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ABSTRACT: A [C)N] cyclometalated Ir complex, [Ir'"(Cp*)-
(4-(1H-pyrazol-1-yl-kN*)benzoic acid-«C*)(H,0)],SO,
[1],-SO,, was reduced by aliphatic alcohols to produce the
corresponding hydride complex [Ir'(Cp*)(4-(1H-pyrazol-1-
yl-kN?)-benzoate-xC*)H]~ 4 at room temperature in a basic
aqueous solution (pH 13.6). Formation of the hydride
complex 4 was confirmed by 'H and C NMR, ESI MS,
and UV—vis spectra. The [C,N] cyclometalated Ir-hydride

complex 4 reacts with proton to generate a stoichiometric amount of hydrogen when the pH was decreased to pH 0.8 by the
addition of diluted sulfuric acid. Photoirradiation (4 > 330 nm) of an aqueous solution of the [C,N] cyclometalated Ir-hydride
complex 4 resulted in the quantitative conversion to a unique [C,C] cyclometalated Ir-hydride complex § with no byproduct.
The complex $ catalyzed hydrogen evolution from ethanol in a basic aqueous solution (pH 11.9) under ambient conditions. The
1,4-selective catalytic hydrogenation of f-nicotinamide adenine dinucleotide (NAD™) by ethanol was also made possible by the
complex 1 to produce 1,4-dihydro-f-nicotinamide adenine dinucleotide (1,4-NADH) at room temperature. The overall catalytic
mechanism of hydrogenation of NAD", accompanied by the oxidation of ethanol, was revealed on the basis of the kinetic analysis

and detection of the reaction intermediates.

B INTRODUCTION

Hydrogen has merited increasing attention as a clean,
inexhaustible, efficient, and cost-attractive energy carrier for the
future." Green and sustainable ways of producing hydrogen have
so far been extensively explored through the development of
catalytic,” photocatalytic,’~” and electrocatalytic reaction sys-
tems.® The majority of commercially produced hydrogen is
generated from fossil fuel (e.g., natural gas, liquid hydrocarbons,
and coal) by steam reforming, which requires high temperatures
(700—1200 K), generating CO and CO, as waste products.’
Hydrogen can also be produced from naturally available alcohols,
so-called bioethanol, as an alternative to fossil feedstocks, which
are carbon-neutral materials, because these alcohols are
produced by the CO,-consuming photosynthesis. Extensive
efforts have so far been devoted to developing catalysts for
hydrogen production from alcohols (eq 1 for ethanol)."’~"

CH,CH,OH — H, + CH,CHO 1)

However, hydrogen production from alcohols is largely ender-
gonic (68.6 k] mol™" at 298 K in gas phase)'® so that the
thermodynamics demands elevated temperatures.'” Thus, there
has so far been no report on hydrogen production from alcohols
at ambient temperature in water.'87° Recently, an efficient
hydrogen evolution system from ethanol has been achieved by
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using an oxyhydride heterogeneous catalyst (CeNiH,Oy) at 333 K.*!
However, pretreatment of the catalyst under H, is necessary at 523 K
for a long period of time (10 h). The mechanism of the catalytic
formation of hydrogen from alcohols in water has yet to be clarified.
On the other hand, bioethanol is usually produced by fermentation in
water with the aid of enzymes and, thus, contains a certain amount of
water, at least S vol9%.>*** The mixture of water and ethanol is a well-
known azeotrope, and the use of the mixture as a biofuel to produce
hydrogen is practically preferred to that of pristine ethanol to avoid
costly isolation procedures.

We recently reported a hydrogenase functional mimic, a water-
soluble iridium aqua complex [Ir'''(Cp*)(4-(1H-pyrazol-1-yl-
kN*)benzoic acid-«C*) (H,0) 1,50, [1],-SO,, which can catalyze
both the reduction of protons with 1,4-dihydro-f-nicotinamide
adenine dinucleotide (NADH) to produce H, and the regio-
selective reduction of f-nicotinamide adenine dinucleotide
(NAD") to produce NADH by H, under atmoszpheric pressure
at room temperature depending on pH (eq 2).”* The catalytic
interconversion between formic acid and H, was also achieved
using 1 as a catalyst (eq 3).> The complex 1 was doubly
deprotonated from both the carboxyl group and the aqua ligand

Received: March 22, 2012
Published: May 13, 2012

dx.doi.org/10.1021/ja302788c | . Am. Chem. Soc. 2012, 134, 94179427


pubs.acs.org/JACS

Journal of the American Chemical Society

as pH increased from 2.0 to 12 to afford 2 and 3, respectively
(Chart 1).***® The Ir-hydride complex 4 was shown to be the
reactive intermediate in both catalytic systems.
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In the natural photosynthetic system, regeneration of a
coenzyme NAD(P)H from NAD(P)* is preferred to H,
generation to store chemically the energy of electrons and
protons taken from water using solar energy except for photo-
synthetic organisms containing hydrogenase by which both the
oxidation of H, with NAD(P)* and the reduction of protons to
form H, with NAD(P)H are catalyzed.”® The regeneration of
coenzyme NADH from NAD® has so far been achieved by
nonenzymatic chemical”’ " and photochemical®*~>* methods
in contrast to alcohol dehydrogenase (ADH), which catalyzes the
conversion of ethanol, a weak hydride donor, to acetaldehyde
coupled with the 1,4-regioselective reduction of NAD" to NADH

(eq 4).

