A\C\S

ARTICLES

Published on Web 02/24/2007

Tuning the Hydrolytic Aqueous Chemistry of Osmium Arene
Complexes with N,O-Chelating Ligands to Achieve Cancer
Cell Cytotoxicity

Anna F. A. Peacock, Simon Parsons, and Peter J. Sadler*

Contribution from the School of Chemistry, Warsity of Edinburgh, West Mains Road,
Edinburgh EH9 3JJ, U.K.

Received November 21, 2006; E-mail: p.j.sadler@ed.ac.uk

Abstract: Potential biological and medical applications of organometallic complexes are hampered by a
lack of knowledge of their aqueous solution chemistry. We show that the hydrolytic and aqueous solution
chemistry of half-sandwich Os'" arene complexes of the type [(15-arene)Os(XY)CI] can be tuned with XY
chelating ligands to achieve cancer cell cytoxicity comparable to carboplatin. Complexes containing arene
= p-cymene, XY = N,O-chelating ligands glycinate (1), L-alaninate (2), a-aminobutyrate (3), S-alaninate
(4), picolinate (5), or 8-hydroxyquinolinate (7) were synthesized. Although, 1—4 and 7 hydrolyzed rapidly
(<min), complexes with -acceptor pyridine as N-donor and carboxylate as O-donor (5 and 6) hydrolyzed
much more slowly (4 = 0.20 and 0.52 h, 298 K). The aqua picolinate complexes were more acidic (pKz*
=6.67, 6.33) than the other aqua adducts (pKy* = 7.17—7.71). At biological test concentrations (micromolar),
the chelating ligands dissociated from complexes 1—4 to give the inert hydroxo-bridged dinuclear species
[(5-arene)Os(u-OH)3;Os(n®-arene)]™ (8), and these complexes were inactive toward human lung A549 and
ovarian A2780 cancer cells. In contrast, 5—7 were cytotoxic, especially 6 (ICso values of 8 and 4.2 uM).
The X-ray structures of 9-ethylguanine, [(1¢-p-cym)Os(pico)(9EtG-N7)]PFs, and 9-ethyladenine, [(%-p-cym)-
Os(pico)(9EtA-N7)]PFs, adducts of 5 are reported (the first reported for G or A adducts of Os"). Crystals of
the 9EtA complex contain homoadenine base pairing. The 9EtG adduct in particular exhibits remarkable
aqueous kinetic stability. This work shows how the rational control of chemical reactivity (hydrolysis, acidity,
formation of hydroxo-bridged dinuclear species) can allow the design of cytotoxic anticancer Os" arene
complexes.

Introduction trans diam(m)ine Ptcomplexes has been aided by the discovery
that trans carboxylato ligands can decrease kinetic activity by

Transition metal complexes offer enormous scope for the c -
about an order of magnitude compared to their chloro ana-

design of therapeutic agents with novel mechanisms of attion. o X : )
Advances in this field depend upon demonstrations that the I09U€s: The choice of the types of coordinated ligands and
concept of rational design can be applied to metal complexes. coordination geometry provides an ability to “fine-tune” the
For this, knowledge of how to control the thermodynamics and chemical reactivity of complexes, potentially allowing control
kinetics of ligand substitution and redox reactions under ©f Pharmacological properties, including cell uptake, distribution,
biologically relevant conditions is essential, in particular, the DNA binding, m.etabolls.m, and toxic side ef.fects.l )
hydrolytic chemistry. This is well illustrated for the platinum Organometallic chemistry offers g potentially rich field for
anticancer field. It was apparent early’dhat an understanding ~ Piological and medical applicatioisput, as pointed out

of the aqueous chemistry of cisplatin and related complexes, €cently? & lack of understanding of the aqueous chemistry of
including aquation rates, hydrolysis equilibria, acidity of aqua °rganometallic complexes is currently a major obstacle for
adducts, formation of hydroxo-bridged oligomers, aids not only further developmegnts. This is particularly true for. osmlum(ll)
the design of new generations of platinum agents but also an2'€N® complexe7§ Here we attemp.t to de§|gn active osmium
understanding of the mechanism of cytotoxicity. The early use half-sandwich complexes by controlling their aqueous chemistry.

of cisplatin, which hydrolyzes readily, has been supplemented (3) Reedijk J.Chem. Commuril99§ 801—806.

by more stable complexes such as carboplatin and oxaliplatin (4) Bulluss, G. H.; Knott, K. M.; Ma, E. S. F.; Aris, S. M.; Alvarado, E.;
Farrell, N. Inorg Chem.2006 45 5733—5735

which have less side effectsRecently, the design of active (5, (5} Falpern. JPure Appl. Chem2001 73, 209-220. (b) Fish, R. H.:

Jaouen, GOrganometallic2003 22, 2166-2177.

(1) (a) Guo, Z.; Sadler, P. Adv. Inorg. Chem200Q 49, 183-306. (b) Yan, (6) Jaouen, G.; Beck, W.; McGlinchey, M. J. Bioorganometallics: Bio-
Y. K.; Melchart, M.; Habtemariam, A.; Sadler, P.Chem. Commur2005 molecules, Labeling, Medicindaouen, G., Ed.; Wiley-VCH: Weinheim,
38, 4764-4776. (c) Melchart, M.; Sadler, P. J. Bioorganometallics Germany, 2006; pp-137.
Jaouen, G., Ed.; Wiley-VCH: Paris, 2005; Vol. 1, pp-3. (d) Allardyce, (7) Hung, Y.; Kung, W.; Taube, Hnorg. Chem.1981, 20, 457—-463.
C. S.; Dorcier, A.; Scolaro, C.; Dyson, P Appl. Organomet. Cher2005 (8) Stebler-Rthlisberger, M.; Hummel, W.; Pittet, P. A.;Bgi, H. B.; Ludi,
19, 1—-10. A.; Merbach, A. E.Inorg. Chem.1988 27, 1358-1363.

(2) (a) Howe-Grant, M. E.; Lippard, S. Metal lons Biol. Syst198Q 11, 63— (9) Mui, H. D.; Brumaghim, J. L.; Gross, C. L.; Girolami, G. Srganome-
196. (b) Martin, R. BACS Symp. Sefl983 209, 231—-244. tallics 1999 18, 3264-3272.
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Osmium complexes are usually considered to be relatively inert Calcd for GzCIH2NO;Os (447.99): C, 34.85; H, 4.50; N, 3.13%.
in keeping with the normal behavior of a third row transition Found: C, 34.38; H, 4.01; N, 3.00% NMR (MeOD-ds): 6 = 7.51
metal. However, our recent work on ruthenium arene complexes (br, NH), 6.40 (br, NH), 6.02 (d, 2H), 5.99 (d, 1H), 5.95 (d, 1H), 5.81
has shown that aqueous reactivity offarene)Ru(XY)Z}* (m, 3H), 5.74 (d, 1H), 5.29 (br, NH), 3.98 (br, NH), 3.40 (q, 1H), 3.25
complexes is highly dependent on the nature of the chelating Eg éﬂ)) 21'7334(?§ng|_;),12'3722 éje%tﬁ;')izéis(és'e3H|;)'Si'istséggc){;é?sz
ligand XY and monodentate ligand Z (the leaving group), as '’ SN P T ' :

- 0 were present in a 1.5:1 ratio.
well as the aren&1! A similar pattern of reactivity may N balCl \ution of inoisobutvric acid
therefore apply to osmium, the heavier congener of ruthenium. [(7>-p-cym)Os(aiba)Cl] (3). A solution of a-aminoisobutyric aci

. . . | . (13.9 mg, 0.13 mmol), sodium methoxide (7.3 mg, 0.14 mmol), and
A theoretical analogy between cisplatin and'Ruene anticancer [(7°-p-cym)OsCH] (50.8 mg, 0.06 mmol) in MeOH (5 mL) was stirred
complexes has recently been proposed by Deubel &t al.

at ambient temperature for 22 h and filtered through a glass wool plug.
Here we investigate the tuning of the reactivity of osmium- The solvent was removed on a rotary evaporator, and the residue
(1) arene complexes f-arene)Os(XY)CI] containing XY= extracted with dichloromethane (15 mL) and filtered through a cotton
an anionic N,O-chelating ligand with a primary amine or wool plug. The solvent volume was reduced to ca. 3 mL, and the
pyridine as the N-donor and carboxylate or aryloxide as the product precipitated after addition of diethyl ether and storage at 253
O-donor. We have studied the rate of hydrolysis, acidity of the K for 1 h. The mustard yellow powder was recovered by filtration,

aqua adducts, dynamic chelate ring opening, interactions wit
nucleobases, and relationship to cancer cell cytotoxicity. Our

data suggest that the aqueous solution chemistry of organome

tallic osmium arene complexes can be controlled for the rational
design of biologically active agents.

