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Abstract: The Os" arene ethylenediamine (en) complexes [(15-biphenyl)Os(en)Cl][Z], Z = BPh, (4) and
BF, (5), are inactive toward A2780 ovarian cancer cells despite 4 being isostructural with an active Ru"
analogue, 4R. Hydrolysis of 5 occurred 40 times more slowly than 4R. The aqua adduct 5A has a low pKa
(6.3) compared to that of [(5-biphenyl)Ru(en)(OH)]?* (7.7) and is therefore largely in the hydroxo form at
physiological pH. The rate and extent of reaction of 5 with 9-ethylguanine were also less than those of 4R.
We replaced the neutral en ligand by anionic acetylacetonate (acac). The complexes [(15-arene)Os(acac)-
Cl], arene = biphenyl (6), benzene (7), and p-cymene (8), adopt piano-stool structures similar to those of
the Ru" analogues and form weak dimers through intermolecular (arene)C—H---O(acac) H-bonds.
Remarkably, these Os'" acac complexes undergo rapid hydrolysis to produce not only the aqua adduct,
[(75-arene)Os(acac)(OHy)]™, but also the hydroxo-bridged dimer, [(17%-arene)Os(u«?-OH)sOs(;%-arene)] ™. The
pKa values for the aqua adducts 6A, 7A, and 8A (7.1, 7.3, and 7.6, respectively) are lower than that for
[(#5-p-cymene)Ru(acac)(OH,)]* (9.4). Complex 8A rapidly forms adducts with 9-ethylguanine and adenosine,
but not with cytidine or thymidine. Despite their reactivity toward nucleobases, complexes 6—8 were inactive
toward A549 lung cancer cells. This is attributable to rapid hydrolysis and formation of unreactive hydroxo-
bridged dimers which, surprisingly, were the only species present in aqueous solution at biologically relevant
concentrations. Hence, the choice of chelating ligand in Os' (and Ru") arene complexes can have a dramatic
effect on hydrolysis behavior and nucleobase binding and provides a means of tuning the reactivity and
the potential for discovery of anticancer complexes.

Introduction scope for the design of therapeutic and diagnostic adents.
Certain RU arene complexes of the typeyftarene)Ru(LL)-
(X)1[Z] (where LL is a chelating ligand such as ethylenediamine
'(en), X a leaving group such as Gland Z a counterion) exhibit
both in vitro and in vivo activity, in some cases with activity
comparable to that of cisplatin and carbopldtiStructure-
activity relationships for these monofunctional'Retomplexes
with respect to the arerfethe chelating liganti(LL), and the
leaving group® (X) have been studied. Some related acetyl-
acetonate (acac) complexeg%arene)Ru(acac)(Cl)] are also
cytotoxic to cancer cells: As for cisplatin, hydrolysis (substitu-

The serendipitous discovery of the anticancer activity of
cisplatin over 40 years a§tas stimulated the quest for other
metal-based anticancer agents, especially complexes with fewe
side effects than cisplatin, which circumvent developed and
intrinsic resistance, and which possess a wider range of
anticancer activity. Ruthenium(lll) exhibits a spectrum of kinetic
activity similar to that of Pt2 and two RU' complexes have
entered clinical trialstrans[RuCly(DMSO)(Im)]ImH (NAMI-

A, where Im = imidazole§ and trans[RuCly(Ind);]IndH
(KP1019, where Ind= indazole)* It has been proposed that
their mode of action involves in vivo reduction of Ruo the
more reactive RU2° Organometallic complexes offer a broad
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tion of X by H,O) may be an important step in the mechanism using SHELXTL, and H-atoms were placed in geometrically calculated
of action of Rl arene complexd3and the rate-determining  positions. X-ray crystallographic data for compleXeédR, 6-0.25CH:-
step in DNA binding. Here we explore the chemical and ©H.7, and8 are available as Supporting Information and have been

biological activity of arene en and acac complexes of the heavier d€Posited in the Cambridge Crystallographic Data Centre under the
congener 05 Previous reports on the aqueous chemistry of accession numbers CCDC 291587, 291588, 291589, 291590, and

osmium arene complexes are limit€d!® Studies of the 2015091, respectively.

biological activity of . | to h b (b) NMR Spectroscopy.*H NMR spectra were acquired on Bruker
iological activity of osmium complexes appear to have been =6 1'— 500 MHz), AVA 600 ¢H = 600 MHz), or AVA 800

Iarg_el_y res_,tricte_q to c_)s_mium _carbohydrate_ _polymers_ which (*H = 800 MHz) spectrometers using TBH, *C, X] probe-heads
exhibit antiarthritic activityt® Third-row transition metal ions equipped wittz-field gradients*H NMR spectra in BO were typically

are commonly more inert than those of the first and second acquired with water suppression by Shaka’s methodwith presatu-
rows. For example, substitution reactions df Bomplexes are ration. *H NMR chemical shifts were internally referenced to 1,4-
commonly ca. 5 orders of magnitude slowéthan those of its dioxane (3.75 ppm) for aqueous solutionsH(@)(CD3)SO (2.50 ppm)
lighter congener Pg and similarly O% is generally found to ~ for DMSO-ds, and GHCl; (7.26 ppm) for chlorofornd solutions. Al

be much more inert than its lighter congener'RUHere we data processing was carried out using XWIN-NMR version 2.0 (Bruker
show that the choice of the chelating ligand (ELen or acac) YK Ltd.). o

in [(5%-arene)Os(LL)CI* complexes can have a dramatic effect (c) Mass Spez_ctrometry.Elgctrospray ionization mass spectra (ESI-
on hydrolysis behavior and reactivity toward nucleoba&es, MS) were obtained on a Micromass Platform Il mass spectrometer,

. . . . . | and DO/H,O solutions were infused directly. The capillary voltage
;ar(e:tr?ésa\;lvt?(l:g;ferre (!I(')(ril[))/léiebse important in the design of'Os was 3.5 V, and the cone voltage was varied between 10 and 45 V,

depending on sensitivity. The source temperature was 353 K. Mass
spectra were recorded with a scan ramge 200—-1200 for positive
ions.