NAD' + C,H,OH — NADH + CH,CHO + H* (4

Extensive efforts have so far been devoted to develop
functional mimics of ADH that are able to reduce NAD*
analogues to NADH analogues with alcohols as a reductant in
organic solvents.** > However, there has so far been no report
on ADH functional mimics that can catalyze the hydrogenation
of NAD" to produce 1,4-NADH selectively by ethanol at room
temperature in water.

We report herein for the first time the catalytic hydrogen
evolution from aliphatic alcohols with a [C,C] cyclometalated
iridium hydride complex § (Chart 1), which is produced by
photoconversion of the [C,N] cyclometalated iridium hydride
complex 4. The complex 1 has been found to catalyze the
regioselective reduction of NAD" by ethanol to generate 1,4-
NADH in water at room temperature as the first functional
mimic of alcohol dehydrogenase (ADH).

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,IrCls (4N grade, Furuya Metal
Co,, Ltd.), 1,2,3,4,5-pentamethylcyclopentadiene (>90%, Kanto Chem-
ical Co., Inc.), 4-(1H-pyrazol-1-yl)benzoic acid (90% Aldrich Chemicals
Co.), 3-(trimethylsilyl)propionic-2,2',3,3"-d, acid sodium salt (TSP, >
989%, Aldrich Chemicals Co.), S-nicotinamide adenine dinucleotide
disodium salt hydrate, reduced form (Tokyo Chemical Industry Co.,
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Ltd.), f-nicotinamide adenine dinucleotide, oxidized form (Oriental
Yeast Co., Ltd.), boronic acid, potassium chloride, sodium hydroxide,
sodium chloride, sulfuric acid, 2-propanol, 2-butanol, ethanol, methanol,
1-propanol, 1-butanol, 2-methly-2-propanol (Wako Pure Chemical
Industries), sodium hydroxide-d in D,O (40 wt % NaOD, 99.5% D;
Aldrich Chemical Co.), D,O (99.9% D; Cambridge Isotope
Laboratories), methanol-d, (99% D; Cambridge Isotope Laboratories),
ethanol-dg (99.8% D; Cambridge Isotope Laboratories), methanol-
1,1,1-d; (99.8% D; TAIYO NIPPON SANSO Cooperation).

General Methods. All experiments were performed under an Ar
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 3C NMR spectra were
recorded on a JEOL JNM-AL300 spectrometer and a Varian UNITY
INOVAG600 spectrometer, respectively. 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 using an
API 150EX quadrupole mass spectrometer (PE-Sciex), equipped with
an ion spray interface. The sprayer was held at a potential of +5.0 or —4.4kV
for positive or negative ion detection modes, respectively, and
compressed N, was employed to assist liquid nebulization. The orifice
potential was maintained at +30.0 or —40.0 V for positive or negative
modes, respectively. Nanosecond laser flash photolysis experiments
were performed using a Panther OPO pumped by Nd:YAG laser
(Continuum, SLII-10, 4—6 ns fwhm) at 4 = 355 nm with the power of
10 mJ per pulse. The transient absorption measurements were performed
using a continuous wave xenon lamp (150 W) and a photomultiplier
(Hamamatsu 2949) as a probe light and a detector, respectively. The
output from a photomultiplier was recorded on a digitizing oscilloscope
(Tektronix, TDS3032, 300 MHz). Femtosecond transient absorption
spectroscopy experiments were conducted using an ultrafast source,
Integra-C (Quantronix Corp.); an optical parametric amplifier, TOPAS
(Light Conversion Ltd.); and a commercially available optical detection
system, Helios provided by Ultrafast Systems LLC. The source for the
pump and probe pulses were derived from the fundamental output of
Integra-C (4 = 786 nm, 2 mJ/pulse and fwhm = 130 fs) at a repetition
rate of 1 kHz. Seventy-five percent of the fundamental output of the laser
was introduced into a second harmonic generation (SHG) unit, Apollo
(Ultrafast Systems), for excitation light generation at A = 393 nm, while
the rest of the output was used for white light generation. The laser pulse
was focused on a sapphire plate of 3 mm thickness, and then white light
continuum covering the visible region from A = 410 to 800 nm was
generated via self-phase modulation. A variable neutral density filter, an
optical aperture, and a pair of polarizer were inserted in the path in order
to generate stable white light continuum. Prior to generating the probe
continuum, the laser pulse was fed to a delay line that provides an
experimental time window of 3.2 ns with a maximum step resolution of
7 fs. In our experiments, a wavelength at A = 393 nm of SHG output was
irradiated at the sample cell with a spot size of 1 mm diameter where it
was merged with the white probe pulse in a close angle (<10°). The
probe beam after passing through the 2 mm sample cell was focused on a
fiber optic cable that was connected to a CMOS spectrograph for
recording the time-resolved spectra (4 = 410—800 nm). Typically, 1500
excitation pulses were averaged for 3 s to obtain the transient spectrum
at a set delay time. Kinetic traces at appropriate wavelengths were
assembled from the time-resolved spectral data.

