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Four luminescent ruthenium(ll) polypyridine estradiol complexes [Ru(N"N),(bpy-estradiol)](PFe), (N*"N = 2,2'-bipyridine
(bpy), 4,7-diphenyl-1,10-phenanthroline (Ph,-phen); bpy-estradiol = 5-(4-(17a-ethynylestradiolyl)phenyl)-2,2'-bipyridine
(bpy-ph-est), 4-(N-(6-(4-(17a-ethynylestradiolyl)benzoylamino)hexyl)aminomethyl)-4'-methyl-2,2"-bipyridine (mbpy-
C6-est)) have been designed as new luminescent biological probes. The lipophilicity and photophysical and
electrochemical properties of these complexes have been investigated. Upon photoexcitation, all the complexes
exhibited intense and long-lived triplet metal-to-ligand charge-transfer ((MLCT) (dzz(Ru) — zz*(diimine)) emission in
fluid solutions at 298 K and in low-temperature glass. The binding of the complexes to estrogen receptor-a. (ERal)
has been studied by emission titrations. The Ph,-phen complexes showed emission enhancement and increased
lifetimes upon binding to the protein. Additionally, the cytotoxicity of the complexes toward the HeLa cell line has
been examined by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay and the 1Cs, values
ranged from 83.1 to 166.6 «M (cisplatin showed an ICs value of 34.3 uM under the same experimental conditions).
Furthermore, the cellular uptake of the complexes has been investigated by flow cytometry and laser-scanning
confocal microscopy.

Introduction tissues They are not only vital in regulating the differentia-
tion and maintenance of neural, skeletal, cardiovascular, and
reproductive tissuébut also participate in the development

of estrogen-dependent cancer such as breast, ovarian, colon,
prostate, and endometrial canc&dJany clinical studies
have concluded that the receptor content gives the most

Estrogens are responsible for the development of female
secondary sexual characteristics, stimulation of endometrial
and uterine growth, and regulation of the menstrual cycle.
They are also involved in bone resorption and building,
coagulation of blood,and control of the levels of lipopro-
teins, triglyceride, and fat depodiMost of the biological (5) (a) Ying, C.; Hsu, W.-L.: Hong, W.-F.; Cheng, W. T. K.; Yang,

effects of estrogens are mediated through an interaction with Y.-C. Mol. Reprod. De. 200Q 55, 83. (b) Dimitrova, K. R.; DeGroot,
K.; Myers, A. K.; Kim, Y. D. Cardiovasc. Res2002 53, 577. (c) Li,

estrogen rece.ptors (ER%ERS (ERX and ER?) belong to J.; McMurray, R. W.Int. Immunopharmacol006 6, 1413.
the superfamily of nuclear receptor proteins, which are (6) (a) Benten, W. P. M.; Stephan, C.; WunderlichSkeroids2002, 67,
membrane or intracellular protefifsexisting in a variety of 647. (b) Beato, M.; Klug, JHum. Reprod. Updat00q 6, 225. (c)

Kampa, M.; Nifli, A.-P.; Charalampopoulos, I.; Alexaki, V.-l;
Theodoropoulos, P. A.; Stathopoulos, E. N.; Gravanis, A.; Castanas,
*To whom correspondence should be addressed. E-mail: bhkenlo@ E. Exp. Cell Res2005 307, 41.
cityu.edu.hk. Fax: +852) 2788 7406. Phone:+852) 2788 7231. (7) Campbell, C. H.; Watson, C. Steroids2001, 66, 727.
(1) See, for example: (a) Punyadeera, C.; Dunselman, G.; Marbaix, E.; (8) Goldstein, J. S.; Sites, C. Kgeing Res. Re 2002 1, 17.
Kamps, R.; Galant, C.; Nap, A.; de Goeij, A.; Ederveen, A.; Groothuis, (9) (a) Diel, P.Toxicol. Lett.2002 127, 217. (b) Klinge, C. MChemtracts

P. J. Steroid Biochem. Mol. BioR004 92, 175. (b) Clifton, V. L.; 2003 16, 587. (c) Alvaro, D.; Mancino, M.; Onori, P.; Franchitto,
Crompton, R.; Read, M. A.; Gibson, P. G.; Smith, R.; Wright, I. M. A.; Alpini, G.; Francis, H.; Glaser, S.; Gaudio, Bl/orld J. Gastro-
R. J. Endocrinol.2005 186, 69. enterol.2006 12, 3537.

(2) (a) Fiorelli, G.; Brandi, M. L.J. Endocrinol. Inest.1999 22, 589. (10) (a) Hart, L. L.; Davie, J. RBiochem. Cell Biol2002 80, 335. (b)
(b) Zallone, A.Ann. N.Y. Acad. ScR00g 1068 173. Hess-Wilson, J. K.; Boldison, J.; Weaver, K. E.; Knudsen, KBEeast

(3) Owens, M. R.; Cimino, C. DBlood 1985 66, 402. Cancer Res. TreaR006 96, 279. (c) Bardin, A.; Hoffmann, P.; Boulle,

(4) Helisten, H.; Hakerstedt, A.; Wh3a, K.; Tiitinen, A.; Adlercreutz, N.; Katsaros, D.; Vignon, F.; Pujol, P.; Lazennec, Gancer Res.
H.; Jauhiainen, M.; Tikkanen, M. J. Clin. Endocrinol. Metab2001, 2004 64, 5861. (d) Carruba, GAnn. N.Y. Acad. Sc2006 1089 201.
86, 1294. (e) Hecht, J. L.; Mutter, G. LJ. Clin. Oncol.2006 24, 4783.
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accurate index of the cancErSince the binding affinity of
estradiol to ERs is the highest among all estrodénarious
therapeutic and diagnostic units modified with estradiol have

been used to study estrogen binding and develop site-specific

drugs for ER-related diseas&s!® These units include
radioactive label$?'* radiopharmaceutical$, IR-active
organometallic complexé8,and organic fluorophoré€s.In
addition, biotinylated estradiol has been used to develop an
enzyme immunoassay for estradiol in human plashvile
have recently reported luminescent tricarbonylrheniuth(l)
and cyclometalated iridium(ll1y polypyridine estradiol
conjugates that can recognize ERs. In view of the high
photostability, low-energy absorption, and relatively long-
lived luminescence of ruthenium(ll) polypyridine com-
plexes?® we anticipate that they are promising candidates
as luminescent biological probes.

Here we report the synthesis, characterization, and pho-
tophysical and electrochemical properties of four luminescent
ruthenium(ll) polypyridine estradiol complexes [Ru(N)»-
(bpy-estradiol)](PE)2 (NN = 2,2-bipyridine (bpy), 4,7-

(11) (a) McGuire, W. L.Proc. Soc. Exp. Biol. Medl979 162 22. (b)
McCarty, K. S., Jr.; Reintgen, D. S.; Seigler, H.Bt. Cancer Res.
Treat.1982 1, 315. (c) Horwitz, K. B.J. Steroid Biocheml987, 27,
447. (d) Gelbfish, G. A.; Davison, A. L.; Kopel, S.; Schreibman, B.;
Gelbfish, J. S.; Degenshein, G. A.; Herz, B. L.; Cunningham, J. N.
Ann. Surg.1988 207, 75.

(12) Kuiper, G. G. J. M.; Carlsson, B.; Grandien, K.; Enmark, E.;
Haggbland, J.; Nilsson, S.; Gustafsson, JEARdocrinologyl1997, 138,
863.