Experimental Section

Materials. OsCk-nH,O was purchased from Alfa Aesar, sodium
methoxide,a-aminoisobutyric acid, 2-picolinic acid, silver hexafluo-
rophosphate, 9-ethylguanine, 9-ethyladenine, adenosine, cytidine, an
thymidine were from Sigma, and sodium glycinat@lanine -alanine,
8-hydroxyquinoline, and deuterated solvents were from Aldrich. The
dimers [%-p-cym)OsC}], and [(75-bip)OsCh]. were prepared by
previously reported proceduré&s!* Methanol was distilled over mag-
nesium/iodine prior to use.

Complexesl—7 were synthesized from the dimeric precursa®{(
arene)OsQG]J,, using procedures similar to those reported previously
for other half-sandwich Ruarene complexe'$:6

Preparation of Complexes: [(%-p-cym)Os(gly)CI] (1). A solution
of sodium glycinate (12.3 mg, 0.13 mmol) ang%{-cym)OsCH], (47.3
mg, 0.06 mmol) in MeOH (5 mL) was stirred at ambient temperature

for 5.5 h, the solvent removed on a rotary evaporator, and the residue

extracted with dichloromethane and filtered through a cotton wool plug.
The solvent volume was reduced to ca. 3 mL, and the solution store
at 253 K overnight. The pale yellow powder which formed was
recovered by filtration, washed with diethyl ether (10 mL), and air-
dried. Yield: 33.1 mg (59%). Anal. Calcd fdr+H,0 C;2CIH20NOs-
Os (451.98): C, 31.89; H, 4.46; N, 3.10%. Found: C, 31.98; H, 3.92;
N, 3.05%.'"H NMR (MeOD-ds): 6 = 6.02 (d, 1H,J = 5.3 Hz), 5.98
(d, 1H,J = 5.3 Hz), 5.80 (d, 1HJ = 5.3 Hz), 5.76 (d, 1HJ = 5.3
Hz), 3.20 (m, 2H), 2.73 (sept, 1H,= 6.8 Hz), 2.25 (s, 3H), 1.32 (d,
6H,J = 7.0 Hz).

[(17%-p-cym)Os(L-ala)Cl] (2). A solution ofL-alanine (11.6 mg, 0.13
mmol), sodium methoxide (7.7 mg, 0.14 mmol), angf{-cym)OsC}],
(47.2 mg, 0.06 mmol) in MeOH (5 mL) was stirred at ambient

temperature for 22 h. The solvent was removed on a rotary evaporator,
and the residue extracted with dichloromethane and filtered through a

cotton wool plug. The solvent was again removed and the product
recovered by titrating with diethyl ether. Yield: 46 mg (86%). Anal.

(10) Wang, F.; Chen, H.; Parsons, S.; Oswald, I. D. H.; Davidson, J. E.; Sadler,
P. J.Chem—Eur. J.2003 9, 5810-5820.

(11) Chen, H.; Parkinson, J. A.; Novakova, O.; Bella, J.; Wang, F.; Dawson,
A.; Gould, R.; Parsons, S.; Brabec, V.; Sadler, FPréc. Natl. Acad. Sci.
U.S.A.2003 100, 14623-14628.

(12) Deubel, D. V.; Lau, J. K.-CChem. Commur2006 2451-2453.

(13) Stahl, S.; Werner, HOrganometallics199Q 9, 1876-1881.

(14) Peacock, A. F. A.; Habtemariam, A.; Fendaz, R.; Walland, V.; Fabbiani,

F. P. A,; Parsons, S.; Aird, R. E.; Jodrell, D. I.; Sadler, B. Am. Chem.
Soc.2006 128 1739-1748.

(15) Carter, L.; Davies, D. L.; Fawcett, J.; Russell, D ARlyhedron1993 12,
1599-1602.

(16) Gemel, C.; John, R.; Slugovc, C.; Mereiter, K.; Schmid, R.; Kirchner, K.
J. Chem. Soc., Dalton Tran200Q 2607-2612.

pWashed with diethyl ether (10 mL), and air-dried. Yield: 24.8 mg

(42%). Anal. Calcd for &CIH2.NO,Os (462.01): C, 36.40; H, 4.80;
N, 3.03%. Found: C, 36.44; H, 4.68; N, 2.88%. NMR (MeOD-d,):

0 =6.04 (d, 1H,J = 5.3 Hz), 5.99 (d, 1HJ = 5.0 Hz), 5.87 (d, 1H,
J = 5.3 Hz), 5.84 (d, 1H) = 5.3 Hz), 2.72 (sept, 1H] = 7.0 Hz),
2.21 (s, 3H), 1.43 (s, 3H), 1.34 (s, 3H), 1.33 (d, 345 6.9 Hz), 1.30
(d, 3H,J = 6.8 Hz).

[(8-p-cym)Os(B-ala)Cl] (4). A solution of 3-alanine (12.0 mg, 0.13
mmol), sodium methoxide (7.3 mg, 0.14 mmol), angf{j-cym)OsC}].

Cl(50.7 mg, 0.06 mmol) in MeOH (4 mL) was stirred at ambient

temperature for 19 h. The solvent volume was reduced to ca. 3 mL,
and the product precipitated after addition of diethyl ether and storage
at 253 K overnight. The yellow powder was recovered by filtration,
washed with diethyl ether (10 mL), and air-dried. Yield: 15.1 mg
(26.3%). Anal. Calcd for4-H,0) Ci3CIH22NOs0s (466.00): C, 33.51;
H, 4.76; N, 3.01%. Found: C, 33.86; H, 4.33: N, 3.06%4.NMR
(MeOD-dy): 6 = 7.13 (b, 1H), 6.04 (d, 1H) = 5.3 Hz), 5.96 (d, 1H,
J=5.3 Hz), 5.86 (d, 1H) = 5.3 Hz), 5.72 (d, 1HJ = 5.3 Hz), 4.14
(b, 1H), 3.04 (m, 1H), 2.75 (sept, 1d,= 6.8 Hz), 2.64 (m, 1H), 2.46
(ddd, 1H,J=17.1, 11.1, and 2.7 Hz), 2.29 (dd, 18= 17.0 and 6.3
Hz), 2.19 (s, 3H), 1.31 (d, 3H = 6.9 Hz), 1.30 (d, 3HJ = 7.2 Hz).
[(®-p-cym)Os(pico)Cl] (5). A solution of picolinic acid (18.6 mg,
0.15 mmol) and sodium methoxide (8.3 mg, 0.15 mmol) in MeOH (3

gML) was stirred at ambient temperature for 45 min and added to a

solution of [¢7%-p-cym)OsC}], (50.8 mg, 0.06 mmol) in MeOH (5 mL)
under argon. The resulting mixture was stirred at ambient temperature
under argon for 20 h, the solvent was removed on a rotary evaporator,
and the residue extracted with dichloromethane and filtered through a
cotton wool plug. The solvent volume was reduced to ca. 3 mL, and
the product precipitated after addition of diethyl ether. The yellow
powder was recovered by filtration, washed with diethyl ether (10 mL),
and air-dried. Yield: 55.8 mg (90%). Anal. Calcd fogsCIH1:sNO,Os
(482.00): C, 39.87; H, 3.76; N, 2.91%. Found: C, 39.87; H, 3.67; N,
2.80%.2H NMR (CDCly): 6 = 8.78 (d, 1HJ = 5.7 Hz), 8.12 (d, 1H,
J=7.6 Hz), 7.93 (td, 1HJ = 7.6 Hz), 7.50 (td, 1H) = 6.4 Hz), 5.94
(d, 1H,J = 5.7 Hz), 5.89 (d, 1HJ = 5.7 Hz), 5.72 (d, 1H) = 5.7
Hz), 5.67 (d, 1HJ = 5.7 Hz), 2.74 (sept, 1H] = 6.8 Hz), 2.35 (s,
3H), 1.22 (d, 3HJ = 5.3 Hz), 1.21 (d, 3HJ = 5.3 Hz). Crystals of
5 suitable for X-ray diffraction were obtained by evaporation of a
chloroform/diethyl ether solution at ambient temperature in the dark.
[(58-bip)Os(pico)Cl] (6). A solution of [¢;5-bip)OsCh]» (51.3 mg,
0.06 mmol) in MeOH (5 mL) was refluxed under argom foh before
adding a solution of picolinic acid (16.8 mg, 0.14 mmol) and sodium
methoxide (7.3 mg, 0.14 mmol) in MeOH (2 mL), which had been
stirred at ambient temperature for 30 min. The resulting mixture was
stirred at ambient temperature for 20 h, filtered through a cotton wool
plug, and the solvent removed on a rotary evaporator. The residue was
extracted with dichloromethane, filtered, and the solvent removed again.
The resulting solid was redissolved in methanol and the solvent volume
reduced until a precipitate began to form. The vessel was stored at
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278 K, and the yellow powder was recovered by filtration, washed
with diethyl ether (10 mL), and air-dried. Yield: 23.9 mg (39%). Anal.
Calcd for 6+H,O CisCIH1gNOsOs (520.01): C, 41.57; H, 3.10; N,
2.69%. Found: C, 41.85; H, 2.50; N, 3.17%l NMR (CDCly): 6 =
8.30 (d, 1H,J = 5.4 Hz), 8.12 (d, 1HJ = 7.9 Hz), 7.86 (t, 1HJ =
7.7 Hz), 7.51 (m, 2H), 7.40 (m, 2H), 7.28 (7, 1= 6.6 Hz), 6.40 (d,
1H,J = 5.3 Hz), 6.36 (d, 1HJ = 4.9 Hz), 6.23 (t, 1HJ = 5.0 Hz),
6.21 (t, 1H,J = 5.0 Hz), 6.15 (t, 1H,) = 5.0 Hz).
[(%-p-cym)Os(oxine)Cl] (7).A solution of 8-hydroxyquinoline (18.6
mg, 0.13 mmol) and sodium methoxide (6.9 mg, 0.13 mmol) in MeOH
(2 mL) was added to a solution ofyf{-p-cym)OsC}], (48.3 mg, 0.06
mmol) in MeOH (4 mL), and the resulting mixture was stirred at