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,SO,/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).%

Synthesis. [Ir'"(Cp*)(4-(1H-pyrazol-1-yl-kN?)benzoic acid-«C?)-
(H,0)1,80, [1],-80, was synthesized according to the literature.>®

Synthesis of Ir-Hydride Complex 4 by Reaction of 3 with
Ethanol. Ethanol (10 L) was added to D,0O (0.55 mL) containing 3
(9.2mM) at pD 13.6, and the solution was kept for 5 h. pD was adjusted
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by adding NaOD aqueous solution. After reaction, 'H NMR spectrum
was recorded, and the yield was determined to be 98% by integrating the
signals of Cp* of 3 and 4. "H NMR of 4 (600 MHz, in D,0, reference to
TSP in D,O at pD 13.6, 298 K): (ppm) —14.34 (s, 1H), 1.91 (s, 7°-
C(CH;)s, 15H), 6.64 (dd, J=2.4 Hz, ] = 2.4 Hz, 1H), 741 (d,] = 84
Hz, 1H), 7.57 (dd, ] = 8.4 Hz, ] = 1.8 Hz, 1H), 7.76 (d, ] = 2.4 Hz, 1H),
821 (d, ] = 1.8 Hz, 1H), 8.25 (d, J = 2.4 Hz, 1H). *C NMR of 4 (600
MHz, in D,0, reference to TSP in D,0 at pD 13.6,298 K): (ppm) 11.67
(s, 7°-C5(CH;)5), 92.86 (17°-C5(CHs,)5), 111.00, 113.10, 125.99, 129.03,
135.79, 140.37, 142.01, 143.76, 147.53, 178.95. ESI-MS in methanol
containing NaOH (1.5 uM): m/z 515 [4]~ (Figure S2 in Supporting
Information).

Synthesis of [C,C] Cyclometalated Ir-Hydride Complex 5 by
Photoirradiation of 4. A D,0 solution containing 4 (9.2 mM) at pD
13.6 was irradiated with a Xe lamp (Ushio Optical, Model X SX-UID
500X AMQ) through a colored glass filter (Toshiba Glass UV-35)
transmitting 4 > 340 nm at room temperature for 7 h. After the
photochemical reaction, the "H NMR spectrum of the resulting solution
was recorded, and the yield of the [C,C] cyclometalated Ir-hydride
complex § was determined to be 98% by integrating the signals of Cp* of
4 and 5. "H NMR of 5 (300 MHz, in D,0, reference to TSP in D,O at
pD 13.6, 298 K): (ppm) —17.48 (s, 1H), 2.01 (s, #°-C5(CH,)s, 15H),
6.14(d,J=1.6Hz, 1H),7.24 (d,] = 8.0 Hz, IH), 7.50 (dd, ] = 8.0 Hz, ] =
1.8 Hz, 1H), 7.58 (d, ] = 1.6 Hz, 1H), 8.21 (d, ] = 1.8 Hz, 1H). >*C NMR
of 5 (600 MHz, in D,0, reference to TSP in D,0O at pD 13.6, 298 K):
(ppm) 12.10 (5, 7°-Co(CH,)s), 93.46 (&, Joys = 3.8 Ha 1-Co(CHL),),
111.15, 11257, 12523, 13220, 138.674, 140.663, 144.64, 155.00,
15691, 179.95. The signal at 93.46 is a doublet indicating that
the carbon nuclear spin is coupled with a proton nuclear spin of
H atom directly bonded to iridium as previously reported.*' ESI-MS
[Tr(Cp*)(4-(1H-pyrazol-1-yl-kC*)benzoate-kC*)(CO)]~ 7 in 2-prop-
anol containing NaOH (1.5 uM): m/z S41 [7]” (Figure S7 in
Supporting Information). 7 was prepared by flowing CO at atmospheric
pressure for 1 h to the solution of S. Since the complex S as well as 4 is
very sensitive to contaminated oxygen and gradually reacts with proton
to evolve hydrogen, there might not be enough time for isolation,
purification, and crystallization of 4 or § in water to obtain crystals with
an enough size appropriate for X-ray crystal structure analysis.

Formation of Ir-Hydride Complex 4 in the Reaction of 1 with
Alcohols. Typically, ethanol (0.10 mL) was added to 1.0 M NaOH
solutions (2.0 mL) containing 1 (120 #M) at 298 K. The concentrations
of the hydride complex 4 were determined from the absorbance at 4 =
350nm (e =4.7 X 10° M~ cm™). For measurements of the dependence
of formation rate of 4 on concentration of ethanol, the concentration of
ethanol was changed from 0.41 mM to 1.2 M. For measurements of the
dependence of formation rate of 4 on concentration of 3, the
concentration of 3 was changed from 29 yM to 1.4 mM. The formation
rate of 4 was determined at various temperatures from 278 to 308 K.

Formation of Aldehyde and Ketones in the Oxidation of
Aliphatic Alcohols by 3. Typically, 2-propanol (10 4L) was added to a
1.0 M NaOH aqueous solution (0.6 mL) containing 3 (2.6 mM), and
the solution was kept for 10 min. 2-Butanol (10 L) was added to a
1.0 M NaOH aqueous solution (0.6 mL) containing 3 (2.3 mM) at 298 K,
and the solution was kept for 30 min. The yield of products was
determined by 'H NMR measurements of the product solution with
TSP as an internal standard using a sealed capillary tube (i.d. = 1.5 mm)
filled with D,O for deuterium lock. '"H NMR spectra were recorded at
room temperature. Molar ratios of the hydroxo complex 3 and the
hydride complex 4 were determined by integrating the signals of Cp* of
3 and 4.

