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Abstract: Thiolate ligand oxygenation is believed to activate cytotoxic half-sandwich [(75-arene)Ru(en)(SR)]"
complexes toward DNA binding. We have made detailed comparisons of the nature of the Ru—S bond in
the parent thiolato complexes and mono- (sulfenato) and bis- (sulfinato) oxygenated species including the
influence of substituents on the sulfur and arene. Sulfur K-edge XAS indicates that Sz, donation into the
Rusy manifold depends strongly on the oxidation state of the sulfur atom, whereas Ru K-edge data suggest
little change at the metal center. DFT results are in agreement with the experimental data and allow a
more detailed analysis of the electronic contributions to the Ru—S bond. Overall, the total ligand charge
donation to the metal center remains essentially unchanged upon ligand oxygenation, but the origin of the
donation differs markedly. In sulfenato complexes, the terminal oxo group makes a large contribution to
charge donation and even small electronic changes in the thiolato complexes are amplified upon ligand
oxygenation, an observation which carries direct implications for the biological activity of this family of
complexes. Details of Ru—S bonding in the mono-oxygenated complexes suggest that these should be
most susceptible to ligand exchange, yet only if protonation of the terminal oxo group can occur. The

potential consequences of these results for biological activation are discussed.

Introduction

There is much current interest in the design of organometallic
anticancer complexes' and, in particular, in mechanisms which
selectively increase their reactivity in cancer cells. Complexes
that have attracted recent interest are cytotoxic monofunctional
Ru"" arenes. These have been shown to bind strongly to DNA?
and induce conformational changes, including denaturation; such
damage can lead to further downstream effects, for example,
recognition of the adducts by specific proteins, and their repair.>*
Selective targeting of such complexes is crucial, and new
approaches are required to expand the scope of activity of
anticancer therapeutics.* For example, it might be possible to
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exploit sulfur oxidation as a mechanism for activation of Ru""
arene thiolate prodrugs as well as reactivation of metabolites
of Ru! arene anticancer drugs. In recent years it has emerged
that post-translational oxygenation of cysteine thiolate (SR™)
to sulfenate (SOR™) and sulfinate (SO,R™) can also play an
important role in cellular regulatory processes.” Moreover such
thiolate redox processes in proteins and enzymes are sometimes
controlled by metal complexation to the S atom.®” Thiolate
oxygenation seems to activate cytotoxic half-sandwich [(1°-
arene)Ru(en)(SR)]* complexes8 toward DNA binding. Moreover
SR = SG adducts with glutathione (GSH), an abundant thiol in
cells, also readily undergo S oxygenation, and so redox
activation may play a general role in the mechanism of action
of a wide variety of these Ru' arene complexes.”'® Herein, we
show that the properties of Ru—S bonds depend on the extent
of S oxygenation, on the nature of the thiolate substituent (alkyl
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Scheme 1. Structures of [(°-ar)Ru(en)(SO,R)]" Complexes
Involved in This Study?
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1a - n=0, R=/Pr, ar=p-cym
1b - n=0, R=/Pr, ar=hmb
1c - n=0, R=Ph, ar=p-cym
2a - n=1, R=/Pr, ar=p-cym
2b - n=1, R=/Pr, ar=hmb
3a - n=2, R=Ph, ar=p-cym
3a'- n=2, R=jPr, ar=p-cym
3b - n=2, R=Ph, ar=hmb
3b'- n=2, R=/Pr, ar=hmb

“ Complexes 3a” and 3b’ are in silico models only.

or aryl), and on the arene. To make use of this ligand-centered
oxidation for the design of new anticancer drugs, it is essential
to understand the influence of electronic effects on the stability
of the oxygenated complexes. Although the synthesis of
sulfenato complexes is difficult, we recently succeeded in
synthesizing a complex containing a monodentate sulfenato
ligand by direct oxidation, allowing us to prepare a series of
complexes with a single sulfur-containing ligand."' Although
other studies have explored the effect of thiolato oxygenation
in transition metal complexes,”'>”'° this study is the first that
allows a direct comparison of the electronic effects of a single
sulfur-containing ligand and its impact on the nature of the
resultant metal complexes.