Materials. 9-Ethylguanine, adenosine, cytidine, thymidine, and (d) pH* Measurement. The pH* (pH meter reading without
ethylenediamine were purchased from Sigma-Aldrich; deuterated correction for effects of D on the glass electrode) values of NMR
solvents, ammonium tetraphenylborate, and ammonium tetrafluorobo- samples in BO were measured at ca. 298 K directly in the NMR tube,
rate from Aldrich; and OsGinH,O from Alfa Aesar. Ethylenediamine  before and after recording NMR spectra, using a Corning 240 pH meter
was distilled over sodium; sodium acetylacetonate monohydrate was equipped with an Aldrich micro combination electrode calibrated with
dried in vacuo; and ethanol and methanol were distilled over magnesium/Aldrich buffer solutions at pH 4, 7, and 10.
iodine prior to use. (e) Hydrolysis. A solution of 5 in 5% MeODd4/95% D,O (v/v)

Complexesl—8 were synthesized using procedures similar to those (ca. 1 mM and 298 K) was prepared by dissolutiorbah MeOD-ds,
reported previousl§® and the details and characterization of the followed by rapid dilution with RO, and'H NMR spectra were
complexes are given in the Supporting Information. Crystals suitable recorded at various time intervals. The rate of hydrolysis was determined

Experimental Section

for X-ray diffraction were obtained at 253 K faF (from a saturated
solution in acetone)3-0.25CHOH (from THF/hexane solution), and

by fitting the data for concentrations (determined iy NMR peak
integrals) versus time using the appropriate equation for pseudo-first-

8 (by slow evaporation from an acetone/hexane solution) or at ambient order kinetics using the program ORIGIN version 5.0 (Microcal

temperature fodR (by diffusion of diethyl ether into a dichloromethane

Software Ltd.). Solutions 06, 7, and8 at ca. 2 mM concentrations

were made up at 298 K inJ0®. Sonication (ca. 10 min) was employed
solution). to assist dissolution, antH NMR spectra were recorded at various

Methods and Instrumentation. (a) X-ray Crystallography. All time intervals.'H NMR spectra were also recorded for solutions of
diffraction data were collected using a Bruker (Siemens) Smart Apex ©~8 in D20 after addition of 1 mol equiv of AgN&and removal of
CCD diffractometer equipped with an Oxford Cryosystems low- the AgCl precipitate by filtration through a glass wool plug, and after
temperature device operating at 150 K. Absorption corrections for all @ddition of excess NaCl (to give 0.15 M) to an equilibrium solution of
data sets were performed with the multiscan procedure SAD®BS. 8in D2O. The'H NMR spectrum o8B after dissolutionn a 1 Msolution
Structures were solved using either Patterson or direct methods©f NaClin DO was also recorded.

solution) and7 (by the slow diffusion of diethyl ether into a chloroform

(SHELXL?° or DIRDIF?Y). Complexes were refined agairfstor F?
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To mimic typical biological test conditions (concentrations and
solvents), a 5@:M stock solution of8 in 0.125% DMSO€s/99.875%
D,0O (v/v) (measured pH* 7.74) was prepared by dissolutio af
DMSO-ds, followed by rapid dilution with RO. An aliquot of this
stock solution was then diluted with,D to give a 2uM Os solution
(measured pH* 8.27). The 800 MHE NMR spectra were recorded
after ca. 30 min at 298 K. Samples were then incubated at 310 K for
24 h (a typical cell exposure time and temperature)'®hNMR spectra
recorded at 310 K.

The pH* of a solution of8 (ca. 2 mM) in O was adjusted from
2.1 to 10.2, and then reversed to 2.5 and retitrated to 11.8, by the
addition of DCI or NaOH, andH NMR spectra were recorded.

(f) Calculation of pKy* Values. For determinations of.* values
(pKa values determined for @ solutions), the pH* values of solutions

(20) Sheldrick, G. M.SHELXL-97 Program for the refinement of crystal
structures; University of Gottingen: Gottingen, Federal Republic of
Germany, 1997.

(21) 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: Nijmegen, The Netherlands,

(22) Hwahg, T. L.; Shaka, A. J. Magn. Reson1995 A112 275-279.
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of BA, 6A, 7A, and8A in D;O (formed in situ by dissolution of the
parent chloro complexes—8) were varied from ca. 2.5 to ca. 10 by
the addition of dilute NaOH, antH NMR spectra were recorded.
The pH titration curves were fitted to the Hendersttasselbalch
equation using the program KALEIDAGRAPHwith the assumption

that the observed chemical shifts are weighted averages according to
the populations of the protonated and deprotonated species. The errors

in pKa* values are estimated to be ca0.04 unit. These Ig.* values
can be converted toa values by use of the equatioip= 0.9291K*
+ 0.42, suggested by Krezel and Baffor comparison with related
values in the literature.

(9) Interactions with NucleobasesThe reaction of comple% or 8
with nucleobases typically involved the addition of a solution containing
1 mol equiv of nucleobase ind to an equilibrium solution o5 or 8
in D,O (which contains largely agu@A and chloro5, or largely aqua
8A and hydroxo-bridged dimeBB complexes, respectively), or to a
solution of 5A (prepared by the addition of 1 mol equiv of AgN@

a solution of5 and removal of AgCI by filtration). The pH* value of

the sample was adjusted if necessary with dilute NaOH so as to remain
within a physiologically relevant range (close to . NMR spectra

of these solutions were recorded at 298 K at various time intervals.

A pH* titration of a solution containing equimola8 and 9-eth-
ylguanine (9-EtG) was carried out from pH* 2 to 9, afd NMR
spectra were recorded at 298 K. A solution contair8ragnd equimolar
adenosine (Ado) was also titrated at 298 K from pH* 7 to 1 by the
addition of dilute HCIQ. For both titrations, the purine H8 chemical
shifts (together with that for H2 of Ado) were plotted against pH* and
the data fitted to the Hendersohlasselbalch equation.

(h) Cytotoxicity toward A2780 and A549 Human Cancer Cells.
After plating, human ovarian A2780 cancer cells were treated with Os
complexes on day 3, and human lung A549 cancer cells on day 2, at
concentrations ranging from 2 to &®1. Solutions of the Oscomplexes
were made up in 0.125% DMSO to assist dissolution. Cells were
exposed to the complexes for 24 h, washed, supplied with fresh medium,
and allowed to grow for three doubling times (72 h), and then the protein
content was measured (proportional to cell survival) using the sulfor-
hodamine B (SRB) ass&y.

Results

The complexes studied in this work are shown in Chart 1.
Osmium(ll) arene complexes containing chelated &rb) or
acac 6—38) and CI" as leaving group were synthesized in good
yields via the Cl-bridged dimers,/ff-arene)OsGl, (1—-3).

X-ray Crystallography. We determined the X-ray crystal
structures of [§®-bip)Os(en)CI][BPH] (4), [(r®-bip)Ru(en)Cl]-
[BPhy] (4R),?8 [(n®-bip)Os(acac)CH.25CHOH (6-0.25CH:-
OH), [(7®-bz)Os(acac)CI] 1), and [¢;®-p-cym)Os(acac)Clg).?”