Quantum Yield Determination. A standard actinometer (potas-
sium ferrioxalate) was used for the quantum yield determination of
photoconversion from 4 to 5. A square quartz cuvette (path length =
1.0 cm) that contained a deaerated aqueous solution of 2 (0.11 mM)
containing 2-propanol (0.62 M) at pH 13.5 was irradiated with
monochromatized light of A = 330 nm using a Shimadzu RF-5300PC
fluorescence spectrophotometer. The light intensity of monochromated
light of 2 = 330 nm was determined as 1.2 X 107® einstein s with a slit
width of 20 nm. The photochemical reaction was monitored by an
increase in absorbance at 4 = 300 nm. To avoid the contribution of light
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absorption of the products, only the initial rates were used for the
determination of the quantum yield, where the absorbance of 4 at 4 =
330 nm has been taken into account.

Hydrogen Evolution from Alcohols by Changing pH.
Typically, 2-propanol (0.10 mL) was added to 0.1 M NaOH solutions
(2.0 mL) containing 1 (0.26 mM) at 298 K, and the mixture was stirred
for 15 min. Then, pH was adjusted to be 0.8 by addition of H,SO, (10 M)
aqueous solution, and the gas in the headspace was analyzed using a
Shimadzu GC-14B gas chromatograph (N, carrier, active carbon with
a particle size of 60—80 mesh at 353 K) equipped with a thermal
conductivity detector. No CO gas was detected by Shimadzu GC-17A
gas chromatograph {Ar carrier, a column with molecular sieves (Agilent
Technologies, 19095P-MSO0) at 313 K} equipped with a thermal
conductivity detector.

Catalytic Hydrogen Evolution from Alcohols under Basic
Conditions. Typically, 2-propanol or ethanol (0.50 mL) was added to
an aqueous solution containing 3 (55 #M) at pH 11.9 and stirred for 15 min.
Then, aqueous solutions were irradiated with a Xe lamp (Ushio
Optical, ModuleX SX-UID 501X AMQ) through a colored glass filter
(Toshiba Glass UV-35) transmitting A > 340 nm at room temperature for 30
min to convert 4 to S. After photoirradiation, aqueous solutions were
vigorously stirred at various temperatures, and the gas in the headspace was
analyzed using a Shimadzu GC-14B gas chromatograph. Without
photoirradiation, no hydrogen evolution was observed at 323 K as shown
in Figure 7 (red line).

Hydrogenation of NAD* in Basic Water Catalyzed by 2 and 3
in the Presence of Ethanol. Typically, ethanol (0.50 mL) was added
to 0.5 M borate buffer solutions (1.5 mL) containing 2 (15 M) and
NAD* (77 uM) at 298 K at pH 10.0. The amounts of NADH were
determined from the absorbance at 4 = 340 nm (& = 6.23 X 10° M™' cm™).
Turnover frequency (TOF) values were determined by measuring
the amounts of NADH for the initial § min. For measurements of
the dependence of formation rate on concentration of ethanol, the
concentration of ethanol was changed from 044 to 5.7 M. For
measurements of the formation rate on concentration of [2] + [3], the
concentration of the sum of [2] and [3] was changed from 7.5 to 30 uM.
For measurements of the dependence of formation rate on con-
centration of NAD", the concentration of NAD" was changed from
39 uM to 4.5 mM. For measurements of pH dependence of the
formation rate, pH was changed from 8.5 to 10.0.

B RESULTS AND DISCUSSION

Formation of Ir-Hydride Complex 4. As pH was increased,
the aqua complex [Ir*-OH,]* 1 released protons from the
carboxyl group and the aqua ligand to form the corresponding
benzoate complex [Ir®-OH,]° 2 and the hydroxo complex
[I®-OH]~ 3, respectively (Scheme 1). The pK, values of

Scheme 1. Acid-Base Equilibria of Iridium Aqua Complexes
=

—H+ —H*
[IFA—OH,|* = [IrB-OH,|0 = IrB—OH] IrA = IrB = o
1 T H @—(/ LN—@—(’
pKa =4.0 pKap =95

complexes 1 and 2 were determined from the s 4pectral
titration to be pK,; = 4.0 and pK,, = 9.5, respectively.”* When
ethanol was added to an aqueous solution of 3 at pD 13.6,
3 was reduced to produce the corresponding Ir-hydride
complex [Ir®-H]™ 4 as shown by the '"H NMR spectral change
(Figure 1a) at high yield (98%). The "H NMR spectrum of the Ir-
hydride complex 4 agrees with that obtained in the reaction of
3 with atmospheric pressure of H, at pD 13.6.*° It should be
noted that further hydration and condensation of the product
acetaldehyde has precluded the observation and characterization
of the product by GC—MS and 'H NMR under basic
conditions.*~*
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Figure 1. (a) "H NMR spectra of 4, which was produced in the reaction of 3 (9.2 mM) with ethanol (0.31 M) for 5 h in D,O at 298 K and pD 13.6.
(b) 'H NMR spectra of 5, which was produced from 4 (9.2 mM) by photoirradiation (1 > 340 nm) for 7 h at pD 13.6. (c) UV—vis spectra of diluted
aqueous solutions containing 4 (black line, 45 M) and 5 (red line, 45 M), which were detected by "H NMR as shown in panels a and b, respectively, at

298 K and pH 13.7.
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Figure 2. (a) UV—vis spectral changes in the reaction of 3 (0.12 mM) with ethanol (0.82 M) in a diluted aqueous solution containing NaOH at 298 K
(pH 13.7). (b) Time profile of absorbance at A = 350 nm during the reaction of 3 (0.12 mM) with ethanol (0.82 M) in a diluted aqueous solution

containing NaOH at 298 K (pH 13.7). Inset shows the first-order plot.

