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Synthesis of Naringenin Amino Acid Esters as Potential CDK2 Inhibitors
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The central role of cyclin-dependent kinases (CDKSs) in
cell cycle regulation makes them a promising target for
studying inhibitory molecules that can modify the degree of
cell proliferation."”” The discovery of specific inhibitors of
CDKs such as polyhydroxylated flavones has opened the
way to investigation and design of antimitotic compounds.®
Among the polyhydroxylated flavones, flavopiridol (1,
Figure 1)® has completed phase I clinical trial where it show-
ed antitumor effect in patients with refractory neoplasms.’

This encouraging result, which is consistent with the
ability of 1 to inhibit proliferation of cancer cells in vitro
makes polyhydroxylated flavone an interesting target for
further analogue synthesis. In continuation of our studies
aimed toward the development of more potent and more
selective anticancer agents, we designed flavone derivatives
for further biological evaluation. The flavone naringenin is
widely spread in nature and easily extracted from a lot of
different plants. Their protective effect against lipid peroxi-
dation of membranes, involved in several physiological and
pathological disorders, as aging, inflammation, atherosclerosis,
ischemia, toxicity of oxygen and chemical substances has
been largely reported.!*!® Thus, interesting biological activity
as well as structural similarity with flavopiridol makes
naringenin one of the most interesting candidates for
designing novel CDK2 inhibitors. However, derivatives of
naringenin have not been studied extensively presumably
due to the synthetic difficulties. Particularly, naringenin is
awkward to make derivatives due to its low solubility in
water as well as in organic solvents.!” In view of designing
naringenin derivatives, the 7-O position of naringenin (2,
Figure 1) is particularly attractive because it is well known
that electrophiles react with hydroxyl group preferentially at

Figure 1. Structures of flavopiridol (1) and naringenin-amino acid
ester (2).

the 7-position.'®! Also, comparison of the biological activity
of 7-O-substitued naringenin with that of flavopiridol would
provide interesting insights into designing novel flavonoid
CDK2 inhibitors due to their subtle distinction in three
dimensional structures. On the other hand, as a limiting
factor of the use of flavonoids is their low water solubility,
another aim of this study was to increase the solubility and
dissolution rate of naringenin by conjugate formation with
polar substituents. Thus, we set out to prepare various
naringenin-amino acid conjugates (2, Figure 1) because
amino acids substituted at the 7-O position would serve as
an excellent model for our purpose: formation of the amino
acid conjugate would benefit naringenin from the various
substituent effect as well as increased solubility. Herein we
report our efforts to synthesize the title compounds.

Recently, two classes of naringenin derivatives, naringenin
7-0-oleic ester and naringenin 7-O-cetyl ether, were prepar-
ed for biological evaluation of their anti-atherogenic activity
by using the mixed anhydride strategy.'® However, in our
case, due to the epimerization problem at the amino acid o~
carbon under the reaction conditions, we decided to use
rather mild coupling conditions which was successfully
exploited for the preparation of the amino acid esters of 5,7-
dihydroxy-3-phenoxychromones (3, Figure 2).%°

Thus, a mixture of naringenin (4), N-Boc-L-alanine, and
DMAP in anhydrous THF or DMF was treated with EDCI
(Scheme 1) and the reaction was monitored by TLC.

However, the reaction did not proceed at all presumably
due to the solubility problem of the naringenin. After
extensive survey of the appropriate solvent system for the
coupling reaction, methylene chloride (CH»Cl,) was found
to be the solvent of choice: initial slurry of naringenin and N-
Boc-L-alanine in anhydrous CH,Cl, became a clear solution
as the reaction proceeds, and the reaction was complete in 2
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Figure 2. 5,7-Dihydroxy-3-phenoxychromone amino acid ester
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Scheme 1. Synthesis of naringenin-amino acid ester (2) from naringenin (4).