Oxidation of the thiolato ligand in, e.g., complex 1 (Scheme
1) to sulfenato (2) and/or sulfinato (3) ligands plays a significant
role in controlling stability and reactivity."' Biochemical studies
suggest that ligand-centered oxidation at sulfur weakens the
Ru—S bond and increases lability of the sulfur ligand, thus
allowing for more facile DNA binding.>'®'” This observation
seems incongruous with available crystallographic data, which
indicate shortening of the Ru—S bond upon oxidation of the
ligand (e.g., 1—2),""'* and the short Ru—S bond in known
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Figure 1. Normalized Ru K-edge XANES spectra of complexes of
1a,b—3a,b. Inset shows the first derivative spectra indicating the edge jump
position.

examples of Ru'—arene sulfinato complexes.'® Furthermore,
H-bonding and ancillary ligands affect the lability of the Ru—S
bond implying that it is quite sensitive to such effects, although
this has not been verified.”'®'” To explore these issues in greater
detail, we have used X-ray absorption spectroscopy (XAS),'**°
in concert with density functional theory (DFT) calculations,
to probe the details of the Ru—S bond in a series of [(7°-
ar)Ru(en)(SO,R)|* complexes (n = 0—2). Recent studies have
exploited such methods to investigate the biological fate of Ru-
based metallodrugs.>' Our studies show that ligand oxidation
is likely to be necessary but not sufficient for biological
activation of Ru™ arene thiolate prodrugs and that the singly-
oxygenated intermediate species [(57°-ar)Ru(en)(SOR)]™ must
be protonated for ligand dissociation and DNA binding.
Furthermore, specific electronic factors that contribute to
observed differences in reactivity are discussed within the
context of drug design.

Results and Analysis

Solid-state Ru K-edge XAS data for thiolato (1a,b), sulfenato
(2a,b), and sulfinato (3a,b) complexes are shown in Figure 1.
The data are nearly superimposable in the edge region suggest-
ing that there is no change in metal oxidation state (i.e., all
complexes are Ru'f 44°) upon ligand oxidation, thus indicating
that oxygenation of the ligand does not directly affect the metal
center. The lack of clearly observable pre-edge features in the
Ru K-edge data indicates that there is little or no mixing of
Rus, character into the empty Ruy+ orbitals; the ligand
environment is thus well described as pseudo-octahedral in all
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Figure 2. S K-edge spectra of Ru'' arene (A) thiolato 1a and 1b, (B)
sulfenato 2a and 2b, and (C) sulfinato 3a and 3b complexes. An asterisk
(*) represents features due to thiolato-based impurities in the sulfenato/
sulfinato complexes (<5%).

cases.”> Taken together, these factors confirm that ligand
oxidation causes only minor perturbations at the metal center.

The S K-edge XAS spectra of these same complexes,
however, differ markedly as a function of the nature of the
sulfur-containing ligand as observed in Figure 2. Ligand
oxidation corresponds with an overall shift of the observed
transitions to higher energy by ~3 eV from 1—2 and from 2—3,
resulting from a decrease of the S;i orbital energy with
increasing Z,;. In each of the complexes, the lowest energy
feature corresponds to a Ruyg,+—Si; transition. The intensity of
the transition derives from the electric dipole-allowed character
of the atomic S3,<—S; transition; the intensity therefore reflects
the amount of S3, character in the Ruyq,+ acceptor orbital () as
shown in eq la. Given that the transition originates from a
localized core orbital, contributions from other atomic orbitals
(i.e., o, x; in eq la) do not significantly impact the total intensity

of intense transitions.?**
\Ruyy ) = alRuyg) — BISs,) — 2%;'L,-> (13)
_ 2
IRuMU*HS,S =p <S3p|r|515> (1b)

For each complex, systematic peak fitting?* and assignment
of the observed spectroscopic features were performed (see

(22) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I. J. Am. Chem. Soc. 1997, 119, 6297-6314. Getty,
K.; Delgado-Jaime, M. U.; Kennepohl, P. Inorg. Chim. Acta 2008,
361, 1059-1065.

