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ABSTRACT: A new phenoxide chelated [Ir(NHC)Cp*Cl] (NHC = N-
heterocyclic carbene; Cp* = pentamethylcyclopentadienyl) complex (3) has
been prepared by reaction of [IrCp*Cl2]2 with an in situ prepared NHC−Ag
complex in dichloromethane at ambient temperature. The IrIII complex was
stable toward air and moisture and was fully characterized by 1H, 13C NMR,
HRMS, and single-crystal X-ray diffraction. The new complex was found to
be an active catalyst for transfer hydrogenative reductive amination under
aqueous conditions with formate as hydrogen source as well as
hydrogenative reductive amination reactions using H2. Various carbonyl
compounds such as aliphatic and aromatic ketones and aldehydes were
successfully reacted with amines to give new amines. In comparison with
transfer hydrogenative reductive amination, the reductive amination with H2
is faster and permits higher molar ratios of the substrate to the catalyst (S/
C).

■ INTRODUCTION

Amines are one of the highly valuable compounds in chemical
synthesis, widely found in natural products, fine chemicals,
pharmaceuticals, and agrochemicals1 Reductive amination
(RA), the coupling of ketones or aldehydes with amines in
the presence of a reducing agent, is one of the most powerful
methods for one-step synthesis of substituted amines.2 This
method is extremely valuable from a synthetic point of view,
since it avoids the isolation of in situ generated imine products,
which is not easy due to the limited stability of imines. In most
of the RA procedures developed, stoichiometric boron hydride
reduction and heterogeneous hydrogenation dominate the
scene.1b,e However, the use of stoichiometric amounts of boron
hydrides generates copious amounts of waste and is associated
with other problems such as toxicity issues. One of the most
notable drawbacks of heterogeneous catalysts in RA applica-
tions is their poor chemoselectivity.1b Progress in developing
homogeneous catalytic systems, including organometallic
hydrogenative3 and transfer hydrogenative RA protocols,4 has
been made in recent years. However, there appears to be no
catalysts that are highly ef fective for both hydrogenative and
transfer hydrogenative RA reactions. Such catalysts would be
practically advantageous, as a single catalyst could allow one to
explore either conditions or a condition that is more desired.
Recently, N-heterocyclic carbenes (NHCs) have emerged as

a versatile class of ligands in organometallic chemistry and
catalysis. NHCs often form stable complexes with many
transition metals irrespective of their oxidation states.5

Additionally, their tunable character allows for the easy control
of the electronic and steric properties at the metal center. In the

area of catalysis, NHC-bearing transition metal complexes have
found numerous applications. An example is NHC−iridium
complexes, which have been successfully employed as catalysts
for a number of reactions, such as hydrogenation,6 transfer
hydrogenation (TH),7 and N-alkylation of amines.8 However,
there are only two studies of RA reactions using NHC−metal
complexes. Crabtree and co-workers attempted RA of
benzaldehyde with 2-propanol as hydrogen source, using a
cationic triazol-5-ylidene complex of iridium(I) as catalyst. A
two-step procedure was used. In the first stage, the imine was
formed in situ by stirring 1 equiv of aniline with benzaldehyde,
and the NHC−Ir(I) catalyst was then added in the second
stage to reduce the imine.9 In a more recent study, a polymer
supported NHC−Pd complex was used for hydrogenative RA
of different aldehydes and cyclohexanone in aqueous reaction
medium at 35 bar of hydrogen pressure.10

In this paper, a new phenoxide chelated neutral NHC−
Ir(III) complex (3) was synthesized and fully characterized.
This complex is found to be an active catalyst for RA of various
ketones and aldehydes by transfer hydrogenation under
aqueous conditions with formate as hydrogen source.
Remarkably, the same complex also successfully catalyzes
hydrogenative RA of various carbonyl compounds with
molecular hydrogen. To the best of our knowledge, this
NHC−Ir(III) catalytic system is the first example of a catalyst
that is capable of both transfer hydrogenative and hydro-
genative RA of various ketones and aldehydes.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization of the NHC Complex.