(13) (a) Top, S.; Vesstes, A.; Jaouen, Gl. Chem. Soc., Chem. Commun.
1994 453. (b) Top, S.; El Hafa, H.; Vessi&s, A.; Quivy, J.;
Vaissermann, J.; Hughes, D. W.; McGlinchey, M. J.; Mornon, J.-P.;
Thoreau, E.; Jaouen, Q. Am. Chem. Socl995 117, 8372. (c)
Jackson, A.; Davis, J.; Pither, R. J.; Rodger, A.; Hannon, Nhatg.
Chem 2001, 40, 3964. (d) Top, S.; El Hafa, H.; Vesses, A.; Huche
M.; Vaissermann, J.; Jaouen, Ghem—Eur. J. 2002 8, 5241. (e)
Khan, E. H.; Ali, H.; Tian, H.; Rousseau, J.; Tessier, G.; Shafiullah;
van Lier, J. EBioorg. Med. Chem. LetR003 13, 1287. (f) Masi, S.;
Top, S.; Boubekeur, L.; Jaouen, G.; Mundwiler, S.; Spingler, B.;
Alberto, R.Eur. J. Inorg. Chem2004 2013. (g) Gabano, E.; Cassino,
C.; Bonetti, S.; Prandi, C.; Colangelo, D.; Ghiglia, A.; Osella@yg.
Biomol. Chem2005 3, 3531. (h) Ferber, B.; Top, S.; Vessis, A,;
Welter, R.; Jaouen, Grganometallic2006 25, 5730. (i) Hannon,
M. J.; Green, P. S.; Fisher, D. M.; Derrick, P. J.; Beck, J. L.; Watt, S.
J.; Ralph, S. F.; Sheil, M. M.; Barker, P. R.; Alcock, N. W.; Price, R.
J.; Sanders, K. J.; Pither, R.; Davis, J.; RodgerChem—Eur. J.
2006 12, 8000.

(14) (a) Steggles, A. W.; King, R. J. Biochem. J197Q 118 695. (b)
Chamness, G. C.; Huff, K.; McGuire, W. ISteroids1975 25, 627.

(c) Zava, D. T.; Harrington, N. Y.; McGuire, W. IBiochemistryl976

15, 4292. (d) VanBrocklin, H. F.; Carlson, K. E.; Katzenellenbogen,
J. A.; Welch, M. JJ. Med. Chem1993 36, 1619. (e) Katzenellen-
bogen, J. AJ. Fluor. Chem2001, 109, 49. (f) Luyt, L. G.; Bigott, H.
M.; Welch, M. J.; Katzenellenbogen, J. Bioorg. Med. Chem2003

11, 4977.

(15) (a) Vessiees, A.; Top, S.; Ismail, A. A.; Butler, I. S.; Louer, M;
Jaouen, GBiochemistry1988 27, 6659. (b) Jaouen, G.; Vessis,

A.; Butler, I. S.Acc. Chem. Red993 26, 361.

(16) (a) Katzenellenbogen, J. A.; Johnson, H. J., Jr.; Myers, H. N.
Biochemistry1973 12, 4085. (b) Anstead, G. M.; Carlson, K. E;
Katzenellenbogen, J. ASteroids1997 62, 268. (c) Adamczyk, M.;
Johnson, D. D.; Reddy, R. Bioconjugate Cheml998 9, 403. (d)
Adamczyk, M.; Chen, Y.-Y.; Moore, J. A.; Mattingly, P. ®ioorg.
Med. Chem. Lett1998 8, 1281. (e) Ohno, K.; Fukushima, T.; Santa,
T.; Waizumi, N.; Tokuyama, H.; Maeda, M.; Imai, Knal. Chem.
2002 74, 4391.

(17) Mares, A.; DeBoever, J.; Stans, G.; Bosmans, E.; Kohen].F.
Immunol. Method4995 183 211.

(18) Lo, K. K.-W.; Tsang, K. H.-K.; Zhu, NOrganometallics2006 25,
3220.

(19) Lo, K. K.-W.; Zhang, K. Y.; Chung, C.-K.; Kwok, K. YChem-—
Eur. J.2007, 13, 7110.

Chart 1.  Structures of the Ruthenium Estradiol Complexes
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diphenyl-1,10-phenanthroline (Rphen); bpy-estradiot
5-(4-(17o-ethynylestradiolyl)phenyl)-2;bipyridine (bpy-ph-
est), 4-(-(6-(4-(1o-ethynylestradiolyl)benzoylamino)hexyl)-
aminomethyl)-4methyl-2,2-bipyridine (mbpy-C6-est)) (Chart

1). The lipophilicity of these complexes has been determined
by reversed-phase HPLC. The binding of the complexes to
estrogen receptar- (ERo)) has been studied by emission
titrations. The results have been compared to control experi-
ments involving the estradiol-free analogues [Ru(Bj0¥)s)2

and [Ru(Pk-phen}(bpy)](PF).. Additionally, the cytotox-
icity of the ruthenium(ll) estradiol complexes toward the
HelLa cell line has been examined by the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The cellular uptake of the complexes has been investigated
by flow cytometry and laser-scanning confocal microscopy.

Experimental Section

Materials and Synthesis.All solvents were of analytical grade.
All buffer components were of biological grade and used as
received. Diethylamine (Sigma) and DMF (Lab-Scan) were freshly

(20) (a) Kalyanasundaram, K2hotochemistry of Polypyridine and Por-
phyrin Complexes Academic Press: San Diego, CA, 1992. (b)
Lakowicz, J. R.Principles of Fluorescence Spectroscp§iuwer
Academic and Plenum Publishers: New York, 2007. (c) Kalyana-
sundaram, KCoord. Chem. Re 1982 46, 159. (d) Watts, R. JJ.
Chem. Educ1983 60, 834. (e) Juris, A.; Balzani, V.; Barigelletti, F.;
Campagna, S.; Belser, P.; von ZelewskyGoord. Chem. Re 1988
84, 85. (f) Terpetschnig, E.; Szmacinski, H.; Lakowicz, J.Adal.
Biochem.1995 227, 140. (g) Lo, K. K.-W.; Lee, T. K.-M.Inorg.
Chem.2004 43, 5275. (h) Lo, K. K.-W.; Lee, T. K.-M.; Zhang, K.
Y. Inorg. Chim. Acta2006 359, 1845. (i) Lo, K. K.-W.; Lee, T. K.-
M. Inorg. Chim. Acta2007, 360, 293.
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distilled over KOH and MgSQ respectively, under nitrogen before
use. Ruthenium(lll) chloride hydrate (Arcos), bpy (Acros),Ph
phen (Aldrich), 1'&-ethynylestradiol (Aldrich), triphenylphosphine
(Aldrich), palladium(ll) chloride (Acros), copper(l) iodide (Acros),
5-(4-bromophenyl)-2,2bipyridine (Wako), 4-iodobenzoic acid
(Acros), N-hydroxysuccinimide (Acros)N,N'-dicyclohexylcarbo-
diimide (Acros), 1,6-hexanediamine (Acros), cisplatin (Acros), MTT
(Sigma), NaBH (Acros), and KPE (Acros) were used without
purification. 4-Methyl-2,2-bipyridyl-4-carboxaldehyd#, cis-[Ru-
(N~N),Cl,]-2H,0,22 and bpy-ph-ed? were prepared by reported
methods.

Lamb uteri cytosol was used as a source ofe=Rhich was
purified and quantitated according to reported proceddfé3_amb

Lo et al.

5-(4-bromophenyl)-2,2bipyridine. The crude product was washed
with cold DMF and diethyl ether. The ligand mbpy-C6-est was
isolated as a pale brown solid. Yietd 236 mg (45%)1H NMR
(500 MHz, DMSO#ds, 298 K, TMS): 6 = 9.03 (s, 1H, 3-OH of
estradiol), 8.6%8.39 (m, 3H, bpy-4-CbNHCeH;,NH and H6 and
H6' of pyridyl rings), 8.34 (s, 1H, H3 of pyridyl ring), 8.20 (s, 1H,
H3' of pyridyl ring), 7.80 (d, 2H,J = 6.7 Hz, H2 and H6 of phenyl
ring), 7.45 (d, 2H,J = 6.5 Hz, H3 and H5 of phenyl ring), 7.35 (d,
1H,J = 4.5 Hz, H5 of pyridyl ring), 7.23 (d, 1H] = 4.7 Hz, H3

of pyridyl ring), 7.02 (d, 1HJ = 7.6 Hz, H1 of estradiol), 6.55
6.39 (m, 2H, H2 and H4 of estradiol), 5.54 (s, 1H, 17-OH of
estradiol), 3.75 (s, 2H, bpy-4HGNH), 3.28-3.11 (m, 3H, bpy-
4-CH,NHCsH;oCH, and bpy-4-CHNH), 2.78-2.49 (m, 2H, H6

uteri tissues obtained from the HKSAR slaughterhouse in Sheungof estradiol), 2.49-2.34 (m, 5H, bpy-4-CkNHCH,, and CH, on
Shui, New Territories, Hong Kong, were immediately frozen after C4 of pyridyl ring), 2.3%2.02 (m, 4H, HQ, H11,, H1Z, and
isolation and stored at-70 °C prior to purification. Before H16, of estradiol), 2.0+1.59 (m, 5H, HZ, H8, H11, H15,, and
purification, they were thawed and minced. The resulting tissues H16; of estradiol), 1.58-1.11 (m, 12H, HZ, H12,, H14;, and H15
were ground using mortar and pestle in 50 mM Tris-Cl with 0.25 of estradiol, and bpy-4-C#lHCH,C;Hg), 0.78 (s, 3H, CH of