hours. However, the naringenen-alanine adduct, thus form-
ed, easily decomposed upon aqueous work-up or purifi-
cation by column chromatography on silica gel. Usually, the
starting materials naringenin and N-Boc-L-alanine were
recovered after purification presumably due to the hydro-
lysis of the amino acid ester, and the problem persisted in
various EDCI coupling conditions including EDCI-HOAt

immediately treated with TFA in CHCI; followed by tritu-
ration with diethyl ether to give free naringenin-L-alanine
ester in good yield (65%, Entry 1, Table 1). No further
purification by column chromatography was attempted

Table 1. Preparation of various naringenin-amino acid esters

combinations (data not shown). Considerable experimen- Entry Amino Acid Conditions Time Product Yield
tation was devoted to investigating the way in which the
product of the coupling reaction could survive throughout 1 Boc-Ala-OH EDCI, 2h N J}(OR 65%
the purification process. It is general practice to use EDCI CH-Cl, 1t 2 S (2a)
with equimolar amount of base because the commercially
available EDCI comes as an HCl-salt form. In search of 2 BocVal-OH EDCI sh 0%
optimum reaction conditions, several bases such as DMAP, CH, Clz’rt HoN OR
TEA and NaHCOj; were tested in combination with EDCI. ’ O (2b)
Interestingly, however, the coupling reaction and purification P
process smoothly underwent to give the desired compound 3 Boc-Met-OH EDCI, 2h S 75%
when the base was not used, which suggests that the base CHyCly, rt HoN /([;OR
molecule prompts cleavage of the newly formed ester bond 0 (2¢)
presumably by nucleophilic attack of amino acid at the ester
carbonyl carbon. Thus, N-Boc-L-alanine was condensed
with naringenin and the reaction mixture was directly 4 Boc-Phe-OH EDCI,  6h 56%
concentrated without aqueous work-up. The residue was CHCh, 1t HoN OR
filtered through a short silica gel column washing with a 1 : 0O (2d)
1 : 1 mixture of hexanes, EtOAc and CH,Cl,, and the use of
three-component solvent system including CH»Cl, was O o
critical for filtration because the naringenin derivative did R = O 0
not pass through the silica gel column without CH,Cl,. The
filtrate was concentrated under reduced pressure and oH ©
Table 2. Comparison of 'H and *C NMR spectra
N 8 of "HNMR / ppm (J, Hz) 8 of BC NMR / ppm
Position
2b 2¢ 4 2b 2c 4

2 5.43(dd 3.2, 12.8) 5.43(dd 2.9, 12.8) 5.43 (dd 2.8, 12.7) 78.42 78.42 78.4

3ax 3.26 (dd 12.8, 17.2) 3.26(dd 12.9, 17.2) 3.26 (dd 12.8,17.1) 41.98 41.97 42.0

3eq 2.67 (dd 3.2,17.2) 2.67(dd 3.2,17.2) 2.69 (dd 2.8, 17.1) 41.98 41.97 42.0

6 5.87 (s) 5.88 (s) 5.90 (s) 95.82 95.80 95.9

8 5.87 (s) 5.88 (s) 5.90 (s) 94.99 94.98 95.0

2 7.31(d 8.8) 7.31 (d 8.6) 7.32(d 8.5) 128.33 128.33 128.2

3 6.79 (d 8.8) 6.79 (d 8.6) 6.81 (d 8.5) 115.15 115.16 1152

5-OH 12.14 (br s) 12.14 (br s) 12.15 (br s) - - -

7-OH - - 8.13 (brs) - - -

4'-OH 9.59 (brs) 9.59 (brs) 9.67 (brs) - - -
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Figure 3. HMBC correlation between Hos and Cs.

solvents resulted in alcoholysis of the ester to give narin-
genin and free amino acid. By using the same protocol, the
coupling reaction of naringenin with N-Boc-valine, N-Boc-
phenylalanine and N-Boc-methionine smoothly underwent
to give the desired products in 60%, 75% and 56% yields,
respectively (Entry 2-4, Table 1).

In order to confirm the regioselectivity of the coupling
reaction, various NMR techniques such as 'H NMR, "*C
NMR, DEPT135, COSY, NOESY, HMBC and HMQC were
employed. The 'H and "*C spectra, however, did not show
any difference compared with those of naringenin'®?"*
(Table 2), and the NOE contacts between He/Hg (5.87 ppm,
2b) and H, (3.68 ppm, 2b) were too weak to observe
(Figure 3).