Scheme 1 outlines the route used for the title complex (3). The

1-(2-hydroxyphenyl)-5,6-dimethylbenzimidazole ligand (1) was
synthesized via copper catalyzed N-arylation of 5,6-dimethyl-
1H-benzimidazole with 2-bromoanisole and subsequent
demethylation of the corresponding anisole derivative (Scheme
1). The NHC precursor 5,6-dimethylbenzimidazolium salt (2)
was synthesized by the reaction of 1 with 2,4,6-triisopropylben-
zyl bromide in refluxing acetonitrile (Scheme 1). The salt was
obtained in 97% yield as a colorless solid. In the 1H NMR
spectrum of 2, the NCHN+ proton appears at δ = 8.39 ppm,
and this downfield signal indicates the formation of 5,6-
dimethylbenzimidazolium salt. The presence of the phenolic
OH proton was confirmed by an exchange experiment with
D2O, upon addition of which the signal at δ = 10.08 ppm in the
1H NMR spectrum disappeared.
The new neutral phenoxide chelated NHC−Ir complex (3)

was prepared by transmetalation11 from the in situ formed
NHC−Ag derivative by employing a two-step process (Scheme
1). The NHC−Ag species was not isolated, however. In the
second step, addition of [IrCp*Cl2]2 to the reaction mixture
gave the complex 3 in 93% yield as an air- and moisture-stable
yellow solid. Formation of 3 was confirmed by HRMS analysis
and NMR spectroscopic analysis, which showed the character-
istic Ir−Ccarbene signal at δ = 174.1 ppm in the 13C NMR
spectrum. Meanwhile, the characteristic downfield signal for the
NCHN+ proton of 2 at δ = 8.39 ppm disappeared in the 1H
NMR spectrum. Disappearance of the phenolic OH proton
signal at δ = 10.08 ppm in 2 also supports the formation of
phenoxide chelated complex 3. Finally, the structure of complex
3 was determined by single-crystal X-ray diffraction analysis,
which confirmed the coordination of NHC and phenoxide
group to the iridium center (Figure 1). The average Ir−Ccarbene
(2.003 Å) and Ir−O (2.090 Å) distances are both in the
expected range.8a It is noted that, while a great number of

chelating−NHC−Ir complexes are known, those featuring a
C^O coordination mode are few.8a,12

Transfer Hydrogenative RA Reactions in Water. We
have recently shown that water is a good solvent for transfer
hydrogenative RA with related iridicycle catalysts.4g We,
therefore, decided to explore whether or not 3 could catalyze
aqueous RA, using acetophenone and p-anisidine as model
substrates and formate as hydrogen source (Figure 2). It is
known that both the catalytic activity and the selectivity can be
influenced dramatically by the pH of the reaction medium in
aqueous RA reactions.4g Imine formation from the ketone and
amine and the subsequent imine reduction are known to

Scheme 1. Synthesis of Ligands and Complex (1−3)a

a(i) KOH, Cu2O, DMSO, 140 °C, 24 h; (ii) HBr (47% aqueous
solution), reflux, 48 h then NaHCO3; (iii) 2,4,6-triisopropylbenzyl
bromide, MeCN, reflux, 4 h; (iv) Ag2O, CH2Cl2, room temperature, 2
h, then [IrCp*Cl2]2, 2 h.

Figure 1. Molecular structure of 3 with hydrogen atoms removed for
clarity. The crystal structure includes two symmetry-independent
complexes (3 and 3-A, only one shown here) in the asymmetric unit
with only small differences in bond distances and bond angles.
Selected bond lengths [Å] and angles [deg]: 3: Ir(1)−C(41) 2.003(4),
Ir(1)−O(1) 2.092(3), Ir(1)−Cl(1) 2.418(1), C(41)−Ir(1)−O(1)
82.8(2), C(41)−Ir(1)−Cl(1) 88.6(1), O(1)−Ir(1)−Cl(1) 84.2(9). 3-
A: Ir(1A)−C(41A) 2.003(4), Ir(1A)−O(1A) 2.087(3), Ir(1A)−
Cl(1A) 2.416(1), C(41A)−Ir(1A)−O(1A) 83.7(1), C(41A)−Ir-
(1A)−Cl(1A) 86.1(1), O(1A)−Ir(1A)−Cl(1A) 84.4(9).