M sucrose and 0.1% 2-mercaptoethanol, pH 7.4, af@5The
homogenate was centrifuged at 14 000 rpm foh at 4°C to

estradiol). IR (KBr) ¢/cm™1): 3429 (br, C-H and N-H), 2196
(w, C=C), 1669 (s, &0). Positive-ion ESI-MS ion clusterm/z

remove the solid residue. Uterine cytosol was made 30% saturated—= 697,{M + H*}*.

with ammonium sulfate and centrifuged at 14 000 rpm for 30 min
at 4°C. After removal of the supernatant, the pellets were stored

[Ru(bpy)2(bpy-ph-est)](PFs)2. A mixture of cis-[Ru(bpy)Cl;]-
2H,0 (52 mg, 0.10 mmol) and bpy-ph-est (63 mg, 0.12 mmol) in

at—70°C. Before use, the receptor pellets were thawed on ice and 20 mL of 50% aqueous ethanol was heated at reflux for 12 h. The
then dissolved in ice-cold 50 mM potassium phosphate buffer. The color of the solution turned from purple to deep red. The volume

concentration of ER was determined by the Bradford meth§d.
Human cervix epithelioid carcinoma (HelLa) cells were obtained
from the American Type Culture Collection. Dulbecco’s modified
Eagle’'s medium (DMEM), fetal bovine serum (FBS), trypsin-
EDTA, and penicillin/streptomysin were purchased from Invitrogen.
The growth medium for cell culture contained DMEM with 10%
FBS and 1% penicillin/streptomysin.
4-(N-(6-(4-lodobenzoylamino)hexyl)aminomethyl)-4methyl-
2,2-bipyridine. A mixture of 4-iodobenzoic acid (1.00 g, 4.03
mmol), N-hydroxysuccinimide (0.56 g, 4.87 mmol), amdN'-
dicyclohexylcarbodiimide (1.00 g, 4.87 mmol) in 100 mL of

of the mixture was reduced to ca. 10 mL, and the solution was
then filtered. Excess KRRvas added to the solution to precipitate
a deep red solid. The solid was collected by filtration, washed with
water, a small amount of cold MeOH, and diethyl ether. Recrys-
tallization of the product from acetone/diethyl ether afforded the
target complex as red crystals. Yietd 71 mg (58%).H NMR
(300 MHz, acetonels, 298 K, TMS): 6 = 8.94-8.77 (m, 6H, H3
and H3 of pyridyl rings of bpy and bpy-ph-est), 8.49 (d, 18=

8.2 Hz, H4 of pyridyl ring of bpy-ph-est), 8.328.01 (m, 14H,
3-OH of estradiol, H4, H4 H6, and H6 of bpy, H3 and H5 of
phenyl ring of bpy-ph-est, and H4H6, and H6 of pyridyl rings

anhydrous THF was stirred under nitrogen at room temperature of bpy-ph-est), 7.657.51 (m, 7H, H5 and H5of bpy, H2 and H6

for 12 h. The white solid precipitated was removed by filtration.

of phenyl ring of bpy-ph-est, and H®f pyridyl ring of bpy-ph-

The filtrate was evaporated to dryness to give a white solid. The est), 7.12 (d, 1HJ = 8.5 Hz, H1 of estradiol), 6.71 (dd, 1H,=
solid and 1,6-hexanediamine (4.67 g, 40.26 mmol) were then 8.5 and 5.6 Hz, H2 of estradiol), 6.53 (s, 1H, H4 of estradiol),

dissolved in 150 mL of CKCl,, and the solution was stirred at
room temperature for 12 h. The white solid precipitated was
removed by filtration. The filtrate was washed with® (300 mL

x 3). The organic layer was dried over Mgsénd evaporated to
dryness to give a white solid. The solid ariehdethyl-2,2-bipyridyl-
4-carboxaldehyde (0.80 g, 4.03 mmol) were dissolved in 30 mL of
MeOH, and the mixture was stirred at room temperature for 12 h.
The white solid precipitated and was collected by filtration. The
residue was washed with 30 mL of cold MeOH and was then
suspended in 150 mL of MeOH. Addition of NaBKolid (0.76 g,
20.11 mmol) led to a colorless solution, which was stirred at room

456 (s, 1H, 17-OH of estradiol), 2.82.72 (m, 2H, H6 of
estradiol), 2.4+2.23 (m, 4H, HQ, H11,, H1Z, and H1§ of
estradiol), 1.951.72 (m, 5H, H%, H83, H11, H15,, and H1§ of
estradiol), 1.541.21 (m, 4H, HY{, H12,, H14; and H13 of
estradiol), 0.95 (s, 3H, C4bf estradiol). IR (KBr) ¢/cm™1): 3418
(m, O—H), 2207 (w, G=C), 838 (s, P-F). Positive-ion ESI-MS
ion cluster: m/z1085,{M — PR}, 470,{M — 2PR}2". Anal.
Calcd for GgHsoNeO2F12P.RW-2H,0: C, 53.13; H, 4.30; N 6.64.
Found: C, 53.38; H, 4.29; N, 6.77.
[Ru(bpy)2(mbpy-C6-est)](PF)2. The procedure was similar to
that described for the preparation of complex [Ru(btbpy-ph-

te_mperatu_re for_ 5 h. The solution was evaporated _to dryness toest)](Pk)., except that mbpy-C6-est (84 mg, 0.12 mmol) was used
give a white solid. The crude product was washed with water and instead of bpy-ph-est. Recrystallization of the crude product from

then dried in a vacuum desiccator. Yietd0.63 g (30%). Positive-
ion ESI-MS ion cluster:m/z = 529,{M + H}*.

Mbpy-C6-est. The procedure was similar to that of bpy-ph-¥st,
except that 44{-(6-(4-iodobenzoylamino)hexyl)aminomethyl}-4
methyl-2,2-bipyridine (396 mg, 0.75 mmol) was used instead of

(21) Peek, B. M.; Ross, G. T.; Edwards, S. W.; Meyer, G. J.; Meyer, T. J,;
Erickson, B. W.Int. J. Peptide Protein Re4991 38, 114.

(22) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem.1978 17,
3334.

(23) Bradford, M. M.Anal. Biochem1976 72, 248.
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acetone/diethyl ether afforded the target complex as red crystals.
Yield = 57 mg (41%).'"H NMR (300 MHz, acetonel, 298 K,
TMS): 6 = 8.84-8.74 (m, 5H, H3 of pyridyl ring of mbpy-C6-

est and H3 and H3of bpy), 8.68 (s, 1H, H3of pyridyl ring of
mbpy-C6-est), 8.268.13 (m, 5H, 3-OH of estradiol and H4 and
H4' of bpy), 8.16-8.01 (m, 4H, H6 and H6of bpy), 7.96-7.80

(m, 4H, H6 and H6of pyridyl rings of mbpy-C6-est and H2 and
H6 of phenyl ring of mbpy-C6-est), 7.64.36 (m, 9H, bpy-4-
CH,NH, H5 and H5 of pyridyl rings of bpy and mbpy-C6-est,
and H3 and H5 of phenyl ring of mbpy-C6-est), 7.12 (d, IHs



Ruthenium(ll) Estradiol Polypyridine Complexes

8.6 Hz, H1 of estradiol), 6.666.51 (m, 2H, H2 and H4 of
estradiol), 4.53 (s, 1H, 17-OH of estradiol), 4.02 (s, 2H, bpy-4-
CH,NH), 3.49-3.31 (m, 2H, bpy-4-CENHCsH;0CH), 2.95-2.85
(m, 2H, H6 of estradiol), 2.78 (br, 1H, bpy-4-GNH), 2.65-2.51
(m, 5H, bpy-4-CHNHCH, and CH on C4 of pyridyl ring of mbpy-
Cé6-est), 2.4+2.21 (m, 4H, HQ, H1l, H12, and H1§ of
estradiol), 1.941.74 (m, 5H, H%, H8s, H113, H15,, and H1§ of
estradiol), 1.68-1.16 (m, 12H, H{, H12,, H14; and H1% of
estradiol and bpy-4-CH#HCH,C4Hg), 0.96 (s, 3H, CH of estra-
diol). IR (KBr) (v/icm™1): 3428 (br, G-H and N-H), 2208 (w,
C=C), 1673 (s, &0), 836 (s, P-F). Positive-ion ESI-MS ion
cluster: mz1255{M — PR}, 555,{M — 2PR~}2". Anal. Calcd
for C@5H68N803F12P2RU°H20: C, 55.05; H, 4.97; N, 7.90. Found:
C, 55.14; H, 5.12; N, 7.70.