Thus, the only way to make sure the site of substitution
was to assign two deuterium-exchangeable hydroxyl protons
(12.14 and 9.59 ppms, 2b). Naringenin 5-OH is known to be
observed at around 12.15 ppm in DMSO-d6 due to the
formation of intramolecular hydrogen bond with Cs-
carbonyl group. Thus, the connectivity around the hydroxyl
proton at 9.59 ppm (4-OH) was investigated by HMBC
experiment, which showed strong correlation with Cs
(115.16 ppm, Figure 3).

The biological activity of the synthesized naringenin-
amino acid esters (2a-2d) as potential CDK2 inhibitors is
being evaluated. Also, a complete structure-activity relation-
ship study of naringenin conjugates with various natural
amino acids is on the way and the result will be published in
due course.

In conclusion, naringenin amino acid ester was prepared
by EDCI coupling method under neutral conditions. Due to
the poor solubility of naringenin, solvent played a key role in
this transformation. Regioselectivity of the coupling reaction
was confirmed by HMBC NMR spectroscopy.

Experimental Section

Nuclear magnetic resonance spectra were recorded on a
Bruker 400 AMX spectrometer (Karlsruhe, Germany) at 400
MHz for '"H NMR and 100 MHz for *C NMR with tetra-
methylsilane as the internal standard. Chemical shifts (d) are
reported as s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), or br s (broad singlet). TLC was performed on
silica gel 60 F,s4 purchased from Merck. Column chromato-
graphy was performed using either silica gel-60 (220-440
mesh) for flash chromatography.

General procedure for preparation of naringenin-
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amino acid ester. Preparation of naringenin-alanine ester
(2a) is representative: A stirred mixture of naringenin (4,
300 mg, 1.10 mmol) and N-Boc-L-alanine (261 mg, 1.38
mmol) in anhydrous CH>Cl, (10 mL) was treated with EDCI
(528 mg, 2.75 mmol) at room temperature, and the resulting
turbid mixture was stirred until a clear solution was obtained
(2-3 h). After evaporation of the volatiles, the residue was
briefly filtered though a short silica gel column washing with
al:1:1 mixture of hexanes, EtOAc and CH,Cl,. The
filtrate was concentrated under the reduced pressure and
then used for the next step without further purification. The
naringenin-alanine adduct (5) obtained above was dissolved
in CHCI; (5 mL) and treated with TFA (5 mL) at 0 °C and
the reaction mixture was slowly warmed to rt. After stirring
for 12 h, the volatiles were evaporated and the residue was
triturated with ether three times to give a TFA salt of the
desired compound 2a (327 mg, 0.72 mmol, 65% yield) as a
dark yellow syrup.

2-Amino-propionic acid 5-hydroxy-2-(4-hydroxy-phen-
yl)-4-0xo-chroman-7-yl ester (2a): 'H NMR (DMSO-d6,
400 MHz) 611.99 (s, 1H), 9.65 (br s, 1H), 9.47 (br s, 2H),
7.33 (d, J= 8.8 Hz, 2H), 6.81 (d, J = 8.4 Hz, 2H), 6.41 (s,
2H), 5.61 (dd, J = 12.8, 2.4 Hz, 1H), 4.39 (q, J = 6.8 Hz,
1H), 3.46 (dd, J=17.2, 12.8 Hz, 1H), 2.83 (dd, /=17.2,2.8
Hz, 1H), 1.53 (d, J= 7.2 Hz, 3H); *C NMR (DMSO-d6, 100
MHz) ¢ 198.27, 168.07, 162.42, 162.27, 157.94, 156.78,
128.47, 128.34, 115.24, 106.30, 102.21, 101.28, 78.91,
64.92, 48.17, 15.56.