Figure 2. Effect of the pH value on the RA in water. Reaction
conditions: acetophenone (0.5 mmol), p-anisidine (1.0 mmol), 3
(0.005 mmol, 1 mol %), aqueous HCOOH/HCOONa solution (0.8
mL, 10 mol L−1), 80 °C, 2 h. Conversions were determined by 1H
NMR spectroscopy.
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benefit from acidic conditions. With this in mind, we first
examined the effect of the solution pH on the model reaction,
by using HCOOH and HCOONa to adjust the pH values. The
reduction was carried out at 80 °C at a molar ratio of the
substrate to the catalyst (S/C) of 100:1 for 2 h. As can be seen
in Figure 2, the best catalytic activity was observed at pH 4.8,
under which the corresponding amine was obtained in 73%
conversion. Pleasingly, in all the pH values examined, the
desired amine was observed as the sole product, without any
byproduct, e.g., 2-phenylethanol, by reducing acetophenone.
This is in contrast to the RA with the iridicycle catalysts, where
ketone reduction becomes significant when the solution pH
deviates from the optimal value.4g

Further studies showed that the reaction temperature is also
critical for the completion of the RA reaction with catalyst 3.
The reaction at 80 °C was very fast before reaching
approximately 75% conversion. However, it became sluggish
thereafter, showing little progress in longer reaction times (e.g.,
82% conversion within 24 h). This may result from the
decomposition of formic acid at higher reaction temperature,
depleting the hydride source. Some related iridium complexes
have been shown to be active catalysts for the dehydrogenation
of formic acid.13 Bearing this in mind, we decreased the
reaction temperature to 50 °C, and pleasingly, this led to
complete conversion of acetophenone to the corresponding
amine in 16 h. Percentage conversion was calculated by
comparing the methyl proton signals of acetophenone and 4-
methoxy-N-(1-phenylethyl)aniline in the 1H NMR spectrum of
the crude product, and the time-dependent conversions were
followed (Figure 3). Under these conditions, the product was

isolated in 90% yield. Additionally, a control experiment with
[IrCp*Cl2]2 as catalyst was carried out, and the desired amine
obtained only 29% conversion under these conditions in 16 h.
The optimized conditions were applied to various carbonyl

compounds and amines (Table 1). Aromatic ketones with
electron-withdrawing or electron-donating substituents all
reacted with p-anisidine, affording good yields (76−90%) in
16 h at 50 °C at an S/C of 100 (Table 1, entries 1−4). Similar
activities were observed for the reaction of different aromatic
amines with acetophenone (79−83%) (Table 1, entries 5−7).
The electronic effects of these substituents on the RA are not
obvious for these substrates under the conditions employed.
Reactions of aliphatic ketones with p-anisidine were

investigated next. These ketones showed higher activity than
the aromatic ones. Thus, complete conversions and higher

isolated yields (89−92%) were achieved with all the aliphatic
ketones examined at a higher S/C of 200 (Table 1, entries 8−
11). In addition, the same trend was observed in the reaction of
1-phenylacetone with different aromatic amines, and the
corresponding products were isolated with 90−92% yields
(Table 1, entries 11−14).
We also explored the RA of aldehydes with amines. As

expected, aldehydes were more reactive than aromatic or
aliphatic ketones. In the aqueous RA of different aldehydes with
p-anisidine, full conversions to the desired amines were
achieved in 8 h at an S/C of 200. The corresponding amines
were isolated in 90−94% yields (Table 1, entries 15−18).
However, in comparison with the C^N chelated iridicycle
catalysts,4g,h the C^O bound NHC 3 is generally less active in
the transfer hydrogenative RA.