All have the familiar pseudo-octahedral “three-legged piano-
stool” geometry, with 05 -bonded to the arene ligand (the

“seat”) ando-bonded to a chloride and a chelating ligand (the
three “legs” of the piano stool). Crystallographic data are shown

Chart 1. Osmium Arene Complexes Studied in This Work

A
Bipheny! (bip) e
CI,OS Cl
N\ _Cl
Benzene (bz) @ Cl- ol
Arene
p-cymene (p-cym) >—®* Arene =bip 1
bz 2
p-cym 3
Tz Arene ~|n+ Ar(Tne T
0 o R
~ N "NH, s’\"o /N
X X HG OH OH
\/
Os
M Z X Arene X n |
4 Os BPh, ClI 6 bip c o Arene
4R Ru BPh, CI 6A bip OH,/OH 1/0 Arene
5 Os BF, Cl 7 bz Cl 0 6B  bip
5A Os BF,; OH,/OH 7A bz OH,/OH 1/0 7B bz
8 p-cym Cl 0 8B p-cym

8A p-cym OH,/OH 1/0

= vl

|
Os...,

'NH ~ / \ ”O_
- N :
HsCH,CN W H N\) HCHC-N N7 Y
~ \=0
N\},NH N3N
HoN 9 HoN 10
H:% o >_<:% It
O NH O|
S uo 2/ s""uo
PN7 \ ) </N7 | \N1 o “"\‘
R_N\)\/NHZ NN
NNy R
11A R =ribose 1B

in the same monoclinic unit cell, space gro@p, with almost
identical unit cell dimensions. The BPhcounterion in both
and 4R sandwiches the chelated ethylenediamine, forming
chains with short-range en(NHJ)C(BPhy) interactions of 3.424-
(5) A (N(1)---C(16)) for 4 and 3.293(6) A (N(8)-C(30)) for
4R (see Figure S1). The metaCl (2.4015(9) and 2.4005(10)
A for 4 and 4R, respectively), metatN (2.108(3)-2.148(3)
A), and metatC (2.149(4)-2.230(4) A) bond lengths are
similar for the two complexes (Table S2), as is the propeller
twist of the biphenyl ligand (ca. 2k

The structures of the ®somplexe—8 containing chelated

in Table S1, and selected bond lengths and angles are listed inacac are shown in Figure 2. The-68l and Os-O bond lengths

Table S2. No intermolecular arene ring stacking is observed
for any of these complexes.

The structures of the ®scomplex4 and RU complex4R
containing chelated en are shown in Figure 1. They crystallize

(23) KALEIDAGRAPH version 3.09; Synergy Software: Reading, PA, 1997.

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

(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, 11074~1112.

(26) We reported previously the X-ray crystal structure of thg$2# but were
able to crystallize the Jscomplex only as a BRfsalt. Hence, we have
now determined the X-ray structure dfso that direct comparison is
possible.

(27) We reported previously the X-ray structure of the Ru analogyfepK
cym)Ru(acac)CI}.

range from 2.4177(10) to 2.4222(10) A and from 2.062(11) to
2.086(11) A, respectively (Table S2). Compléxcrystallizes
with one-fourth solvent molecule of methanol and shows
disorder in the coordinated biphenyl ring, which occupies three
different positions (Figure S2), resulting in a lower quality of
determination. For all of these conformations, the propeller twist
of the biphenyl ligand is ca. 30and the pendent phenyl ring
lies above the chelated acac ligand. Compleshows disorder

in the coordinated benzene ring over two different positions
with equal occupancy (Figure S2). Two independent molecules
of 8 crystallize in the same unit cell, but no disorder was
observed for the coordinatgecymene ring.

J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006 1741
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(A)

(B)

Figure 1. ORTEP diagrams and atom numbering schemes for (# [(
bip)Os(en)CI][BPE] (4) and (B) [¢;%-bip)Ru(en)CI][BPh] (4R) (50%
probability ellipsoids). The H atoms have been omitted for clarity. The
sandwich formed by the phenyl rings of the counteranion and the en
backbone is apparent.

An interesting feature of the crystal structures of complexes
6—8 is the directional hydrogen bondingD—H---A 150° <
6 < 180°) between coordinated (arene)H and (acac)O atoms of
adjacent molecules (Table 1), the shortest-@Bl hydrogen
bond being 2.29 A fo6. These hydrogen bonds are responsible
for the formation of dimers (Figure S3). (C)

Hydrolysis. The IH NMR spectrum of the en compleX,
[(5®-bip)Os(en)CI][BFR], in 5% MeOD-d4/95% D,O at 298 K
initially contained one major set of peaks. A second set of peaks
increased in intensity with time, reaching equilibrium after ca.
30 h (Figure S4). The new peaks had chemical shifts similar to
those of the aqua compl&4, prepared by treatment &fwith
AgNO;3, under the same conditions (arene peaks dodie28,
triplet 0 6.05, and triplet) 5.96; pH* 7, Figure S5). Fitting the
hydrolysis data to pseudo-first-order kinetics gave a half-life
of 6.4+ 0.2 h (298 K) (Figure 3).

In contrast, no peaks for the parent chloro complexes were
observed in théH NMR spectra of ca. 2 mM solutions of the
acac complexe$—8 in D,O at 298 K. Within 10 min of Figure 2. ORTEP diagrams and atom numbering schemes for # [(
dissolution, two major sets of peaks were seen in the arene?;Fé)aoc)Sinﬁg;?)(gc'){?)’ gggé(b’?ﬁ;bzgl(l?ss(g%ic))?a?-Ha;‘t‘é rﬁq(;)h[gjép;gg)g;}ne §
region: 6A (doubletd 6.67, tripletd 6.58, qverlapped ”'P'ej for clarity. Two i?\cii)ependen); moﬁeculeé Bfcrystallize in the same unit
6.45) and6B (overlapped doublel 6.46, tripletd 6.25, triplet cell; only one is shown.

0 6.01), 7A (singleto 6.28) and7B (singletd 6.03), and8A

(doublets ab 6.28 andd 6.07) and3B (doublets ap 6.04 and by recording the spectra of solutions&f7, and8 in DO after
0 5.82) (Figure 4). Peaks assignable to free acacPiZ6) were addition of 1 mol equiv of AgN@ (and removal of AgCI by
also present in the spectra. The ESI-MS spectra of these NMRfiltration).

samples contained peaks rafz 445 GA) and 741 6B), 370 The effect of NaCl on the hydrolysis equilibrium f8rwas
(7A) and 591 7B), and 426 8A) and 701 8B), assignable to investigated. Addition of excess NaCl (to give 0.15 M) to an
the fragment [5-arene)Os(acac)]arising from6A, 7A, and equilibrium solution o8 (1.2 mM) in D,O caused the-cymene

8A (calcdm/z445.1, 370.1, and 426.1, respectively) and 5-{( IH NMR peaks for specie8A to shift from 6.26 and 6.05 ppm
arene)O0g(>-OH);0s(;5-arene)f for 6B, 7B, and8B (calcdnvz to 6.19 and 5.95 ppm, respectively, and broaden, whereas the
742.1, 590.0, and 701.1, respectively). Further confirmation of peaks for specie®B at 6.05 and 5.82 ppm remained unchanged.
the assignment of thtH NMR peaks for6A, 7A, and8A to The resulting spectrum was similar to that obtained on dissolu-
the aqua complexesi[f-arene)Os(acac)(Qh]* was obtained tion of 8in a 1 M NaCl solution in BO (see Figure S6).

