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Abstract: Some manganese complexes can catalyze both
antioxidant and pro-oxidant reactions, whereby the disparate
reactivity modes are determined by the catalyst environment
and afford distinct therapeutic effects. We recently reported the
reduction of radicals in buffered aqueous solution catalyzed by
a ruthenium complex with biologically relevant non-tertiary
alcohols as terminal reductants. Mechanistic evidence is
presented, indicating that this catalytic radical reduction is
achieved by a Ru-hydride intermediate formed by [(-hydride
elimination from a Ru-alkoxide species. A similar mechanism
and Ru-hydride intermediate was previously reported to kill
cancer cells with catalytic pro-oxidant effects. Therefore, our
demonstration of catalytic antioxidant effects by the same type
of intermediate reveals new potential therapeutic strategies and
applications for catalytic systems that form Ru-hydride inter-
mediates.

Reactive oxygen species (ROS) and other free radicals can
damage critical biomolecules in living systems and are
implicated in a wide variety of pathologies."! Antioxidants
can reduce ROS or oxidizing radicals and thus protect against
damage, but they typically proceed through stoichiometric
reductions that deplete their protective capacity.”) However,
a catalytic reduction could regenerate an antioxidant after
each turnover and thus enable it to provide significantly
greater protection. Manganese porphyrin-based complexes
can catalyze O, and H,O, disproportionation reactions and
have shown beneficial antioxidant effects in stroke and
diabetes therapy by reducing ROS levels.”! Interestingly,
some of these Mn complexes (two of which are in Phase 1
clinical trials) can also produce pro-oxidant effects in cancer
cells, which endows them with potent chemotherapeutic
activity.®* The ability of a Mn complex to produce anti-
oxidant or pro-oxidant effects in different environments is
derived from the same catalytic cycle and intermediates,
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whereby the catalyst environment determines the anti-
oxidant/pro-oxidant outcome.®™! Knowledge of the mecha-
nism and intermediates by which a complex catalyzes a redox
reaction in a biological system is thus essential for developing
its therapeutic applications.

We recently reported the Rul-catalzyed reduction of
ABTS™ into ABTS? in buffered aqueous solution with
biologically relevant non-tertiary alcohols as terminal reduc-
tants (Scheme 1 A-B).’) Although ABTS" is not found in
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Scheme 1. A) Structure of Rul. B) 1 e interconversion between ABTS'~
and ABTS?". C) Formation of Ru-hydride in catalytic aerobic alcohol
oxidation (top) and ABTS™ reduction (bottom).

biological systems, it is an ideal radical substrate because its
oxidizing power (ABTS/ABTS?*™ E,,=+0.68 V vs. NHE)"!
is comparable to radicals generated during biological oxida-
tive stress (for example, E°=1.6 V for RO, 1.0 V for ROOr,
0.92V for Cys-S:, and so forth)® and its high absorptivity
(1.5x10*Mem ™) permits quantification at lower concen-
trations than would be achievable with O, or H,0,.1") No
ABTS™ reduction occurred with Rul alone if either the O—H
or C—H group of a CH—OH moiety was absent, or in pure
H,O solutions, which is consistent with alcohol oxidation by
B-hydride elimination from a Ru-alkoxide. A similar process
has been proposed for the aerobic oxidation of alcohols
catalyzed by Ru-oxide/hydroxide materials, in which the
resulting Ru-H intermediate reacts with O,, the terminal
oxidant, by 1,2-insertion (Scheme 1C, top).!"!

If a Ru complex can oxidize a biomolecule to yield a Ru-H
species, and if that Ru-H species can then be oxidized by O, to
yield H,O,, then that Ru complex can exert catalytic pro-
oxidant effects in biological systems, which has been shown to
result in potent anticancer properties by Sadler et al.l'”
Compounds such as trans-[RuCl,(imidazole)(S-dmso)]
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(NAMI-A), and related coordination complexes that also
possess anticancer properties, have similarly been shown to
function by exertion of pro-oxidant effects.""! Antioxidant
effects have been observed with some Ru coordination
complexes, but none exhibited catalytic antioxidant activ-
ity.¥l Inspired by the fact that 1) a single Mn porphyrin-based
complex can produce either antioxidant or pro-oxidant effects
in different environments through a conserved catalytic cycle
and set of intermediates and, 2) a catalytic cycle involving
a Ru-H intermediate can produce pro-oxidant effects, we
hypothesized that a comparable catalytic cycle and Ru-H
intermediate could also give rise to antioxidant effects.
Herein, we present mechanistic evidence indicating that
catalytic antioxidant effects by Rul in the form of catalytic
radical reduction (Scheme 1C, bottom) are derived from
a similar catalytic cycle and Ru-H intermediate previously
shown to produce catalytic pro-oxidant effects.

