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ABSTRACT: Regioselective hydrogenation of the oxidized form of
P-nicotinamide adenine dinucleotide (NAD™) to the reduced form

(NADH) with hydrogen (H,) has successfully been achieved in the (
presence of a catalytic amount of a [C,N] cyclometalated organo-
iridium complex [I'"'(Cp*)(4-(1H-pyrazol-1-yl-kN?)benzoic acid-«C>)-
(H,0)], SO, [1],-SO, under an atmospheric pressure of H, at

L

—
.

room temperature in weakly basic water. The structure of the
corresponding benzoate complex Ir'"(Cp*)(4-(1H-pyrazol-1-yl-
kN?)-benzoate-kC*)(H,O) 2 has been revealed by X-ray single-crystal
structure analysis. The corresponding iridium hydride complex formed
under an atmospheric pressure of H, undergoes the 14-selective hydrogenation of NAD" to form 1,4NADH. On the other hand, in
weakly acidic water the complex 1 was found to catalyze the hydrogen evolution from NADH to produce NAD* without photoirradiation
at room temperature. NAD" exhibited an inhibitory behavior in both catalytic hydrogenation of NAD" with H, and H, evolution from
NADH due to the binding of NAD" to the catalyst. The overall catalytic mechanism of interconversion between NADH and NAD" accom-
panied by generation and consumption of H, was revealed on the basis of the kinetic analysis and detection of the catalytic intermediates.

B INTRODUCTION

In the natural photosynthesis of plants, electrons and protons taken
from water using solar energy are used to reduce NAD(P)* by the
action of ferredoxin-NADP reductase, generating the 1,4-dihydro
form, ie, NAD(P)H, which is used to reductively fix CO, as
carbohydrates through the Calvin cyde." On the other hand, in
hydrogenase-containing photosynthetic organisms such as cyano-
bacteria and green algae, electrons taken from water using solar
energy are used for the reduction of protons to hydrogen (H,)
rather than the reduction of NAD(P)* to NAD(P)H.>"* Both the
oxidation of H, with NAD(P)* and the reduction of protons with
NAD(P)H are catalyzed by hydrogenases.”™* Extensive efforts have
so far been devoted to develop functional mimics of hydrogenase,
which are able to reduce protons to H, or to oxidize H, to
protons.” " In the presence of appropriate enzymes, ie, lactate
dehydrogenase and horse liver dehydrogenase, regeneration of
NADH from NAD" was made possible by using an organorhodium
complex under pressurized H, (2.7 atm)."* On the other hand,
regeneration of NAD(P)H from NAD(P)" was catalyzed by Ru and
Rh complexes under relatively high pressure of hydrogen (4.8
atm).'® However, there has so far been no report on functional
mimics of hydrogenase, which can catalyze the reversible
interconversion between the oxidation of H, with NAD(P)* to
produce protons and NAD(P)H and the reduction of protons with
NAD(P)H to produce H, and NAD(P)*.

-4 ACS Publications  © 2011 American Chemical Society

367

Among various metal complexes, the half-sandwich iridium-
(II) complexes having pentamethylcyclopentadienyl (Cp*)
ligand (IrCp*) are expected to be potential candidates for inter-
conversion between NAD" and NADH (eq 1), because they
have been used as catalysts for various types of transfer hydro-
genation reactions and oxidative dehydrogenation reactions.'>>*
Under certain reaction conditions, the reactive intermediates in
the catalytic cycle, e.g, a terminal hydride complex (Ir—H) or a
dinuclear y-hydride complexes (Ir—H—Ir) were stable even in
water and isolable, and in some cases, their molecular structure
can be defined by X-ray crystal structure analysis.”**" Further-
more, molecular hydrogen (H,) is activated by some IrCp*, and
H, can be a reductant for the catalytic hydrogenation of imines,”’
dioxygen,”* CO,>*™* and other electrophilic substrates.”*>°
Especially, IrCp* in combination with a [C,N] cyclometalated
ligand have recently been recognized to afford more efficient
catalytic reactivity than that with @a-diamino or diimine
hgands'17a,19a,213,23a

NADH + H" 2 NAD" + H, (1)
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We report herein the first example of a functional mimic of
hydrogenase using a water-soluble iridium aqua complex [I'"'(Cp*)-
(4-(1H-pyrazol-1-yl-kN*)benzoic acid-«C*)(H,0)],SO,,
[1],-SO,, having both Cp* and a [C,N] cyclometalated ligand,
which can catalyze the oxidation of H, with NAD" to produce
protons and NADH and also the reduction of protons with
NADH to produce H, and NAD" under an atmospheric
pressure at room temperature (eq 1). The direction of the
reaction was found to be well controlled by pH.

