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Quinones (Q) are a class of fully conjugated cyclic dione
compounds that are widely distributed in nature.'! They can
function as electron carriers in electron-transport chains (e.g.
aerobic respiration)”! and undergo one- or two-electron
reduction, coupled with protonation, leading to the corre-
sponding semiquinones (QH‘) or hydroquinones (QH,),
respectively (Scheme 1). In biological systems, quinones are
often reduced by coenzyme NAD(P)H (Scheme 2) in the
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Scheme 1. One- and two-electron reduction of a quinone (e.g. benzo-
quinone) leading to semiquinone and hydroquinone, respectively.

presence of cellular reductases, such as NADH ubiquinone
oxidoreductase, NADH cytochrome bs, and NADPH cyto-
chrome P-450 reductase.’) Apart from enzymatic methods,
the reduction of quinones by chemical, photochemical, and
electrochemical methods has been investigated because of its
biological and industrial importance.’! However, there are
only a few reports of metal involvement in the reduction of
quinones.” For example, Sc** can form metal-quinone radical
adducts using the cyclometalated iridium complex [Ir(ppy);]
(ppy = 2-phenylpyridine) as an electron donor.” Organome-
tallic iridium complexes have potential for application in
catalysis’® and biology.”! Coenzyme NADH can transfer
hydride ions to cyclopentadienyl-Ir'™" complexes, generating
iridium-hydride complexes.® Here we investigate whether
cyclopentadienyl-Ir'™ complexes can use NADH as a hydride
source for the reduction of quinones, thus mimicking the
action of reductases. We chose quinones vitamin K; (mena-
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Scheme 2. Structures of NADH, NAD™, quinones, and Ir'' complexes
studied herein.

dione) and the related duroquinone as substrates (Scheme 2),
because vitamin K is required for the synthesis of certain
proteins that are involved in blood coagulation and metabolic
pathways in bones and other tissues,”) and may play an
important role in the treatment of cancer, Alzheimer’s and
other diseases.""! This appears to be the first report of the
catalytic reduction of quinones by an organometallic com-
plex, and intriguingly, appears to involve the unusual Ir"
oxidation state in a novel mechanism.

Complexes [(n*-CsMes)Ir(phen)(H,0)]*" (1, phen = 1,10-
phenanthroline) and [(1’-CsMe,CoHs)Ir(phen)(H,0)]*" (3;
Scheme 2) were synthesized as PF salts and characterized by
'H NMR spectroscopy, ESI-MS, and CHN elemental analysis
(see the Supporting Information for details).

First we studied the interactions of NADH, [(n’-CsMes)Ir-
(phen)(H,O)]*" (1) and menadione by '"H NMR spectroscopy.
Upon the addition of two molar equivalents of NADH to
1 (1 mm) in [D,JMeOD/H,O (1:9), the colour of the solution
changed from light to dark yellow immediately. The "H NMR
spectrum recorded at 298 K showed a sharp singlet at
—11.3 ppm within the first 10 min, which is assignable to the
iridium-hydride complex 2 (Scheme 2) together with a new
set of signals that are attributable to NAD™ (Figure 1b).
When one molar equivalent of menadione was added to the
reaction mixture, the resonances corresponding to 2 disap-
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Figure 1. "H NMR spectra showing the formation of complex 2 [(1®
CsMeg)Ir(phen) (H)]* and its reaction with menadione in [D,JMeOD/
H,O (1:9) at 298 K. a) Menadione alone. b) Formation of hydrido
complex 2 from reaction of [(n*-CsMe;)Ir(phen) (H,0)]*" (1; 1 mm)
with NADH (2 mm). c) Disappearance of signals of hydride 2 and
broadening of signals of menadione 10 min after addition of mena-
dione (1 mm) to mixture in (b).

peared and were replaced by signals for the aqua complex 1
(Figure 1c¢). No sharp signals for the added menadione were
observed, only a set of broad resonances (Figure 1c¢), thus
suggesting that the menadione might be present as a para-
magnetic species.