Methods and Instrumentation: X-ray Crystallography. All dif-
fraction data were collected using a Bruker (Siemens) Smart Apex CCD
diffractometer equipped with an Oxford Cryosystems low-temperature
device operating at 150 K. Absorption corrections for all data sets were
performed with the multiscan procedure SADABSstructures were
solved using either Patterson or direct methods (SHEEXar
DIRDIF9); complexes were refined agairfst using SHELXTL, and
H-atoms were placed in geometrically calculated positions. The
modeling program Diamond Z0was used for production of graphics.
X-ray crystallographic data for complexés 7, 9PFs, and 11PFRs
0.5EtO are available as Supporting Information and have been
deposited in the Cambridge Crystallographic Data Centre under the

ambient temperature for 5 h. The solvent was removed on a rotary accession numbers CCDC 626657, 626658, 626655, and 626656,
evaporator, the residue extracted with acetone (ca. 10 mL), and therespectively.

solvent volume reduced until a yellow precipitate started to form, and

was stored at 253 K overnight. The yellow microcrystalline solid was
recovered by filtration, washed with diethyl ether (5 mL), and air-dried.
Yield: 43.5 mg (71%). Anal. Calcd for CIH,0NOOs (504.05): C,
45.27; H, 4.00; N, 2.78%. Found: C, 45.35; H, 4.03; N, 2.68pb.
NMR (CDCL): ¢ = 8.77 (d, 1H,J = 4.9 Hz), 8.05 (d, 1H,) = 8.3
Hz), 7.37 (t, 1HJ = 7.9 Hz), 7.28 (dd, 1H) = 8.3 and 5.0 Hz), 7.03
(d, 1H,J = 7.9 Hz), 6.84 (d, 1HJ) = 7.9 Hz), 5.93 (d, 1H) = 5.3
Hz), 5.82 (d, 1HJ = 5.3 Hz), 5.70 (d, 1HJ = 5.3 Hz), 5.63 (d, 1H,

J = 5.3 Hz), 2.62 (sept, 1H] = 6.8 Hz), 2.36 (s, 3H), 1.12 (dd, 6H,

J = 8.9 and 7.6 Hz). Crystals af suitable for X-ray diffraction were

NMR Spectroscopy.'H NMR spectra were acquired on a Bruker
AVA 600 (*H = 600 MHz) spectrometer and for,D solutions with
water suppression by Sha&keor presaturation method$H NMR
chemical shifts were internally referenced to 1,4-dioxane (3.75 ppm)
for aqueous solutions,D,0D (3.34 ppm) for methanal,, and GHCl;
(7.26 ppm) for chlorofornd; solutions. All data processing was carried
out using XWIN-NMR version 3.6 (Bruker U.K. Ltd.).

Mass Spectrometry.Electrospray ionization mass spectra (ESI-MS)
were obtained on a Micromass Platform Il mass spectrometer, #0d D
H>0 solutions were infused directly. The capillary voltage was 3.5V,
and the cone voltage was varied between 20 and 45 V depending on

obtained by evaporation of an acetone/diethyl ether solution at ambientsensitivity. The source temperature was 353 K. Mass spectra were

temperature in the dark.
[(%8-p-cym)Os(pico)(9ELG)]PFs (9PFs). A solution of [(75-p-cym)-
Os(pico)Cl] (32.6 mg, 0.07 mmol) and AgkPFL8.5 mg, 1.1 molar

recorded with a scan range wfz 300—-1000 for positive ions.
pH* Measurement. pH* values (pH meter reading without correc-
tion for effects of D on glass electrode) of NMR samples i®OQvere

equiv) in MeOH (3 mL) was stirred at ambient temperature for 5.5 h. measured at ca. 298 K directly in the NMR tube, before and after
The AgCl precipitate was removed by filtration through a glass wool recording NMR spectra, using a Corning 240 pH meter equipped with
plug, and 9-ethylguanine (12.2 mg, 1.1 molar equiv) was added to the @ micro combination electrode calibrated with Aldrich buffer solutions

resulting solution. The reaction mixture was stirred at ambient

temperature under argon for ca. 42 h. The resulting pale yellow

precipitate was recovered by filtration, washed with methanol (3 mL)
and diethyl ether (10 mL), and air-dried. Yield: 28.0 mg (54%). Anal.
Calcd for GaH27NeOs0sPF (770.69): C, 35.84; H, 3.53; N, 10.90%.
Found: C, 35.74; H, 3.21; N, 11.23%4 NMR (MeOD-d,): 6 = 9.64

(d, 1H,J = 5.3 Hz), 8.12 (td, 1HJ = 7.8 and 1.3 Hz), 7.95 (d, 1H,
J=7.9Hz), 7.85 (s, 1H), 7.74 (td, 1H,= 6.8 and 1.5 Hz), 6.50 (d,
1H,J=5.7 Hz), 6.24 (d, 1HJ = 5.7 Hz), 6.12 (d, 1HJ = 5.7 Hz),
6.04 (d, 1H,J = 5.7 Hz), 4.13 (dq, 2HJ = 7.3 and 2.6 Hz), 2.53
(sept, 1HJ = 6.8 Hz), 2.04 (s, 3H), 1.39 (t, 3H,= 7.2 Hz), 1.17 (d,
3H,J = 6.8 Hz), 1.03 (d, 3H,) = 6.8 Hz). Crystals 0BPFs suitable
for X-ray diffraction were obtained by diffusion of diethyl ether into a
methanol solution at 278 K.

[(r®-p-cym)Os(pico)(9EtA)]PFs (11PFs). A solution of [(75-p-cym)-
Os(pico)Cl] (24.9 mg, 0.05 mmol) and AgRPFL3.3 mg, 1.0 molar
equiv) in MeOH (3 mL) was stirred at ambient temperature for 2 h.
The AgCI precipitate was removed by filtration through a glass wool

plug, and 9-ethyladenine (8.6 mg, 1.0 molar equiv) was added. The
reaction mixture was stirred at ambient temperature under argon for

ca. 78 h. A yellow product precipitated out after addition of diethyl

at pH 4, 7, and 10.

Hydrolysis. Solutions of1—7 (2 mM) in 5% MeOD#d,/95% D,O
(v/v) were prepared by dissolution of the complex in Me@ellowed
by rapid dilution with BO. Solutions of 50uM were prepared by
subsequent dilution of these 2 mM stock solutions witfinal ratio
0.125% MeOD€,/99.875% DO (v/v)). The!H NMR spectra for the
2 mM and 50uM solutions were recorded within the first 10 min of
sample preparation and after incubation at 310 K for 24 h. The
speciation ofLl—7 in 100 mM NaCl was investigated by adding 2.5 M
NaCl (25uL) to the 2 mM NMR sample in BD. The effects of varying
concentrations of chloride were investigated by preparing aqueous
solutions of5 (1 mM and 50uM) in 100, 22.7, and 4 mM NaCl in
D,0, recording'H NMR spectra within the first 10 min of sample
preparation, and after incubation at 310 K for 24 h.

The longer term stability of complexwas investigated by preparing
1 mM solutions in 5% MeOD/95% isotonic saline solution (150 mM
NacCl) (v/v) by dissolution o6 in MeOD-d, followed by rapid dilution
with the isotonic saline solutiodiH NMR spectra were recorded after
various time intervals (10 min, 1 week, 2 weeks, and 2 months) during
which time the sample was stored at ambient temperature in the dark.