B EXPERIMENTAL SECTION

Materials. The following reagents were obtained with the best
available purity and used without further purification unless otherwise
noted: hydrogen hexachloroiridate, H,IrCly (4N grade, Furuya Metal
Co,, Ltd.), 1,2,3,4,5-pentamethylcyclopentadiene (>90%, Kanto Chemical
Co., Inc.), 4-(1H-pyrazol-1-yl)benzoic acid (90% Aldrich Chemicals
Co.), 3-(trimethylsilyl)propionic-2,2',3,3"-d, acid sodium salt (>98%,
Aldrich Chemicals Co.), f-nicotinamide adenine dinucleotide
disodium salt hydrate, reduced form (Tokyo Chemical Industry Co.,
Ltd.), f-nicotinamide adenine dinucleotide, oxidized form (Oriental
Yeast Co., Ltd.), acetonitrile (MeCN), boronic acid, potassium
chloride, potassium carbonate, potassium formate, potassium dihy-
drogenphosphate, sodium borohydride, sodium hydroxide, diluted
sulfuric acid (0.5 M) (Wako Pure Chemical Industries), disodium
hydrogen phosphate (Aldrich Chemical Co.), sulfuric acid-d, in D,0
(95-97 wt % D,SO,, 99% D; Aldrich Chemical Co.), sodium
hydroxide-d in D,O (40 wt % NaOD, 99.5% D; Aldrich Chemical
Co.), D,0 (99.9% D; Cambridge Isotope Laboratories), dimethylsulf-
oxide-d; (99.9% D; Cambridge Isotope Laboratories), H, (99.99%;
Japan Air Gases Co.), D, (99.5%; Sumitomo Seika Chemicals Co.,
Ltd.), and standard gas (H, 1.07%, CO, 1.07%, CO 1.06%, N, 96.8%;
GL Sciences Co., Ltd.). [Ir'™(Cp*)(H,0),]SO, was synthesized
according the reported procedure.”**

General Methods. All the experiments were carried out under an
Ar or N, atmosphere by using standard Schlenk techniques unless
otherwise noted. Purification of water (18.2 MQ cm) was performed
with a Milli-Q_system (Millipore; Direct-Q 3 UV). 'H and '*C NMR
spectra were recorded on JEOL JNM-AL300 spectrometer and Varian
UNITY INOVAG00 spectrometer. UV—vis absorption spectra were
recorded on a Hewlett-Packard 8453 diode array spectrophotometer
with a quartz cuvette (light-path length = 1 cm) at 298 K. Electrospray
ionization mass spectrometry (ESI-MS) data were obtained by an API
150EX quadrupole mass spectrometer (PE-Sciex), equipped with an
ion spray interface. The sprayer was held at a potential of +5.0 kV, and
compressed N, was employed to assist liquid nebulization. The orifice
potential was maintained at +30.0 V.

pH Adjustment. The pH values were determined by a pH meter
(TOA, HM-20]) equipped with a pH combination electrode (TOA,
GST-5725C). The pH of the solution was adjusted by using 1.00 M
H,S0,/H,0 and 1.00—10.0 M NaOH/H,O without buffer unless
otherwise noted. The pD of the solution was adjusted by using 95—97
wt % D,SO, and 40 wt % NaOD without buffer unless otherwise
noted. Values of pD were corrected by adding 0.4 to the observed
values (pD = pH meter reading +0.4).>!