1742 J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006
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Table 1. Selected Hyd -Bonding Int: ti for C I
Ga—Se elected Hydrogen-Bonding Interactions for Complexes (C) 8B gp (D) 8B gp 10((|)5) 704
2 uM 2 M
D—H---A He--A (&) D-+-A (A) OD-H-+A () 30 min 24 h “
|
(A) [(75-bip)Os(acac)CHp.25CHOH (6-0.25CHOH) o o My
C42—H42---014 (inter) 2.50 3.42(2) 163 (A) (B) o
— cee i °
C51—H51:--O54 (inter) 2.29 3.23(2) 168 50 UM 50 UM
(B) [(1°-bz)Os(acac)Cl{7) 30 min 24h
C106—H1052--O4 (inter) 2.34 3.332(13) 169 ] 426
C201-H2043--08 (inter) 2.31 3.319(9) 175 — . N B
(C) [(7°-p-cym)Os(acac)Cli8) 64 60 56 64 60 56 200 400 600 800 m/z
C53-H53:+-052 (inter) 2.56 3.412(6) 149 ppm ppm
C411-HA41A-+-O14 (inter) 2.60 3.565(7) 169 Figure 5. Hydrolysis of [¢®-p-cym)Os(acac)Cl] ) at micromolar
concentrations. Low-field region of tHel NMR spectra of a 5@M solution
_ of 8in D20 (A) after 30 min at 298 K and (B) at 310 K after 24 h incubation
80 at 310 K, and of a M solution of 8 (C) after 30 min at 298 K and (D)
at 310 K after 24 h incubation at 310 K (biological test concentrations and
70 4 . conditions). Signals ab 6.04 and 5.82 are assigned @&ymene arene
resonances @B, [(7%-p-cym)Os(?-OD)30s(;5-p-cym)]*. (E) ESI-MS of
- F 5A sample from (B). The major peak afz 704 is assignable to the fragment
9 60 1 [(77°-p-cym)Osf:?>-OD)30s(°-p-cym)] ™.
o
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Figure 3. Hydrolysis of [¢;%-bip)Os(en)CI|BF (5). Time dependence of 0 2 pH' 10 0 pH' 10
the decay of the chloro complé&and formation of the aqua/hydroxo adduct
5A in 5% MeODd, 95% D,O at 298 K. The curves represent the computer 6.4 () 6.4 (D)
best-fit for a pseudo-first-order reaction corresponding to an hydrolysis rate E k
constant of 0.11 ht (half-life of 6.4 4 0.2 h). 6.24
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| 5;“ 6A + 6B Figure 6. Determination of the K.* values of the aqua complexes;f
(A) If"| I 0 68 6B arene)Os(LL)(OB)]"*. Dependence of thH NMR chemical shifts of the
A dl,rujL e coordinated arene ring on pH* for (A)¢-bip)Os(en)(OB)]?t (5A; @ ortho
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Figure 4. Hydrolysis of the acac complexesjftarene)Os(acac)CItH

NMR spectra of complexes (A (arene= bip), (B) 7 (arene= bz), and

(C) 8 (arene= p-cym) in DO recorded 30 min after dissolution at
concentrations of 3.5, 2.1, and 3.4 mM, respectively, and 298 K. Two sets
of peaks appear, corresponding to the aqua specigsaféne)Os(acac)-
(OD)]™ (6A, 7A, and8A), and the hydroxo-bridged dimersyftarene)-
Os(u?-OD);Os(;¢-arene)} (6B, 7B, and8B).

TheH NMR spectra of solutions &, [(1%-p-cym)Os(acac)-
Cl], at low (micromolar) concentrations within the range used
in the cytotoxicity tests were recorded. Spectr8at 2 and 50
uM (in 0.125% DMSO€g/99.875% DO (v/v), pH* 7.7) after
ca. 30 min at 298 K and 24 h after incubation at 310 K contained
only one set of peaks in the arene region6(04 ando 5.82,
Figure 5), assignable to speci8B. Spectra recorded in the
absence of DMSQIs were the same. The ESI-MS of an equili-
brium solution (Figure 5) contained a peakmwt 704, confirm-

ing that the major species present is the hydroxo-bridged dimer,

8B, [(175-p-cym)Osf2-OD);0s(;5-p-cym)]+ (calcdnmiz 703.9).
We also recorded ¥H NMR spectrum of a 5&M solution of

Ho, @ meta H,, ¢ para H), (B) [(#®-bip)Os(acac)(OB]* (6A; ® ortho
Ho, @ meta Hn, ¥ para H,), (C) [(17%-bz)Os(acac)(OB]™ (7A), and (D)
[(#®-p-cym)Os(acac)(OR)] ™ (8A). The curves represent the best fits to the
Hendersor-Hasselbalch equation and correspond kg*pvalues of 6.37
for 5A, 7.28 for6A, 7.45 for7A, and 7.84 for8A.

8in 0.15 M NaCl in O (mimicking the chloride concentration
in cell culture media) at 298 K. Again, the only peaks present
in the spectrum were those for the hydroxo-bridged diB&r

pH* Dependence.The changes in théH NMR chemical
shifts of the coordinated phenyl ring &A present in an
equilibrium solution o5 in D,0O at 298 K (see Figure S4) were
followed with change in pH* over the range-9. These data
were fitted to the HenderserHasselbalch equation (Figure 6A),
which yielded a K;* value of 6.37.

The pH* dependence of tHéd NMR chemical shifts of the
coordinated arenes of complex&a/B, 7A/B, and8A/B was
monitored over the range-210 (Figure 6). Those for species
6B, 7B and8B remained unchangétwith pH* (over the range
2—10), but their intensities increased with increase in pH*
(Figure S7). In contrast, the peaks @A, 7A, and8A shifted
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Figure 8. Reaction of 9-ethylguanine withiff-bip)Os(en)(OR/OD)]2++
(5A) (at pH* 7.28, mostly in the hydroxo form). Low-field region of the
IH NMR spectrum of5A (formed by treating a solution of the chloro
complex5 with 1 mol equiv of AQNQ) after reaction with 2 mol equiv of
9-EtG in D,O at 298 K for 22 h. At this time, 45% dBA had reacted to
form 9 ([(55-bip)Os(en)(9-EtAN7)]2+). Peak labels correspond to the
structures; peak n is from H8 of unbound 9-EtG.