Hydrogenative RA Reactions. As mentioned, there
appears to be no catalyst which can effect both transfer
hydrogenative RA and hydrogenative RA reactions. To explore
the feasibility of using 3 for hydrogenative RA, the reaction of
acetophenone with p-anisidine was chosen as a model reaction
for hydrogenative RA and examined. As can be seen from Table
2, no reduction was observed in either water or MeOH when
using 0.5 mol % 3 at 20 bar of H2 and 60 °C within 4 h (Table
2, entries 1 and 2). However, with the addition of 10 mol % p-
toluenesulfonic acid monohydrate (TsOH), a 22% and 73%
conversion into the desired amine was observed in water and
MeOH, respectively (Table 2, entries 3 and 4). Further studies
were then performed in the latter, which revealed that the
hydrogenative RA went faster in the presence of both TsOH
and 4 Å molecular sieves (MS), affording complete conversion
to the desired amine under otherwise the same conditions
(Table 2, entry 5). Decreasing the amount of TsOH to 5 mol %
afforded a lower conversion (Table 2, entry 6). The addition of
the acid and molecular sieves presumably facilitates the
formation of the intermediate imine.3j Next, we studied the
effect of the solvent on the hydrogenative RA and observed that
the nature of the solvent affected the conversion of the reaction
dramatically. Among the various solvents examined for the
reaction, 2,2,2-trifluoroethanol (TFE) and 2-propanol (IPA)
showed lower activities compared to MeOH (Table 2, entries
7−13), while others showed no activities at all. A control
experiment with [IrCp*Cl2]2 as catalyst gave the desired amine
in only 17% conversion under the conditions given in Table 2,
entry 5.
With the optimized reaction conditions in hand, we then

studied the scope of the RA, first using various aromatic
ketones and aniline derivatives (Table 3). The results revealed
that all the desired products could be afforded in high yields
(77−94%) within 4−6 h by using 0.5 mol % of 3 (Table 3,
entries 1−7).
Reactions of different aliphatic ketones with p-anisidine were

then investigated. The hydrogenative RA was completed in 4 h
even at a higher S/C of 1000, with the desired amines obtained
in good yields (90−93%) (Table 3, entries 8−11). The same
trend was observed in the reaction of 1-phenylacetone with
different aromatic amines, and the corresponding products
were isolated with 91−94% yields (Table 3, entries 11−14).
However, secondary amines displayed lover activity, most likely
due to their steric hindrance impeding both imine formation
and reduction. Thus, a yield of only 25% was obtained for
methylphenylamine at an S/C of 200 in 12 h (Table 3, entry
15).

Figure 3. Time course of the RA in water. Reaction conditions:
acetophenone (0.5 mmol), p-anisidine (1.0 mmol), 3 (0.005 mmol, 1
mol %), aqueous HCOOH/HCOONa solution (0.8 mL, 10 mol L−1),
50 °C. Conversions were determined by 1H NMR spectroscopy.
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The RA of aldehydes was also successful. Thus, the reaction
of benzaldehyde with p-anisidine provided the corresponding

secondary amines in good yields (94−96%) at an S/C of 1000
in 4 h (Table 3, entries 16−19). It was observed that p-
substituted benzaldehydes containing electron-donating or
electron-withdrawing groups were all tolerated under the
present reaction conditions. Furthermore, we examined the
reaction of a secondary amine with benzaldehyde. The
corresponding tertiary amine was obtained in 93% yield at an
S/C of 1000 within 12 h (Table 3, entry 20).
Comparing the results in Table 1 with those in Table 3

shows that the hydrogenative RA is considerably faster than the
transfer hydrogenative RA. Since the hydride complex
generated from 3 is coordinatively saturated, the hydride
transfer from the hydride to the substrate is likely to proceed
via the outer sphere mechanism, i.e., direct hydride addition to
a protonated iminium cation without CN bond coordination
to the metal.2i,14 This mechanism is expected to hold for both
modes of RA reactions. The possibility of phenoxide
dissociation from the IrIII during the RA appears low. On this
ground, the slower RA when using formate as the hydrogen
source could stem from a slower step of hydride formation.

■ CONCLUSIONS
In this report, we have synthesized a new N-heterocyclic
carbene ligand containing a phenol moiety that allows, for the
first time, the preparation of an IrIII−Cp* complex with a
chelating NHC−phenoxide ligand. This complex is found to
catalyze successfully both transfer hydrogenative and hydro-

Table 1. Transfer Hydrogenative RA of Ketones and Aldehydes with Different Amines in Water

aReaction conditions: ketone or aldehyde (0.5 mmol), amine (1.0 mmol), 3 (0.005 or 0.0025 mmol, 1−0.5 mol %), HCOOH/HCOONa solution
(pH 4.8, 0.8 mL), 50 °C, 16 h. bIsolated yield. c8 h reaction time.