X-ray Crystallographic Studies. Crystallographic data for
I'"™(Cp*) (4-(1H-pyrazol-1-yl-kN?)-benzoate-kC*) (H,0) 2 has been
deposited with the Cambridge Crystallographic Data Center as
Supplementary Publication No. 814147. The data can be obtained
free of charge from the Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif. The intensity data sets were
collected on Rigaku AFC-8 X-ray diffractometers with graphite
monochromated Mo K, radiation (1 = 0.71073 A) using a @ scan
technique. CrystalClear software was used for data reduction and
empirical absorption corrections. The structures were solved by the
direct methods using the Siemens SHELXTL version S package of
crystallographic software. The difference Fourier maps based on these
atomic positions yield the other non-hydrogen atoms. The hydrogen
atom positions were generated theoretically, being allowed to ride on
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their respective parent atoms and included in the structure factor
calculations with assigned isotropic thermal parameters. The structures
were refined using a full-matrix least-squares refinement on F. All
atoms except for hydrogen atoms were refined anisotropically. Crystal
data for 2 are given in Table 1.

Table 1. X-ray Crystallographic Data for 2

2
formula C,oH,,IrN, 04
fw 529.62
crystal system monoclinic
space group P2,/n
T, K 123
a, A 11.533(3)
b A 10.250(3)
oA 15.157(4)
B, deg 102.2719(10)
v, A3 1750.9(8)
V4 4
no. of reflns 12694
no. of obsvd reflns 3948
parameters 236
R1* 0.0362 (I > 2.06(I))
wR2? 0.0979 (all data)
GOF 1.076

“R1 =X ||E,| — IE||/Z IE,). *wR2 = [Z (w(F,2 — F2)?)/ = w(E.2)*V?

Catalytic Hydrogenation of NAD* under an Atmospheric
Pressure of H,. Typically, a phosphate buffer (pH 6.0, 6.5, 7.0,
and 8.0) or a borate buffer (pH 9.0 and 10.0) containing NAD*
(0.77 mM), and [1],:SO, (7.5 uM) was vigorously stirred under
bubbling with H, (50 mL/min) at 298 K. The yield of NADH was
determined by UV-absorption at A = 340 nm. TOF values were deter-
mined on the basis of the progress of the reaction for initial 30 min.
For measurements of the dependence of TOF on [NAD'], the
concentration of NAD" was changed from 0.15 mM to 7.8 mM. For
measurements of the dependence of the formation rate of NADH on
[2], the concentration of 2 was changed from 6.8 M to 30 uM.

Catalytic Hydrogenation of NAD* with HCOOK. Fifty micro-
liters of a 5.0 M HCOOK aqueous solution was added to 2.0 mL of a
phosphate buffer (pH 7.0) containing NAD* (0.77 mM) and [1],SO,
(7.5 uM) at 298 K. The yield of NADH was determined by UV-
absorption at A = 340 nm. The TOF value was determined on the basis
of the progress of the reaction for initial 15 min.

Catalytic Hydrogen Evolution from NADH. Typically, an
aqueous NADH solution (0.10 mL, 6.6 ymol) was added to phthalate
buffer (pH 4.1, 4.5, and 5.0) and phosphate buffer (pH 6.0 and 7.0)
solutions (2 mL) containing [1],°SO, (79 pg, 0.068 umol) at 298 K.
The amounts of evolved hydrogen were determined using a Shimadzu
GC-14B gas chromatography (detector, TCD; column temperature,
50 °C; column, active carbon with the particle size 60—80 mesh;
carrier gas, nitrogen gas). TOF values for the reaction at pH 4.1 and
4.2 were determined on the basis of the progress of the reaction for
initial 10 min. TOF values for the reaction at pH 4.5 was determined
on the basis of the progress of the reaction for initial 12 min. TOF
values for the reaction at pHs 5.0, 6.0, and 7.0 were determined on the
basis of the progress of the reaction for initial 20 min. No hydrogen
evolution can be observed after 30 min in the absence of complex
[1],-SO,. For measurements of the dependence of TOF on [NADH],
the concentration of NADH was changed from 0.33 mM to 3.3 mM.
For measurements of the dependence of hydrogen evolution rate on
[1] and [2], the concentration of [1] and [2] was changed from
12 uM to 98 uM.

Catalytic Hydrogen Evolution from NADH in the Presence
of NAD*. An aqueous NADH solution (0.10 mL, 6.6 ymol) was
added to a phthalate buffer (pH 4.5) solution (2.0 mL) containing
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[1],°S0O, (79 ug, 0.068 yumol) and NAD* (4.3 mg, 6.5 pmol) at 298 K.
The evolved hydrogen was detected by GC until 30 min.

