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Abstract: The additive effects of
amines were realized in the asymmetric
hydrogenation of 2-phenylquinoxaline,
and its derivatives, catalyzed by chiral
cationic dinuclear triply halide-bridged
iridium
complexes
[{Ir(H)[diphos(diphosphine = (S)phine]}2ACHTUNGRE(m-X)3]X
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl [(S)-BINAP], (S)-5,5’-bis(diphenylphosphino)-4,4’-bi-1,3-benzodioxole [(S)-SEGPHOS], (S)-5,5’-bis(diphenylphosphino)-2,2,2’,2’-tetrafluoro-4,4’-bi-1,3-benzodioxole [(S)-DIFLUORPHOS]; X = Cl, Br, I) to produce the corresponding 2-aryl-1,2,3,4tetrahydroquinoxalines. The additive
effects of amines were investigated by
solution dynamics studies of iridium
complexes in the presence of Nmethyl-p-anisidine (MPA), which was
determined to be the best amine addi-

tive for achievement of a high enantioselectivity of (S)-2-phenyl-1,2,3,4-tetrahydroquinoxaline, and by labeling experiments, which revealed a plausible
mechanism comprised of two cycles.
One catalytic cycle was less active and
less enantioselective; it involved the
substrate-coordinated
mononuclear
complex
[IrHCl2(2-phenylquinoxaline){(S)-BINAP}], which afforded
half-reduced product 3-phenyl-1,2-dihydroquinoxaline. A poorly enantioselective disproportionation of this halfreduced product afforded (S)-2-phenyl1,2,3,4-tetrahydroquinoxaline.
The
other cycle involved a more active hyKeywords: asymmetric catalysis ·
hydrogenation · iridium · nitrogen
heterocycles · reaction mechanisms

Introduction
Catalytic asymmetric hydrogenation of prochiral unsaturated compounds, which include C=C, C=O, and C=N bonds,
has been intensively investigated as a highly versatile and
environmentally benign process for creation of a chiral
carbon center.[1] Asymmetric hydrogenation of N-heteroaromatic compounds is considered to be a difficult task due to
aromatic resonance stability. Recent developments in asymmetric hydrogenation of N-heteroaromatic compounds,[2]
such as 2-substituted quinolines[3–15] and quinoxalines[3h, k, 4c, f, 11, 16–22] (to give the 1,2,3,4-tetrahydroquinoline and
1,2,3,4-tetrahydroquinoxaline derivatives, respectively, in
high enantioselectivity), pyridine derivatives,[3h, 4g, 23] pyr-
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dride–amide catalyst, derived from
amine-coordinated mononuclear complex
[IrCl2HACHTUNGRE(MPA){(S)-BINAP}],
which functioned to reduce 2-phenylquinoxaline to (S)-2-phenyl-1,2,3,4-tetrahydroquinoxaline with high enantioselectivity. Based on the proposed
mechanism, an IrI–JOSIPHOS (JOSIPHOS = (R)-1-[(Sp)-2-(dicyclohexylphosphino)ferrocenylethyl]diphenylphosphine) catalyst in the presence of
amine additive resulted in the highest
enantioselectivity for the asymmetric
hydrogenation of 2-phenylquinoxaline.
Interestingly, the reaction rate and
enantioselectivity were gradually increased during the reaction by a positive-feedback effect from the product
amines.