[Ru(Phz-phen)(bpy-ph-est)](PFs).. The procedure was similar
to that described for the preparation of complex [Ru(bfbpy-
ph-est)](Pk)., except thatcis-[Ru(Ph-phen}Cl;]-2H,0O (87 mg,
0.10 mmol) was used instead a&-[Ru(bpy):Cl;]-2H,0. Recrys-
tallization of the crude product from acetone/diethyl ether afforded
the target complex as red crystals. Yietdb2 mg (33%)1H NMR
(300 MHz, acetonak, 298 K, TMS): 6 = 9.03-8.90 (m, 2H, H3
and H3 of pyridyl rings of bpy-ph-est), 8.84 (d, 1H,= 5.1 Hz,
H2 of Ph-phen), 8.71 (d, 1HJ = 5.6 Hz, H2 of Pk-phen), 8.63
(d, 1H,J = 5.6 Hz, H9 of Pkphen), 8.59-8.47 (m, 2H, H9 of
Ph-phen and H4 of pyridyl ring of bpy-ph-est), 8:38.12 (m,
9H, H5 and H6 of Piphen, H3 and H5 of phenyl ring of bpy-
ph-est, and H4 H6, and H6 of pyridyl rings of bpy-ph-est), 8.03
(s, 1H, 3-OH of estradiol), 7.97 (d, 1H,= 5.6 Hz, H3 of Pk
phen), 7.94 (d, 1H) = 5.1 Hz, H3 of Ph-phen), 7.79 (d, 1H) =
5.9 Hz, H8 of Ph-phen), 7.76 (d, 1HJ = 5.1 Hz, H8 of Pk
phen), 7.7%+7.46 (m, 23H, phenyl rings of Biphen, H2 and H6
of phenyl ring of bpy-ph-est, and H®f pyridyl ring of bpy-ph-
est), 7.11 (d, 1HJ = 8.5 Hz, H1 of estradiol), 6.62 (dd, 1H,=
8.5 and 5.5 Hz, H2 of estradiol), 6.56 (s, 1H, H4 of estradiol),
459 (s, 1H, 17-OH of estradiol), 2.82.73 (m, 2H, H6 of
estradiol), 2.4+2.21 (m, 4H, HQ, H11,, H12, and H1§ of
estradiol), 2.03-1.68 (m, 5H, H%, H8s, H113, H15,, and H1§ of
estradiol), 1.581.18 (m, 4H, H3, H12,, H14;, and H13 of
estradiol), 0.93 (s, 3H, Cybf estradiol). IR (KBr) ¢/cm™1): 3421
(m, O—H), 2213 (w, G=C), 831 (s, P-F). Positive-ion ESI-MS
ion cluster: m/z 1437,{M — PR}, 646,{M — 2PR}2". Anal.
Calcd for GaHgsNeOoF1oPRU: C, 63.76; H, 4.20; N, 5.31. Found:
C, 63.64; H, 4.02; N, 5.60.

[Ru(Phz-phen)(mbpy-C6-est)](PF).. The procedure was simi-
lar to that described for the preparation of complex [Ru(kKpyypy-
C6-est)](Pk),, except thatis[Ru(Ph-phen}Cl;]-2H,0O (87 mg,
0.10 mmol) was used instead c&-[Ru(bpy)xCl;]-2H,O. Recrys-
tallization of the crude product from acetone/diethyl ether afforded
the complex as red crystals. Yietd 53 mg (30%)1H NMR (300
MHz, acetoneds, 298 K, TMS): 6 = 9.32 (s, 1H, H3 of pyridyl
ring of mbpy-C6-est), 8.91 (s, 1H, H3f pyridyl ring of mbpy-
Cé6-est), 8.778.58 (m, 2H, H2 of Piphen), 8.54-8.41 (m, 2H,
H9 of Ph-phen), 8.31 (s, 4H, H5 and H6 of Rphen), 8.16 (s,
1H, 3-OH of estradiol), 8.067.82 (m, 4H, H2 and H6 of phenyl
ring and H6 and H6of pyridyl rings of mbpy-C6-est), 7.817.19
(m, 29H, phenyl rings of PhAphen, H3 and H5 of phenyl ring of
mbpy-C6-est, H5 and H5f pyridyl rings of mbpy-C6-est, and
H3 and H8 of Ph-phen), 7.11 (d, 1H] = 8.3 Hz, H1 of estradiol),
6.61-6.48 (m, 2H, H2 and H4 of estradiol), 4.55 (s, 1H, 17-OH of
estradiol), 3.5%3.35 (m, 4H, bpy-4-GI,NH and bpy-4-CH-
NHCsH;oCH,), 3.01-2.93 (m, 2H, H6 of estradiol), 2.86 (br, 1H,
bpy-4-CHNH), 2.65-2.39 (m, 5H, bpy-4-CbNHCH, and CH
on C4 of pyridyl ring of mbpy-C6-est), 2.382.21 (m, 4H, HQ,

H11,, H12, and H1§ of estradiol), 1.96-1.62 (m, 5H, H%, H8s,

H11;, H15,, and H16 of estradiol), 1.631.02 (m, 12H, HZ, H12,,

H14;, and H13 of estradiol and bpy-4-CHNHCH,CsHg), 0.92 (s,
3H, CHs of estradiol). IR (KBr) ¢/cm™t): 3436 (br, C-H and
N—H), 2210 (w, G=C), 1677 (s, &0), 838 (s, P-F). Positive-
ion ESI-MS ion cluster:m/z 1607,{M — PR}, 731,{M —

2PR}2". Anal. Calcd for GzHgaNgOsF1,P.Ru: C, 63.73; H, 4.83;
N, 6.39. Found: C, 63.62; H, 4.54; N, 6.21.

Instrumentation and Methods. The instruments used for
characterization and photophysical and electrochemical studies have
been described previousi$g Luminescence quantum yields were
measured using the optically dilute metRbdavith an aerated
aqueous solution of [Ru(bpyCl2 (®em = 0.028,1¢x = 455 nm¥°
as the standard solution.

Determination of Lipophilicity. The lipophilicity of the com-
plexes, which is referred to as I (Poww = n-octan-1-ol/water
partition coefficient), was determined from the Ikig values K,
= chromatographic capacity factor at 100% aqueous solution).
Detailed procedures for the determination of lipophilicity have been
described previousli?

Emission Titrations. Aliquots (25uL) of an ERux solution (6.4
uM) in 50 mM potassium phosphate buffer at pH 7.4 at 298 K
were added to the ruthenium(ll) estradiol complex or estradiol-
free complex [Ru(NN)2(bpy)l(PF)2 (N*N = bpy, Ph-phen) (0.92
uM) in 2 mL of 50 mM potassium phosphate buffer at pH 7.4/
DMSO (8:2, v/v) at 1-min intervals. The emission spectrum of the
solution was measured after each addition.

The Hill equation was used to determine the binding parameters
(KJ) of the complexes to E&?6

log (%() =ny log [ERo] + n, log K,

Here Y = (lobs — Imin)/(Imax — Imin)s lobs Imin,» @Nd Inax are the
emission intensities of the apparent, free, and bound forms of the
ruthenium(ll) complex, respectively, ang, and K, are the Hill
coefficient and binding constant, respectively.