Table 2. Optimization of Conditions for the Hydrogenative
RA

entrya solvent additive conv. [%]b

1 H2O NR
2 MeOH NR
3 H2O TsOH (10%) 22
4 MeOH TsOH (10%) 73
5 MeOH TsOH (10%), 4 Å MS > 99
6 MeOH TsOH (5%), 4 Å MS 67
7 TFE TsOH (10%), 4 Å MS 60
8 IPA TsOH (10%), 4 Å MS 10
9 PhMe TsOH (10%), 4 Å MS NR
10 EtOAc TsOH (10%), 4 Å MS NR
11 1,4-Dioxan TsOH (10%), 4 Å MS NR
12 MeCN TsOH (10%), 4 Å MS NR
13 THF TsOH (10%), 4 Å MS NR

aReaction conditions: acetophenone (0.5 mmol), p-anisidine (0.75
mmol), 3 (0.0025 mmol, 0.5 mol %), solvent (2 mL), 20 bar of H2, 60
°C, 4 h. bConversions were determined by 1H NMR spectroscopy.
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genative RA of various ketones and aldehydes with aniline
derivatives. The reactions proceed with high efficiency to afford
the corresponding amines. The hydrogenative RA is faster than
the transfer hydrogenative RA and permits higher S/C ratios.
This is the first example in which a single catalyst has allowed
effectively both transfer hydrogenative and hydrogenative RA of
various ketones and aldehydes.

■ EXPERIMENTAL SECTION
Synthesis of 1. To a degassed dimethyl sulfoxide (20 mL) solution

of 5,6-dimethyl-1-H-benzimidazole (2.19 g, 15.0 mmol) were added 2-
bromoanisole (1.87 g, 10.0 mmol), KOH (1.12 g, 20.0 mmol), and
Cu2O (286 mg, 2.0 mmol) under N2. The resulting mixture was stirred
at 140 °C for 24 h under N2. After cooling to room temperature, the
mixture was poured into ethyl acetate (50 mL) and filtered. The
filtrate was washed with water (3 × 50 mL) and dried over anhydrous
magnesium sulfate. Solvent was evaporated, and to the crude oil was
added an aqueous solution of 47% HBr (5.18 g, 30 mmol). The brown
solution was allowed to reflux for 48 h under N2. The solution was
then cooled and basified by the addition of anhydrous NaHCO3 until
the evolution of CO2 ceased and a precipitate formed. The precipitate
was filtered and washed with water. The resulting crude product was
purified via column chromatography on silica gel with ethyl

acetate:methanol (9:1) as eluent, affording an off-white powder.
Overall yield: 68%, 1.62 g (based on 2-bromoanisole). 1H NMR (400
MHz, DMSO-d6): δ = 10.17 (s, 1H; Ar-OH, exchanges with D2O),
8.18 (s, 1H, NCHN), 7.51 (s, 1H, Ar-H), 7.38 (d, J = 7.6 Hz, 1H, Ar-
H), 7.34 (t, J = 7.6 Hz, 1H, Ar-H), 7.13 (d, J = 7.6 Hz, 1H, Ar-H), 7.05
(s, 1H, Ar-H), 7.00 (t, J = 7.6 Hz, 1H, Ar-H), 2.33 (s, 3H, Ar-CH3),
2.29 (s, 3H, Ar-CH3);

13C NMR (100 MHz, DMSO-d6): δ = 152.6
(NCHN), 143.9 (Ar-C), 142.0 (Ar-C), 133.2 (Ar-C), 131.9 (Ar-C),
130.6 (Ar-C), 129.9 (Ar-C), 127.9 (Ar-C), 123.7 (Ar-C), 120.0 (Ar-C),
119.9 (Ar-C), 117.4 (Ar-C), 111.5 (Ar-C), 20.5 (Ar-CH3), 20.3 (Ar-
CH3); HRMS (CI+): calcd. m/z for C15H15N2O [M + H]+: 239.1184;
found: 239.1189.