(23) Solomon, E. L.; Gorelsky, S. I.; Dey, A. J. Comput. Chem. 2006, 27,
1415-1428.

Table 1. Experimental Peak Energies and Transition Assignments
and Experimentally Determined S3, Character in the Acceptor
Orbital as Estimated from Normalized Fit Intensities®

S K-edge XAS transition % Ssp in acceptor

complex energy (eV) acceptor <— donor XAS DFT
la 2471.2 Ruyge+—Sis 225+ 1.5% 20
2472.8 SCyp+ — Sy 29.0 £ 2.0% 33
1b 2471.2 Ruyge+—Sis 24.0 £ 1.6% 19

2473.0 SCy+ — S, 171 £1.1% 29

17.1 £ 1.4% 16
11.7£0.8% 8
27.1 £1.8% b

2471.4 Ruygoe—S
Ie 24727 @ — Sis
2473.5 SCU* — S]S

222+£12% 17
248 £12% b
214£1.1% b

2474.2 Rusgo—S1s
2a 2475.0 S0y+/SCoee— Sy
2476.2 S0,:/SCp Sy

24743 Riygo—S1s

2b 2475.1 SO,/SCoe— Sy
2476.2 S0,:/SCp— Sy
24771 Ruygo—S1s

3a 2478.1 @ Sis
2479.2 S0,:/SCp— S
24772 Ruygo—S1s

3b 2478.4 e Sis
2479.4 S04+/SCpi— Sy

22.8 £0.9% 18
17.8 £ 0.7% b
20.6 £ 0.8% b
112 £13% 4 (6)°
5.8+ 1.0% b
27.7£29% b
132 £0.4% 7 4)
8.8 +0.3% b
3324+ 1.0% b

“ DFT-calculated S3, contributions to the acceptor orbitals as
determined from a Mulliken charge decomposition of the Kohn—Sham
orbitals are also included for comparison. See Supporting Information
S1 and S5—7 for further details. ® Exact values in these cases cannot be
extracted since Sj, character is dispersed over a wide energy range and
multiple acceptor orbitals.  Values in parentheses are for 3a” and 3b’,
where R = iPr (see text).

Supporting Information S1). Contributions of the experimental
S, to the Ruygo+ were estimated using the following values for
the dipole integral ((Ss,lriSys) in eq 1b): (SR™ 3,IrS;,) = 8,°°
(SOR™ 3,Ir1S;5) = 13,7 and (SO,R™ 3,IrS),) = 18.2® Results
are listed in Table 1 with estimates of uncertainties in the fitting
procedure. Our results indicate there is little change in the Sj,
contributions to the Ruyy,+ upon oxidation from 1—2 (e.g., 1la
vs 2a), yet there is a significant drop in Ss, character in the
fully oxygenated species (3a,b). Modifications of the arene
ligand (i.e., a, where ar = p-cym vs b, where ar = hmb) generate
only minor differences in the spectroscopic data that cannot be
distinguished within experimental error.

As has been reported for iron—sulfinato complexes, contribu-
tions from the oxygen atoms in defining the overall charge
donation from oxidized ligands cannot be neglected.”'> To
explore these contributions, we have performed DFT calcula-
tions*® on each of the complexes (see Supporting Information

(24) Delgado-Jaime, M. U.; Kennepohl, P. J. Synchrotron Radiat., submit-
ted. Delgado-Jaime, M. U.; Mewis, C. P.; Kennepohl, P. J. Synchrotron
Radiat., submitted.

(25) Shadle, S. E.; Pennerhahn, J. E.; Schugar, H. J.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I. J. Am. Chem. Soc. 1993, 115, 767-776.