Cytotoxicity Assays?” HeLa cells were seeded in a 96-well flat-
bottomed microplate (10 000 cells/well) in growth medium (100
uL) and incubated at 37C under a 5% C@atmosphere for 24 h.
The ruthenium(ll) estradiol complexes and cisplatin (positive
control) were then added to the wells with concentrations ranging
from 1078 to 10~ M in a mixture of growth medium/DMSO (99:

1). Wells containing growth medium without cells were used as
blank controls. The microplate was incubated afG7under a 5%
CO, atmosphere for 48 h. Then, 1. of MTT in PBS (5 mg
mL~1) was added to each well. The microplate was incubated at
37 °C under a 5% C@atmosphere for another 3 h. Solubilization
solution (100uL) containing 10% SDS in 2-propanol/0.04 M
hydrochloric acid (1:1, v/v) was then added to each well, and the
microplate was further incubated for 24 h. The absorbance of the
solutions at 570 nm was measured with a SPECTRAmax 340
microplate reader (Molecular Devices Corp., Sunnyvale, CA). The
ICso values of the complexes were determined from dose depen-
dence of surviving cells after exposure to the complexes for 48 h.

Flow Cytometry. HelLa cells in growth medium (100 000 cells
mL~1) were seeded in a 35-mm tissue culture dish and incubated
at 37°C under a 5% C@atmosphere for 48 h. The culture medium
was removed and replaced with medium/DMSO (99:1, v/v)

(24) Demas, J. N.; Crosby, G. A. Phys. Cheml971, 75, 991.

(25) Nakamaru, KBull. Chem. Soc. Jprl982 55, 2697.

(26) Yamada, Y.; Matsuura, K.; Kobayashi, Bioorg. Med. Chem2005
13, 1913.

(27) Mosmann, TJ. Immunol. Method4983 65, 55.
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Table 1. Electronic Absorption Spectral Data of the Ruthenium Estradiol Complexes at 298 K

complex solvent Aapdnm (e/dm? mol~1 cm™1)
[Ru(bpy(bpy-ph-est)](PB- CH.Cl, 256 (33 520), 288 (80 435), 325 (41 665), 422 sh (10 815), 456 (14 710)
CHsCN 254 (34 675), 288 (81 095), 325 (49 315), 425 sh (11 985), 454 (15 010)
[Ru(bpyk(mbpy-C6-est)](PH 2 CH:Cl, 257 (36 560), 287 (74 320), 327 sh (9220), 358 sh (5250), 398 sh (5120),
423 sh (9470), 456 (12 115)
CHsCN 256 (37 780), 286 (69 680), 326 sh (10 010), 360 sh (5960), 397 sh (5925),
424 sh (10 225), 454 (12 565)
[Ru(Ph-phen}(bpy-ph-est)](PE)2 CH.Cl, 279 (97 005), 317 sh (46 560), 344 sh (32 600), 433 sh (20 110),
463 sh (21 820)
CHsCN 278 (96 365), 318 sh (46 720), 344 sh (30 325), 436 sh (20 700),
462 sh (21 895)
[Ru(Ph-pheny(mbpy-C6-est)](PH- CH:Cl, 280 (117 725), 327 sh (21 075), 434 sh (23 575), 465 (24 320)
CHsCN 279 (112 320), 326 sh (19 500), 439 sh (23 390), 467 (22 905)

containing the ruthenium(ll) estradiol complexes at a concentration
of 5 uM. After incubation for 24 h, the medium was removed and
the cell layer was washed gently with PBS (1 mL3). The cell
layer was then trypsinized and added up to a final volume of 3 mL
with PBS. The samples were analyzed by a FACSCalibur flow
cytometer (Becton, Dickinson and Co., Franklin Lakes, NJ). The
cell samples were excited with an argon laser at 488 nm, and the
emission was monitored at 585 21 nm. The number of cells
analyzed for each sample was between ca. 9000 and 10 000.

Live-Cell Confocal Imaging. HeLa cells were grown on sterile
glass coverslips in a 35-mm tissue culture dish. The sample
preparation procedure was similar to that of the flow cytometry.
After washing with PBS, the coverslips were mounted onto slides

fo!' measurements. _Imaging was performed_ us_,ing a confocal Figure 1. Electronic absorption spectra of [Ru(bp§py-ph-est)](PF)2
microscope (Carl Zeiss, LSM510) with an excitation wavelength (blue), [Ru(bpy)(mbpy-C6-est)(P- (green), [Ru(Pkphen)(bpy-ph-est)]-

at 488 nm. The emission was measured using a long-pass filter at(PF)2 (red), and [Ru(Phphen)(mbpy-C6-est)](PF). (black) in CHCN

505 nm. at 298 K.

(diimine) transitiong%2c¢.2833 The bpy-ph-est complexes

revealed an intense absorption band at ca.—3P5 nm

_ ) ~ (Table 1 and Figure 1), which is associated whith (7 —
Synthesis.17a-Ethynylestradiol was chosen as the starting ) (bpy-ph-est) transitions because a similar absorption band

material because the rigid ethynyl group at position. b7 has been observed in ruthenium(ll) complexes containing

estradiol directs the substituent away from thg-hydroxyl 5-phenyl-substituted bpy ligand@sThe moderately intense

group without conformational flexibility and thus allows the  pands of all the complexes in the visible region (ca. 422

probe to have strong binding affinity to ER&:The diimine 467 nm) have been attributed to spin-allowed metal-to-ligand

ligands bpy-ph-est and mbpy-C6-est were prepared from

Sonogashira coupling of d#ethynylestradiol with the aryl

Results and Discussion

(28) Paris, J. P.; Brandt, W. W. Am. Chem. Sod.959 81, 5001.
(29) Staniewicz, R. J.; Sympson, R. F.; Hendricker, D.i@rg. Chem.

halides 5-(4-bromophenyl)-2;Bipyridine and 4--(6-(4-
iodobenzoylamino)hexyl)aminomethyl)-dhethyl-2,2-bipy-
ridine, respectively, in diethylamine in the presence of a
palladium(ll) catalyst and a copper(l) cocatalyst. The ruthen-
ium(Il) polypyridine estradiol complexes were obtained from
the reactions otis-[Ru(N*N),Cl,]-2H,0?? with the corre-
sponding bpy-estradiol ligands in refluxing aqueous ethanol,
followed by anion exchange with KREnd recrystallization
from a mixture of acetone and diethyl ether. All the
complexes were characterized Byt NMR spectroscopy,

1977, 16, 2166.

(30) (a) Belser, P.; Zelewsky, A. \Hely. Chim. Actal98Q 63, 1675. (b)

Cook, M. J.; Lewis, A. P.; McAuliffe, G. S. G.; Skarda, V.; Thomson,
A. J.; Glasper, J. L.; Robbins, D. J. Chem. Soc., Perkin Trans. 2
1984 1293. (c) Ackermann, M. N.; Interrante, L. Vhorg. Chem.
1984 23, 3904. (d) Ross, H. B.; Boldaji, M.; Rillema, D. P.; Blanton,
C. B.; White, R. Plnorg. Chem1989 28, 1013. (e) Kawanishi, Y.;
Kitamura, N.; Tazuke, Snorg. Chem1989 28, 2968. (f) Mecklen-
burg, S. L.; Peek, B. M.; Schoonover, J. R.; McCafferty, D. G.; Wall,
C. G.; Erickson, B. W.; Meyer, T. . Am. Chem. Sod.993 115
5479. (g) Mecklenburg, S. L.; McCafferty, D. C.; Schoonover, J. R.;
Peek, B. M.; Erickson, B. W.; Meyer, T. Inorg. Chem.1994 33,
2974. (h) de Carvalho, I. M. M.; de Sousa MoreiraGehlen, M. H.
Inorg. Chem.2003 42, 1525.

positive-ion ESI-MS, and IR spectroscopy and gave satisfac-(31) Kozlov, D. V.; Castellano, F. Nl. Phys. Chem. 2004 108 10619.

tory microanalysis.