After the reaction of 3 with ethanol, the diluted aqueous
reaction solution containing the Ir-hydride complex 4 (pH 13.7)
exhibits a characteristic UV—vis absorption band at 4, = 340 nm
as shown in Figure lc (black line). Similarly, other alcohols
(2-propanol and 2-butanol) also react with 3 in water at pH 14.0
to afford the nearly stoichiometric amount of corresponding
ketones (acetone and 2-butanone) and 4 at high yields (84% and
96%, respectively; see Experimental Section and Figure S1 in
Supporting Information). Thus, the stoichiometry of the Ir-
hydride complex formation from alcohols is given by eq S.

3 + C,H;OH — 4 + CH,CHO + H,0 (s)

The reaction of 3 with CH;OH and CD;0D also afforded the Ir-
H and Ir-D complexes as indicated by the ESI mass spectrum,
respectively (Figure S2 in Supporting Information).

The reaction of 3 in the presence of a large excess of ethanol
was followed by the UV—vis spectral change due to formation of
the Ir-hydride complex 4 (4,,,, = 340 nm) as shown in Figure 2.
The rate of absorption change at A = 340 nm obeyed first-order
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kinetics, and the first-order rate constants (k) in the presence
of various concentrations of ethanol were determined from the
first-order plots (Figure S3 in Supporting Information). The
dependence of k,,; on concentration of ethanol (EtOH) is shown
in Figure 3, where the k_, value is proportional to [EtOH]. From
the slope of this plot, the second-order rate constants (ky) of
formation of the hydride complex 4 were determined in the
reaction of 3 with aliphatic alcohols in an aqueous solution (pH
13.7) at 298 K as shown in Table 1 and Figure S4 (Supporting
Information). The ky value increases with increasing temper-
ature. The activation parameters for the reaction of 3 with
ethanol were determined to be AH¥ = 82 kJ mol™! and AS* =
1.5J K" mol™ from the Eyring plot (Figure 4).* When CH;OH
was replaced by CD;OH in the reaction of 3 at pH 13.7, a kinetic
deuterium isotope effect (KIE) for k;; was observed to be 3.2 (=
ky/kp) as shown in Figure SS (Supporting Information). When
C,H OH was replaced by CD;CD,OH in the reaction of 3 at pH
13.7, a kinetic deuterium isotope effect (KIE) for ky was
observed to be 2.1 (= ky/kp) as shown in Figure S6 (Supporting
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Figure 3. Plot of the observed rate constant (k) in the reaction of 3
(0.12 mM) with ethanol in a diluted aqueous solution containing NaOH
at 298 K (pH 13.7) versus concentration of ethanol.

Table 1. Rate Constant (k) of Formation of the Hydride
Complex with Aliphatic Alcohols at 298 K

entry alcohol kM st
1° CH,;0H 6.5%x 107
27 CD,0H 2.0 x 1073
3b CH,0D 6.1x 1073
4° CH,CH,0H 3.9%x 1072
st CH,CH,0D 33%x 1072
6° CD,CD,0H 1.9 X 1072
77 CH,CH,CH,0H 48 x 1072
8% CH,CH(CH,)OH 24X 1072
9° CH;,(CH,),0H 52 %1072
10 (CH,);COH no reaction

“pH 13.7. ’pD 13.9 (in D,0, 98%). “pH 13.7 (in H,0, 98%).

Information). The observation of KIEs indicates that the reaction
of 3 with methanol and ethanol involves the C—H bond cleavage.
Thus, the f-hydrogen elimination of the methoxy and ethoxy

complexes, which are produced by the replacement of a hydroxy
(OH) ligand of 3 by a methoxy (CH;0) and ethoxy (CH;CH,O)
ligand, respectively, may be the rate-determining step for formation
of 4 (Scheme 2).

Scheme 2
R'R2CHOH H,O

[er—OH]—M "\g _@W A [IrB—H]-
3 R2 4

Methanol; R'=R2=H 1-Propanol; R' = H, R2 = C,H;5
Ethanol; R =H, R2=CH; 2-Propanol; R' = CH;, R2 = CHj,4

R'R2CH=0

Photoconversion from the [C,N] to the [C,C] Cyclo-
metalated Organoiridium Hydride Complex. When an
aqueous solution of 4 produced by the reaction of ethanol with 3
in D,0O at pD 13.6 was photoirradiated for 7 h with a Xe lamp
through a colored glass filter transmitting A > 340 nm, the signal
of the CS proton (6 = 8.25 ppm, see Chart 1) disappeared
completely and the signal of hydride proton exhibited upfield
shift as shown in Figure 1b. Thus, the hydride complex 4 was
converted to the [C,C] cyclometalated complex 5 (Scheme 3) in

Scheme 3

hv (4> 340 nm)

== ==
[It8-H| —— == [IO-H]- I8 = N,.'r , = I .