Determination of pK,* Values. For determinations ofa.* values

ether and was recovered by filtration, washed with methanol (2 mL) (PKavalues for solutions in ED), the pH* values of the aqua complexes

and diethyl ether (10 mL), and air-dried. Yield: 13.3 mg (34%). Anal.
Calcd for GgH27NeO,0sPF (754.69): C, 36.60; H, 3.61; N, 11.14%.
Found: C, 37.04; H, 3.57; N, 10.95%1 NMR (MeOD-ds): ¢ =9.59

(d, 1H,3=5.3 Hz), 8.34 (s, 1H), 8.30 (s, 1H), 8.30 (overlapped t, 1H,
J=ca. 7 Hz), 8.06 (d, 1H] = 7.5 Hz), 8.01 (t, 1HJ) = 6.3 Hz), 6.64

(d, 1H,J = 5.6 Hz), 6.52 (d, 1HJ) = 5.4 Hz), 6.16 (d, 1HJ = 5.3
Hz), 6.11 (d, 1HJ = 5.6 Hz), 4.63 (br s, 2H), 4.31 (sept, 2Bi= 7.0
Hz), 4.25 (sept, 2H) = 7.0 Hz), 2.64 (sept, 1H] = 6.8 Hz), 1.85 (s,
3H), 1.41 (t, 3H,J = 7.3 Hz), 1.17 (d, 3HJ = 6.8 Hz), 1.01 (d, 3H,

J = 7.0 Hz). Crystals ofl1PF-0.5E£O suitable for X-ray diffraction
were obtained by diffusion of diethyl ether into a methanol solution at
278 K.
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of 1-7 in D,O (formed in situ by dissolution of the parent chloro
complexes) were varied from ca. pH* 3 to 10 by the addition of dilute
NaOD and HNQ@, and*H NMR spectra were recorded. pH* titrations
of complexes9 and 11 were carried out from pH* 312 and 1-8,

(17) Sheldrick, G. MSADABSUniversity of Gdtingen: Gdtingen, Germany,
2001-2004.

(18) Sheldrick, G. M.SHELXL-97 Program for the refinement of crystal
structures; University of Gtingen: Gitingen, Germany, 1997.

(19) Beurskens, P. T.; Beurskens, G.; Bosman, W. P.; de Gelder, R.; Garcia-
Granda, S.; Gould, R. O.; Israel, R.; Smits, J. M. MRDIF; Crystal-
lography Laboratory, University of Nijmegen: The Netherlands, 1996.

(20) Brandenburg, K.; Putz, HDiamond. Crystal and Molecular Structure
Visualization Crystal Impact GhRBonn, Germany.

(21) Hwang, T. L.; Shaka, A. J. Magn. Reson., Ser. 2095 112 275-279.
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respectively. The chemical shifts of the arene ritag-7), purine H8
(9 and11), and H2 (1) protons were plotted against pH*. The pH*
titration curves were fitted to the Hendersddasselbalch equation,

with the assumption that the observed chemical shifts are weighted
averages according to the populations of the protonated and deproto-

nated species. The experimental and fitting errorskg* values are
estimated to be cat0.04 units. TheseKy* values can be converted
to pKa values by use of the equatiorKp= 0.929(K;* + 0.42 as
suggested by Krezel and B&lfor comparison with related values in
the literature.

Kinetics for Hydrolysis. Although complexe4—4 and7 hydrolyzed
too rapidly to monitor by*H NMR, the kinetics for5 and6 could be
followed at various temperatures (27898 K). For this, the complex
was dissolved in methandl;, and aliquots were added to,O
(equilibrated at the required temperature) to give a final concentration
of ca. 0.8 mM complex in 95% /5% methanob, (pH* ca. 3, so

that the aqua ligand is not deprotonated). Samples were filtered and
spectra recorded at various time intervals. Data, based on peak integrals,

were fitted to the appropriate equation for first-order kinetics. The
Arrhenius activation energie€{), activation enthalpiesAH*), and
activation entropiesAS) were determined from Arrhenius and Eyring
plots

Variable Temperature NMR. The'H NMR spectra of complexes
4,5, and7 in DO (1 mM, 5% MeODsd, to assist dissolution) were

recorded after equilibration at various temperatures. Kinetic data were

obtained using the equations = (7Av)/+/2, wherek. is the rate
constant at coalescende~= 1/k., wheret; is the lifetime of separate
isomers at coalescence, ahG* = 19.143(10.318— log kJ/T), where

T. is the temperature of coalesceri¢&imilarly, 10 mM solutions of

5 and 7 in methanolel, were recorded after equilibration at various
temperatures.

Cancer Cell Cytotoxicity. After plating, human ovarian A2780
cancer cells were treated with Osomplexes on day 3, and human
lung A549 cancer cells on day 2, at concentrations ranging from 0.1 to
100 uM. Solutions of the O5 complexes were made up in 0.125%

DMSO to assist dissolution. Cells were exposed to the complexes for

24 h, washed, supplied with fresh medium, allowed to grow for three
doubling times (72 h), and then the protein content measured
(proportional to cell survival) using the sulforhodamine B (SRB) assay.
The standard errors are based on three replicates.

Interactions with NucleobasesThe reaction ob with nucleobases
typically involved addition of a solution containing 1 molar equiv of
nucleobase in BD (or 1 molar equiv of 9-ethylguanine and 1 molar
equiv 9-ethyladenine in a competition reaction), to an equilibrium
solution of5 in D,O (>90% aqua). The pH* value of the sample was
adjusted if necessary so as to remain close to 7.4 (physiologithl).

NMR spectra of these solutions were recorded at 298 K after various

time intervals.

NMR spectra of aqueous solutions,@ of the 9EtG and 9EtA
complexe® and11, respectively, were recorded at various concentra-
tions (20uM to 2 mM) at 298 K and after incubation at 310 K for
various time intervals. The equilibrium constant for dissociation of 9EtA
from 11 was obtained from the slope of the plot of [bound complex]/
[free 9EtA] versus $A], using concentrations based H# NMR peak
integrals.

Results

Synthesis and Characterization of ComplexesWe syn-
thesized seven new ®sarene complexes containing amino

(22) Krezel, A.; Bal, W.J. Inorg. Biochem2004 98, 161—-166.

(23) Atkins, P. W Physical Chemistry6th ed.; Oxford University Press: Oxford,
1998.

(24) Delpuech, J.-Dynamics of Solutions and Fluid Mixtures by NMR®hn
Wiley & Sons: England, 1995.

(25) Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica,
D.; Warren, J. T.; Bokesch, H.; Kenney, S.; Boyd, M.RNatl. Cancer
Inst. 199Q 82, 1107~1112.
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Figure 1. Osmium arene complexes studied in this work.

acidates, picolinate, or 8-hydroxyquinolinate as anionic N,O-
chelating ligands (Figure 1) in good yields via the Cl-bridged
dimer, [(7%-arene)OsGl,, arene= p-cymene p-cym, 1-5, 7)

or biphenyl (bip6). We determined the X-ray crystal structures
of [(18-p-cym)Os(pico)Cl]5 and [(®-p-cym)Os(oxine)Cl]7
(Figure 2). The complexes adopt the familiar pseudo-octahedral
“three-leg piano stool” geometry with the osmiumbonded

to the arene ligand (Os ring centroid distances of 1.652(2) A
for 5 and 1.6557(12) A fof7), o-bonded to a chloride (2.4048-
(13) and 2.4235(7) A), a pyridine nitrogen (2.090(4) and 2.098-
(2) A), and a deprotonated oxygen atom (2.080(3) and 2.081(2)
A) of the chelating ligand, which constitute the three legs of
the piano stool. Crystallographic data, selected bond lengths,
and angles are given in Tables S1 and S2.

Independent molecules in the crystal structure$ aind 7
are linked by short-range interactions between the coordinated
chloride and an aromatic ring proton of the chelating ligand
(CI(1)-++H(321) 2.81 A) op-cymene arene (CI(3}H(211) 2.69
A), respectively. Further short-range interactions are present
between aromatic ring protons and oxygen atoms of the chelate
(Figure S1 and Table S3).