2-Amino-3-methyl-butyric acid 5-hydroxy-2-(4-hydroxy-
phenyl)-4-oxo-chroman-7-yl ester (2b): The title com-
pound was obtained in 60% yield as a dark yellow syrup: "H
NMR (DMSO-d6, 400 MHz) §12.14 (br s, 1H), 9.59 (br s,
1H), 7.93 (br s, 2H), 7.31 (d, /= 8.8 Hz, 2H), 6.79 (d, /= 8.8
Hz, 2H), 5.87 (s, 2H), 5.43 (dd, J = 12.8, 3.2 Hz, 1H), 3.68
(d, J=3.5Hz, 1H), 3.26 (dd, J = 17.2, 12.8 Hz, 1H), 2.67
(dd, J=17.2, 3.2 Hz, 1H), 2.18 (dq, J = 3.2, 7.2 Hz, 1H),
0.96 (d, J=7.2 Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H); *C NMR
(DMSO-d6, 100 MHz) & 196.35, 167.40, 163.48, 162.93,
157.92, 157.72, 128.86, 128.33, 115.15, 101.73, 95.82,
94.99, 78.42, 59.13, 41.98, 31.05, 18.67, 17.30.

2-Amino-3-phenyl-propionic acid 5-hydroxy-2-(4-
hydroxy-phenyl)-4-oxo-chroman-7-yl ester (2c): The title
compound was obtained in 56% yield as a dark yellow
syrup: 'H NMR (CD3COCD3, 400 MHz) & 7.43-7.30 (m,
5H), 7.42 (d, J= 8.6 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 6.36
(s, 1H), 6.34 (s, 1H), 5.60 (dd, J = 13.0, 2.9 Hz, 1H), 5.32-
5.21 (m, 1H), 3.68-3.59 (m, 1H), 3.51-3.45 (m, 1H), 3.35
(dd, J=17.1,13.0 Hz, 1H), 2.88 (dd, /= 17.1, 3.0 Hz, 1H);
BC NMR (CD3COCD3, 100 MHz) & 198.96, 167.76,
163.68, 163.60, 158.90, 158.01, 135.29, 130.61, 130.01,
129.74, 129.04, 128.54, 116.22, 107.21, 103.11, 102.14,
80.26, 55.27, 43.61, 37.11.

2-Amino-4-methylsulfanyl-butyric acid S-hydroxy-2-
(4-hydroxy-phenyl)-4-oxo-chroman-7-yl ester (2d): The
title compound was obtained in 75% yield as a dark yellow
syrup: '"H NMR (DMSO-d6, 400 MHz) & 12.14 (br s, 1H),
9.62 (brs, 1H), 7.31 (d, J= 8.6 Hz, 2H), 6.79 (d, /= 8.6 Hz,
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2H), 5.88 (s, 2H), 5.43 (dd, J = 12.8, 2.9 Hz, 1H), 3.67 (t, J=
6.5 Hz, 1H), 3.26 (dd, J = 17.2, 12.9 Hz, 1H), 2.67 (dd, J =
17.2,3.2 Hz, 1H), 2.03 (s, 3H), 1.96-1.86 (m, 2H), 1.83-1.74
(m, 2H); *C NMR (DMSO-d6, 100 MHz) §196.36, 171.50,
163.47, 162.93, 157.72, 157.68, 128.85, 128.33, 115.16,
101.74, 95.80, 94.98, 78.42, 52.03, 41.97, 40.12, 29.16, 14.45.

Acknowledgments. This work was supported by a grant
received from KRF2004-F00019 (KRF), the R&D Program
for Fusion Strategy of Advanced Technologies (Korea
Ministry of Science and Technology), and a grant Biogreen
21 (Korea Ministry of Agriculture and Forestry).