6.3 6.2 6.1 6.0 5.9 5.8 5.7 ppm
Figure 7. Formation of hydroxo-bridged dimer from the aqua complex
[(375-p-cym)Os(acac)(OR)] . *H NMR spectra recorded during a pH titration
of a solution of the chloro comple® in DO, containing predominantly
the aqua/hydroxo comple8A ([(175-p-cym)Os(acac)(OBPOD)]*0) and the
dimer8B ([(17%-p-cym)Osf>-OD)30s(;%-p-cym)]t), showing how the peaks
for 8B increase in intensity with increasing pH* but do not shift, whereas
those for8A shift to high field (deprotonation, fast exchange between aqua
and hydroxo forms) and decrease in intensity as conversion into the dimer

occurs. 1

10 10 0

¢ H M 88 8B

to high field and decreased in intensity with increase in ( L_ x '@A\_J 8AX uN
' 63 9

pH* (Figure 7), the maximum shift change being ca. 0.3 ppm

62 6.1 6.0 5. 5.8 ppm

in each case. These data yieldd€;pvalues of 7.28, 7.45, and 78
7.84 for the biphenyl complegA, benzene compleXA, and Figure 9. Reaction of 9-ethylguanine with{f-p-cym)Os(acac)Cl] §).
p-cymene compleA, respectively (Figure 6BD). Low-field region of the'H NMR spectrum of8 after reaction with 1 mol

. . equiv of 9-EtG in DO, 298 K, at equilibrium (within ca. 10 min of reaction).
Analysis of peak integrals oH NMR spectra showed that Peak labels:G, unreacted 9-EtG (corresponds to 40% of total 9-EUB);

millimolar solutions of8 in D,O at pH* 2.1 contained mostly  [(;5-p-cym)Os(acac)(9-Et®47)]* (60%);8A, unreacted aqua complexf
8A, and only 4% of8B. On raising the pH* to 10.2, very little  p-cym)Os(acac)(OB)]* (7%); 8B, dimer [(75-p-cym)Osf:>-OD)s0s(°-p-
of 8A remained and the proportion 8B increased to 78%.  SYMI" (33%);x, an unidentified product.

However, on lowering the pH* to 2.5, the amouni8# present

remained the same but the proportion8d fell to 33%, and Addition of 1 mol equiv of 9-EtG in BO to an equilibrium
peaks for unidentified specieg &and % (which were minor solution of the acac comples [(#8-p-cym)Os(acac)Cl], in BO
components in the initial solution at pH* 21) increased in (Wthh contained 70% aqua Comp]&@\ and 30% hydroxo-
intensity (see Figure S8). At pH* 11.8, only peaks & and bridged dimer8B, together with some free acacH) at 298 K,
free acac were observed (Figure S8). pH* 7.50, resulted in a new set &fl NMR peaks (for species

Interactions with Nucleobases.Since DNA is a potential 10, see Figures 9 and S12) within 10 min (by which time
target site for transition metal anticancer compleXesactions equilibrium had been reached). Peaks 8% diminished in
with model nucleobases were studied. intensity, but those fo8B did not change. Based on H8 peak

Addition of 1 mol equiv of 9-EtG to an equilibrium solution  integrals for free ¢ 7.82) and bound 7.76) 9-EtG, 60% of
of complex5, [(1%-bip)Os(en)Cl][BR], in D;O (pH* 7.28) at the 9-EtG reacted to forrh0. The major ESI-MS peak for the
298 K resulted in no newH NMR peaks after 10 min. After  equilibrium NMR sample at a low cone voltage (10 V) was at
22 h, 23% of5 had reacted and a new H8 peak appeared at m/z 605, consistent with the formation offi-p-cym)Os(acac)-
8.09 ppm (for specie8, see Figure S9), shifted by 0.27 ppmto  (9-EtG-N7)]* (10, calcdm/z 605.2) (see Figure 10). To establish
low field relative to that of free 9-EtG. Addition of 2 mol equiv  the binding site for Oson 9-EtG, a pH* titration of the reaction
of 9-EtG to a solution obA (pH* 7.0) (prepared by treating a  mixture was monitored byH NMR spectroscopy over the range
solution of5 with 1 mol equiv of AgNQ) also resulted inno  pH* 2—8 (Figure 11). The chemical shift of H8 fdi0 did not
new 'H NMR peaks after 10 min, but after 22 h new peaks change with pH*, whereas that of free 9-EtG moved to high
assignable t® had appeared, and 45% %A had reacted with  field by ca. 1 ppm, corresponding to &5 of 3.26, consistent
9-EtG to form9 (Figures 8 and S10). with values for N7 protonation reported previoudly.

The addition of a solution of 1 mol equiv of adenosine (Ado), No new'H NMR peaks appeared in the spectrum8obn
cytidine (Cyt), or thymidine (Thy) to an equilibrium solution  addition of 1 mol equiv of 9-EtG under more alkaline conditions,
of 5in D,0O at 298 K resulted in no addition#i NMR peaks where the hydroxo-bridged dim&B predominates (pH* 9.9,
over a period of 24 h (Figure S11). >05% 8B), even after 96 h, indicative of the inertness8a.
— Addition of a solution of 1 mol equiv of Ado to an
) e e melid rtons deceases. equillbrium solution of8 in D;O (which contain 70% agua

previously: Johnson, D. Anorg. Chem1966 5, 1289-1291. The central

y proton exchanges readily with,D even at neutral pH*. (30) Kampf, G.; Kapinos, L. E.; Griesser, R.; Lippert, B.; Sigel, H.Chem.
(29) Zhang, C. X.; Lippard, S. Lurr. Opin. Chem. Biol2003 7, 481-489. Soc., Perkin Trans. 2002 1320-1327.
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Figure 10. Characterization of 9-ethylguanine and adenosine adducts by 8.2 - o o606 oo oo o o H2(11B)
mass spectrometry. ESI mass spectra for solutions containjfig{¢ym)-

Os(acac)CI)8) and 1 mol equiv of (A) 9-ethylguanine and (B) adenosine
in D2O. Peaks atwz 425/426 correspond t8A ([(7%-p-cym)Os(acac)i),

m/z 701 to the hydroxo-bridged diméB, and 605 and 694 t&0 ([(#°-
p-cym)Os(acac)(9-EtG)) and 11 ([(r®-p-cym)Os(acac)(Ado)]), respec-
tively.