Aqueous Solution Chemistry and gK;* Determination.
Aqueous solutions of the chloro complexis6, directly after
sample preparation<(L0 min), gave rise to one major and one
minor set of'H NMR peaks, with resolved peaks for each of
the four p-cymene ring protons, consistent with the presence
of stereogenic osmium centers (tb@lanine complexX2 was
present as a ca. 1:1 mixture of diastereoisomers). When the pH*
values of the solutions were increased from ca. 3 to 10, the
major set of NMR peaks gradually shifted to high field (Figure
3A), consistent with assignment to aqua adducts. Plots of the
chemical shifts against pH* (Figures 3A and S2) were fitted to
the HendersonHasselbalch equation and gave rise #.p
values between 7.27 and 7.55 for complexes containing both
primary amines and carboxylate groups as donors, but lower
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(A) CO1

Figure 2. X-ray crystal structures and atom numbering schemes for (A)
[(75-p-cym)Os(pico)Cl] B) and (B) [@7°-p-cym)Os(oxine)Cl] 7) (50%
probability ellipsoids). H atoms have been omitted for clarity.
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Figure 3. The dependence of the arene regiottdfNMR spectra of (A)
[(78-p-cym)Os(pico)Cl] 6) and (B) [@7%-p-cym)Os(oxine)Cl] ) in DO
on pH*. The plots show fits giving ig.* values of 6.67 and 7.71 for the
aqua complexeSA and7A, respectively. The four magnetically inequivalent
arene ring protons give rise to separate peaks in the speca afnd
exhibit the same pH* dependence. However, the four peak§Aoare

resolved only at basic pH* and broaden and sharpen into two doublets at

acidic pH*, indicative of involvement in a dynamic chemical exchange
process.

values of 6.33 and 6.67 for the picolinate complexXgar{d6)

which contain pyridine as a tertiary amine donor instead of a
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Table 1. pKa* Values for the Deprotonation of the Coordinated
D20 in Complexes 1A—7A and the N1-H of N7-Coordinated
Nucleobase in 9 and 11

complex PK,*
[(°-p-cym)Os(gly)(ODB)] 1A 7.27
[(175-p-cym)Os(-ala)(OD)] * 2A 7.14
[(175-p-cym)Os(aiba)(OB)] - 3A 7.17
[(175-p-cym)Osp-ala)(OD)] + 4A 7.55
[(#7°-p-cym)Os(pico)(ODR)]* 5A 6.67
[(#7°-bip)Os(pico)(OR)]* 6A 6.33
[(%#8-p-cym)Os(oxine)(OBR)]* 7A 7.71
[(175-p-cym)Os(pico)(9-EtaN7)] * 9 8.97

7%-p-cym)Os(pico)(9- .

[(7® )Os(pico)(9-EtAN7)]+ 11 2.06

primary amine donor (Table 1). The minor sets of peaks for
coordinatedp-cym increased in intensity on addition of NaCl
and are assigned to the intact chloro complex (Table S4). During
the pH* titration of thef-alaninate complexd, new p-cym
doublets appeared at 6.04 and 5.82, with increase in pH*.
These peaks have previously been assi¢fhntdthe hydroxo-
bridged dinuclear species, nftp-cym)Osf-OD)30s@7%-p-
cym)]*, 8. After incubation of aqueous solutionsbf4 (2 mM)

at 310 K for 24 h (pH* ca. 6.26.7), the only changes to the
spectra were new peaks f8r(accounting for 10% of, 6% of

2, 3% of 3, and 37% of4). NMR spectra of aqueous solutions
of the hydroxyquinolate compleX contained two doublets
assignable to th@-cym ring protons of the aqua adducA,
which shifted to high field with increase in pH* (Figure 3B)
with an associatediy* of 7.71. When the pH* was increased
to 8.55, these doublets broadened, and at pH* 10.15, they
resolved into four sharp doublet$ 6.07, 6.01, 5.73, and 5.68;
Figure 3B). The NMR spectrum of a solution in 100 mM
NaCl contained four doublets fgrcymene ring protons (Table
S4) assignable to the intact chloro compléx

Fresh aqueous solutions (5% Me@95% D,O) containing
complexedl—4 at low concentration (50M) at 298 K all gave
rise to peaks for agua adducts andZ@nd4 peaks for hydroxo-
bridged dinuclear specigsas well. After incubation at 310 K
for 24 h, compound was present in all the solutions, and for
4, it was the only species present (Figure S3). Similar solutions
of complexes and6 (50 M) initially contained a mixture of
the intact chloro and aqua complexes, but after incubation, only
peaks for the aqua complex were present. Complexas
present as the aqua complex both initially and after incubation.
It was notable therefore that neither compleXgss, nor 7
formed the hydroxo-bridged dinuclear spe@eagshen incubated
at biologically relevant concentrations (z®/1).

IH NMR spectra of5 in isotonic saline solution (150 mM
NaCl), ca. 10 min after sample preparation, contained peaks
predominantly for the intact chloro species, together with small
peaks assignable to the aqua adduet2(q%). No new peaks
appeared in the spectrum after storage at ambient temperature
in the dark for 2 months (Figure S4).

The effects of chloride concentrations typical of blood plasma
(100 mM), cell cytoplasm (22.7 mM), and cell nucleus (4 rAM)
on the speciation 05 in aqueous solution were investigated.
IH NMR spectra ob (50 uM) were recorded within 10 min of

(26) Peacock, A. F. A.; Melchart, M.; Deeth, R. J.; Habtemariam, A.; Parsons,
S.; Sadler, P. XChem—Eur. J. 2006 10.1002/chem.200601152.

(27) (a) Martin, R. B. InCisplatin Chemistry and Biochemistry of a Leading
Anticancer Drug Lippert, B., Ed.; Wiley-VCH: Zurich; 1999; pp 183
205. (b) Jennerwein, M.; Andrews, P. Brug Metab. Dispos1995 23,
178-184.
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Table 2. Rate Data for the Aquation of Complexes 5 and 6 at Varying Temperatures
compound TIK kih—1 ti/h E./kJ mol* AHkJ mol—t ASHI K-t molt
5 278 0.243+ 0.003 2.85+ 0.03 91.5+ 3.0 89.1+ 3.0 —64.84+ 10.5
285 0.697+ 0.018 0.99+ 0.03
288 1.063+ 0.035 0.65+ 0.02
298 3.4914+ 0.027 0.20+0.01
6 278 0.092+ 0.001 7.51+0.10 93.1+ 4.4 90.7+ 4.3 —61.6+ 15.1
285 0.211+ 0.003 3.29+ 0.04
288 0.339+ 0.008 2.04+ 0.05
298 1.346+ 0.053 0.52+ 0.02
(A) (B)
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0 5 10 15 20 25 Figure 5. Determination of cancer cell cytotoxicity. Effect of variation in
Time /h the concentrations offf-p-cym)Os(pico)Cl] 6), [(178-bip)Os(pico)Cl] 6),

Figure 4. Time dependence for formation of the aqua coméxbased

on IH NMR peak integrals) during hydrolysis ofiff-p-cym)Os(pico)Cl]

(5) in acidic (pH* 2) DO at 298 K (¥), 288 K (@), 285 K (a), and 278 K
(). The inset shows an Arrhenius plot the slope of which gives the
Arrhenius activation energia, of 91.5 kJ mof™.

sample preparation and after incubation at 310 K for 24 h. On
the basis ofH NMR peak integrals, compleX was found to

be present only as the intact chloro complex at 100 mM [CI]
(pH* 7.0), as 45% hydrolyzed complesA at 22.7 mM [CI]
(pH* 7.1) and as 729%A at 4 mM [Cl] (pH* 6.8); see Figure
S7 and Table S5.

Kinetics of Hydrolysis. The kinetics of hydrolysis for
complexesl—4 and 7 were too fast to measure by NMR.
However, we were able to follow the formation of the aqua
complexes o6 and6 based on integration dH NMR peaks

and [(75-p-cym)Os(oxine)CI] ) on the survival of (A) human A549 lung
cancer cells and (B) human A2780 ovarian cancer cells, giving the IC
values in Table 3.

Table 3. In Vitro Growth Inhibition of Human A549 Lung and
A2780 Ovarian Cancer Cells

compound ICso/uM A549 ICso/uM A2780
1 >100 >100
2 >100 >100
3 >100 >100
4 >100 >100
5 17 4.5
6 8 4.2
7 60 15.2
Ru-72 >100

aRu analogue o, [(;7%-p-cym)Ru(oxine)Cl]; see ref 43.

in spectra recorded at various time intervals and temperaturesand 5.98 at 293 K which merged into broad peaks #.27
These experiments were carried out at acidic pH* (ca. 2) so and 6.00 at 353 K!H NMR spectra of the aqua compl&a
that deprotonation of the aqua complex as a secondary reactiorzontained twgp-cymene doubletsd(6.31 and 6.09) at 298 K,

did not occur. The hydrolysis data were fitted to pseudo-first-
order kinetics (Figures 4 and S5). At 298 K, the half-life for
hydrolysis of thep-cymene compleX was 0.2 h, about 2.5
times shorter than that for the biphenyl compxTable 2).
Arrhenius activation energiegy), activation enthalpies\H¥),
and activation entropiesA&) (Figure S6) are listed in Table
2. The large negativAS values are notable.