An organoruthenium-chloride complex and the corre-
sponding aquo complex exist in an equilibrium in H,O
solution that is determined by the relative ligand affinities and
total Cl” ion concentration, but ligand exchange is rapid for
both the aquation and anation reactions." Therefore, the Cl-
ligand in Rul will be similarly labile toward substitution with
other ligands in phosphate-buffered saline (PBS) solutions,
such as ABTS*", H,O, and EtOH. The chemical synthesis of
ABTS™ from ABTS* does not reach 100% completion,”!
therefore an additional 100 um of ABTS?" was included to
control the variation in rates caused by unreacted ABTS*".
Addition of 5 pm of Rul to an aqueous solution containing
100 um of ABTS?™ will result in rapid ligand exchange
(relative to turnover) to afford [L,Ru-A,]'" and begin the
catalytic cycle (Scheme 2). Substitution of ABTS*™ by H,O
will yield [L,Ru-OH,]'* (step 1), which will undergo ligand
exchange with EtOH to produce [L,Ru-(EtOH)]'* (step 2).
Complexes similar to [L,Ru-OH,]'* exhibit pK, values > 9,1
therefore [L,Ru-OH,]'" is expected to be the predominant
form at pH 7.4 rather than [L,Ru-OH]. Proton transfer from
the EtOH ligand to the buffered solution will form
[L,Ru-OEt] (step3). Subsequent [-hydride elimination
from the ethoxide ligand (via TS4) and acetaldehyde disso-
ciation will afford the catalytically active [L,Ru-H] inter-
mediate (step 4). This Ru"-hydride species will then undergo
1 e oxidation by ABTS™ to yield a Ru"-hydride cation
(step 5). Deprotonation by buffer, oxidation by a second
equivalent of ABTS™, and subsequent coordination of
ABTS* to Ru, will regenerate [L,Ru-A,4]'" and restart the
cycle (dashed arrow, Scheme 2).

To elucidate the steps in the catalytic cycle, we conducted
rate law studies by varying the initial concentration of
ABTS, ABTS*, EtOH, and Rul, as well as solution pH
and temperature.'’”) The initial rate (v,) increased linearly
with [ABTS "], (Figure 1 A), consistent with a reaction that is
first-order in [ABTS' "] [Eq. (1)]. This result also suggests that
the 2 equiv of ABTS"™ per turnover were reduced in separate
steps (that is, step5 followed by the dashed arrow in
Scheme 2). A linear relationship is apparent in the plot of
ko, versus 1/[ABTS*], (Figure 1B), which suggests that
ABTS?™ dissociation from Ru is necessary for the reaction to
proceed (consistent with step 1). An inverse relationship is
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Scheme 2. Proposed mechanism for Rul-catalyzed reduction of ABTS™~
into ABTS?™, with EtOH as the terminal reductant. Forward reactions
(clockwise, green), reverse reactions (counter-clockwise, blue). Each K|,
or k, corresponds to the equilibrium or rate constant, respectively, for
the forward reaction in step “n” (step 1 has equilibrium constant K;,
and so forth). The transition-state structure for step 4 is shown as TS4
in the center. The dashed arrow includes multiple transformations that
occur after the rate-determining steps. The spectator ligand set “L,”
comprises the n°’-cymene and «’-(C,0)-benzimidazolylidene-carboxylate
ligands, but their hapticity/denticity may decrease to accommodate
additional ligands.