Electronic Absorption and Emission Properties. The
electronic absorption spectral data of all the complexes are
listed in Table 1. The electronic absorption spectra of the
complexes in CKHCN at 298 K are shown in Figure 1. All
the spectra featured intense absorption bands at ca: 254
288 nm ¢ on the order of 10dm?® mol~! cm™), which have
been assigned to spin-allowed intraligaftL) (= — 7*)

204 Inorganic Chemistry, Vol. 47, No. 1, 2008

(32) Baggott, J. E.; Gregory, G. K.; Pilling, M. J.; Andersonk, S.; Seddon,

K. R.; Turp, J. EJ. Chem. Soc., Faraday Trans.1®83 79, 195.

(33) (a) Watts, R. J.; Crosby, G. A. Am. Chem. S0d.971, 93, 3184. (b)

Watts, R. J.; Crosby, G. Al. Am. Chem. Sod 972 94, 2606. (c)
Hager, G. D.; Watts, R. J.; Crosby, G. A. Am. Chem. Sod.975

97, 7037. (d) Lin, C.-T.; Bticher, W.; Chou, M.; Creutz, C.; Sutin,
N. J. Am. Chem. Sod.976 98, 6536. (e) Alford, P. C.; Cook, M. J.;
Lewis, A. P.; McAuliffe, G. S. G.; Skarda, V.; Thomson, A. J.; Glasper,
J. L.; Robbins, D. JJ. Chem. Soc., Perkin Trans.1®85 705.

(34) (a) Ghirotti, M.; Schwab, P. F. H.; Indelli, M. T.; Chiorboli, C.;

Scandola, FInorg. Chem.2006 45, 4331. (b) Ott, S.; Borgstr,
M.; Hammarstfen, L.; Johansson, alton Trans.2006 1434.



Ruthenium(ll) Estradiol Polypyridine Complexes

Table 2. Photophysical Data of the Ruthenium Estradiol Complexes

Table 3. Electrochemical Data of the Ruthenium Estradiol Complexes
in CHzCN (0.1 M TBAP) at 298 K (Glassy Carbon Working Electrode,

complex mediumTK)  den/nn?  7ous’ @2 Sweep Rate= 100 mV s, All Potentials vs SCE)
[Rlzl(jb%; b(bpy-ph-est)] g:ggll\zl(é%%)) ggg igg 882% complex oxidnEyo/V  redn,Eyp or EJV
buffer (298) 622 0.81 0.051 [Ru(bpy)(bpy-ph-est)](PB:2 +1.28%  —1.26,—1.492
glas$ (77) 590 (max), 5.23 —1.66> —1.79
637 [Ru(bpy)x(mbpy-C6-est)](P§)2 +1.26 —1.35,—1.56P
[Ru(bpy)(mbpy-C6-est)] CH.Cl, (298) 603 0.96 0.070 —1.66P —1.89
(PRy)2 CHsCN (298) 614 0.97 0.084 [Ru(Ph-phen)(bpy-ph-est)](PB) +1.22  —1.26,—1.43P
buffer (298) 615 0.71 0.046 —-1.64b-1.79
glas€ (77) 583 (max), 5.01 [Ru(Ph-phen}(mbpy-C6-est)](P§)2 +1.22 —1.30,—-1.51b
627 —1.68P —1.87
[Ru(Ph-phen}(bpy-ph-est)] CH.Cl, (298) 609 2.14 0.17 . . .
(PR)2 CH4CN (298) 615 235 0.13 aQuasi-reversible couple8Irreversible waves.
buffer (298) 620 2.11 0.074
glas$ (77) 59(6> 3(316X), 7.01 SMLCT (daz(Ru) — z*(bpy-ph-est)) character. The reason
[Ru(Ph-pheny(mbpy-C6-est)] CH;Cla (298) 605 379 023 is that thexr* orbitals of bpy-ph-est are lower lying in energy
(PR)2 CHsCN (298) 616 512 0.18 than those of bpy owing to the electron-withdrawing ethy-
buffer (298) 619 2.88 0.10 nylphenyl substituent. The assignment is supported by the
glas$ (77) 594 (max), 8.82 f hat th ission lifet f b h
641 act that the emission lifetime of [Ru(bp®py-ph-est)|(PE)

a Excitation wavelength= 455 nm.P Excitation wavelength= 355 nm.
¢30% DMSO in 50 mM potassium phosphate buffer pH ¥ BtOH/MeOH
(4:1 viv).

Normalized emission intensity

600 650 700
Wavelength / nm

Figure 2. Emission spectra of [Ru(bpyppy-ph-est)](PE)2 in CHzCN at
298 K (—) and in EtOH/MeOH (4:1, v/v) at 77 K (- - -).

500 550 750 800

charge-transferMLCT (dz(Ru) — z*(diimine)) transi-
tions20a.ce.2833 The IMLCT bands of the bpy complexes
occurred at higher energy than those of-Bhen complexes
owing to the lower lyingr* orbitals of the Pi-phen ligand.

is slightly longer than those of [Ru(bp@inbpy-C6-est)]-
(PFR), (Table 2) and [Ru(bpy)?",3%¢ " which is consistent
with the previous finding that aryl substitutions of polypy-
ridine ligands generally increase the emission lifetimes of
ruthenium(ll) polypyridine complexe8bc For the same
reason, the emission lifetimes and quantum yields of the Ph
phen complexes are longer and higher than those of the bpy
complexes (Table 2), suggesting that the-Phen ligand is
significantly involved in théMLCT emissive state of these
complexest3336 Interestingly, [Ru(PRphen}(mbpy-C6-
est)](PFk). showed more intense and longer lived emission
than [Ru(Ph-phen)(bpy-ph-est)](PE).. It is likely that the
emissive state of the latter complex has mixed contributions
from the Ph-phen and bpy-ph-est ligands because of the
similar energies of their* orbitals. In contrast, the electron-
donating methyl and aminomethyl substituents of the mbpy-
Cé6-est ligand destabilize its* orbitals, resulting in a lower
degree of involvement of this ligand in the emissive state of
[Ru(Ph-phen}(mbpy-C6-est)](P§).. This is in agreement
with the fact that this complex shares similar emission
properties with its homoleptic counterpart [RugPh
phen}]2+.31.33.36

Electrochemical Properties.The electrochemical proper-

Upon irradiation, all the complexes displayed intense and ties of the ruthenium(il) polypyridine estradiol complexes

long-lived orange-red luminescence in fluid solutions under have been studied by cyclic voltammetry, and the electro-
ambient conditions and in low-temperature alcohol glass. The chemical data are listed in Table 3. All the complexes
photophysical data are summarized in Table 2. The emissiondisplayed a quasi-reversible ruthenium(lll/ll) couple at ca.
spectra of [Ru(bpyjbpy-ph-est)](PE). in CH;CN at 298 K +1.22 t0+1.26 V Vs SCE ignodidi cathodic= ca. 3.5-5.0). Since
and in alcohol glass at 77 K are shown in Figure 2. The common ruthenium(lll/Il) couples are reversible in
emission maxima of all the complexes occurred at ca-603 nature?0e29.30aeeg3%dg.3the reduced reversibility of these

609 nm in CHCI,, ca. 614-619 nm in CHCN, and ca. 615
622 nm in aqueous buffer solution at 298 K. Upon cooling
of the samples to 77 K, the emission maxima of all the
complexes were blue-shifted to ca. 5894 nm. With
reference to related photophysical studies of ruthenium(ll)
polypyridine system&)ac¢.28,36-33.3536the emission has been
assigned to 8VILCT (dz(Ru) — m*(diimine)) excited state.
The emission energy of [Ru(bp¥ppy-ph-est)](PF). is
slightly lower than its mbpy-C6-est counterpart [Ru(bpy)
(mbpy-C6-est)]|(PE). (Table 2) and [Ru(bpy)?t,20a.¢e283035

(35) (a) Tokel-Takvoryan, N. E.; Hemingway, R. E.; Bard, AJJAm.
Chem. Soc1973 95, 6582. (b) Elfring, W. H., Jr.; Crosby, G. A.
Am. Chem. Sod.981 103 2683. (c) Braterman, P. S.; Harriman, A;
Heath, G. A.; Yellowlees, L. 1J. Chem. Soc., Dalton Tran&983
1801. (d) Caspar, J. V.; Meyer, T. lhorg. Chem.1983 22, 2444.
(e) Caspar, J. V.; Meyer, T. J. Am. Chem. Sod983 105 5583. (f)
Cook, M. J.; Lewis, A. P.; McAuliffe, G. S. G.; Skarda, V.; Thomson,
A. J.J. Chem. Soc., Perkin Trans.1®84 1303. (g) Mabrouk, P. A;;
Wrighton, M. S.Inorg. Chem1986 25, 526. (h) Kumar, C. V.; Barton,
J. K.; Gould, I. R.; Turro, N. J.; Van Houten, lhorg. Chem.1988
27, 648.