Determination of Rate-Determining Step in Hydrogenation of
NAD* under an Atmospheric Pressure of H,. A phosphate buffer
solution (2.0 mL, pH 7.0) containing [1],,80, (60 uM) was
vigorously stirred for 9 min in a quartz cuvette (light-path length =
1 cm, head space = 3.3 mL) under an atmospheric pressure of
hydrogen at 298 K. The total amount of hydrogen in the cuvette is the
sum of the gas amount in the head space (~130 ymol) and that
solubilized in water at pH 7.0 at 298 K (~1.6 umol), which is 5.5 X
10> times larger than the amount of 2 (0.24 ymol). The amount of
hydrogen in solution was estimated on the basis of Bunsen solubility
coefficients for hydrogen in water.>> Then, a phosphate buffer solution
(50 uL, pH 7.0) containing NAD" (49 mM) was added to the solu-
tion. The progress of the reaction was monitored by the UV-absorption
spectral change at 4 = 340 nm.

UV-—Vis Spectral Titration. Binding of NAD" to 2 was examined
from the change in the absorbance of a phosphate buffer solution (pH
7.0) of 2 (2.0 mL, 0.13 mM) at 4 = 330 nm by adding a phosphate
buffer solution (S L to 110 L, pH 7.0) of NAD" (9.6 mM) to the
solution. The binding constant K was determined according to the
procedure in our previous work (Figure S7 in SI).*

[Ir'"'(Cp*)(4-(1H-Pyrazol-1-yl-kN?)benzoic acid-«xC3)-
(H,0)1,S0, ([11,:SO,). An aqueous solution (50 mL) of [IF™(Cp*)-
(H,0);](S0,) (0.20 g, 0.423 mmol) and 4-(1H-pyrazol-1-yl)benzoic
acid (0.085 g, 0.454 mmol) was stirred under reflux for 12 h, and then
the solution was filtered with a membrane filter. The filtrate was
evaporated under reduced pressure to yield a yellow powder of
[r™(Cp*) (4-(1H-pyrazol-1-yl- kN*)benzoic acid-xC*)(H,0)],(SO,),
which was dried in vacuo {Yield: 94% based on [Ir'™(Cp*)(H,0),]-
(SO,)}. 'H NMR (300 MHz, in DMSO-d,, 298 K): § (ppm) 1.75
(s, 7°-C5(CH,)s, 15H), 6.99 (dd, ] = 2.2 Hz, ] = 2.7 Hz, 1H), 7.84 (dd,
J=84Hz J=15Hz 1H), 791 (d, ] = 8.4 Hz, 1H), 8.19 (d, J = L.§
Hz, 1H), 8.33 (d, J = 2.2 Hz, 1H), 9.03 (d, ] = 2.7 Hz, 1H). ®C NMR
(400 MHz, in DMSO-d,, 298 K): § (ppm) 168, 146, 144, 138, 135,
131, 130, 128, 111, 96.6, 9.06. Anal. Caled for I'™(Cp*)(4-(1H-
pyrazol-1-yl-kN*)benzonate-«C*) (H,0): C,oH,;0;IrN,: C, 45.18%;
H, 4.36%; N, 5.27%. Found: C, 44.90%; H, 4.30%; N, 5.11%. ESI-MS
m/z 515 [1 — H,0O]*"

B RESULTS AND DISCUSSION

Synthesis, Structure, and pK, Values of an Ir Aqua
Complex. A water-soluble iridium aqua complex 1 was
synthesized by the reaction of a triaqua complex [Ir'(Cp*)-
(H,0),]S0, with 4-(1H-pyrazol-1-yl)benzoic acid in H,O
under reflux conditions. The aqua complex 1 can release
protons from the carboxyl group and the aqua ligand to form
the corresponding benzoate complex 2 and hydroxo complex
3, respectively (Figure la). The pK, values of complexes
1 and 2 were determined from the spectral titration to be
pK,y = 4.0 and pK,, = 9.5, respectively (see Figure S1 in
Supporting Information (SI)). The benzoate complex 2 is less
soluble in water because of its neutral charge. The structure of
2 was successfully determined by X-ray single-crystal
structure analysis. Figure 1b shows an ORTEP drawing of 2
which is a neutral-charged mononuclear Ir complex with no
counterions.