(26) Sarangi, R.; George, S. D.; Rudd, D. J.; Szilagyi, R. K.; Ribas, X.;
Rovira, C.; Almeida, M.; Hodgson, K. O.; Hedman, B.; Solomon, E. I.
J. Am. Chem. Soc. 2007, 129, 2316-2326.

(27) The dipole integral value used for the sulfenato complexes was
interpolated from that of the thiolato and sulfinato complexes since it
has been previously shown that the relationship between the dipole
integral and Zeff is effectively linear. See references 25, 26, and 28
for details.

(28) Neese, F.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Inorg. Chem.
1999, 38, 4854-4860.

(29) Baerends, E. J. et al.; ADF2007.01 ed.; SCM, Theoretical Chemistry,
Vrije Universiteit: Amsterdam, The Netherlands, 2007. Fonseca
Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends, E. J. Theor. Chem.
Acc. 1998, 99, 391. te Velde, G.; Bickelhaupt, F. M.; van Gisbergen,
S. J. A.; Fonseca Guerra, C.; Baerends, E. J.; Snijders, J. G.; Ziegler,
T. J. Comput. Chem. 2001, 22, 931-967.
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S2 for details), allowing us to probe the nature of the Ru—S
bond in greater detail. DFT-calculated geometries obtained using
scalar ZORA relativistic corrections are in reasonable agreement
with available crystallographic data (see Supporting Information
S4):''2° Ru—S bond distances decrease with ligand oxygenation
from 1—2—3. The resultant valence MO descriptions are also
in reasonable agreement with the overall trends observed in the
XAS spectra (see Table 1 and Supporting Information S5—7).
From these calculations, we observe that although S;;=Ruyq
charge donation decreases upon oxidation, the overall ligand
donor contributions remain essentially unchanged (20—23%, see
Figure 3, blue squares) due in part to the compensatory effect
of the oxygen atoms of the oxidized ligands. These results are
consistent with those obtained by Solomon and co-workers on
model systems for the active site of iron- and cobalt-containing
nitrile hydratases.”'*!>3!

The effects of ligand oxidation on charge donation to the
metal center are summarized in Figure 3; large effects are
observed as a function of oxidation, and the observed trends
are consistent for both hmb and p-cym families of complexes.
Since fully oxidized alkylsulfinato complexes akin to 3a,b have
not as yet been isolated, this comparison includes in silico
models 3a” and 3b” (where R = iPr) to probe ligand oxidation
exclusively. Importantly, we observe that although the overall
ligand donation remains similar in all oxidation states, the origin
of charge donation changes upon oxidation. In the alkylthiolato
complexes, the Ru—S coordination bond is dominated by direct
S3y=Ruyq charge donation. The first oxidation (1—2) has little
effect on the S donation, but a new and relatively large
contribution from the sulfenate oxygen emerges, which increases
overall charge donation from the ligand. By contrast, the second
oxidation step (2—3) results in a rather dramatic decrease in S
character, which is compensated by the appearance of significant
contributions from the alkyl R group. Importantly, the addition
of a second terminal oxo group causes a net decrease in charge
donation by each of the oxygen atoms. This effect is attributed
to a loss of s character in the S—O bonds on going from the
sulfenato to the sulfinato species, switching off an efficient
mechanism for charge delocalization in the ligand. An important
conclusion from these data is that charge donation from the
terminal oxo groups is largest in 2, implying that the sulfenato
complexes should be most susceptible to chemical perturbations.

Ancillary ligand effects such as the nature of the arene ligand
may also have an impact on the Ru—S bond although the effect
when changing from p-cym to hmb is too subtle to quantify
directly through the intensity of the Ruyy,+—S transition. Our
DFT calculations predict a change of only 1% in the Sj,
contribution to the bond, which is within the experimental error
of our measurements (see Table 1). The SC,+—S;; transition,
however, is predicted to be more sensitive to the nature of the
arene ligand, and we do observe a marked change in the relative
intensities of the Ruyg,+—Ss and SC,«—S, transitions for 1b
(hmb) as compared to 1a (p-cym) as well as a drop in the Sj,
contribution for 1b (see Table 1); this is consistent with greater
electron donation from hmb?? to the Ru center as compared to

(30) Geometries calculated without including relativistic effects or hydrogen
bonding from solvent molecules (wherever appropriate based on
crystallographic coordinates) tended to yield M—L bond distances that
were significantly too long relative to experiment (see Supporting
Information S3 for details).