8.8 -
8.6 -
8.4 -
5(H)
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8.0 -

H8 (9-EtG)
7.8

H8 (10)
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Figure 11. Determination of{(5®-p-cym)Os(acad)" binding site on
9-ethylguanine. Dependence of tHé¢ NMR chemical shift of 9-EtG H8
on pH* for a solution containind.0 ([(75-p-cym)Os(acac)(9-Et®i7)])
and free 9-EtG. The lack of pH* dependence 1drover the pH* range
from 5 to 2, where N7 protonates, confirms that binding of 9-EtG tb Os
is through N7.

complex8A, 30% hydroxo-bridged dimeBB, and some free

11A
|8A/B+11A/B

" 70 60 50 40 30 20 ppm

Figure 12. Reaction of [5-p-cym)Os(acac)Cl] §) with adenosine. (A)
IH NMR spectrum of a BO solution of8 and 1 mol equiv of adenosine,
pH* 7.31, 298 K, at equilibrium (within ca. 10 min of reaction). (B)
Dependence of thtH NMR chemical shifts of Ado H8 and H2 resonances
on pH*. Assignments8B, hydroxo-bridged dimer {-p-cym)Osf2-OD)s-
Os(75-p-cym)]*; 8A aqua complex fff-p-cym)Os(acac)(OBR]*; A, unre-
acted adenosine (Adaj; dioxanega, free acacH11A, major product, [5-
p-cym)Os(acac)(AddN7)]2"; 11B, minor product, [§5-p-cym)Os(acac)(Ado-
N1)]2*. Based on peak integration, 66% Ado has reacted to give 5B
and 10%11B. Binding through N7 lowers thelfy* of N1 by ca. 1.7 pH
units.

T T
8.0

The addition of 1 mol equiv of Cyt or Thy to an equilibrium
solution of8 in DO at 298 K resulted in no additionti NMR
peaks over a period of 24 h (Figure S13).

Cytotoxicity toward A2780 and A549 Human Cancer
Cells. Complexes4, 5, and 8 were all nontoxic toward the
human ovarian A2780 cancer cell line at concentrations up to

acacH) at 298 K (pH* 7.31) led to the appearance of new peaks 90 «M (the highest test concentration). Thes¢Gralues are

within 10 min (Figure 12A), assignable to a major proditA
(accounting for 56% of Ado) and a minor productB (10%

of Ado). In the H8/H2 region, two new sets of peaks appeared
at 8.50 and 8.31 ppm fat1A and at 8.39 and 8.17 ppm for
11B. ESI-MS studies of this NMR sample at a low cone voltage

therefore likely to be>100uM, and the complexes are inactive.
Similarly complexe$—8 were found to be inactive against the
human lung A549 cancer cell line.

Discussion

X-ray Crystallography. A search of the Cambridge Database
revealed that only ca. 200 structures of osmium arene complexes
have been reported, compared to ca. 3000 for ruthenium arene

(20 V) gave a peak at/z 694, consistent with {{t-p-cym)-
Os(acac)(Ado)f (11, calcdm/z 694.2) (Figure 10). The binding
sites for{ (15-p-cym)Os(acagd)" on Ado in11A and11B were

assigned with the aid of %1 NMR pH* titration of the reaction
mixture over the pH* range from 7 to 1 (Figure 12B). The
singlets for H8 and H2 of free Ado shifted to low field with an
associated K, of 3.63, a value similar to that reported
previously for N1 protonatiof} whereas the H8 and H2 peaks
for 11B did not shift over this pH* range, consistent with the
presence of N1-bound Ado in this complexy%{-cym)Os-
(acac)(AdoN1)]2". Those forl1A shifted to low field over this

complexes. The crystal structures of comple4esd6 are the
first to be reported withy®-biphenyl coordination to osmium,
and 4 is the first containing af (n%-arene)Os(en) fragment.
The O4 (4) and R (4R) en complexes are isostructural in
the solid state. The MCI bond lengths are the same (2.40 A),
even though the ligand exchange rates are different. Similarly,
the O¢ acac complex8 and its Rl analogue [(5-p-cym)Ru-
(acac)Cl], which we reported previoushjhave similar M-ClI

and M—0O bond lengths.

Hydrogen bonds are observed between (arene)H and (acac)O
of adjacent molecules in the crystal structures of osmium
complexe$—8, giving rise to dimers (Figure S3). Such H-bonds
involving coordinated arenes are becoming increasingly recog-
nized3! We observed them previou8lior [(175-p-cym)Ru(acac)-

pH* range with an associatedgt value of 1.92, assignable to
N1 protonation of N7-bound Ado. This corresponds to a
lowering of the fXs* of N1 by 1.7 units for11A [(55-p-cym)-
Os(acac)(AddN7)]2" compared to free Ado. Interestingly, the
arene peaks follA are greatly broadened (Figure 12A; no
significant sharpening over the temperature range-223 K).
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Cl], and they are also present (but not often noted) in the crystal
structures of other reported Osarene acac complexés.
Hydrogen bonds can be distinguished from van der Waals
interactions by their directional naturéP—H---A 150° < 6

< 180), as they consist of both van der Waals and electrostatic
component§3 C—H---O H-bonds are typically given cutoff
values of<2.6 A34 They are weaker than classical hydrogen

bonds, and present only in the absence of stronger interactions,

but can direct crystal packing.The weak polarization of arene
ring C—H bonds may lead to interactions between the coordi-

nated arene and H-bond acceptors in biological target sites such

as DNA or RNA.

Hydrolysis. There are few previous studies of the aqueous
chemistry of O% arene complexe’$15 The hydrolysis of the
0Os' en complexs in water (Figure 3, half-life of 6.4 h) is ca.
40 times slower than that of its Ranalogué? This behavior

Table 2. pKa Values for [(%-Arene)M(chelate)(OH)]",
[(°-bip)Os(en)(OH)I** (5A), [(17°-bip)Os(acac)(OHy)I* (BA),
[(°-bz)Os(acac)(OH,)I* (7A), [(1°-p-cym)Os(acac)(OH,)I" (8A),
and Some Ruthenium Arene Agqua Complexes

complex metal arene chelate pKa
5A Os bip en 6.3%
Ru bip en 7.71
Ru bz en 7.9
Os bz en 6.3
6A Os bip acac 7.2
7A Os bz acac 1.2
8A Os p-cym acac 7.68
Ru p-cym acac 9.4
apK, values calculated fromia* according to ref 18P Reference 12.

¢ Reference 139 Reference 9.

Particularly relevant to the biological testing is our finding
that the hydroxo-bridged dime8B) is the only species present

is consistent with the much slower ligand exchange rates oftenon dissolution of [{5-p-cym)Os(acac)Cl] §) in water at

associated with osmium complexes in comparison with those
of ruthenium. However, Stebler-Rdisberger et al. found that
the Od and RU complexes [§®-bz)M(OH,)3]%", without a
chelating ligand, possess similar water exchange tat€he
presence of a chelating ligand can introduce significant differ-
ences between ®sand RU.