Aeq> = ABTSZ

observed between k., and [H'] (Figure 1C), which is
expected for H* transfer from the EtOH ligand to the
(buffered) solution before or during the rate-determining step
(consistent with step 3). In contrast, the values of kg,
increased as [EtOH], increased (Figure 1D), which implies
that ligand substitution of the Ru-aquo intermediate by
EtOH is a necessary step in the catalytic cycle (consistent with
step 2). The plot of k., versus [Rul] is also linear (Figure 1E),
which suggests that the predominant Ru-containing species in
solution leading up to the rate-determining step is mono-
nuclear. However, the possibility that multinuclear species
were present in solution in minor amounts cannot be
definitively excluded. Overall, the rate of ABTS'™ reduction
is proportionally dependent on [ABTS™], [EtOH], and
[Rul],, but inversely dependent on [ABTS*7], and [H],
[Eq. (2)], which is similar to the rate laws derived by
Sigman etal.™ and Stahl etal! for the Pd- and
Cu-catalyzed aerobic oxidation of alcohols.

d[ABTS™
yy = — JIABTS ] o l_ Kos [ABTS' "] 1)

d[ABTS"]  [EtOH],[Rul], -~
& ~[ABTS ,E, ABTS @)
Plotting In(k,,/T) versus 1/T (Figure 1F) yields a positive
AS* value (28.9+1.7 calmol 'K™"), which reveals that dis-
order increases during the rate-determining step and could
arise from ligand dissociation or fragmentation (consistent

www.angewandte.de

An dte

Chemie

8699


http://www.angewandte.de

. An dte
GDvCh Zuschriften Chemie
15 = 24 -
~ 1®W P (B) __°4(©) I
» . 1 -
S 104 r Tm 16 4 >—L :‘"’ - I
1 1 = l =)
o | = e
- T X T x
éﬂ 99 s T Vg 8 = § T Vm 3 §
»° X x° . *g 4
0 L L] L] L} L] 0 L] L] L] L] 0 a L) L] L]
0.0 0.2 0.4 0.6 0.8 1.0 0 4 8 12 16 0 3 6 9
[ABTS™] (x 107 M) 1/[ABTS™], (x 10° M™) 11[H, (x 10° M™)
- '*q (D) - 29 (E) T 9 (F) slope = (~1.52 £ 0.03) x 10°
Y I A ] I y-int = 38.3 + 0.09
7 124 [ 1 e T = _ R? = 0.996
< ) 2 3 T 3 12 -
x T x + x 7 -
= 64 I = 4 ¢ 1 u
3 b8 3 3 — M4
< o3 x b2 B
0 T T T 1 0 T T 1 -16 T T T 1
0 2 4 6 8 0 2 4 6 3.1 3.2 3.3 34 3.5

8700

[EtOH], (x 10 M)

[Rut], (x 107 M)

11 T(x10° K™

Figure 1. A) Dependence of initial rate (v,) of Rul-catalyzed ABTS™ reduction on [ABTS],=5, 10, 25, 50, 75, or 100 um. Dependence of observed
rate constant (k,,) for Rul-catalyzed ABTS"™ reduction: B) [ABTS? ],=50, 100, 150, or 200 um; C) pH 7.4, 7.9, 8.4, or 8.9; D) [EtOH],=10, 30, 50,
or 70 mm; E) [Rul]y=1, 2, 3, 4, or 5 um; F) T=15, 25, 35, or 45°C. Each data point () is the average of four experiments. Conditions:

[Rul]y=5 um, [ABTS]o=50 pm, [ABTS*],=100 um, [EtOH],=50 mm, PBS (pH 7.4), 25°C; absorbance measured at 734 nm.

with TS4 and step 4). Positive AS™ values were also observed
for Rul-catalyzed ABTS™ reduction with i-PrOH
(32.2+2.3 calmol 'K'; Supporting Information, Figure S1),
MeOH (11.442.9 calmol 'K™'; Supporting Information,
Figure S2), and ethylene glycol (32.842.1 calmol 'K™;
Supporting Information, Figure $3),!'”! which suggests that
these alcohols also undergo fB-hydride elimination (via a
TS4-like transition state). The presence of acetone did not
inhibit the rate of ABTS*™ reduction with i-PrOH, therefore
we conclude that (-hydride elimination with concomitant
dissociation of acetone to generate [L,Ru-H]| (step4) is
irreversible. A negative AS™ value would be expected if step 5
(a bimolecular reaction) was rate-determining, but v, would
not vary with [ABTS"], if step 4 was rate-determining."”)
Therefore, neither step 4 nor 5 is the unique rate-determining
step for the Rul-catalyzed reduction of ABTS"™ into ABTS*".
Instead, both steps are likely to exert a comparable influence
on  catalyst  turnover. No  ABTS™  reduction
occurred with -BuOH, consistent with the inability of
[L,Ru-O--Bu] to undergo P-hydride elimination (step 4 is
blocked). This lack of reactivity with +-BuOH also suggests
that ABTS™ reduction does not occur by oxidation of
[L,Ru-OR], because a -BuO~ ligand would render the Ru
center more electron-rich, and thus easier to oxidize, than
either EtO™ or i-PrO™. A similar lack of reactivity with
1,2-dimethoxyethane was unsurprising, given that no
[L,Ru-OR] intermediate can be formed (step 3 is blocked).