(31) Kennepohl, P.; Neese, F.; Schweitzer, D.; Jackson, H. L.; Kovacs,
J. A.; Solomon, E. L. Inorg. Chem. 2005, 44, 1826-1836.

(32) Govindaswamy, P.; Mozharivskyj, Y. A.; Kollipara, M. R. Polyhedron
2004, 23, 3115-3123.
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Figure 4. Normalized S K-edge XAS spectra of 1a (black) and 1c (red).
Inset shows second derivative spectra indicating presence of a shoulder at
2472.7 eV in 1c due to a low-lying ¢+ orbital from the aryl moiety.

p-cym. A similar effect is also observed in the S K-edge data
for the sulfenato complex (see 2a vs 2b in Table 1). It has
previously been proposed that differences in the pK, between
2a (3.37) and 2b (3.61) resulted from increased charge donation
from hmb in 2b vs p-cym in 2a.'"" Our XAS data and DFT
calculations are both consistent with this interpretation.

It has been observed that arylthiolato complexes of the type
discussed herein are less susceptible to oxidation'® and generally
more inert than their alkylthiolato counterparts. We have
therefore explored the effect of the R group in the thiolato
complexes. The S K-edge XAS spectrum of the arylthiolato
complex 1c (R = Ph, see Figure 4) differs from 1a in that a
new feature appears as a low-energy shoulder on the intense
SCy+—S,, feature (see Figure 4, inset). A similar feature has
recently been observed in organic sulfones due to Ss, character
mixing into aryl 7* orbitals (¢,+) through excited state hyper-
conjugation.* The intensity of this feature therefore results from
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Figure 5. Graphical representation of the Ruyq,+ Kohn—Sham orbital from
2a.

redistribution of intensity from the main Ruyy,+—S;; transition,
which must be considered when interpreting the transition
intensities. From the fit intensity of the lowest energy Ruyg,+«—S;;s
transition, the data would suggest a moderate decrease in charge
donation to the metal center (from 22% to 17%, see Table 1),
but the intensity redistributed through hyperconjugation (see
¢S5 in Table 1) must be included. Doing so allows us to
determine that the overall S3;=Ruy, charge donation is, in fact,
greater in 1¢ (~29%) than 1a (~22%). The slightly increased
energy of the Ruyy,+—S; transition is also consistent with greater
Ru—S covalency in 1lec. Increased charge donation from the
ligand and delocalization over the aryl substituent both suggest
that strengthening of the Ru—S bond and decreased susceptibil-
ity to oxidation occur for R = aryl as compared to R = alkyl.

Discussion

The combined XAS and DFT results indicate that the Ru—S
bond is quite sensitive to various effects including ligand
oxygenation and ancillary ligand modifications. Ru K-edge XAS
data indicate that the metal center remains as a low-spin 4d®
Ru' irrespective of the thiolato ligand oxidation state, with only
minor perturbations to the overall pseudo-octahedral geometry.
This is reasonable, given that the total charge donation from
the S-containing ligand changes only slightly upon oxygenation,
due to the compensatory effects of the terminal oxo group(s)
and the R group. Sulfur oxidation therefore has very little impact
on the strength and/or lability of the Ru—S bond. Importantly,
S-oxygenation of the thiolato complexes to the sulfenato form
changes the nature of the bond through direct involvement of
the terminal oxo group. Our results further indicate that
modifications to ancillary ligands (e.g., changes to the arene
group) and the thiolato group have a measurable impact on the
Ru—S bond.