Synthesis of 2. To a suspension of 1 (476 mg, 2.0 mmol) in
acetonitrile (10 mL) was added 2,4,6-triisopropylbenzyl bromide (653
mg, 2.2 mmol). The resulting mixture was refluxed for 4 h. After
cooling to room temperature, the solvent was evaporated. The
resulting solid was dissolved in dichloromethane (5 mL), and diethyl
ether (20 mL) was added. The colorless solid that separated out was
filtered and washed with Et2O (2 × 20 mL) and dried under reduced
pressure. Yield: 97%, 1.04 g. 1H NMR (400 MHz, CDCl3): δ = 10.08
(s, 1H; Ar-OH, exchanges with D2O), 8.39 (s, 1H, NCHN

+), 7.82 (d, J
= 8.0 Hz, 1H, Ar-H), 7.67 (s, 1H, Ar-H), 7.34 (s, 1H, Ar-H), 7.28 (t, J
= 7.6 Hz, 1H, Ar-H), 7.26 (d, J = 8.0 Hz, 1H, Ar-H), 7.15 (s, 2H, Ar-
H), 6.96 (t, J = 7.6 Hz, 1H, Ar-H), 5.70 (s, 2H, NCH2Ar), 3.04 (sep, J

Table 3. Hydrogenative RA of Ketones and Aldehydes with Different Amines

aReaction conditions: ketone or aldehyde (0.5 mmol), amine (0.75 mmol), 3 (0.0025 or 0.0005 mmol, 0.5−0.1 mol %), TsOH (10 mol %), 4 Å MS
(200 mg), MeOH (2 mL), 20 bar of H2, 60 °C. bIsolated yield.
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= 7.2 Hz, 2H, ArCH(CH3)2), 2.94 (sep, J = 7.2 Hz, 1H,
ArCH(CH3)2), 2.49 (s, 3H, Ar-CH3), 2.41 (s, 3H, Ar-CH3), 1.28 (d,
J = 7.2 Hz, 6H, ArCH(CH3)2), 1.21 (d, J = 7.2 Hz, 12H,
ArCH(CH3)2);

13C NMR (100 MHz, CDCl3): δ = 152.3 (Ar-C),
151.9 (Ar-C), 148.9 (NCHN+), 138.8 (Ar-C), 138.6 (Ar-C), 138.1
(Ar-C), 132.1 (Ar-C), 131.2 (Ar-C), 129.6 (Ar-C), 125.6 (Ar-C), 122.5
(Ar-C), 121.1 (Ar-C), 119.8 (Ar-C), 119.7 (Ar-C), 119.6 (Ar-C), 114.1
(Ar-C), 113.0 (Ar-C), 44.4 (NCH2Ar), 34.4 (ArCH(CH3)2), 30.1
(ArCH(CH3)2), 24.4 (ArCH(CH3)2), 23.9 (ArCH(CH3)2), 20.8 (Ar-
CH3), 20.7 (Ar-CH3); HRMS (ES+): calcd. m/z for C31H39N2O [M −
Br]+: 455.3062; found: 455.3059.
Synthesis of 3. Under a nitrogen atmosphere, a mixture of 2 (268