To investigate the formation of paramagnetic products,
EPR studies were carried out. Addition of menadione (1 mm)
to a solution containing NADH (0.5 mM) and complex 1
(160 pum) in phosphate buffer (pH 7.2) resulted in an EPR
spectrum that is consistent with the formation of the
menadione semiquinone radical anion (M™; Figure 2a),
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Figure 2. X-band EPR spectra at around 290 K. a) Menadione radical
anion (M) generated by the reduction of menadione (1 mm) by
NADH (0.5 mm) catalyzed by complex 1 or 3 (160 pm) in phosphate
buffer (pH 7.2, 9 h). b) Simulated M~ EPR spectrum with hyperfine
coupling constants. c) Durosemiquinone radical anion (D*") generated
by reduction of duroquinone (2 mm) by NADH (1 mwm) catalyzed by
complex 1 or 3 (330 um) in phosphate buffer (pH 7.2, 10 h). d) Simu-
lated D'~ EPR spectrum with hyperfine coupling constants.
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whereas no EPR signal was detected in the absence of any
of the three reactants. The simulated spectrum is character-
istic of the menadione semiquinone radical anion (M) with
hyperfine coupling constants a™js_6_17-ns =3.03 G, a3 =
0.65 G (Figure 2b), which agree with a previous report.!!
The menadione radical anion formed here was stable for
more than 20h. Although some metal-quinone radical
adducts have been reported,”™ so far no superhyperfine
splitting as a result of coupling with iridium nuclei was
detected. Integration of the EPR signals (relative to a stan-
dard tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-
oxyl) solution) showed that almost all the menadione
(93 %) had been converted to menadione semiquinone.
Strikingly, these data show the turnover of more than one
molar equivalent of M~ per Ir', thus suggesting that
complex 1 can act as a catalyst. The catalytic reduction of
menadione was further studied by EPR spectroscopy. Various
molar excesses of menadione and NADH were added to
a solution of complex1 in phosphate buffer (pH7.2;
entries 1-4 in Figure 3) and EPR spectra were recorded.
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Figure 3. Reduction of menadione (VK;, entries 1-4) and duroquinone
(Duro, entries 5 and 6) by NADH catalyzed by complex 1 (80 pm).

The turnover numbers (TON) and initial turnover frequen-
cies (TOF, expressed as the number of moles of radical
formed per mole of Ir'"" after the reaction was run for one
hour) of these reactions increased with the concentrations of
NADH and menadione (Figure 3). The maximum TON of
56.6 was observed for the reaction in entry 3 (molar ratio =
1:30:80), and the maximum TOF of 12.4 h™! for the reaction in
entry 4 (1:60:120). Notably, a comparison of the TON with the
amount of NADH present in entries 1-3 suggests that every
molecule of NADH can reduce two quinone molecules (i.e.
the semiquinone radical is formed). In entry 4, a similar TON
was attained as in entry 3, although the concentrations of
NADH and VK; were increased, indicating that hydride
transfer from NADH to 1 had reached saturation.

Similar NMR (Figure S1 in the Supporting Information)
and EPR results (Figure 2c and d) were obtained for the
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catalytic reduction of duroquinone by NADH/complex 1
(entries 5 and 6 in Figure 3), with a maximum TON of 28.1
and a maximum TOF of 5.1. These values are about half those
for the reduction of menadione (entry 3). The presence of
three additional electron-donating methyl groups makes
duroquinone more difficult to reduce, which is in line with
reported half-wave potentials.’? As with menadione, one
mole of NADH reduces two moles of duroquinone (entry 6).

We also studied the reduction of quinones by NADH/[(1’-
CsMe,C,H;)Ir(phen)(H,O)]*" (3). The reaction pathways
were similar to those of complex 1 (Figure 2, and Figure S2
in the Supporting Information), showing that the phenyl
substituent on the Cp* has little effect on the reaction.