Variable Temperature Dynamic NMR. 'H NMR spectra
of aqueous solutions (1 mM, 5% MeOQidf95% D,O) of
complexes4, 5, and 7 (containing predominantly the aqua
complexes4A, 5A, and 7A) at pH* ca. 4 (so as to prevent

deprotonation of the coordinated water) were recorded over the

temperature range of 275853 K. At lower temperatures (285
K), four peaks for thep-cymene arene protons of the aqua
complex4A were resolved (doublets &t6.27 and 6.229 5.98
and 5.96). These peaks broadened at 323 K (broad peak at
6.26, doublet ab 6.01) but sharpened into two doublets§.27
and 6.03) at 343 K. The aqua compl&R gave four sharp
doublets ¢ 6.41, 6.38, 6.17, and 6.10) at 293 K, which merged
into two broad peaks)(6.40 and 6.17) at 353 K. Peaks for the
intact chloro compleX (accounting for ca. 13% of the species
in solution) showed a similar behavior: doublet® #.27, 6.00,

one of which broadened on cooling to 283 K (broad péak
6.31, doublet) 6.08) and resolved into broad peaksdab.35
and 6.28, on cooling to 275 K (Figure S8). The rates of the
dynamic chemical exchange procesde} \Which gave rise to
these line shape changes, lifetimes of the contributing species
(t), and the Gibbs free energieAG*) at the coalescence
temperature o) were calculated. These range frdq= 47
slatT, =353 K for5A, 57 s at 323 K for4A, to 102 st

at 283 K for7A (Table S6).!H NMR spectra of solutions of
the intact chloro adducts and7 in methanolel; were temper-
ature dependent with the foprcymene peaks resolving out at
lower temperatures (Figure S8D and E).

Cancer Cell Cytotoxicity. The cytotoxicity of complexes
1-7 toward human ovarian A2780 and lung A549 cancer cell
lines was investigated. Complexé&s4 were nontoxic up the
highest test concentration of 5M. The 1G5 (50% growth
inhibitory activity) values are therefore likely to bel00uM,
and with this cutoff value, the complexes are deemed inactive.
However, complexe$—7 showed moderate to high activity
(Figure 5 and Table 3) with 1§ values of 4-60 uM. Notable
is the high activity of the biphenyl/picolinate compléxagainst
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(A)

(B)

Figure 6. X-ray structures of nucleobase adducts. H-bonded cations in
the X-ray crystal structure of (A) §6-p-cym)Os(pico)(9EtG)f (9), between

the oxygen 092/082 of the chelated pico ligand and N1H (N73H7311)
and C2NH (N113H1131) of coordinated 9EtG from an adjacent molecule.
(B) Metal-modified A:A homo base pairing between C2NH (N51H51A)
and N1 (N41) of an adjacent molecule fo${p-cym)Os(pico)(9EtA)}

(112); 50% probability ellipsoids, remaining H atoms have been omitted for
clarity.

both cell lines (1Gy 4.2 and 8.QuM for A2780 and A549 cells,
respectively).

Binding to Nucleobases, Possible Target Sites on DNA.
The reactions of the cytotoxic complexyfp-cym)Os(pico)-
Cl] 5, with model nucleobases were investigated, as binding to
DNA is often associated with the cytotoxic action of metal
anticancer drug¥28

In the'lH NMR spectrum of a solution containirg(1 mM)
and 1 molar equiv 9-ethylguanine {D, pH* 7.68, 298 K), new
peaks assignable to the 9EtG add@eippeared (Figure S9A),
with an approximate half-time for reaction, based on peak
integrals, of 3.5 h (Figure S9B). ESI-MS studies on this NMR
sample gave a major peak @afz 627.2, consistent with the
presence of j{6-p-cym)Os(pico)(9EtG)] (9, calcdn/z 627.2).
Complex9 was synthesized, and the X-ray crystal structure of
the PR salt confirmed the binding of 9EtG by N7 (Figure
S10A). An interesting feature of the structure is the hydrogen
bonding between NH and Ntbf 9EtG and the two O atoms
of the chelated picolinate on an adjacent molecule (N(73)H-
(731)+--0(92) 1.91 A and N(113)H(113%)0(82) 2.19 A)
giving rise to chains in the crystal (Figure 6A and Table S3).

Binding to N7 of 9EtG in9 was further confirmed by a pH*
titration, monitored by'H NMR spectroscopy, over the pH*
range of 3-12. Peaks assigned to spe@eshifted to high field
with increasing pH*, with an associateg = 8.97 4+ 0.02
(Figure S11A), consistent with N1 deprotonation of N7-bound
9EtG.

Addition of 1 molar equiv of adenosine (Ado) to an aqueous
solution of5 (1 mM, pH* 7.38, 298 K) gave rise to little product
in the™H NMR spectrum after 5 min, but after 24 h, there were

(28) Zhang, C. X,; Lippard, S. Lurr. Opin. Chem. Biol2003 7, 481—489.
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(€)1 mM
24 h

(D) 50 pM
24 h

(A)10min  (B) 10 min

6.5 6.0
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Figure 7. H NMR spectra showing the arene CH region for 1:1:1
competition reactions of the aqua add&ét with 9EtG and 9EtA in RO

at 1 mM and 5uM. (A) and (B) show the spectra obtained ca. 10 min
after sample preparation, and (C) and (D) those obtained after incubation
at 310 K for 24 h5 and5A correspond to the intact chloro and aqua species,
respectively9 to [(75-p-cym)Os(pico)(9EtG)| and 11 to [(°-p-cym)Os-
(pico)(9EtA).

two new sets of peaks (38% major specl®sand 21% minor
specieslOb). ESI-MS studies on this NMR sample gave peaks
atm/z448.2 and 715.1, consistent witty®-p-cym)Os(pico) ©
({5-CI}*, calcdnvz 448.1) and [§®-p-cym)Os(pico)(Ado)} (10,
calcdm/z 715.2), respectively. Compleld, the 9-ethyladenine
(9EtA) analogue, was synthesized, and the X-ray crystal
structure of the Pgsalt showed the presence of N7-bound 9EtA
(Figure S10B). Hydrogen bonds link independent coplanar 9EtA
units in the crystal structure, N(51)H(51AN(41) 2.11 A
(Figure 6B). NH of 9EtA and the chelated oxygen of the
picolinate ligand are also H-bonded, N(51)H(5%B)(82) 2.18

A (Table S3).

The chemical shifts of the H8 and H2 singlets of 9EtA bound
to Os in aqueous solutions dfl shifted to high field with
increase in pH* over the range of-B, with an associated{*
of 2.06+ 0.02 (Figure S11B), assignable to N1 protonation of
N7-bound 9EtA.

No new peaks appeared in th¢ NMR spectrum of5 after
addition of thymidine (Thy), over a period of 24 h (310 K).
However, for cytidine (Cyt), a small set of new peaks appeared
accounting for<10% of{ (15-p-cym)Os(pico) © present (Figure
S12).

The addition of both 1 molar equiv of 9EtG and 1 molar
equiv of 9EtA to 1 mM or 5QuM equilibrium solutions of5
(81 and 90% aqua adduBt, respectively) did not result in
any new peaks after ca. 10 min. However, after incubation at
310 K for 24 h, new peaks fd¥ and11 had appeared. On the
basis of the peak integrals (Figure 7), the 1 mM solutios of
contained 6.8% aqua addugA, 80.7% of the 9EtG addu&,
and 12.5% of the 9EtA addutd, a ratio of ca. 0.5:6:1, whereas
the 50uM solution of 5 contained 58.7% aqua add&&, 32.9%

9, and 8.4%11, a ratio of ca. 7:4:1.

Solutions of the 9EtG addu®t [(°-p-cym)Os(pico)(9ELG)i,
in D,O at varying concentrations (2 mM to 20M) were
prepared, and thefiH NMR spectra were recorded ca. 10 min
after sample preparation and after incubation at 310 K for 24
h, 6 days, and 13 days. No new peaks were present in the spectra
recorded after 10 min, but after 24 h, minor new peaks (3% at
2 mM and 12% at 2xM) appeared, consistent with formation
of aqua complex5A and free 9EtG; see Figure 8A,C. After
incubation of the samples for 6 and 13 days, these peaks
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(A)9: 10 min (C)9: 24 h

LU MN 20 uM A
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S ™ ] gy

65 6.0 6.5 6.0ppm 65 60 6.5 6:0 ppm

Figure 8. Low-field *H NMR spectra of 1 mM, 10Q:M, and 20uM
solutions of (A) [¢7%-p-cym)Os(pico)(9ELG)} (9) and (B) [¢7°-p-cym)Os-
(pico)(9EtA)I™ (12) directly after sample preparation, and (C) and (D) after
incubation at 310 K for 24 h. Peaks for the free aqua ad@dctare
highlighted by boxes. CompleXremains mostly intact, whereas complex
11 dissociates almost completely after 24 h (for determination of stability
constant, see Figure S13).