Changing the chelating ligand from en to acac il @sene

micromolar concentrations. The chelated acac ligand is readily
protonated (e.g., by an adjacent coordinated aqua liga84)in

and a good leaving group at acidic or near neutral pk, (@f

free acacH is 83). In strongly basic solution, hydroxide
appears to displace acac. The high stability of the hydroxo-
bridged dimer is further illustrated by the finding that it is still
formed as a major species, even in the presence of a large molar

complexes had a marked effect on the extent and rate ofexcess of Cl (3000-fold, concentrations similar to those in cell

hydrolysis, as is also the case for'Ranalogue$. However,
hydroxo-bridged dimers play a dominant role in the hydrolysis
behavior of [(;5-arene)Os(acac)Cl] complexes in water (com-
plexes6B, 7B, and8B are products from the hydrolysis of the
bip, bz, and>-cym complexes®, 7, and8, respectively), whereas
they are only minor components, and then only at high pH*, in
analogous Rusystems. There appear to be no previous reports
of the formation of hydroxo-bridged ®sarene complexes on
dissolution of O% arenes in water, although the dim&rsave
been synthesized by heating®farene)OsGl, in strongly
alkaline solutiong®¢€X-ray structures of j8-arene)Ru¢?-OH)s-
Ru(y%-arene)f have been reported=h although the only
X-ray structure of a hydroxo-bridged harene dimer appears
to be that of [(5-p-cym)Osfi-H)(u2-HCOy)(u?-OH)Os;5-p-
cym)]*.36¢ For (sterically nonhindered) benzene as the arene
ligand, further deprotonation of hydroxo bridges appears to be
possible to give the tetramer J{4%-bz)u2-OH)4(u*-0)]>" (M

= Ru or Os)¥%abdwe found no (ESI-MS) evidence for such
tetramers under the less alkaline conditions used in this work.
In contrast to RU, the hydroxo-bridged dimer was still
detectable in highly acidic millimolar solutions of Osicac
complexes (pH* 2).

(31) Braga, D.; Grepioni, F.; Desiraju, G. R. Organomet. Chenl997 548
33-44

(32) Bennett, M. A.; Mitchell T. R. B.; Stevens M. R.; Willis A. Can. J.
Chem.2001, 79, 655-669.

(33) Steiner, T.; Desiraju, G. Rhem. Commur1998 891—-892.

(34) Steiner, TChem. Commurl997, 727—734.

(35) Desiraju, G. RAcc. Chem. Red996 29, 441-449.

(36) (a) Gould, R. O.; Jones, C. L.; Robertson, D. R.; Stephenson, T. A.
Chem. Soc., Chem. Commu®.77, 222—-223. (b) Gould, R. O.; Jones, C.
L.; Robertson, D. R.; Tocher, D. A.; Stephenson, TJAOrganomet. Chem.
1982 226, 199-207. (c) Arthur, T.; Robertson, D. R.; Tocher, D. A.;
Stephenson, T. Al. Organomet. Cheni.981, 208 389-400. (d) Gould,
R. O.; Jones, C. L.; Stephenson, T. A.; Tocher, DJAOrganomet. Chem.
1984 264, 365-378. (e) Cabeza, J. A.; Smith, A. J.; Adams, H.; Maitlis,
P. M.J. Chem. Soc., Dalton Tran$986 1155-1160. (f) Vieille-Petit, L.;
Therrien, B.; Ses-Fink, G.Inorg. Chem. Commur2004 232-234. (g)
Kim, T. D.; McNeese, T. J.; Rheingold, A. Inorg. Chem1988 27, 2554~
2555. (h) Artero, V.; Proust, A.; Herson, P.; Gouzerh,Ghem. Eur. J.
2001, 7, 3901-3910.
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culture media). In contrast, ring-opening of chelated en requires
cleavage of the OsN bond before protonation can occur, and
en is not readily displaced by hydroxide.

We observed separatel NMR peaks for the OLOH and
the parent Cl complexes in the spectrum of thé &scomplex
5 on dissolution in BO. At millimolar concentrations of the
Os' acac comples, the'H NMR chemical shifts are consistent
with the existence largely of the aqua comp& (confirmed
by addition of AQNQ), with little of the chloro complex present.
Only one set offH NMR peaks was observed for solutions
containing the acac aqua complé&A and Cl speciess,
suggesting rapid exchange of Gind coordinated OOH on
the NMR time scale at 298 K, as observed for ruthenium
analogues$.Addition of a large excess of chloride shifted and
broadened these signals (Figure S6), suggesting that chloride
binding to{ (#%-p-cym)Os(acag)' is indeed weak.

pKa* Values of Aqua Complexes.The Kg* values of the
en (p%-arene)O$ aqua complex5A (6.37) and acac aqua
complexes8A, 7A, and8A (7.28, 7.45, and 7.84, Table 2) are
all significantly lower (ca. 1.5 units) than those of analogous
(nb-arene)Rl aqua complexe¥3® The trend in the lowering
of pK, values for O% versus Rl complexes is consistent with
that reported previously for @-bz)M'(OH,)3]2" and [M'-
(trpy)(bipy)(OH)]?* (trpy = 2,2,2"-terpyridine, bipy= 2,2-
bipyridine)1328 The replacement of the neutral chelated en
ligand by an anionic acac raises th€;pby 0.9 unit. A similar
decrease in acidity is observed for the Ru analogigi{ 1.1
units)? attributable to the increased electron density on the metal
center. The higher acidity of ®sarene aqua complexes can be
attributed to increased mixing of thév* (Os) — o (OH")
orbitals3 The Kz* values of the acac complex€#, 7A, and
8A are close to physiological pH (7.4), whereas that of the en

(37) Kortly, S.; Sucha, LHandbook of Chemical Equilibria in Analytical
Chemistry Ellis Horwood Limited: New York, 1985; p 188.

(38) Takeuchi, K. J.; Thompson, M. S.; Pipes, D. W.; Meyer, Tndrg. Chem.
1984 23, 1845-1851.
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complex5A is significantly lower, and therefore almost all of

tions and may account for the inactivity of the 'Oacac

the hydrolyzed en complex would be present in the hydroxo complexes toward human cancer cells.

form, [(175-bip)Od'(en)(OH)]".
Interactions with NucleobasesThere is little reported work

Conclusions

on interactions of osmium complexes and nucleobases. Osmium- We have shown previously that organometallic'' Rarene

(1) polypyridyl complexes are known to bind to DNA and
nucleobase® 4! and recently adducts offf-p-cym)OsC}-
(PRy)], where PR = pta or pta-Me (pta= 1,3,5-triaza-7-
phosphatricyclo[3.3.1.1]decane), with the 14 mer ATACATG-
GTACATA have been detected by ESI-M5.