Since NADH is effectively a two-electron (hydride)
donor, it is surprising that the reduction of quinone appears
to involve two quantitative one-electron donor steps to give
the semiquinone product. Although one-step hydride transfer
from NADH and analogues to quinones (NADH+Q—
NAD"+ QH™), and multi-step hydride transfer (electron
transfer followed by proton/electron transfer, e +H" +¢")
have been previously described,”™™ no mechanism for the
reduction of quinone by metal-based hydrides has been
reported.

DFT calculations (see the Supporting Information for
details) were used to characterize various possible stationary
points to provide insight into the likely mechanism of the
iridium-catalyzed reduction of these quinones. A possible
mechanism for the catalytic reduction of quinone to semi-
quinone by NADH/complex 1 is shown in Scheme 3a. In the
first step, a hydride ion is transferred from NADH to
complex1 to form the iridium-hydride complex2 and
NAD™. One-electron transfer to the quinone together with
proton transfer to the phosphate buffer then generates the
deprotonated semiquinone radical (Q'") and a transient Ir"
center. Next, an electron is transferred from Ir'' to a second
quinone molecule, resulting in further formation of semi-
quinone radical anion (Q) and regeneration of Ir"™. The
assumed formation of semiquinone radical anions is based on
their relatively low pK, value (ca. 5)." Subsequent coordi-
nation of a water molecule to the Ir'™ center completes the
catalytic cycle. This oxidation state (II) is unusual for iridium
and there are only a few reports of Ir'.[1°!

The results of DFT calculations on an alternative two-
electron reduction pathway, which would give rise to the fully
reduced dihydroquinone, are shown in Scheme 3b. The
mechanism involves a one-step hydride transfer from com-
plex2 to the quinone via an intermediate with an Ir—
C(quinone) bond. In this case, the quinol is released and
protons are taken up from the buffer because of the higher
pK, value of the dihydroquinol.

In both cases, the regeneration of the aqua complex is the
critical step. In Scheme 3 a, this step appears favored on the
potential-energy surface, but disfavored on the free-energy
surface, and in Scheme 3b, this steps appears to be strongly
disfavored on both surfaces. Thus, notwithstanding the
difficulties of modeling H'/e™ transfers and the need to
invoke the phosphate buffer to balance the various reaction
steps, the DFT calculations generally support two consecutive
one-electron transfers (pathway in Scheme 3a), generating
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Scheme 3. Two possible mechanisms for the catalytic reduction of
duroquinone by complex 1. a) Reduction through two sequential one-
electron transfers. Figure S3 in the Supporting Information shows

a plot of the singly occupied molecular orbital of the Ir" d” complex.

b) Reduction through a single two-electron transfer. The pairs of
numbers associated with each step are potential-energy/free-energy
couples (in kcalmol™). The semiquinone has a pK, of around 5 and is
therefore negatively charged at pH 7.2, whereas the quinol is protonat-
ed (pK, higher than 11)."

the transient Ir'' complex and the experimentally-detected
semiquinone. The alternative dihydroquinone pathway (Sche-
me 3b), in which only Ir'™ species are involved, appears not to
be viable theoretically.

In conclusion, organometallic cyclopentadienyl-iridium
complexes offer the prospect of carrying out catalytic
reductions of quinones without an enzyme through hydride
transfer from NADH. These reactions produce semiquinones
rather than the two-electron reduced products, the dihydro-
quinones. DFT calculations suggest that the reactions occur
through a novel mechanism that involves an unusual transient
Ir"" state, in which the iridium center plays a key role in
promoting this one-electron pathway. This appears to be the
first report of a catalytic reduction of a quinone by an
organometallic complex, and may have promising potential
for the design of catalytic metallodrugs and for activation of
electron transfer in biological systems."'®! Such organometallic
complexes may therefore be valuable for the modulation of
the redox status of cells (a potential drug target), as enzyme
mimics, and for biocoupled hydrogenation reactions.
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