References

1. Mani, S.; Wang, C.; Wu, K.; Francis, R.; Pestell, R. Expert Opin.
Invest. Drugs 2000, 9, 1849-1870.

2. Fischer, P. M.; Lane, D. P. Curr. Med. Chem. 2000, 7, 1213-
1245.

3. Rosania, G. R.; Chang, Y. T. Expert Opin. Ther. Pat. 2000, 10,
215-230.

4. Sielecki, T. M.; Boylan, J. F.; Benfield, P. A.; Trainor, G. L. J.
Med. Chem. 2000, 43, 1-18.

5. Gray, N.; Detivaud, L.; Doerig, C.; Meijer, L. Curr. Med. Chem.
1999, 6, 859-875.

6. Kim, K. S.; Sack, J. S.; Tokarski, J. S.; Qian, L.; Chao, S. T.;
Leith, L.; Kelly, Y. F.; Misra, R. N.; Hunt, J. T.; Kimball, S. D.;
Humphreys, W. G.; Wautlet, B. S.; Mulheron, J. G.; Webster, K. R.
J. Med. Chem. 2000, 43, 4126-4134.

7. Schoepfer, J.; Fretz, H.; Chaudhuri, B.; Muller, L.; Seeber, E.;
Meijer, L.; Lozach, O.; Vangrevelinghe, E.; Furet, P. J Med.
Chem. 2002, 45, 1741-1747.

8. Kaur, G,; Stetler-Stevenson, M.; Seber, S.; Wordland, P.; Sedlacek,
H.; Myers, C.; Czech, J.; Naik, R.; Sausville, E. J. Natl. Cancer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

Notes

Inst. 1992, 84, 1736-1740.

. Senderowicz, A. M.; Headlee, D.; Stinson, S. F.; Lush, R. M,;

Kalil, N.; Villalba, L.; Hill, K.; Steinberg, S. M.; Figg, W. D;
Tompkins, A.; Arbuck, S. G; Sausville, E. A. J. Clin. Oncol.
1998, 16,2986-2999.

Harborne, J. B. The Flavonoids-Advances in Research since 1986,
Ist ed.; Chapman and Hall: London, 1994; pp 458-459.

Pietta, P., In Flavonoids in Health and Disease; Rice-Evans, C.
A., Packer, L. Eds.; Marcel Dekker Inc.: New York, 1998; pp 61-
110.

Salvayre, R.; Negre, A.; Affany, A.; Lenoble, M.; Douste-Blazy,
L., In Plant Flavonoids in Biology and Medicine 1I. Biochemical,
Cellular and Medicinal Properties; Cody, V.; Middleton, E.;
Harborne, J. B.; Beretz, A. Eds.; A. R. Liss Inc.: New York, 1988;
pp 313-316.

Rice-Evans, C. A.; Miller, N. J.; Paganga, G. Free Radic. Biol.
Med. 1996, 20, 933-956.

Cao, G.; Sofic, E.; Prior, R. L. Free Radic. Biol. Med. 1997, 22,
749-760.

Yutzing, C.; Rongliang, Z.; Zhonghan, J.; Yong, J. Free Radic.
Biol. Med. 1990, 9, 19-21.

Hollman, P. C. H.; Katan, M. B., In Flavonoids in Health and
Disease; Rice-Evans, C. A.; Packer, L. Eds.; Marcel Dekker Inc.:
New York, 1998; pp 483-522.

Choi, Y.; Lee, J.; Cho, K. W.; Hwang, S.; Jeong, K.; Jung, S. Bull.
Korean Chem. Soc. 2005, 26, 1203-1208.

Lee, S.; Lee, C.-H.; Moon, S.-S.; Kim, E.; Kim, C.-T.; Kim, B.-
H.; Bok, S.-H.; Jeong, T.-S. Bioorg. Med. Chem. Lett. 2003, 13,
3901-3903.

Oyama, K.-1.; Kondo, T. J. Org. Chem. 2004, 69, 5240-5246.
Garazd, M. M.; Ogorodniichuk, A. S.; Shilin, V. V.; Vasil’ev, S.
A.; Turov, A. V.; Khilya, V. P. Chem. Nat. Compds. 1999, 34, 435-
441.

Agrawal, P. K. Carbon-13 NMR of Flavonoids; Elsevier: Amsterdam,
1989; pp 102-103.

Moon, B.-H.; Lee, Y.; Shin, C.; Lim, Y. Bull. Korean Chem. Soc.
2005, 26, 603-608.