(B) 11: 10 min (D) 11: 24 h

increased in intensity. After incubation of the 2M solution
of 9 for 13 days at 310 K, 40% of the intact complex was still
present. Attempts to analyze the data as a simple dissociatio

were unsuccessful, suggesting that equilibrium had not yet been

reached under these conditions. Similarly the stability of 2 mM
to 20uM aqueous solutions of the 9EtA addudt, [(;6-p-cym)-
Os(pico)(9EtA)T, was investigated byH NMR spectroscopy
over a period of 24 h at 310 K. Again, no new peaks were

present in the spectra recorded after 10 min; however, after 24
h at 310 K, peaks assignable to free 9EtA and the aqua osmium

complex5A were present and increased in relative proportion
with decrease in Os concentration (Figure 8B,D). An equilibrium
binding constant of lodk 3.95 was obtained from the slope of
the plot of [L1)/[free 9EtG] versus A], based on peak
integration (Figure S13).

Discussion

Our aim in this work was to investigate whether the aqueous
chemistry of organometallic osmium(ll) arene complexes can

be fine-tuned so as to achieve cancer cell cytotoxicity and design ; : ]
glowering the [Ks* of the coordinated water by 0.6<@* units

potential osmium anticancer agents. Previously, we had foun
that osmium(ll) arene complexes containing en as a N,N-
chelating ligand hydrolyze slowlyti(, = 6.4 h at 298 K and
pH* ca. 7), whereas those wit-diketonate O,0O-chelating
ligands hydrolyze rapidly but are deactivated by chelate ligand
loss under biological test conditioksHere we have investigated
complexes with mixed N,O-chelating ligands and show that the

aqueous reactivity can be fine-tuned even within N,O-chelates

by the choice of the types of N- and O-donor groups.
We synthesized chloride complexis7 containing primary

amine and tertiary pyridine nitrogens as N-donors and carbox-
ylato or aryloxides as O-donors. They were expected to have

the familiar half-sandwich, piano-stool structure, and this was
verified by X-ray crystal structure determination for two of them,
thep-cymene/picolinate complexand thep-cymene/hydroxy-
quinolate complex?. The structures of Osarene complexes
are often similar to those of their Rianalogues. Botfr and

its RU' analogué® form almost identical short-range interactions
in their crystal structures, and compl&xis structurally very
similar to the related Rucomplex, [¢5-1,3,5-GMesH3)Ru-
(pico)CI]X> The Os-Cl bond length in7 (2.4235(7) A) is
significantly longer than that i (2.4048(13) A), consistent
with the increased charge at the''@®nter in7 and the slower
hydrolysis rate ofs. A similar difference in bond length and
hydrolysis rate was noted for YRU' acetylacetonate and (s
RuU' ethylenediamine half-sandwich complex*é8? The N,O-

n

chelated complexes studied here are racemates due to the
presence of a stereogenic osmium center.

Aqueous Solution Chemistry. Aminoacidate complexek—4
containing five-membered chelate rings hydrolyzed rapid}y (
< min), in agreement with a report forf§-benzene)Os(gly)-
Cl] (tuz= 0.6 min at 298 KY, a characteristic shared by anionic
0,0-chelated Gsand R arene complexes:26-29Substitution
of the primary amine-NH; donor by ther-acceptor pyridine
(complexess and 6) in N,O-chelated complexes slows down
the rate of hydrolysi8! and replacement of the arepeymene
(complex5) by the more electron-deficient arene biphér{l
(complex6) slows down the rate of hydrolysis even further.
The hydroxyquinolate complex7) also hydrolyzes rapidly
despite the presence of theacceptor pyridine N-donor. This
can be attributed to the higher partial charge on the aryloxide
O-donor compared to the carboxylate groupSiwhere the
charge is delocalized over two oxygens. The large negative
activation entropiesAS") obtained for the hydrolysis & and
6 suggest that the mechanism involves an associative pathway.
For all of the complexes studied, we observed slow exchange
between the chloro and aqua species orftth’IMR time scale,
a characteristic of N,N-chelated complexes, but not O,0O-chelated
pB-diketonate complexes. Hence it appears that N,O-chelated
complexes display aqueous chemistry behavior intermediate
between that of complexes containing neutral N,N- and anionic
0,0-chelating donors, and that within the group of N,O-chelates
the choice of N- and O-donor group can have a significant effect.

The acidity of the aqua ligand in the aminoacidate complexes,
1-4 (pKg* 7.14—7.55), is intermediate between that of com-
plexes containing the neutral N,N-chelating ethylenediamine
(en), [(7%-bip)Os(en)(OR)]?* (pKs* 6.37), and anionic O,O-
chelates such as acetylacetonate (acag§;d{cym)Os(acac)-
(OD1 (pKa* 7.84) M Introduction of ther-acceptor pyridine
as the N-donor reduces the electron density on the metal,

(Table 1)32 Due to the unsymmetrical nature of the chelating
ligands, the osmium center is chiral in all the complexes studied,
as is evident from their aqueodid NMR spectra in which all

of the protons of the coordinated arene are magnetically
inequivalent. This is in contrast to the unsymmetrical O,O-
chelated maltolate complexes, for which averaging of proton
environments is observed due to a dynamic (ring-opening)
process which occurs at the metal cedfe€Complex5, for
example, in aqueous solution gives faqacymeneH NMR
peaks, each showing the same pH* dependence (Figure 3A).
However, complex7 behaves differently during the pH*
titration. At acidic pH*, there are only two sharp doublets in
the spectrum; these broaden as the pH* is increased and resolve
out into the expected four doublets, one for each arene ring
proton, at basic pH* (Figure 3B). This suggests that in acidic

(29) Fernandez, R.; Melchart, M.; Habtemariam, A.; Parsons, S.; Sadler, P. J.
Chem—Eur. J.2004 10, 5173-5179.

(30) Dougan, S.; Melchart, M.; Habtemariam, A.; Parsons, S.; Sadleriri@rg.
Chem.2006 45, 10882-10894.

(31) The presence ofaacceptor ligand can stabilize the transition state in an
associative reaction and therefore increase the rate, as observed for square-
planar Pt complexes: Summa, N.; Schiessl, W.; Puchta, R.; van Eikema
Hommes, N.; van Eldik, RInorg. Chem.2006 45, 2948-2959. If the
reaction mechanism for the pseudo-octahedral osmium complexes is
associative, H-bonding and steric effects may contribute to the slower rates
of hydrolysis.

(32) During the pH* titrations of complexe&—7, we observed no new
independent peaks in tHél NMR spectra which might be assignable to
ring-opened species.
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solutions the dynamic process involves rapid chelate ring 100 7ossg
opening via oxygen atom protonation, which slows down at ICso
basic pH*. 8-Hydroxyquinolate is a stronger bas&{pQH I uM
= 5.0+ 0.1)® than 2-picolinate (i picoH = 1.01$4 and the 501
other carboxylate N,O-ligands investigated here, suggesting that
it would be more readily protonated. This dynamic process was
rapid for the maltolate complexsf-p-cym)Os(mal)(OR)]*,

Activity

even at basic pH*, which is in keeping with the even higher 1001 Formation of

basicity of maltolate (a malH = 8.62)26° The dynamic 1 dinuclear species

process was monitored for,D solutions of4, 5, and 7 at % F
-

various temperatures. The exchange rates imply that ring
opening occurs most readily for the oxine compreand least

readily for the picolinate compleX, which is again consistent 0

with the acidity of the chelated oxygen atomKgof free 2. . o~
B-alanine is 3.43§6 Therefore, the more acidic ligands exhibit Hydrolysis

enhanced stability with respect to chelate protonation and ring Logk {rate

opening, which may also contribute to the higher stability of
complexes with respect to formation of the hydroxo-bridged
dinuclear speciesgj.
It seems likely that the mechanism of formation of the
hydroxo-bridged dinuclear specied (nitially involves breakage
of the Os-0 bond, assisted by protonation, followed by->é
bond breakage. This does not occur when the chelated ligand
contains a pyridine N, despite the ready protonation of the
coordinated oxygen in complex Evidently, the Os N(pyri-
dine) bond does not break under the conditions studied,
preventing formation of the hydroxo-bridged dinuclear species
(8). Clearly the incorporation of a-acceptor such as pyridine
is crucial for the overall stability of the complex, due to the
strengthening of the metaN bond formed. Complexes contain- |
ing six-membered aminoacidate chelate rings (comg)eshiow
less stability with respect to formation & than their five-
membered analogues (complexXes3d), a trend similar to that
found previously for anionic O,0-chelatés. Figure 9. Bar charts illustrating _the re]ationship between <_:yt0t0xi_city
At igh chiorde concentraions typicalof iood plasma (100 541 Wrin S1cer el ity I fspect 1o ometen of e
mM), complex5 was present as the less reactive intact chloro adducts for osmium arene complexegtfarene)Os(XY)CI* containing
species. At the lower chloride concentration of 4 mM (a typical different XY = N,N-, N,O-, and O,0-chelating ligands. Shading indicates