roles,[24] imidazole,[25] oxazole,[25] and indoles,[26] have been
remarkable. However, only a few mechanistic studies of the
asymmetric hydrogenation of N-heteroaromatics have been
reported. Almost all of the proposed methods for hydrogenation of quinolines assume inner-sphere[27] rather than
outer-sphere coordination[4e, 15] of the substrate. In the case
of quinoxalines, only one mechanistic study has been reported; Zhou proposed the convergent asymmetric disproportionation of dihydroquinoxalines induced by chiral phosphoric
acid in a Ru/Brønsted acid catalyzed asymmetric hydrogenation of 2-aryl quinoxalines.[21]
A number of published reports document the dramatic
impact of additives on catalytic turnover and enantioselectivity.[28] Additive effects are also crucial for asymmetric hydrogenation of N-heteroaromatics. For example, Zhou reported that an iodine source used as an additive to activate
the catalyst for asymmetric hydrogenation of imine substrates to give the corresponding chiral amines[29] enhanced
both the catalytic activity and enantioselectivity.[3a] Since
then, a rapidly increasing number of effective ligands have
been introduced by other groups.[3f, j, 4f, g, 9, 10] Other approaches to activate the substrate have also been reported.
Zhou studied chloroformate as activators, which acted by
the formation of quinolinium and isoquinolinium salts in
situ; these salts were then smoothly hydrogenated.[3c] Feringa and co-workers reported that addition of piperidine hydrochloride improved the enantioselectivity in the asymmetric hydrogenation of quinolines,[8] and Fan and Zhou independently reported that Brønsted acids showed positive effects in the asymmetric hydrogenation of quinolines.[3i, 4e, 5b, c]
As part of our continued interest in the asymmetric hydrogenation of quinoxalines,[20] we discovered that the addi-
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tion of N-methylaniline derivatives enhanced not only the
catalytic activity but also the enantioselectivity in the generation
of
1,2,3,4-tetrahydroquinoxaline
derivatives
(Scheme 1). Although the additive effects of amines in

Scheme 1. Amine additive effects in the asymmetric hydrogenation of 2substituted quinoxalines 4 catalyzed by dinuclear iridium complexes 1–3.

asymmetric hydrogenation of C=N or C=C bonds were previously reported independently by the groups of Tani,[30]
Bartok,[31] and Sugimura,[32] the mechanisms of the additive
effect of the amine have not been clarified. The present
study reveals a dual mechanism that involves equilibrium
between two separate catalytic cycles, in which N-methylaniline derivatives induce the evolution of the original catalytically active species to a more active and more enantioselective metal–amide catalyst generated through coordination of
the amine and elimination of HCl. Herein, we report an efficient hydrogenation of quinoxalines in the presence of an
amine additive and our mechanistic studies on the effects of
the additive.

Results and Discussion
Effects of amine additives: We examined the additive effects
of alkyl and aryl amines (110 mol % relative to the substrate) on the asymmetric hydrogenation of 4 a promoted by
BINAP catalyst (S)-1 a under standard reaction conditions
[(S)-1 a (0.5 mol %), 30 atm, 30 8C, 20 h, 1,4-dioxane] and the
results are summarized in Table 1. Addition of aniline and
tetrahydroquinoline effectively improved the enantioselectivity (63 and 72 % ee, respectively; Table 1, entries 2 and 3),
whereas n-hexyl amine and piperidine completely stopped
the hydrogenation of 4 a (Table 1, entries 8 and 9). Among
aniline and its derivatives, the effects of electron-poor 4-trifluoromethylaniline did not differ from those of unsubstituted aniline (Table 1, entries 5 and 2), but electron-rich 4-methoxyaniline slightly increased the enantioselectivity, although the reaction rate was slower (Table 1, entry 4). In
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Table 1. Additive effects of various amines in the asymmetric hydrogenation of 4 a.

Conversion [%][a]

ee of (S)-5 a [%][b]

Entry

Amine

pKa

1

–

–

> 99

59

2

4.58

> 99

63

3

4.7

> 99

72

4

5.61

74

74

5

2.57

> 99

63

6

5.93

> 99

85

7

5.85

> 99

77

8

10.7

no reaction

–

9

11.3

no reaction

–

[a] Determined by 1H NMR analysis of the crude product. [b] Determined by HPLC analysis (Chiralcel OD-H column).