Catalytic Hydrogenation of NAD*. Hydrogenation of
NAD" in the presence of a catalytic amount of 2 proceeds in
slightly basic water at pD 8.0 as indicated by the '"H NMR
spectrum in Figure 2 (eq 2 and Scheme 1). It should be

NAD' + H, - NADH + H" @)

emphasized that only the 1,4-isomer of NADH was exclusively
produced by the reaction of NAD" with hydrogen in the
presence of 2.>*73° The yield based on the amount of NAD*
and turnover number (TON) reached up to 97% and 9.3 (90
min), respectively. To the best of our knowledge, this is the first
example of 1,4-selective catalytic hydrogenation of NAD* to
form NADH under an atmospheric pressure of H, with use of a
metal complex (not an enzyme) as a catalyst in water at room
temperature.

The progress of the reaction was monitored by the rise in
the absorbance at 4 = 340 nm due to NADH as shown by the
time course of NADH concentration in Figure S2 in SI. From
the slope of the linear dependence, the rate of formation of
NADH was determined, increasing linearly with increasing the
concentration of 2 at pH 7.0 as shown in Figure 3. In the
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Figure 1. (a) Acid—base equilibria of iridium aqua complexes. (b) ORTEP drawing of 2. Hydrogen atoms are omitted for clarity.
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Figure 2. 'H NMR spectral changes during the hydrogenation of
NAD* (24 mM) with an atmospheric pressure of H, catalyzed by 2
(2.5 mM) in D,O containing Na,HPO, (130 mM) at 303 K at pD 8.0;
aand a’ denote signals at 2 position of NAD* and NADH, respectively;
b and b’ denote signals at 4 position of NAD* and NADH,
respectively.**

absence of complex 2, no reaction has occurred. The rate
increased with increasing pH up to 6.5 and then decreased
with further increase in pH as shown by the slope of the linear
plots in Figure 4a. The decrease in the rate with further increase
in pH from 6.5 results from the deprotonation of the aqua
complex (Ir—H,O: pK, = 9.5) to afford the hydroxo complex
(Ir—OH), which may not be active for the heterolysis of
hydrogen. Complex 2 also promoted the reduction of NAD" to
NADH in water at 298 K at pH 7.0 with HCOO™ as a hydride
donor****¥” and the TOF value was determined from the
change in UV absorption at 4 = 340 nm to be 54 h™" (Figure S3
in SI).

Catalytic Mechanism of Hydrogenation of NAD®. For-
mation of the Ir—H complex under an atmospheric pressure of
H, under slightly basic conditions was confirmed by ESI mass,
"H NMR, and UV—vis absorption spectra (Figures S4 and SS in
SI). Thus, the Ir—H complex S, which was formed by the
reaction of 2 with an atmospheric pressure of H,, reduces
NAD" to form 1,4-NADH selectively as shown in Scheme 2.

The rate-determining step in the catalytic hydrogenation of
NAD" with H, is formation of the Ir—H complex, which reacts
with NAD" rapidly to produce NADH, accompanied by regen-
eration of 2 as shown in Figure S. The observed first-order rate
constant (k) of the formation of the Ir—H complex 5§ under
an atmospheric pressure of H, at pH 7.0 at 298 K was
determined to be 6.3 X 107> s™' from the first-order plot in
Figure Sb. In contrast to the relatively slow formation of §, §
immediately reacts with NAD™ to produce NADH and 2. Most
of the hydride complex 5 (~70%) reacts with NAD' to
produce 2 and NADH within 3 s as shown in right-hand part

r,mMh™

40

[2], M

Figure 3. Plot of the formation rate (r, mM h™') of NADH vs the
concentration of 2 in the catalytic hydrogenation of NAD* (0.77 mM)
with H, to produce NADH under an atmospheric pressure of H, in
the presence of 2 in deaerated phosphate buffer (pH 7.0) at 298 K.
The formation rate (r) of NADH was determined on the basis of the
progress of the reaction for initial 15 ([2] = 30 #uM), 20 (22 uM), and
30 (1S uM and 6.8 uM) minutes, respectively.