(36) Demas, J. N.; Harris, E. W.; McBride, R. P.Am. Chem. S0d977,
99, 3547.

suggesting that its emissive state possesses predominan7) Guarr, T. F.; Anson, F. Cl. Phys. Cheml987, 91, 4037.
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Table 4. Lipophilicity (log Pow Values) of the Ruthenium Estradiol
Complexes, Estradiol, and d7Ethynylestradiol

compd logPor
[Ru(bpy)(bpy-ph-est)|(PE). 1.33
[Ru(bpyx(mbpy-C6-est)](PE). 2.18
[Ru(Ph-phen)(bpy-ph-est)](PE)- 7.71
[Ru(Ph-phen}(mbpy-C6-est)](PF)2 8.58
estradiol 3.26
17a-ethynylestradiol 3.42

couples could be a consequence of the involvement of
oxidation of the estradiol moiety of all the complexes and
the amine group of the mbpy-C6-est compleXeslso,

similar irreversible waves have been observed at comparable

potentials for the free ligands (ca&.1.21 V for bpy-ph-est
and ca.+0.94 and+1.56 V for mbpy-C6-est). Both bpy-
ph-est complexes exhibited the first reversible reduction
couple at-1.26 V, which has been ascribed to the reduction
of the bpy-ph-est ligand. This assignment is supported by
the fact that this couple occurred at a slightly less negative
potential than that of the first bpy-based reduction of [Ru-
(bpy)]?" (ca.—1.33 V)yPefessadue to the electron-withdraw-
ing ethynylphenyl group of the bpy-ph-est ligand. The first
reversible reduction couple of [Ru(bpgnbpy-C6-est)](P§.
at—1.35 V has been assigned to the reduction of the ancillary
bpy ligand because it is more difficult to reduce the mbpy-
C6-est ligand due to its electron-donating methyl and
aminomethyl substituents. Owing to the lower lying
orbitals of Ph-phen compared to those of mbpy-C6-est, the
first reduction couple of [Ru(Rkphen}(mbpy-C6-est)](P§).
at ca.—1.30 V has been assigned to the reduction of the
ancillary Ph-phen ligand®37

Lipophilicity. The cellulat®d93® and in vivo tis-
sudsab.di15a14d4qntake selectivity characteristics of probes

and therapeutic reagents can be estimated by their lipophi-

licity. This is commonly referred to as timeoctan-1-ol/water
partition coefficients (expressed in Idg,,) of the com-

Lo et al.
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Figure 3. Emission titration curves for the titrations of [Ru(bpiopy-
ph-est)](PE)2 (solid circles), [Ru(bpy(mbpy-C6-est)](P§)2 (triangles), [Ru-
(Phe-phen}(bpy-ph-est)](PE). (diamonds), [Ru(Phphen}(mbpy-C6-est)]-
(PRs)2 (open circles), [Ru(bpy)(PFs)2 (crosses), and [Ru(Riphen}-
(bpy)]l(PR)2 (squares) with ER in 50 mM potassium phosphate buffer
pH 7.4 at 298 K|, and| are the emission intensities of the complexes in
the absence and presence ofcERespectively.

Table 5. Relative Emission Intensities and Emission Lifetimes of the
Ruthenium Estradiol Complexes, [Ru(bgiPFs)2, and
[Ru(Ph-phen}(bpy)](PF); in the Absence and Presence of ER
Aerated 50 mM Potassium Phosphate Buffer pH 7.4 at 298 K

complex 112 TPlus ™us
[Ru(bpy)(bpy-ph-est)](PE)2 0.93 0.44 0.45
[Ru(bpyx(mbpy-C6-est)](P§)2 0.90 0.40 0.37
[Ru(Ph-phen)(bpy-ph-est)](PE)2 2.25 0.74 1.96
[Ru(Ph-phen)(mbpy-C6-est)](PEj2 1.78 0.72 1.10
[Ru(bpy)](PFs)2 0.89 0.37 0.36
[Ru(Ph-phen(bpy)](PFs)2 1.30 0.71 0.92

2, andl are the emission intensities of the complexes in the absence
and presence of BR respectively® 7, andz are the emission lifetimes of
the complexes in the absence and presence of, E€spectively.

Emission Titrations. The ERx-binding properties of the
ruthenium(ll) polypyridine estradiol complexes have been
investigated by emission titrations. The emission titration

pounds, which can be determined by reversed-phase HPLC curves are shown in Figure 3. While the bpy complexes did
The logPow values of the ruthenium(ll) estradiol complexes, not show significant changes, the emission intensities of the
estradiol, and 1d-ethynylestradiol are listed in Table 4. Ph-phen complexes were increased by ca. 2.3- and 1.8-fold
Owing to their 2~ cationic charge, the bpy complexes are in the presence of ER and their lifetimes were also
less lipophilic than the natural hormone estradiol (ca. 3.26) elongated (Table 5). The emission spectra of [Rex{ien)-

and 17%-ethynylestradiol (ca. 3.42) (Table ¥ However, (bpy-ph-est)](PE)2 in the absence and presence ofcEdte

the lipophilicity of the complexes can be substantially displayed in Figure 4. Interestingly, the control complex [Ru-
increased by incorporating more hydrophobic ligands such (Ph-phen)}(bpy)](PFs). also revealed emission enhancement
as Ph-phen, as revealed by the much larger Ryg, values and lifetime elongation in the presence of &Rut the

of the Ph-phen complexes than those of their bpy counter- enhancement factors are relatively small (ca. 1.3). The higher
parts and the neutral estrogens (Table 4). The presence of amplification factors of the Riphen complexes have been
spacer arm in the mbpy-C6-est complexes increased the logattributed to the specific binding of the estradiol moieties of
Pow values by ca. 0.9. The high lipophilicity of the £h  these complexes to ERbecause similar changes were not
phen complexes is anticipated to facilitate the tissue and observed when unmodified estradiol was present from the

cellular uptake of these complexes.

(38) Cyclic voltammetric analysis of an equimolar solution of [RufPh
phen(bpy-estradiol)](PE). and ferrocene revealed that the anodic
current of the complexes at c&1.22 V vs SCE was ca. 1-6l.7
times that of the ferrocene oxidation. This indicates that the wave is
associated with the transfer of more than one electron, reflecting the
possible involvement of the oxidation of the estradiol and amine
moieties in addition to the ruthenium(lll/Il) oxidation.

(39) Puckett, C. A,; Barton, J. K. Am. Chem. So007, 129, 46.

(40) Vanbrocklin, H. F.; Liu, A.; Welch, M. J.; O'Neil, J. P.; Katzenel-
lenbogen, J. ASteroids1994 59, 34.
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outset. The ER-induced emission enhancement is a con-
sequence of the increase in hydrophobicity and rigidity of
the local environment of the metal complexes upon the
binding event®®Unfortunately, the bpy complexes, similar
to the estradiol-free complex [Ru(bp}(PFs)2, did not show
noticeable emission changes in the presence af.ERiis

is probably due to the fact that the photophysical properties
of ruthenium(ll) bipyridine complexes are much less sensitive
to different media compared to their substituted phenanthro-
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Figure 4. Emission spectra of [Ru(R{phen}(bpy-ph-est)](PE). in the
absence (---) and presence)(of ERa in aerated 50 mM potassium
phosphate buffer pH 7.4 at 298 K.
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Figure 5. Hill plot for the binding of [Ru(PB-phen}(mbpy-C6-est)](PE)2
to ERa.

line counterpartd’9-i3%¢41From the titration data, the binding
constantsk,) of [Ru(Ph-phen)}(bpy-ph-est)](PE). and [Ru-
(Ph-phen}(mbpy-C6-est)](P§). to ERo. have been deter-
mined to be ca. 6.% 10° and 6.8x 10° M1, respectivelys
The Hill plot for [Ru(Ph-phen}(mbpy-C6-est)](PE. is

-7.2

Figure 6. Results of flow cytometry of HelLa cells incubated with blank
medium (black), [Ru(bpyibpy-ph-est)](PE)2 (red), [Ru(bpy)(mbpy-C6-
est)](Pk)2 (green), [Ru(Piphen)(bpy-ph-est)](PE). (blue), and [Ru(Pk
phen)(mbpy-C6-est)](P§)2 (orange) (5«M) for 24 h.