To confirm that C—H and O—H bond breakage occurred
before or during the rate-determining steps, Rul-catalyzed
ABTS"™ reduction was performed with EtOH, [D¢]EtOH,
i-PrOH, and [Dg]-i-PrOH, in proteo and deutero PBS.'
Significantly greater kinetic isotope effects (KIEs) were
observed for the C—H/D and O—H/D isotopic substitutions
in proteo versus deutero PBS, consistent with the role of H,O
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in multiple steps of the proposed mechanism: displacement of
ABTS?>” by H,O (step1), ligand exchange with EtOH
(step2), and H" transfer from the EtOH ligand to the
buffered solution (step 3). Substituting H,O with D,O can
affect the equilibrium for each step, therefore it is unsurpris-
ing to observe a solvent KIE for Rul-catalayzed ABTS™
reduction. The solvent KIE values calculated using EtOH and
i-PrOH as terminal reductants (1.76 £0.39 and 1.72+£0.37,
respectively) were consistent with base-catalyzed H" transfer
(that is not rate-determining) and agreed with previously
reported values for catalytic redox reactions involving
ABTS~ [ Ru-mediated alcohol oxidation,?!! and enzymes®”!
in H,O and D,O solutions.

The KIEs for the C—H/D and O—H/D isotopic substitu-
tions in EtOH and i-PrOH were unambiguous for primary
KIEs,?! which demonstrates that O—H and C—H bond
breakage both occurred before or during the rate-determin-
ing steps (consistent with step3 and TS4). Notably, the
C-H/D KIE values measured for Rul-catalyzed ABTS~
reduction with EtOH (2.88+0.27) and i-PrOH (2.86 £0.31)
were nearly identical to the corresponding C—H/D values
reported by Bickvall etal. (2.57+0.26) and Casey et al.
(2.86 £0.20) for respective H, transfers from 1-(4-fluoro-
phenyl)ethanol and i-PrOH to other Ru complexes similar to
Rul.® In contrast, the O—H/D KIE values observed for
Rul-catalyzed ABTS™ reduction with EtOH (2.924+0.51)
and i-PrOH (4.18 +0.60) were significantly greater than the
corresponding values reported by Béckvall et al. (1.87 +0.17)
and Casey etal. (1.79+0.07). One possible cause for this
difference is that [L,Ru-H] is formed by H" transfer from the
O—H group in a separate step before f-hydride elimination
(that is, step 3 followed by TS4), whereas the systems studied
by Béckvall et al. and Casey et al. involved H, transfer from
the CH—OH moiety in a single, concerted step. The slightly
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smaller O—H/D KIE value measured for EtOH versus
i-PrOH with Rul could be due to the greater acidity of
EtOH, which lowers the activation barrier to H' dissociation
and renders ionic O—H bond breakage less sensitive to H/D
isotopic substitution.