Most importantly, our results suggest that ligand oxygenation
alone is insufficient for biological activation of this family of
Ru arene complexes. However, oxygenation to the sulfenato
form does have an impact on reactivity through the involvement
of the terminal oxo group in the metal—ligand bond as observed
from inspection of the Ruyq,+ orbital (see Figure 5). It is clearly

(33) Martin-Diaconescu, V.; Kennepohl, P. Inorg. Chem. 2008, 338, 1038—
1044.

seen that the Ru—S bond results from the interaction of one of
the empty Ru 4d orbitals with the filled SO+ orbital from the
sulfenato ligand. Charge donation from the SO« orbital allows
for the preservation of a highly covalent Ru—S bond even after
ligand oxidation. This interaction necessarily removes electron
density from the SO+ orbital, which concomitantly strengthens
the S—O bond.***> The nature of this orbital suggests that
protonation of the terminal oxo group would directly affect
Ru—S bonding. Protonation would also weaken the H-bond
between the sulfenato ligand and the NH, of the adjacent en-
ligand, an observation which is consistent with observed
hydrolysis of the sulfenato complexes under acidic conditions. "'

Based on this information, we postulate a mode of activity
for the parent Ru arene thiolato complexes as depicted in
Scheme 2. Oxygenation would make the prodrug susceptible
to protonation at the terminal oxo group, which under acidic
conditions can undergo hydrolysis and DNA binding. We note
both the extracellular pH and the intracellular pH values of
tumors can be acidic (pH 6—7); lysosomal compartments in
cells can attain even lower pH values of 4—5.>® In principle,
even relatively low conversion to the protonated form (2—2-
H™) should be sufficient for activation toward ligand substitution
and subsequent DNA binding. Weakening of the Ru—S bond
could also occur by Lewis acid activation as has been shown
in nitrile hydratase model complexes, where it has been shown
that Zn" binding to the terminal oxo position has a significant
impact on the M—S bond.'? In either case, activation toward
ligand substitution occurs through the mono-oxygenated sulfenato
form of the complex.

Knowledge of the reactivity of sulfenato and sulfinato adducts
is also of importance for understanding the factors which affect
the metabolism and distribution of the more general [(7°-
ar)Ru(en)(X)]* (X = Cl, Br, N3) family of complexes, where
X is generally a labile ligand. In particular, the chlorido
complexes of this family have been shown to form adducts with
natural thiols both outside and inside cells. The tripeptide thiol
glutathione (y-Glu-Cys-Gly), present in cells at millimolar
concentrations, readily forms sulfenate and sulfinate adducts with
Ru" arenes,”'® and the blood protein albumin (ca. 0.6 mM)
forms sulfinate adducts at Cys34.%” Notably, the Ru—S bond
strength is similar in 1, 2, and 3, which explains why protein
sulfenic and sulfinic acids*® can compete with thiols as the
preferred metal binding site in such complexes.

Conclusions

We have described herein an X-ray absorption spectroscopic
and density functional theory computational analysis of the effect
of arene and thiolato ligand modifications and thiolato oxygen-
ation on the nature of the Ru—S bonds in a series of Ru arene
anticancer prodrugs. Most therapeutic metal complexes are

(34) Goto, K.; Holler, M.; Okazaki, R. J. Am. Chem. Soc. 1997, 119, 1460—
1461. Ishii, A.; Komiya, K.; Nakayama, J. J. Am. Chem. Soc. 1996,
118, 12836-12837.

(35) DFT calculations on model Cd(II)—SOiPr and Ru(II)—SOiPr species
confirm that orbital mixing with the Ru 4d orbitals causes a decrease
in the S—O bond distance. See Supporting Information S8 for details.

(36) Tannock, I. F.; Rotin, D. Cancer Res. 1989, 49, 4373-4384. Vaupel,
P.; Kallinowski, F.; Okunieff, P. Cancer Res. 1989, 49, 6449-6465.