the reaction with N-methyl-p-anisidine (MPA) as an additive, enantioselectivity was dramatically improved to
85 % ee with complete conversion of 4 a (Table 1, entry 6).
Enantioselectivity was similarly enhanced by 4-methoxyN,N-dimethylaniline (Table 1, entry 7), but to a lesser extent
than by MPA. The pKa value of these amines was clearly
crucial for activation of the iridium catalyst. Aromatic
amines with a pKa around 5 not only enhanced the catalytic
activity but also improved enantioselectivity for the asymmetric hydrogenation of 4 a, whereas highly basic alkyl
amines with a pKa around 10 seemed to deactivate the iridium species, possibly due to strong coordination to the iridium center. These findings are consistent with reports that
simple pyridines and isoquinolines could not be efficiently
hydrogenated by similar iridium catalyst systems because
their respective hydrogenated cyclic amines would have a
pKa around 10, thus coordinate to, and deactivate, the catalytically active species.[3c, 23e, g] Consequently, we selected
MPA as the best amine additive for this reaction.
Next, we evaluated the relationship between the amount
of MPA and the enantioselectivity under the same reaction
conditions; the results are presented in Figure 1. At least
100 mol % of MPA was necessary to adequately enhance the
enantioselectivity (84 % ee). Although use of 110 and
200 mol % of MPA afforded 85 and 87 % ee, respectively, we
fixed the amount of MPA at 100 mol % for subsequent reactions. These observations are consistent with the time de-
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Figure 1. Plot of the amount of additive amine (MPA) versus ee of (S)-5 a
in the asymmetric hydrogenation of 4 a [(S)-1 a (0.5 mol %), H2 (30 atm),
30 8C, 20 h, 1,4-dioxane].

pendence of the reaction, in which enantioselectivity increased exponentially with the increasing amount of the
amine used (see below).
Halide and diphosphine ligand effects in (S)-BINAP, (S)SEGPHOS, and (S)-DIFLUORPHOS complexes: In the
presence of the optimized amine additive MPA (100 mol %),
(S)-BINAP, (S)-SEGPHOS, and (S)-DIFLUORPHOS iridium complexes (S)-1 a–c, (S)-2 a–c, and (S)-3 a–c (Scheme 1)
with different halide ligands (chloride, bromide, and iodide)
were tested as catalysts for the hydrogenation of 4 a at 30 8C
and the results are shown in Table 2. Among the tested atropisomeric chiral chelating diphosphine ligands, (S)-DIFLUORPHOS complexes 3 were superior relative to the respective (S)-BINAP and (S)-SEGPHOS complexes 1 and 2.
Chloro complexes (S)-1 a, (S)-2 a, and (S)-3 a afforded the
hydrogenated product (S)-5 a with better enantioselectivity

Table 2. Catalytic performance of chloro, bromo, and iodo iridium complexes with (S)-BINAP, (S)-SEGPHOS, and (S)-DIFLUORPHOS ligands.

Entry Diphosphine

X

Conversion [%][a] ee of (S)-5 a [%][b]

1
2
3

Cl (3 a)
Br (3 b)
I (3 c)

> 99
> 99
> 99

93
89
81

4
5
6

Cl (2 a)
Br (2 b)
I (2 c)

> 99
> 99
> 99

88
86
81

7
8
9

Cl (1 a)
Br (1 b)
I (1 c)

> 99
> 99
> 99

84
75
47

[a] Determined by 1H NMR analysis of the crude product. [b] Determined by HPLC analysis (Chiralcel OD-H column).
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than the analogous bromo- or iodo complexes, which indicated that at least one halide atom was necessary to coordinate to the iridium atom during the reaction. Notably, the
requirement for a halide atom bound to the iridium complex
is consistent with a report that halide-free iridium complexes show low catalytic activity for asymmetric hydrogenation of imines.[29] Such superiority of chloride complexes
contrasted with reports that chiral iodo-iridium complexes
that bear a chiral diphosphine ligand tend to be the best catalysts among the series of halide complexes for asymmetric
hydrogenation of N-heteroaromatic compounds.[3a, g, j, 4f, g, 9, 10]
Consequently, we selected (S)-3 a combined with MPA
(100 mol %) as the best catalyst system.
Under the optimized catalytic conditions [(S)-3 a/MPA],
we conducted asymmetric hydrogenation reactions of various 2-arylquinoxalines 4 and the results are summarized in
Table 3. Para-substituted phenylquinoxalines 4 d and 4 g–k,
Table 3. Asymmetric hydrogenation of 2-arylquinoxalines 4 catalyzed by
(S)-3 a/MPA.