The O4 en complexs reacts only slowly with 9-EtG, as does
the aqua comple®A, and then only to a limited extent (45%

complexes such asif-arene)Ru(LL)CI}, where arene is, for
example, biphenyl, benzene,mcymene and LL is en or acac,
exhibit anticancer activit§:'* However, we report here that the
Os' analogues are inactive toward A2780 human ovarian and
A549 human lung cancer cells, despite being structurally very
similar in the crystalline state. We have therefore explored
differences in their solution chemistry in an attempt to under-

after 22 h at 298 K). No reaction was observed (after 24 h) stand their contrasting biological activities. There are few

with Ado, Cyt, or Thy. The Rlianalogue also binds selectively

previous investigations of the aqueous chemistry of osmium

to guanine when in competition with the other three bases, but arenes3~15 In general, as a third-row transition metal ion,"Os

it does bind weakly to Cyt and Thy, highlighting the lower
reactivity of O4. The aqua acac ®sadduct8A reacts with
both 9-EtG and Ado rapidly<10 min), but not with Cyt or
Thy, a behavior similar to that of the Ranalogué. Binding

to 9-EtG occurs through N7 and to Afdhrough N7 and N1
(with N7 binding being favored by a factor of ca. 6:1; cf. 4:1
for RuU'). Binding to Ado N7 lowers the g;* of N1 by 1.7
pH* units, compared to 1.3 for R This trend is similar to
the lowering of (X, values of water coordinated to Os
compared to Ru The selectivity in nucleobase binding of the

might be expected to be relatively inert compared to the second-
row ion RU'.1” However, the presence of an arene ligand can
greatly increase the kinetic labilit¢,and, importantly, our data
show that the chelating ligand also plays a major role.

With en as the chelating ligand, hydrolysis of the'Os
complex5 is ca. 40 times slower than that of the'Ranalogue,
and the K, value (6.34) of the resulting aqua adduct is 1.4
units lower. This implies that the less-reactive hydroxo adduct
would predominate at physiological pH (7.4). Indeed, reactions
with 9-EtG were slower and occurred to a lesser extent than

Od' en and acac complexes can be rationalized in terms of those of the RUcomplexes. Since G bases on DNA appear to
H-bonding and nonbonding repulsive interactions between the be targets for{(y%-arene)Ru(eny", these differences may
chelating ligand and nucleobase substituents in addition to theaccount for biological inactivity of the ®sen complexes.

electronic properties of the various nucleobase coordination

sites?* as we have discussed previously for the!Rana-
logues?*® The inertness of the hydroxo-bridged diméB
toward nucleobases is notable.

Cytotoxicity toward A2780 and A549 Human Cancer Cell
Lines. None of the O% arene en or acac complexes studied

In contrast, the acac complexeg%arene)Os(acac)Cl] hy-
drolyze rapidly €10 min, 298 K) to give a mixture of a
monoaqua complex, ff-arene)Os(acac)(Of*, and a hy-
droxo-bridged dimer, [f6-arene)Og(3-OH)s0s(;%-arene)f,
with loss of the acac ligand. Thé&pvalues of the coordinated
water molecules in the monoaqua acac biphenyl, benzene, and

here (Chart 1) were cytotoxic to human ovarian or lung cancer p-cymene complexe6f\, 7A, and8A, 7.1-7.6) are ca. 1.8

cells at doses up to 5@M, in contrast to their Rlianalogues,
cf. ICso value for4R (analogue o#4) of 5 uM and for [(%-p-
cym)Ru(acac)Cl] (analogue 8 of 19 uM.! The inactivity of
the O4 en complex5 may be attributable to its much slower

hydrolysis (ca. 40 times) and to the higher acidity of the aqua

complex (ca. 1.4 K, units) compared to the Ruanalogue?

units lower than those of the Ruanalogues, for which the
hydroxo-bridged dimer is not observed as an hydrolysis product
(except in very basic solutions, and then only as a very minor
product).

The monoaqua acac comple34, reacts with purine bases
(9-EtG and Ado), but not with pyrimidines (Cyt or Thy); this

This results in lower reactivity, e.g., toward nucleobases. is the same base selectivity that was observed for thé Ru
Changing the chelating ligand to acac not only increases the analogue$8.However, the hydroxo-bridged dimeryftarene)-
hydrolysis rate dramatically but also lowers the acidity of the Os?-OH)30s(;5-arene)f, was unreactive toward both purine
aqua adduct, such that a significant amount of the aqua complexand pyrimidine bases. This may be the key to the inactivity of
(as opposed to the hydroxo adduct) exists at biological pH (7.4). the O¢ arene acac complexes, since the hydroxo-bridged dimer
These aqua acac complexes bind to purine bases, as do'the Ruwas the only species present in micromolar aqueous solutions
analogue8.However, displacement of the coordinated acac from similar to those used in the biological tests.

Os' occurs readily, and largely irreversibly, giving rise to stable ~ This work demonstrates how the kinetics of ligand substitu-
hydroxo-bridged dimers. These inert dimers appear to be thetion reactions of Osarene complexes in aqueous solution can
only species present in solution under biological testing condi- be controlled by variation of the chelating ligand. Further tuning
of substitution rates may be achievable by variations of the
monodentate leaving group and the arene. Such a systematic
approach should contribute to the rational design df @ene
complexes as potential anticancer agents and may be more

(39) Content, S.; Kirsch-De Mesmaeker,JAChem. Soc., Faraday Trar997,
93, 1089-1094.
(40) Holmlin, R. E.; Barton, J. Klnorg. Chem.1995 34, 7—8.
(41) Mishima, Y.; Motonaka, J.; Ikeda, 8nal. Chim. Actal997, 345, 45-50.
(42) Dorcier, A.; Dyson, P. J.; Gossens, C.; Rothlisberger, U.; Scopelliti, R;

Tavernelli, . Organometallic2005 24, 2114-2123.
(43) Binding of{ (175-p-cym)Ry 2* to (deprotonated) C6N4bf 9-ethyladenine

and adenine to N6/7 chelate rings has been observed for a cyclic trimer

and tetramer, respectively (Korn, S.; Sheldrick, Wlrgrg. Chim. Acta
1997 254, 85-91), but there is no evidence for such binding here.
(44) Lippert, B.Prog. Inorg. Chem2005 54, 385-447.
(45) Chen, H.; Parkinson, J. A.; Morris, R. E.; Sadler, RI.JAm. Chem. Soc.
2003 125 173-186.

widely applicable to organometallic complexes in general.
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