Table 6. Cytotoxicity (ICs, 48 h) of the Ruthenium Estradiol
Complexes and Cisplatin toward the HeLa Cell Line

complex IGo/uM
[Ru(bpy)(bpy-ph-est)](PE): 133.4+2.1
[Ru(bpy)(mbpy-C6-est)](P§)2 166.6+ 4.5
[Ru(Phy-phen)(bpy-ph-est)](PE). 141.6+ 4.0
[Ru(Ph-phen}(mbpy-C6-est)](PE)2 83.1+2.2
cisplatin 34.3+2.9

Cytotoxicity and Cellular Uptake Studies. The cyto-
toxicity of the ruthenium(ll) estradiol complexes has been
studied by the MTT assay using HelLa cells as the model
cell line?” The 1G; values have been determined from the
dose dependence of surviving cells after exposure to the
complexes for 48 h. The kg values of the ruthenium(ll)
complexes ranged from 83.1 to 1668 (Table 6), which
are substantially larger than that of cisplatin (34M) under
the same experimental conditions. The cytotoxicity of these
complexes is also lower than that of [FRRuf-bpy)(2-
appt)F+ (‘Bux-bpy = 4,4-di-tert-butyl-2,2-bipyridine, 2-appt

shown in Figure 5. The binding constants of the complexes _— 2-amino-4-(phenylamino)-6-(2-pyridyl)-1,3,5-triazine) (59.7

are smaller than that of unmodified estradigh & 5 x 10°
M~18aput are similar to common organometallic estradiol
complexes such as @7[(L)Re(CO)]-estradiol (L= 4',4-
bis(ethanethio)-4carboxybutyn-Lyl, 6',6'-bis(ethanethio)-
6'-carboxyhexyn-1yl; K,= 1.3 x 10’ and 1.1x 10" M1,
respectively}* 17a-[(C=CCH,N(CHz)CH4N(CHg),)Pt(X)]-
estradiol (X= diiodide, malonatoK, = 1.0 x 10" and 2.5
x 10° M7, respectivelyy? [Re(N"N)(COX(L)](CF:SQy)
(N*N = diimines; L = pyridine-estradiolK, = 1.5 to 2.0
x 107 MY, and [Ir(N*C)(N"N)](PFs) (N*C~ = cyclo-
metalating ligands; NN = diimine-estradiol;K, = 1.0 to
2.1 x 10" M~1).19 The Hill coefficients i) of both [Ru(Ph-
phen)}(bpy-ph-est)](PE). and [Ru(Ph-phen}(mbpy-C6-es-
1)](PFs)2 (3.2 and 2.4, respectively) arel, suggestive of
cooperative bindingtd-e43

(41) (a) Meyer, T. JPure Appl. Chem199Q 62, 1003. (b) Fox, M. A;;
ChannorPhotoinduced Electron TransfeElsevier: Amsterdam, 1988.

(c) Hartshorn, R. M.; Barton, J. K. Am. Chem. S02992 114, 5919.

(42) Cassino, C.; Gabano, E.; Ravera, M.; Cravotto, G.; Palmisano, G.;
Vessiges, A.; Jaouen, G.; Mundwiler, S.; Alberto, R.; Osellajarg.
Chim. Acta2004 357, 2157.

(43) (a) Schwartz, J. A.; Skafar, D. Biochemistry1993 32, 10109. (b)
Schwartz, J. A.; Skafar, D. Biochemistry1l994 33, 13267.

uM), which has been identified to be a double-stranded DNA

groove-bindef? In general, these complexes are much less
cytotoxic compared to the organometallic ruthenium arene
complexes [g8-arene)Ru(ethylenediamine)(X)|(F (X =
substituted pyridines and halides), some of which exhibit fast
hydrolysis kinetics and high cytotoxicity toward the human
ovarian cancer cell line A2789.Since our results indicate
that the ruthenium(ll) estradiol complexes are relatively
noncytotoxic, they are promising candidates as luminescent
probes for live-cell imaging. The cellular uptake character-
istics of the complexes have been investigated using flow
cytometry and laser-scanning confocal microscopy. The
results of the flow cytometric studies are shown in Figure
6. Upon excitation at 488 nm, all the cell samples incubated
with the ruthenium(ll) estradiol complexes displayed higher
emission intensities compared to the autofluorescence of

(44) Ma, D.-L.; Che, C.-M,; Siu, F.-M.; Yang, M.; Wong, K.-Ynorg.
Chem 2007, 46, 740.

(45) Wang, F.; Habtemariam, A.; van der Geer, E. P. L.; Fedea, R.;
Melchart, M.; Deeth, R. J.; Aird, R.; Guichard, S.; Fabbiani, F. P. A,;
Lozano-Casal, P.; Oswald, I. D. H.; Jodrell, D. I.; Parsons, S.; Sadler,
P. J.Proc. Nat. Aca. Sci. U.S.2005 102 18269.
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Figure 7. Fluorescence (left), brightfield (middle), and overlaid (right) images of HelLa cells incubated with [RpifEhy(mbpy-C6-est)](PE2 (5 uM)
at 37°C for 24 h.

untreated Hela cells, reflecting the efficient internalization observed when the cells were incubated &C4 implying

of the complexes by the cells. The emission intensities of that the uptake of the complex and its subsequent localization
the cells treated with the Riphen complexes are higher than are due to energy-requiring processes such as endociftosis.
those treated with the bpy complexes, which is in accordancelnvestigations on the detailed internalization mechanism are
with the relative emission quantum yields of the free underway.

complexes (Table 2). It is conceivable that the efficient Conclusions

internalization of the complexes by the cells is assisted by
their high lipophilicity, especially in the cases of the,Ph
phen complexes (Table ).

The possibility of the ruthenium(ll) estradiol complexes
as luminescent probes for live-cell imaging has been
examined using [Ru(Rkphen}(mbpy-C6-est)](P§). as an
example. Incubation of HelLa cells with the complex at
37 °C under a 5% C@atmosphere for 24 h led to efficient
interiorization of the complex as observed by laser-scanning
confocal microscopy with an excitation wavelength at 488
nm (Figure 7). It is interesting to note that most of the
complex molecules were distributed inside the cytoplasm
with a lower extent of nuclear uptake, as revealed by the

much weaker luminescence intensity of the nucléus. - . .
these complexes are very promising candidates as live-cell

Importantly, a higher degree of localization of the complexes . . s that Id tribute to th derstandi
in the perinuclear region suggests that the complex molecules Ma9INY reagents that could contribute to the understanding

interact with hydrophobic organelles such as endoplasmic of cellular uptake of fransition metal complexes.

reticulum and Golgi apparatus. No interiorization was  Acknowledgment. We thank the Hong Kong Research
Grants Council (Project Nos. CityU 101605 and 101606) for
(46) A possible reason for the minimal nuclear uptake is that HeLa cells financial support. We also thank Mr. Kenneth King-Kwan

are ER-negative in nature. We expect that the use of cell lines such . - - . p
as ER-positive MCF-7 would lead to more significant interiorization Lau and Mr. Michael Wai-Lun Chlang for their assistance

of the complexes in the nucleus. Related work on other cell linesisin on the cellular and imaging studies.
progress.
(47) Reaven, E.; Tsali, L.; Azhar, 3. Biol. Chem 1996 271, 16208. IC701735Q

Four ruthenium(ll) polypyridine estradiol complexes have
been designed as luminescent biological probes. The pho-
tophysical and electrochemical properties and lipophilicity
of these complexes have been examined. The highly lipo-
philic Ph-phen estradiol complexes revealed enhanced
emission intensities and extended lifetimes upon binding to
ERa, rendering these complexes new homogeneous probes
for the receptor. The cytotoxicity of all the complexes toward
HelLa cells was relatively low compared to cisplatin.
Importantly, flow cytometry and live-cell confocal imaging
studies showed that these complexes were readily interiorized
by HelLa cells and the emission of the complexes was
maintained after the uptake. All these findings indicate that
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