(37) Hu, W.; Luo, Q.; Ma, X.; Wu, K.; Liu, J.; Chen, Y.; Xiong, S.; Wang,
J.; Sadler, P. J.; Wang, F. Chem.—Eur. J. 2009, 15, 6586—-6594.

(38) Claiborne, A.; Miller, H.; Parsonage, D.; Ross, R. P. FASEB J. 1993,
7, 1483-1490. Claiborne, A.; Yeh, J. I.; Mallett, T. C.; Luba, J.; Crane,
E. J.; Charrier, V.; Parsonage, D. Biochemistry 1999, 38, 15407-15416.

(39) Votyakova, T. V.; Reynolds, 1. J. Arch. Biochem. Biophys. 2004, 431,
138-144.
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Scheme 2. Proposed Pathway for DNA Binding by Ru'' Arene Thiolate [(#5-ar)Ru(en)(SR)]* Complexes?

Oxidation
R' + ' +
<o MDY
| [0] | H*
Ry 2 e
HN™ R HoN™ 1SS0
(. 2 K,NHZ R
1 2

“ The oxidation step may involve reactive oxygen species such as peroxides formed by the oxidation of GSH or NADH by oxygen.

prodrugs; i.e. they often undergo ligand exchange or redox
reactions before they reach the target site. Learning how to
control such activation processes is critical to the drug design
process for metallodrugs and to the construction of meaningful
structure—activity relationships. In the present case the activation
mechanism is rather unusual being ligand-centered, and it is
important to understand how oxidation of arene—Ru—SR bonds
to arene—Ru—S(O)R (sulfenate) and arene—Ru—S(O,)R (sul-
finate) affects reactivity.

In our studies, we have established that thiolato ligand
oxygenation does not alter the charge donation to the metal
center and thus should have little impact on the lability of the
ligand directly. Our data therefore support the idea that
additional activation is required for biological activity. An
analysis of the bonding in the sulfenato species indicates that
the metal—sulfur bond should be strongly affected by proton-
ation and/or Lewis acid activation of the terminal oxo group.
We further note that modifications of the parent thiolato
complexes seem to be amplified in the oxidized complexes as
evidenced by larger changes in charge donation and in the
energies of the empty valence orbitals. Thus, small modifications
in the parent complexes lead to major effects in the oxidized
species, a finding which should be exploitable in optimizing
the design of this class of anticancer complexes.

Experimental Section

Synthesis. Complexes 1 (thiolates) and 2 (sulfenates) were
prepared according to previously published procedures.'' Com-
plexes 3 were typically prepared as follows: to a solution of thiolate
1b [(°-hmb)Ru(en)(S-Ph)]PFs (20 mg, 0.035 mmol) in methanol
(10 mL) was added hydrogen peroxide (10 mol equiv), and the
solution was stirred for 16 h. The solvent was reduced to dryness,
and the residue was washed with ether and crystallized from
methanol. The complex [(17°-hmb)Ru(en)(S(O),-Ph)|PFs (3b) was
obtained as a yellow solid in 81% yield (17 mg, 0.028 mmol). 'H
NMR (500 MHz, DMSO-dg): 6 = 7.58 (s, SH), 5.19 (m, 2H, NH),
3.78 (m, 2H, NH), 2.59 (m, 2H), 2.32 (m, 2H), 2.02 (s, 18H); ESI-
MS (MeOH): m/z = 323 (40%, {(y°-hmb)(en)Ru}™, 465 (100%,
{(n5-hmb)(en)Ru(S(0),-Ph)}"; Elemental analysis caled for
CyoH3N,0,RuS - PFg: C, 39.41; H, 5.13; N, 4.60. Found: C, 39.70;
H, 5.02; N, 4.58.

Sample Preparation. Samples for S K-edge XAS were mounted
as a finely ground powder diluted (1:1) with boron nitride (BN)
dusted on sulfur-free Kapton tape across the window of an Al plate.
Ru K-edge XAS samples were finely ground and diluted (1:4) with
BN. The resultant homogeneous, finely dispersed powders were
pressed into a 0.5 mm thick Al spacer, sealed on both sides with
Kapton tape.

