.; Shi, Y.-X.; McQueen,
T.; Hsu, T.; Evans, R.; Honda, T.; Gribble, G. W.; Sporn, M.; Gilbert, H. F.; Safe, S.;
Andreeff, M. J. Biol. Chem. 2000, 280, 36273; (h) Suh, W.-S.; Kim, Y. S.; Schimmer,
A. D.; Kitada, S.; Minden, M.; Andreeff, M.; Suh, N.; Sporn, M.; Reed, J. C.
Leukemia 2003, 17, 2122.

3. (a) Chadalapaka, G.; Jutooru, I.; McAlees, A.; Stefanac, T.; Safe, S. Bioorg. Med.
Chem. Lett. 2008, 18, 2633; (b) Chintharlapalli, S.; Papineni, S.; Jutooru, I.;
McAlees, A.; Safe, S. Mol. Cancer Ther. 2007, 6, 1588.

4. (a) You, Y.-J.; Kim, Y.; Nam, N.-H.; Ahn, B.-Z. Bioorg. Med. Chem. Lett. 2003, 13,
3137; (b) Honda, T.; Liby, K. T.; Su, X.; Sundararajan, C.; Honda, Y.; Suh, N.;
Risingsong, R.; Williams, C. R.; Royce, D. B.; Sporn, M. B.; Gribble, G. W. Bioorg.
Med. Chem. Lett. 2006, 16, 6306; (c) Liby, K.; Honda, T.; Williams, C. R.;
Risingsong, R.; Royce, D. B.; Suh, N.; Dinkova-Kostova, A. T.; Stephenson, K. K.;
Talalay, P.; Sundararajan, C.; Gribble, G. W.; Sporn, M. B. Mol. Cancer Ther. 2007,
6, 2113; (d) Chintharlapalli, S.; Papineni, S.; Liu, S.; Jutooru, I.; Chadalapaka, G.;
Cho, S.-D.; Murthy, R. S.; You, Y.; Safe, S. Carcinogenesis 2007, 28, 2337.

5. (a) Fulda, S. Int. J. Mol. Sci. 2008, 9, 1096; (b) Mukherjee, R.; Kumar, V.;
Srivastava, S. K.; Agrawal, S. K.; Burman, A. C. Anticancer Agents Med. Chem. 2006,
6, 271; (c) Yogeeswari, P.; Sriram, D. Curr. Med. Chem. 2005, 12, 657; (d)
Eizenhamer, D. A.; Xu, Z-Q. IDrugs 2004, 7, 359; (e) Cichewicz, R. H.; Kouzi, S. A.
Med. Res. Rev. 2004, 24, 90; (f) Kim, D. S. H. L.; Pezzuto, J. M.; Pisha, E. Bioorg. Med.
Chem. Lett. 1998, 8, 1707.

6. The newly synthesized compounds provided satisfactory MS (ESI) and NMR
spectra without exhibiting any discernible impurities and the selected analytical
data are shown below. Compound 9a: 170–175 �C; 1H NMR (500 MHz, CDCl3) d
1.00 (s, 3H), 1.03–1.32 (m, 5H), 1.12 (s, 6H), 1.13 (s, 3H), 1.19 (s, 3H), 1.37–1.65
(m, 11H), 1.66–1.80 (m, 2H), 1.69 (s, 3H), 1.87 (m, 1H), 1.97 (m, 2H), 2.41 (dt,
J = 5.8, 11 Hz, 1H), 3.37 (apparent dd, J = 4.0, 11.0 Hz, 1H), 3.78 (apparent dd,
J = 4.0, 11.0 Hz, 1H), 4.62 (s, 1H), 4.70 (s, 1H), 7.80 (s, 1H); 13C NMR (125 MHz,
CDCl3) d 14.6, 16.5, 18.4, 18.9, 21.2, 21.4, 24.9, 26.9, 27.8, 29.0, 29.6, 33.3, 33.9,
37.4, 40.7, 42.1, 43.1, 43.7, 45.0, 47.7, 47.8, 48.5, 52.5, 60.5, 110.1, 114.0, 115.0,
150.0, 170.7, 198.3. Compound 9b: mp 168–171 �C; 1H NMR (500 MHz, CDCl3) d
0.78 (d, J = 7.0 Hz, 3H), 0.87 (d, J = 6.5 Hz, 3H), 0.97 (s, 3H), 1.13 (s, 6H), 1.14 (s,
3H), 1.20 (s, 3H), 1.06–1.40 (m, 5H), 1.44–1.76 (m, 15H), 1.80–1.96 (m, 3H), 3.34
(d, J = 11.0 Hz, 1H), 3.76 (d, J = 10.5 Hz, 1H), 7.81 (s, 1H). Compound 13a: 130–
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7. MTS assay: The antiproliferative activities of the molecules were measured by
using the CellTiter 96 Aqueous Non-radioactive cell proliferation assay. Cells
(1 � 104 per well) were plated onto a 96-well plate the evening before treatment
in triplicate. Upon treatment with the test compound solutions in growth media,
they were incubated for 72 h for all the cell lines with exception for OVCAR
which was treated for 120 h. Next, the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulphenyl)-2H-tetrazolium, inner salt) reagent
was added and incubation was continued for 1.5–4 h at 37 �C. During the
incubation, MTS is bioreduced to formazan by viable cells. The inhibitory effects
were obtained by measuring the absorbance of the formazan at 490 nm on a
Wallac Victor II plate reader and calculated by subtracting the absorbance
measured at the same wavelength from DMSO-treated cells.

8. Annexin-V assay: Guava Nexin Assay was used to measure the percentage of cells
undergoing apoptosis by treatment with the test compounds. Cells (8.75 � 105

per well) were plated in a 60 mm dish the evening before treatment. Upon
treatment with the test compound solutions in growth media without FBS, the
cells were incubated at 37 �C for 6 h. Next 10 % FCS was added to prevent cell
damage and improve the efficiency of cell pelleting during subsequent
centrifugation steps. After trypsinization and cell pelleting, the Nexin staining
solution (including Annexin-V and 7-ADD) was added and incubation was
continued on ice for 20 min. Apoptosis was measured on a Guava instrument by
setting the gates as described in the manufactures protocol to establish
quadrants and to measure the population of viable, mid apoptotic and late
apoptotic/necrotic cells in each quadrant.

9. Homogeneous caspase assay: Cells (1 � 104 per well) were plated on black-
walled, clear-bottomed 96-well plates the evening before treatment, treated
with test compound solutions in growth media without FBS, and incubated at
37 �C for 8 h prior to the addition of caspase reagent (DEVD-Rhodamine 110;
Roche Homogenous Caspase Assay, fluorimetric, catalog # 03 005 372 001).
Upon caspase activation, DEVD-Rhodamine 110 is cleaved. Fluorescent emission
of the released rhodamine 110 was measured at 535 nm on Wallac plate reader
using the homogeneous caspase program with excitation wavelength at 490 nm
and the emission wave at 535 nm. The percentage changes in caspase activation
reported are compared to the DMSO treatment. The assay detects caspases 2, 3
and 7 to a greater extent than caspases 6, 8, 9 and 10.
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