98% yield. A diluted aqueous solution containing the hydride
complex 5 (pH 13.7) shows a UV—vis spectrum with the
absorption band at A, = 350 nm as shown in Figure 1lc (red
line). Photoirradiation with a monochromatized light at 4 = 350 nm
to an aqueous solution of 4 leads to an increase in the absorp-
tion band at 4 = 305 nm and a decrease in the absorption band
at A = 255 nm with an isosbestic point at 4 = 268 nm as
shown in Figure 5. The final UV—vis spectrum agrees with the
spectrum of the [C,C] cyclometalated complex 5 (Figure 1c).
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Figure 4. (a) First-order plots in the reaction of 3 with ethanol (0.82 M) in a diluted aqueous solution containing NaOH (pH 13.7) at 278 K (blue line),
288 K (red line), 298 K (black line), and 318 K (green line). (b) Eyring plot for the formation of the Ir-hydride complex in the reaction of 3 with ethanol.
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Figure 6. (a) UV—vis absorption spectral changes of an aqueous solution of 3 (0.12 mM) and ethanol (0.82 M) by alternate change in pH. (b) Change in
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(pH 11.8—12.2) and that due to the hydrogen evolution (black closed circle) in the reaction of the hydride complex 4 with proton in water at 298 K (pH
2.0—3.3) by adding an aqueous solution of H,SO, (5.0 M) or NaOH (5.0 M).

The ESI mass spectrum of the CO bubbled aqueous solution of §
agrees with the calculated isotopic distribution for the
corresponding CO complex, ie., [Ir(Cp*)(4-(1H-pyrazol-1-yl-
kC?)benzoate-xC*)(CO)]~ (Figure S7 in Supporting Informa-
tion).

The quantum yield of this photoreaction, ie. the photo-
conversion of the [C,N] cyclometalated complex 4 to the [C,C]
cyclometalated complex $ in deaerated H,O, was determined to
be 1.7% by using a standard actinometer (see Experimental
Section). Nanosecond laser excitation at A = 355 nm of a
deaerated aqueous solution containing 4 and ethanol resulted in
rapid formation of a new absorption band at 4, = 340 nm as
shown in Figure S8 (Supporting Information). No decay was
observed for 1.0 ms after laser excitation at 1.6 us, indicating that
the photoconversion from 4 to $ has been completed within 1.6
pus after laser excitation. Actually, the transient absorption
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spectrum at 1.6 us (4 = 340—500 nm) is in good agreement with
the differential spectrum obtained by subtracting the absorption
spectrum of 4 from that of 5 as shown in Figure lc. Thus,
femtosecond laser flash photolysis was performed in a deaerated
aqueous solution of 4 to observe the phenomena in shorter time
scale. A broad absorption band at 4 = 580 nm appeared at 0.33 ps
upon irradiation with a laser pulse (1., = 388 nm). The rapid
spectral decay of the absorption band (4 = 580 nm) synchronized
with the recovery of the bleaching due to the ground state
absorption by 4 at 4., = 480 nm with an isosbestic point at ca. A =
540 nm from 0.33 to 1.5 ps can be assigned to the intersystem
crossing (ISC) from the singlet excited state of 4 (4, = 580 nm)
to the triplet excited state (Figure S9a in Supporting
Information). The time profile at A = 560 nm was fitted by a
single exponential decay (Figure S9b in Supporting Information)
to afford the ISC rate constant, ke = 2.0 X 102 s7L
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The relatively fast ISC rate can be rationalized by the contribu-
tion of a strong spin—orbit coupling of iridium metal ion in the
excited state of 4.***” The observed spectra at 1.5 ps to 3.0 ns
are almost unchanged as shown in Figure S9c (Supporting
Information), indicating that the conversion from 4 to 5 may
occur at prolonged reaction time for 3.0 ns to 1.6 us, which is
beyond the measurable time scale (<3.0 ns) of the femtosecond
laser flash photolysis.

Hydrogen Evolution from Aliphatic Alcohols. The
hydride complex 4 is stable at pH 14; however, when pH was
decreased to 0.8 by adding H,SO,, the hydride complex 4 was
converted to an aqua complex 1 as shown by Figure 6a
accompanied by evolution of hydrogen (H,). The yield of H, was
determined by GC to be 82% yield. It was also confirmed by GC
that no CO (<1000 ppm) was produced during the reaction. The
conversion between the hydride complex 4 and the aqua complex
1 accompanied by H, evolution was repeated by alternate change
in pH between ca. 12 and ca. 2 in the presence of excess amount
of ethanol as shown in Figure 6. The conversion from 1 to 4 in
the reaction of ethanol with 1 and that from 4 to 1 accompanied
by H, evolution by changing pH is shown in Scheme 4. Under

Scheme 4
H, [IrA—OH,J* — 2" s [IPB-OH[- C,HsOH
X ! ® X CH,CHO
HsO* IrA-HP <t [IrB-H]- :+o
2

4

basic conditions (pH 14), the aqua complex 1 exists as the
hydroxo complex 3 (pK,, = 9.5) that possesses the benzoate and
hydroxo ligands, which reacts with ethanol to produce
acetaldehyde and the hydride complex 4. Under acidic
conditions (pH 1.0), the hydride complex reacts with proton
to produce H,, accompanied by regeneration of 1.