(a) (b)
30 200
——pHED
pHE5
pH 8.0
—— pH2.0
20 | ——pH100
E
E w 100
F (=
10
0 1 1 1 (] 1
0 10 20 30 40 o 2 4 6 a
Time, min [NAD*], mM

Figure 4. (a) Time course of the catalytic hydrogenation of NAD*
(0.77 mM) with H, to form NADH in the presence 2 and 3 ([2] +
[3] = 15 uM) in deaerated phosphate buffer (pH 6.0, 6.5, and 8.0) or
borate buffer (pH 9.0 and 10.0) at 298 K at various pH values. Purple,
green, red, blue, and black lines represent time profiles at pHs 6.0, 6.5,
8.0, 9.0, and 10.0, respectively. (b) Plot of TOF vs the concentration of
NAD" in the catalytic hydrogenation of NAD" with H, to produce
NADH under an atmospheric pressure in the presence of 2 ([2] =
15 uM) in deaerated phosphate buffer (pH 7.0) at 298 K. TOF values
were determined on the basis of the progress of the reaction for initial
3 ([NAD*] = 0.15 mM), 15 (0.39 mM), 30 (0.77 mM), and 120
(1.9 mM, 3.6 mM, and 7.8 mM) minutes, respectively.

in Figure Sa. This indicates that the formation of a hydride
complex § is the rate-determining step in the overall catalytic
cycle (Scheme 2).

It should be noted that TOF of the catalytic hydrogenation
of NAD" decreased with increasing the concentration of NAD*
(Figure 4b) due to the coordination of NAD" to 2 (Scheme 3),
which makes it difficult to form the hydride complex via H,

Scheme 1
H
4 3
s
i 2
z NADH
370

SRR e
=R =

OH OH OH OH
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Scheme 2
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Figure S. (a) Time course of absorbance at 4 = 340 nm due to the
formation of a hydride complex § in the reaction of 2 (0.12 mM) with
an atmospheric pressure of hydrogen (left-hand part) and that due to
the formation of NADH in the reaction of the hydride complex § with
NAD" (1.2 mM) (right-hand part) in a phosphate buffer at 298 K (pH
7.0). The left-hand part in Figure Sa is magnified as shown in (b). (b)
Time course of the absorbance at 4 = 350 nm due to the formation of
hydride complex S in the reaction of 2 (0.12 mM) with an
atmospheric pressure of hydrogen in a phosphate buffer at 298 K
(pH 7.0). Inset shows the first-order plots.

Scheme 3
H,0
K
M,-H,0 + NAD* —4‘ M,-NAD*

2

H,
TOF,
H,0"

ast
My-H £
5 NAD% H,0

H,0

M,-H,0 + NADH

coordination (vide supra). In such a case, the formation rate of
NADH (ryapy, M s7') is given by eq 3, where [2]; is the
initial concentration of complex 2. TOF, is the TOF value
without the binding of NAD" to 2 and TOF, = k.. In eq 3, r
is proportional to [2] as shown in Figure 3. The binding
constant K (M™) is expressed by eq 4. When [NAD'] >
[M,—NAD*] and [NAD*] > [NADH], TOF value is given
by eq S, which is converted to eq 6. As expected from eq 6, the
plot of TOF™! vs [NAD*] (Figure S6 in SI) shows a linear
correlation. From the slope and intercept the binding constant
(K) of NAD" with 2 is determined to be 1.4 X 10* M}, which
agrees well with the value (1.6 X 10* M™") determined from
the absorption changes due to the binding of NAD" with 2
(see Experimental Section, Figure S7 in SI, and the
determination of the binding constant (K) in SI). In fact,
the reaction of 2 with NAD" afforded a 1:1 complex as
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indicated by the ESI mass spectrum (Figure S8 in SI).

rapn = TOFy[2]

= TOF([2] + [M, — NAD"]) (3)
K = [M, — NAD"]/[NAD"][2] (4)
TOF = TOF,[2]/([2] + [M, — NAD'])
= TOF,(1 + [M, — NAD"]/[2])
= TOF,/(1 + K[NAD"]) (5)
1/TOF = 1/TOF, + K[NAD']/TOF, (6)

Catalytic Hydrogen Evolution from NADH. In contrast
to the catalytic hydrogenation of NAD" catalyzed by 2 under an
atmospheric pressure of H, in a neutral aqueous solution,
hydrogen was evolved from NADH in the presence of a
catalytic amount of 1 in an acidic aqueous solution. The
hydrogen evolution from NADH in water has so far been made
possible under photoirradiation of an appropriate sensitizer at
room temperature.**** The oxidized product of NADH was
confirmed to be NAD* by the 'H NMR spectra (Figure S9 in
SI). The yield and turnover number (TON) were determined
to be 96% and 6.9 (20 min) by integrating the "H NMR signals
of NAD* and NADH, respectively. Thus, the stoichiometry of
the hydrogen evolution from NADH is given by eq 7.