mg, 0.5 mmol) and Ag2O (463 mg, 2.0 mmol) was suspended in
degassed and dry dichloromethane (5 mL) and stirred at ambient
temperature for 2 h shielded from light. [IrCp*Cl2]2 (198 mg, 0.25
mmol) was then added to the suspension, and the reaction mixture
was stirred at ambient temperature for an additional 2 h. The resulting
suspension was filtered over Celite. The remaining solid was washed
with dichloromethane (2 × 5 mL), and the solvent of the filtrate was
evaporated. The residue was purified via column chromatography on
silica gel with dichloromethane:methanol (9:1) as eluent, affording a
yellow powder. Yield: 93%, 380 mg. 1H NMR (400 MHz, CDCl3): δ =
7.55 (d, J = 8.0 Hz, 1H, Ar-H), 7.52 (s, 1H, Ar-H), 7.18 (s, 1H, Ar-H),
7.15 (s, 1H, Ar-H), 7.12 (d, J = 8.0 Hz, 1H, Ar-H), 7.08 (t, J = 8.0 Hz,
1H, Ar-H), 6.70 (d, J = 14.4 Hz, 1H, NCH2Ar), 6.67 (t, J = 8.0 Hz,
1H, Ar-H), 5.46 (s, 1H, Ar-H), 5.30 (d, J = 14.4 Hz, 1H, NCH2Ar),
3.40 (sep, J = 6.8 Hz, 1H, ArCH(CH3)2), 3.25 (sep, J = 6.8 Hz, 1H,
ArCH(CH3)2), 3.02 (sep, J = 6.8 Hz, 1H, ArCH(CH3)2), 2.22 (s, 3H,
Ar-CH3), 1.92 (s, 3H, Ar-CH3), 1.56 (s, 15H, C5(CH3)5), 1.36 (d, J =
6.8 Hz, 9H, ArCH(CH3)2), 1.25 (d, J = 6.8 Hz, 3H, ArCH(CH3)2),
1.21 (d, J = 6.8 Hz, 3H, ArCH(CH3)2), 0.79 (d, J = 6.8 Hz, 3H,
ArCH(CH3)2);

13C NMR (100 MHz, CDCl3): δ = 174.1 (Ir-C), 163.7
(Ar-C), 152.0 (Ar-C), 150.7 (Ar-C), 148.4 (Ar-C), 134.4 (Ar-C), 131.4
(Ar-C), 131.3 (Ar-C), 130.9 (Ar-C), 130.5 (Ar-C), 126.8 (Ar-C), 126.0
(Ar-C), 122.2 (Ar-C), 121.6 (Ar-C), 120.8 (Ar-C), 114.8 (Ar-C), 113.1
(Ar-C), 113.1 (Ar-C), 112.5 (Ar-C), 88.3 (C5(CH3)5), 48.3
(NCH2Ar), 34.7 (ArCH(CH3)2), 30.4 (ArCH(CH3)2), 29.2 (ArCH-
(CH3)2), 25.4 (ArCH(CH3)2), 24.4 (ArCH(CH3)2), 23.2 (ArCH-
(CH3)2), 23.1 (ArCH(CH3)2), 20.1 (Ar-CH3), 20.0 (Ar-CH3), 8.8
(C5(CH3)5); HRMS (ESI+): calcd. m/z for C41H52ClIrN2ONa [M +
Na]+: 839.3284; found: 839.3272.
Typical Procedure for the Transfer Hydrogenative RA in

Water. A reaction tube was charged with a magnetic stir bar, p-
anisidine (1.0 mmol), and acetophenone (0.5 mmol), followed by
catalyst 3 (0.005 or 0.0025 mmol). To the mixture was injected a
water solution of HCOOH/HCOONa (0.8 mL, pH 4.8). The
resulting mixture was stirred at 50 °C for 8−16 h under N2. After
cooling to room temperature, the solution was adjusted to pH 2−3
with HCl (4 M), stirred for 10 min, and then basified with aqueous
NaOH (6 M) to pH 9−10. The resulting solution was extracted with
ethyl acetate and dried over anhydrous MgSO4. After evaporating the
solvent, the product was purified by flash column chromatography
(hexane:ethyl acetate, 20:1−10:1).
Typical Procedure for the Hydrogenative RA. To a glass liner

equipped with a stir bar was added 4 Å MS (200 mg), p-
toluenesulfonic acid (10 mol %), ketone or aldehyde (0.5 mmol),
amine (0.75 mmol), catalyst 3 (0.0025 or 0.0005 mmol), and
methanol (2 mL). The glass liner was then placed into an autoclave,
followed by degassing with H2 three times. The hydrogenation was
carried out at 20 bar H2 with stirring at 60 °C for 4−12 h. After
cooling to room temperature, the hydrogen gas was then carefully
released in a fume hood, and the solution was filtered, and
concentrated to afford the crude product. The product was purified
by flash column chromatography (hexane:ethyl acetate, 20:1−10:1).
(Warning! All the high pressure hydrogenation reactions described here
should be carried out with caution due to its potential f ire hazards.)
X-ray Crystallography. Crystallographic data and refinement are

provided in Table S1 in the Supporting Information. CCDC 1402303
(3) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
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