In contrast to the [C,N] cyclometalated Ir-hydride complex 4,
the [C,C] cyclometalated Ir-hydride complex § can react with
water to produce H, under basic conditions as shown in Figure 7.
The turnover number (TON) of H, evolution with § increases
linearly with time to reach 3.3 (2.5 h), whereas 4 has no catalytic
reactivity even at elevated temperature at 323 K. TON for
hydrogen evolution with 5 increases with increasing temperature
to be 26 (1.0 h) at 353 K. This catalytic reactivity of S may be
attributed to the electron-donating effect of the phenylpyrazole
ligand on the metal center in § with the [C,C] cyclometalated
iridium as indicated by the upfield shift (shielding effect) of the
hydride signal bonded to Ir' center (vide supra), even though
the hydrogen atom bonded to Ir shows larger upfield shift due to
the relativistic effect.*®

Catalytic Hydrogenation of NAD*. Recently, we reported
that the hydride complex 4, which was produced by the reaction
with atmospheric pressure of hydrogen, can reduce NAD* to
produce the 1,4-isomer of NADH at room temperature.24
Thus, we expected to use ethanol as a hydride donor to
generate NADH. When we added an aqueous solution
containing 2 and 3 to the borate buffer (0.5 M, pH 10) and
ethanol mixed solution [3: 1 (v/v)], formation of 4 was
confirmed by the UV—vis spectrum (blue line in Figure 8a,
Amax = 340 nm). Addition of the NAD™ solution to the mixed
solution resulted in formation of NADH as shown in Figure 8b,
accompanied by an increase in the absorption band at A =
340 nm due to NADH (red and green lines in Figure 8a).
NAD" was converted to NADH at 86% yield in the first cycle
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Figure 7. Time course of hydrogen evolution from 2-propanol
(4.3 M) catalyzed by § (55 M) in water (pH 11.9) at 353 K (blue
line) and 323 K (black line) and that from ethanol (5.7 M) catalyzed
by 5 (55 M) in water (pH 11.9) at 323 K (green line). The complex
S was formed from 4 under photoirradiation (4 > 340 nm) for 30 min.
Time course of hydrogen evolution from 2-propanol (4.3 M)
catalyzed by 4 (55 uM) in water (pH 11.9) at 323 K is shown by the
red line.

and at 79% in the second cycle. From the linear slope for initial
S min after addition of NAD*, the TOF value was determined
to be 18 h™". 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 absorbance at 4 = 340 nm in Figure S10
(Supporting Information). The rate of formation of NADH
increased linearly with increasing concentration of 2 and 3 at pH
10.0 as shown in Figure 9a. In the absence of complex 2 or 3,
no formation of NADH was observed. The rate of formation
of NADH also linearly increased with increasing concentration
of ethanol (Figure 9b). These linear relationships indicate
that the rate-determining step in the catalytic hydrogenation
of NAD" with ethanol is formation of the Ir-H complex 4,
which reacts with NAD" rapidly to produce NADH, accom-
panied by regeneration of 2 and 3 (Scheme $). Thus, the amount
of 4 in a steady state in the catalytic cycle is negligible. The
observed first-order rate constant (k) of formation of the
Ir-H complex 4 in the presence of ethanol (5.7 M) at pH 10.0 at
298 K was determined from the first-order plot in Figure S11
(Supporting Information) to be 21 h™'. This confirms that
the rate-determining step in the catalytic cycle is the formation
of 4. The TOF value decreased with decreasing pH to 8.5 as
shown by the slope of the linear plots in Figure 10a. The increase
in the rate with further increase in pH from 8.5 results from
the deprotonation of the aqua complex (Ir-OH,, pK, = 9.5) to
afford the hydroxo complex (Ir-OH) 3, which may be active
for the oxidation of ethanol (Figure 10b). The pH range for
the catalytic hydrogenation of NAD" with ethanol in Figure 10b
is limited because of the acid-catalyzed hydration of NADH
under acidic conditions*” and decomposition of NAD* under
alkaline conditions.’® The standard Gibbs energy change
(AG™) for the reaction (eq 4) at pH 7 at 298 K was determined
to be +25 kJ mol™! from the reported equilibrium constant.>!
Because the AG” value at pH 10 is still positive (+8 kJ mol™),
a large excess of ethanol is required to complete the hydro-
genation of NAD* with ethanol under the conditions in
Figure 10.
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Figure 8. (a) UV—vis spectral change in the reaction of 2 and 3 ([2] +[3] = 15 M) (black line) with ethanol (5.7 M) for 10 min (blue line), the UV—vis
spectrum observed in the following reaction of NAD" (77 uM) with ethanol for 20 min (red line), and that observed in the reaction of NAD* with
ethanol for 20 min (green line) after second addition of NAD* (77 uM) in the presence of 2 and 3 in a borate buffer at 298 K (pH 10.0). (b) Time course

of absorbance at A = 340 nm due to the reaction of 2 and 3 ([2]

+ [3] = 15 uM) with ethanol (5.7 M) and that due to the reaction of NAD" [initial

concentration was 77 uM and the same concentration (77 4uM) was added after the reaction] with ethanol catalyzed by 2 and 3 in a borate buffer at 298 K