XAS Data Collection. S K-edge XAS data were collected at
beamline 6-2 and the new beamline 4-3 of the Stanford Synchrotron
Radiation Laboratory (SSRL) using a modified low Z setup allowing
for low temperature data acquisition under ring conditions of 3 GeV
and 60—100 mA. The setup is a 54-pole wiggler beamline operating
in high field (10 kG) mode with a Ni coated harmonic rejection
mirror and a fully tuned Si (111) double crystal monochromator.
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Details of the beamline and data acquisition set are described in
the literature.*® Energy calibration of the spectra was performed
using sodium thiosulfate (Na,S,05) with the first pre-edge feature
being calibrated at 2472.02 eV. Calibration scans were performed
before and after every data set to ensure stable monochromator
readings. Signal was detected with a N, fluorescence (Lytle) detector
at ambient temperature and pressure (~1 atm, 298 K).

Ru K-edge XAS data were collected at SSRL on beamline 7-3
under ring conditions 80—100 mA at 3.0 GeV. This beamline has
a 20-pole, 2 T wigglers, 0.8 mrad beam, and a Si (220) double-
crystal monochromator that was detuned by 50% intensity to attain
harmonic rejection. The incident X-ray intensity (I0), sample
absorption (I1), and Ru reference absorption (I2) were measured
as transmittance using argon-filled ionization chambers. Six to eight
sweeps were taken for each sample, and all data were measured to
k=15 A="at 13 + 3 K within an Oxford Instruments CF1208
continuous-flow liquid helium cryostat. Details of the experimental
configuration have been described previously.*'

Data Processing and Analysis. SIXpack was used for XAS data
reduction.** During the process of S K-edge, pre- and post data
calibration scans were compared and the energy scale of the data
was adjusted by taking the first derivative of the first pre-edge
feature of Na,S,0; being set to 2472.02 eV. Prior to normalization
all the acceptable scans were averaged, fit to a linear background,
and subtracted from the entire spectrum. The post-edge region was
accomplished by fitting to cumulative pseudo-Voigt functions and
normalized to an edge jump of 1.0. BluePrint XAS** was used to
fit the pre-edge peaks by fitting the area under peaks to pseudo-
Voigt functions. A Monte Carlo based method is used to simulta-
neously fit the background and the spectroscopic features.

The Ru K-edge XANES region was analyzed using SIXpack,
and all the identical transmission sweeps for a complex were
averaged and energy calibrated using Ru foil as an internal
reference, with the lowest energy inflection point assigned as 22117
eV. Background subtraction and normalization were performed
simultaneously using a linear pre-edge function and a quadratic
post edge function.

DFT Calculations. The initial coordinates of complexes used
for DFT calculations were obtained directly from the X-ray
crystal structures. DFT calculations were performed using the
Amsterdam Density Functional (ADF) Package Software 2007.01.
Geometry optimization was followed by single-point calculations
and fragment analysis. These calculations were obtained by using
a BP86 (Becke—Perdew 86) gradient-corrected functional and
a triple-C polarization (TZP) basis set with scalar ZORA
relativistic correction for Ru metal unless otherwise stated. The
small frozen core basis set approximation was applied with no
molecular symmetry. The general numerical integration was 6.0.
To help in the assignment of the transitions fragment analysis
calculations were carried out on the [(ar)Ru(en)(SO,R)]*
complexes with Ru, ar (cym and hmb), en, S, O, (n = 0—2),
and R (iPr, Ph) as the designated fragments.

(40) Kennepohl, P.; Wasinger, E. C.; George, S. D. J. Synchrotron Rad.
2009, 16, 484-488.

(41) Getty, K.; Delgado-Jaime, M. U.; Kennepohl, P. J. Am. Chem. Soc.
2007, 129, 15774-15776.

(42) Webb, S. M. Phys. Scr. 2005, T115, 1011-1014.
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