nucleus concentratioRY,the complex is activated by hydrolysis, ~the range of observed values.
with 72% present as the reactive aqua spec®s).( This
suggests a possible mode of activation toward DNA binding.
In addition, complex5 was stable in isotonic saline solution

lines, respectively, are comparable to those of the anticancer
drug carboplatin (1o = 10 and 6uM for A549 and A2780,

i 8,39
when stored in the dark at ambient temperature for 2 months, "€SPECtivelyy?= . o
making aqueous drug formulations feasible. Figure 9 provides an overview of the relationships between
Complexes containing aminoacidate chelates4) hydro- cancer cell cytotoxicity, complex stability with respect to

lyzed rapidly, were unstable with respect to formation of the formation of hydroxo-bridged dinuclear species, rates of hy-
hydroxo-bridged dinuclear specie8),(and were inactive toward ~ drolysis, and acidity of coordinated water. Our work demon-
human ovarian and lung cancer cells. However, complBx&s strates how rational chemlca}l deS|gn can _be applied to osmium
containing a pyridine as the N-donor atom, which were stable &€né complexes resulting in specific windows of reactivity,
at micromolar concentrations and reacted with purine nucleo- Stability, and cancer cell cytotoxicity.

bases, exhibit cytotoxic activity (kg = 4—60 uM, Table 3). Binding to NucleobasesNuclear DNA is often believed to
Activity increases with a decrease in the rate of hydrolysis and be the major target of metal-based anticancer compféxes.
was greatest for compleéwhich exhibited the slowest kinetics. ~ Osmium arene complexesyftarene)Os(XY)CI*, containing

The rate of hydrolysis of6 is comparable to the rate of @ neutral N,N-chelate bind selectively to G-type nucleobases,
hydr0|ysis of active ruthenium arene en Comple%Zd§50va|ueS and those Containing an anionic 0,0'Chelate have similar

for 6 of 8 and 4.2uM for the A549 and A2780 cancer cell  affinities for both G- and A-type nucleobasgg®The competi-
tion reactions carried out with complé&show binding to both
(33) Irving, H.; Ewart, J. A. D.; Wilson, J. T. Chem. Socl949 2672-2674. G and A, but with a strong preference for G. It is notable that,

(34) Green, R. W.; Tong, H. KI. Am. Chem. S0d.956 78, 4896-4900.
(35) Dutt, N. K.; Rahut, SJ. Inorg. Nucl. Chem197Q 32, 1035-1038.

(36) Veelakova K.; Zuskova I.; Kennaler, E.; GasB. Electrophoresi2004 (38) Cui, K.; Wang, L.; Zhu, H.; Gou, S.; Liu, YBioorg. Med. Chem. Lett.
25, 309-317. 2006 16, 2937-2942.

(37) Wang, F.; Chen, H.; Parsons, S.; Oswald, I. D. H.; Davidson, J. E.; Sadler, (39) Aird, R. E.; Cummings, J.; Ritchie, A. A.; Muir, M.; Morris, R. E.; Chen,
P. J.Chem—Eur. J.2003 9, 5810-5820. H.; Sadler, P. J.; Jodrell, D. Br. J. Cancer2002 86, 1652-1657.
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even at micromolar concentrations40% of the osmium is Cisplatin binding to DNA results in 25% of total lesions being
bound to purine nucleobases. Intriguingly, the binding constant ApG intrastrand adducts, and these are 5 times more mutagenic
for 9EtA is only moderate (lo&k 3.95), and equilibrium for  than the more common GpG adduttTherefore, such interac-
dissociation of 9EtA from [{5-p-cym)Os(pico)(9EtANT)] ™ (11) tions resulting from A binding on DNA could contribute to the
is reached within 24 h of incubation (310 K). In contrast, anticancer activity of comples.
dissociation of the 9EtG adductyfi-p-cym)Os(pico)(9EtG-
N7)]* (9) at micromolar concentrations occurs relatively slowly,
and equilibrium is not reached even after incubation at 310 K The goal of the present study was to design osmium arene
for 13 days. Hence, once G adducts (on DNA or RNA) are complexes which are cytotoxic toward cancer cells and therefore
formed, they are likely to persist. Such kinetic stability may potential novel anticancer drugs. This has been achieved by
also make G adducts less susceptible to repair compared to Aemploying chemical principles to tune the reactivity, aqueous
adducts. Binding to the N7 of 9EtG or 9EtA acidifies the N1 chemistry, and stability of this class of complexes.
proton, which is consistent with metalation at the N7 &it&:41 We have found that half-sandwich, piano stool' Gsene
Little and no binding of [5-p-cym)Os(pico)CI] to the pyrimi- complexes of general formulaff-arene)Os{,0)Cl], containing
dine bases, Cyt and Thy, was observed. The N3 position is an anionic N,O-chelate, display chemical reactivity intermediate
sterically crowded in both pyrimidine bases making it an between those of the neutral N,N- and anionic O,O-chelated
unfavorable binding site, and at physiological pH, N3 of Thy parent compounds. However, even within this group of N,O-
is protonated making it less available for binding (and involved chelates, the choice of the N- and O-donors is crucial. The more
in Watson-Crick H-bonding). acidic the chelated oxygen the less readily ring opening occurs,
A search of the Cambridge Database revealed no previouslyand the less readily hydroxo-bridged dinuclear species are
reported X-ray crystal structures of osmium complexes contain- formed. More critically, the introduction of a-acceptor such
ing coordinated guanine or adenine nucleobases. However, theas pyridine (as in compleX[(75-p-cym)Os(pico)CI]) minimizes
structure of [Os(9MeHyp)(NEJs|ClsH20 (9MeHyp= 9-meth- chelate ring opening through strengthening the-8sbond.
ylhypoxanthine), which contains the purine base hypoxanthine These factors appear to be crucial in maintaining stability with

Conclusions

(Hyp), has been report¢d.The X-ray structures o and 11 respect to formation of inert (biologically inactive) hydroxo-
confirmed the binding of (175-p-cym)Os(pico) ™ to the sterically bridged dinuclear species which can deactivate osmium arene
non-hindered N7 site. In solution, a minor produt0l; ca. complexes even at micromolar concentrations and in the

20%) also formed with adenosine and can be assigned to anpresence of saline (0.1 M}:26

N1-bound species. The ©&i7(nuclecbase) bond lengths Complex5 shows a strong preference for binding to G bases
compare well with those reported for [Os(9MeHNF)(NH3)s)- over A bases, with little or no reaction with pyrimidines. The
Cls*H,0 (2.107 A), [¢75-p-cym)Ru(gly)(9EIGN7)]PFs (2.136 X-ray crystal structures of the G and A adducts of comp@ex
A),%3 and [(;5-benzene)Rufala)(9EtGN7)]CI (2.115(6) and are, as far as we are aware, the first osmium G and A adducts
2.112(7) A)** Intriguingly, the nucleobase functionality lies on  to be reported. Reactivity toward DNA nucleobases, along with
opposite sides of the chelate for G and A bases. The exocyclicthe aqueous chemistry and stability (at micromolar concentra-
oxygen of 9EtG is on the N-chelated side of the picolinate tions), makes pf6-p-cym)Os(pico)Cl]5, [(r78-bip)Os(pico)Cl]
ligand, and the Nblof 9EtA is on the O-chelated side (as is 6, and [¢;5-p-cym)Os(oxine)CIJ7 suitable candidates for further

also the case for related ruthenium complexé$jboth forming investigation as anticancer agents. These complexes exhibit
favorable short-range interactions with the chelate(@H and activity against human A549 lung and A2780 ovarian cancer
NH---O, respectively). cells, comparable to that of carboplatin.

Homo base pairing involving C6N#t-N1 (C51NH--N41)
H-bonding is observed between the metal-modified adenine
fragments in the X-ray crystal structure f (Figure 6B). This
base pairing is of the “extended pairing” typeas the N7
position is blocked by the coordinated osmium. Non-Watson
Crick adenine homo base pairing is not unusual and is also
present in the X-ray crystal structures df320-anhydroad-
enosiné® and tetraaqua-(9-methyladenine) copper(ll) sulfate  Supporting Information Available: Details of the crystal-
monohydraté#8Evidence for such pairing has even been found |ographic data (Tables S1S3, Figures S1 and S10), agqueous
in cytosine-rich DNA at low pH? Such binding to DNA might  chemistry (Tables S4S6, Figures S2S8), and nucleobase
therefore result in mismatches in the base pairing of adenine. studies (Figure S9S13); X-ray crystallographic data in CIF
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