(pH 10.0).
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Figure 9. (a) Plot of formation rate of NADH versus concentration of 2 and 3 in the hydrogenation reaction of NAD* (77 uM) with ethanol (5.7 M)
catalyzed by 2 and 3 in a deaerated borate buffer at 298 K and pH 10.0. (b) Plot of TOF for catalytic hydrogenation of NAD* versus concentration of
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As previously reported, NAD" coordinated to 2 to afford the
1:1 complex. Thus, TOF of the catalytic hydrogenation of NAD*
decreased with increasing concentration of NAD* (Figure 11a)

[IrB—OH]

N NH,

; [IrB HI
L NAD*
+

OH-
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due to the coordination of NAD" to 3 (Scheme 6), which makes
it difficult to form the hydride complex.”* In such a case, the
formation rate of NADH (ryxpy, M h™') is given by eq 6, where
[3]; is the initial concentration of complex 3. TOF, is the TOF
value without the binding of NAD" to 3 and TOF, = k. In eq 6,
rnapn is proportional to [3] as shown in Figure 9a. The binding
constant K (M™") is expressed by eq 7. When [NAD*] > [Ir-
NAD*] and [NAD"] > [NADH], the TOF value is given by eq
8, which is converted to eq 9. As expected from eq 9, the plot of
TOF ! versus [NAD"] (Figure 11b) shows a linear correlation.
From the slope and intercept, the binding constant (K) of NAD*
with 3 and TOF, were determined to be 2.7 X 10°* M~ and
21 h™", respectively. The TOF, value agrees well with the value
(21 h™") independently determined from the absorption change
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Figure 10. (a) Time course of absorbance at A = 340 nm in the catalytic hydrogenation of NAD* (77 uM) with ethanol (5.7 M) to form NADH catalyzed
by2and 3 ([2] + [3] = 15 #M) in a deaerated borate buffer at 298 K at various pH. Black, green, red, and blue lines represent time profiles at pH 10.0, 9.5,
9.0, and 8.5, respectively. (b) pH-Dependence of the formation rate (TOF) of NADH in the catalytic hydrogenation of NAD* (77 uM) with ethanol
(5.7 M) catalyzed by 2 and 3 ([2] + [3] = 1S uM) in a deaerated borate buffer at 298 K (black dots). TOF values were determined based on the progress
of the reaction for initial 5 min. Red and green solid lines show the amount ratios of complex 2 and complex 3, respectively, to the total amount of the
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Figure 11. (a) Plot of TOF versus concentration of NAD" in the catalytic hydrogenation of NAD" with ethanol (4.1 M) to produce NADH under an
atmospheric pressure in the presence of 2 and 3 ([2] + [3] = 15 M) in a deaerated borate buffer (pH 10.0) at 298 K. TOF values were determined on
the basis of the progress of the reaction for initial S min. (b) Plot of TOF " for the catalytic hydrogenation of NAD* with ethanol (5.7 M) in the presence
of 2 and 3 ([2] + [3] = 15 uM) at 298 K (pH 10.0) versus concentration of NAD* according to eq 9.

Scheme 6 raapu = TOE[3] = TOF[3]; = TOF([3]
OH- B +
[Ir3—OH]- + NAD* —J»(K_v [IrB-NAD+]- + [Ir-NAD"]) (6)
3 —
OH
CHsOH K = [Ir®-NAD']/[NAD"][3] (7)
CH5CHO
+ TOF = TOE,[3]/([3] + [Ir®-NAD'])

H2O e - 3L, irB_OHI-+ NADH

4 NAD*+OH- = TOE/(1 + [Ir®-NAD"]/[3])

= TOE,/(1 + K[NAD"]) (8)

due to formation of 4 from 3 in the reaction of 3 with ethanol

(vide supra). 1/TOF = 1/TOE, + K[NAD"]/TOE, 9)
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B CONCLUSIONS

A mononuclear [C,N] cyclometalated half-sandwich iridium
complex, [Ir"™(Cp*)(4-(1H-pyrazol-1-yl-kN*)benzoic acid-
kC*)(H,0)],80, [1],:SO,, reacts with aliphatic alcohols to
produce the corresponding hydride complex 4 at a high yield
(98%) at pD 13.6 as confirmed by ESI mass spectrum, "H NMR,
and UV—vis absorption spectra at room temperature. This is the
first example of hydrogen production from aliphatic alcohols
with 1 by changing pH at room temperature. The activation
parameters of formation of the hydride complex were
determined to be AH* = 82 kJ mol™' and AS* = 1.5 J K!
mol™ from the Eyring plot. Photoirradiation of an aqueous
solution of 4 resulted in formation of [C,C] cyclometalated
Ir-hydride complex § (98%) at pD 13.6. Whereas 4 requires
acidic conditions to produce H,, the [C,C] cyclometalated Ir
complex § acts as a catalyst for hydrogen evolution from
2-propanol and ethanol under basic conditions at ambient
temperature. This is the first instance of hydrogen production
from alcohols at ambient temperature. In the presence of ethanol
at room temperature, NADH was catalytically regenerated from
NAD" under basic conditions (pH 8.5—10.0) in the presence
of complexes 2 and 3. At pH 10.0, the TOF for the formation
of NADH was up to 18 h™". At high NAD" concentrations,
the hydrogenation reaction was retarded by the 1:1 complex
formation between 3 and NAD®. Thus, 2 and 3 act as efficient
catalyst and functional mimics of alcohol dehydrogenase (ADH)
for hydrogenation of NAD* to produce NADH in water.
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