NADH + H' — NAD' + H, 7)

Rates of the hydrogen evolution at various concentrations of
1 and 2 at pH 4.5 were determined from the time courses
(Figure S10 in SI), increasing linearly with increasing
concentrations of 1 and 2 as shown in Figure 6. On the

0.15

E o010

£

3

$

S 005

N

X
o L L L L
0 25 5 75 100 125

(1] +[2], M

Figure 6. Plot of rates of the catalytic hydrogen evolution vs the
concentration of 1 and 2 in the reaction of NADH (3.3 mM) with
proton in the presence of 1 and 2 in deaerated phthalic buffer
(2.0 mL) at 298 K at pH 4.5. TOF values were determined on the
basis of the progress of the reaction for initial 6 min ([1] +[2] =
98 uM) and 12 min ([1] + [2] = 12 uM, 31 uM, and 65 uM).

other hand, the TOF values determined from the slope of
linear plots of TON vs time (Figure 7a) increased linearly with
the concentration of proton as shown in Figure 7b. The
reaction of 1 and the deprotonated complex 2 with NADH
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[H*], i

Figure 7. (a) Time course of hydrogen evolution in the reaction of
NADH (3.3 mM) with proton in the presence of 1 and 2 ([1] + [2] =
65 uM) in deaerated phthalic buffer (pHs 4.1, 4.2, 4.5, and 5.0) or
phosphate buffer (pH 6.1) solution (2.0 mL) at 298 K. Black, green,
purple, blue, and red lines represent time profiles of hydrogen
evolution at pHs 4.1, 4.2, 4.5, 5.0, and 6.1, respectively. (b) Plot of
TOF for catalytic hydrogen evolution vs the concentration of H" in
the reaction of NADH with proton in the presence of 1 and 2 ([1] +
[2] = 65 uM) in deaerated phthalic buffer (pHs 4.1, 4.2, 4.5, and 5.0)
or phosphate buffer (pH 6.1) solution (2.0 mL) at 298 K.

afforded the Ir-hydride complex as indicated by the ESI mass
spectrum (Figure S11 in SI). The reaction of the hydride
complex 4 with proton yields H,, which is the rate-determining
step in the catalytic cycle in Scheme 4 as indicated by the
saturation behavior of TOF with the concentration of NADH
(Figure 8).40

1.0

TOF, min~!
o
[

[NADH], mM

Figure 8. Plot of TOF for catalytic hydrogen evolution vs the
concentration of NADH in the reaction of NADH with proton in the
presence of 1 and 2 ([1] + [2] = 65 uM) in deaerated phthalic buffer
(2.0 mL) at 298 K at pH 4.1. TOF values were determined on the
basis of the progress of the reaction for initial S min ([NADH] =
0.33 mM, 0.66 mM, and 1.7 mM) and 10 min ([NADH] = 3.3 mM).

The catalytic cycle of hydrogen evolution from NADH with
1 is shown by Scheme 4, where catalyst 1 can be replaced by 2.
According to Scheme 4, the formation rate of H, (ry,, M s™") is
given by eq 8, where ry, is proportional to the initial
concentration of 1 and the concentration of proton as shown
in Figures 6 and 7b, respectively. By applying the steady-
state approximation to Scheme 4, [4] can be expressed by
eq 9, where [1]; is the initial concentrations of complex 1 ([1]; =
[1] + [4]). From eqs 8 and 9 is derived eq 10, where
Ky = (ky[H30%] + k, ™) /k,. Equation 10 is converted to eq 11,
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Scheme 4

H,

Hz0*

NAD* + Hz0
slightly acidic conditions

which predicts a linear correlation of TOF™' vs [NADH] ™.
The linear plot of TOF~! vs [NADH] ™" is shown in Figure S12
in SI. From the slope and intercept of the linear plot, the k
value is determined to be 1.9 X 10> M™' s™', which is in good
agreement with the ky value (1.9 X 10> M~ s7') determined
independently from the slope of Figure 7b.

i = ky[4][H;07] = TOF[1]; (8)
k(4] + ky[H;0"][4]
= k,[1][NADH]
= k,({1]; — [4])[NADH] )
TOF = k,[NADH][H;0"]/(Ky; + [NADH]) (10)
TOF ! = k, " '[H;0" ] 'Ky [NADH] ™
+ k' [H0' 7! (1)

The hydrogen evolution is also retarded by the co-
ordination of the product (NAD") to the Ir complexes 1 and
2, which may prevent the formation of a hydride complex 4
(vide supra). Actually, no hydrogen was evolved in the
presence of the same amount of NAD" as that of NADH in
the reaction of NADH with proton in the presence of 1 (see
Experimental Section).