We propose that [L,Ru-H] undergoes 1 e~ oxidation by
ABTS™ to produce a cationic 17¢” Ru™ complex,
[L,Ru-H]'* (Scheme 3A). Deprotonation of [L,Ru-H]'*
followed by coordination of an additional ligand L' from
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Scheme 3. A) Proposed completion of the catalytic cycle starting from
[L,Ru-H], and B-E) literature precedent. Unless specified otherwise,
pK, values and redox potentials were measured in CH;CN solutions.
“pK, value for M4,.4 in H,O estimated using ref. [29].” pK, value for
M4, estimated using ref. [25].

solution (for example, H,0) generates [L,Ru-L']. This 19 e~
Ru' complex is oxidized by a second equivalent of ABTS"™
and subsequently combines with the resultant ABTS*" to
produce [L,Ru-A,]'" and complete the catalytic cycle.
Direct observation of these subsequent steps was not possible
because these reactions occurred after the rate-determining
steps. However, literature precedent (see below) suggests that
the proposed 1 e~ oxidation of [L,Ru-H] and [L,Ru-L’] by
ABTS", as well as deprotonation of [L,Ru-H]'" at pH 7.4, is
thermodynamically favorable.

Tilset and Norton et al. have shown that M1,.4 undergoes
1 e oxidation at +0.060 V to form M1,,, which has a pK,
20-25 log units lower than M1,.4 (Scheme 3B).*! Oxidation
of M1, into M1,, by ABTS" is expected to be thermody-
namically feasible because the ABTS" /ABTS?" redox couple
occurs at 4 0.68 V.I"! Tilset and Norton et al. also noted that
the deprotonation of M1,, occurs even if it is thermodynami-
cally unfavorable by 4 pK, units, provided that the 19 e~ Ru'
conjugate base (M2,.) is irreversibly oxidized. Even a weak
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oxidant, such as [Co(n’-CsMes),]|'t (E;» = —1.51 V),” could
oxidize M2, because the 1 e~ reduction of M2, into M2,.4
occurs at —2.02 V (Scheme 3C).>* Oxidation of the 19 e~
Ru' intermediate [L,Ru-L'] (analogous to M2,.) by ABTS"™
should be similarly favorable, and would likewise facilitate
deprotonation of [L,Ru-H]'*.

An anionic 1’>-CsH; ligand is more electron-donating than
a neutral n’-cymene, thus it is more relevant to compare the
oxidation of [L,,Ru-H] to other Ru complexes with n°-cymene
ligands rather than M1, Unsurprisingly, the oxidation of
M3,.q (+0.16 V; Scheme 3D) occurred at a higher potential
than M1,.,,%" but still well below the ABTS"/ABTS*™ redox
couple. The difference in oxidation potentials between
[L,Ru-H] and M3, is expected to be smaller than that
between M3, and Ml,,, therefore ABTS~ should be
a sufficiently strong oxidant to oxidize both [L,Ru-H] and
[L,Ru-L'].

The complex most similar to [L,Ru-H]'* for which a pK,
value has been reported, is M4, (pK,=22.5+0.1 in CH;CN;
Scheme 3E).”® The pK, for M4,.q in H,O can be estimated as
15.9 using Morris’ method to estimate acidity in different
solvents.”) However, M4,,q is an 18e~ Ru"' species and
[L,Ru-H]™ is a 17 e~ Ru'™ species, therefore a more relevant
comparison would involve M4,,, which has not been reported.
Using the observations of Tilset and Norton et al. that 1 e~
oxidation of an 18 e~ Ru" complex typically lowers the pK, by
20-25 log units,™ the pK, for M4, in H,O is estimated to be
in the range of —4 to —9. Similarly dramatic decreases in pK,
have been observed following 1e~ oxidation of
[RuH(1’-CsH;)(CO)(PPh;)] (from 27-28 to 4-5)F1 and
[WH(-CsHs)(CO),] (from 16 to —3).P! Therefore,
[L,Ru-H]'* should be sufficiently acidic to undergo complete
deprotonation in pH 7.4 aqueous solution.

In summary, mechanistic data for the catalytic reduction
of ABTS™ into ABTS?” by Rul, with EtOH as the terminal
reductant, suggests that p-hydride elimination from a
Ru-alkoxide species generates the catalytically active Ru-H
intermediate. In light of previous reports indicating that,
1) Ru-H intermediates can achieve anticancer properties by
exerting catalytic pro-oxidant effects,”) and 2)some Mn
porphyrin-based complexes can produce catalytic antioxidant
or pro-oxidant effects in different environments with distinct
therapeutic uses,®>! we believe that new therapeutic strat-
egies and applications can potentially be developed that
utilize the catalytic radical reducing ability we have demon-
strated for complexes that form Ru-hydride intermediates.
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