Catalytic Interconversion between NADH and NAD*. The
pH dependence of TOF for both the hydrogen evolution from
NADH and the formation of NADH from NAD* with 1 is
summarized in Figure 9.*! The black line in Figure 9, which
shows an increase in TOF with a decrease in pH in the region
between 4.1 and 7.0, well overlaps with the curve of the ratio of
1 (blue line in Figure 9), whereas the dashed line in Figure 9,
which shows the TOF values for hydrogenation of NAD", well
overlaps with the curve of the ratio of 2 (red line in Figure 9).
This indicates that the complex 1 reacts with NADH to
produce H, and the complex 2 reacts with H, to reduce NAD*
to NADH. At pH 6.5, the TOF value for the formation of
NADH is maximized (36 h™'), whereas the TOF value for the
hydrogen evolution reaches 52 h™" at pH 4.1. Further decrease
in pH resulted in decomposition of NADH due to acid-
catalyzed hydration.** The change of the direction of the
reaction in interconversion between NAD' and NADH
depending on pH is largely consistent with the result of the
thermodynamic analysis of the driving force (AG) of the
reaction in eq 2 based on the redox potential of NADH/NAD*
couple, E° = —0.32 V vs NHE at pH 7.%%
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Figure 9. pH-dependence of the rate (TOF)* of H, evolution in the
oxidation of NADH (3.3 mM) catalyzed by 1 and 2 ([1] + [2] =
0.18 mM) in deaerated H,O at 298 K (@) and pH-dependence of the
rate (TOF)* of formation of NADH in the reduction of NAD*
(0.77 mM) by H, catalyzed by 2 and 3 ([2] + [3] = 1S uM) in
deaerated H,O at 298 K (H). Blue, red, and green solid lines
correspond respectively to the amount of the ratios of complexes 1, 2,
and 3 to the total amount of these complexes.

B CONCLUSIONS

A water-soluble mononuclear [C,N] cyclometalated half-
sandwich iridium complex, [Ir'™(Cp*)(4-(1H-pyrazol-1-yl-kN*)-
benzoic acid-xC*)(H,0)],(SO,) [1],-SO, was newly synthe-
sized and characterized by various spectroscopic methods and
X-ray single-crystal structure analysis. 1 shows the deprotona-
tion equilibrium (pK,; = 4.0 and pK,, = 9.5) to form an aqua
complex 2 and the hydroxo complex 3 in water, depending on
pH. Under an atmospheric pressure of H, at room temperature,
NAD" was catalytically reduced by H, to produce 1,4-NADH
selectively at a high yield (97% at pD 8.0) under the neutral and
slightly basic conditions in the presence of a catalytic amount
of an aqua complex 2. At pH 6.5, the TOF for the formation
of NADH reached up to 36 h™'. Formation of a hydride
complex § in the catalytic cycle was confirmed under slightly
basic conditions in the absence of NAD" under an atmospheric
pressure of H,. At high NAD" concentrations, the hydro-
genation reaction was retarded due to formation of a 1:1 complex
between 2 and NAD". On the other hand, catalytic hydrogen
evolution from NADH was made possible under slightly acidic
conditions in the presence of a catalytic amount of an aqua
complex 1 in a good yield (96% at pD 4.6). The TOF value of
the hydrogen evolution reached up to 52 h™' at pH 4.1. The
saturation dependence of TOF on [NADH] is well explained by
the formation of a hydride complex 4 followed by the rate-
determining hydrogen evolution in the reaction of 4 with proton.
Thus, 1 acts as an efficient catalyst and functional mimic of
hydrogenase for interconversion between NADH and NADY,
accompanied by generation and consumption of hydrogen at
ambient pressure and temperature, depending on pH.
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