R

4

Conversion [%][a]

5

ee of (S)-5 [%][b]

1
2

C6H5
o-Me C6H4

4a
4b

5a
5b

3
4
5

m-Me C6H4
p-Me C6H4
o-OMe C6H4

4c
4d
4e

6
7
8
9
10
11
12

m-OMe C6H4
p-OMe C6H4
p-NO2 C6H4
p-F C6H4
p-Cl-C6H4
p-Br C6H4
m-Br C6H4

4f
4g
4h
4i
4j
4k
4l

> 99
72
ACHTUNGRE(>99)[c]
> 99
> 99
69
ACHTUNGRE(95)[c]
> 99
> 99
> 99
> 99
93
> 99
> 99

93
92
ACHTUNGRE(92)[c]
90
92
63
ACHTUNGRE(63)[c]
92
92
92
93
91
91
91

Entry

5c
5d
5e
5f
5g
5h
5i
5j
5k
5l

[a] Determined by 1H NMR analysis of the crude product. [b] Determined by HPLC analysis (Chiralcel OD-H column). [c] Reaction time
was 40 h.

which bear an electron-donating group, such as methyl or
methoxy, or an electron-withdrawing group, such as a halide
or nitro group, were efficiently hydrogenated to give tetrahydroquinoxaline derivatives (S)-5 d and (S)-5 g–k, respectively, with high enantioselectivities (91–93 % ee; Table 3,
entries 4 and 7–11). Furthermore, hydrogenation of metasubstituted substrates 4 c, 4 f, and 4 l proceeded smoothly to
give (S)-5 c, (S)-5 f, and (S)-5 l, respectively, with high enantioselectivity (90–92 % ee; Table 3, entries 3, 6 and 12).
Steric bulkiness at the ortho-position affected the reactivity.
Ortho-methyl and ortho-methoxy substituents reduced the
reactivity such that a prolonged reaction time of 40 h was
required to complete the reactions (Table 3, entries 2 and 5).
Ortho-methyl-substituted substrate 4 b resulted in 5 b in high
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enantioselectivity (92 % ee; Table 3, entry 2), whereas orthomethoxy-substituted substrate 4 e remarkably reduced the
enantioselectivity to 63 % ee (Table 3, entry 5), presumably
due to chelation of the methoxy group and the nitrogen
atom located at the 1-position of quinoxaline to the iridium
center.
Mechanistic study: Our strong interest in the mechanism of
such amine additive effects in the asymmetric hydrogenation
of 4 a led us to conduct a mechanistic study by using (S)-1 a,
together with (S)-2 a to isolate the intermediate species (due
to suitability of SEGPHOS for crystallization), with MPA
and p-anisidine (PA) as additive amines. The results are described below and a plausible mechanism is illustrated in
Figure 2. Two separate catalytic cycles that afforded reduced

of the dinuclear iridium complex (S)-1 a with PA (2.1 equiv)
was monitored by 1H and 31P{1H} NMR spectroscopy, which
confirmed that PA coordinated to the iridium center to give
a single isomer of amine adduct (S)-1 a-PA (Scheme 2). The

Scheme 2. Reaction of dinuclear iridium complexes with PA (2.1 equiv).

1

Figure 2. Summary of the reaction mechanism of amine additive effects
on the asymmetric hydrogenation of 4 a.

product 5 a in low (cycle I) and high (cycle II) enantioselectivity, respectively, were involved in this catalytic system,
and the two catalytic cycles were individually catalyzed by
two different active catalytic species, [(S)-1 a-4 a and (S)-1 aMPA], respectively, which were in equilibrium with each
other throughout the catalytic reaction. The amount of
amine used changed the abundance ratio of the two catalytically active species and large amounts of amine were required to shift the reaction from cycle I to II to improve
enantioselectivity over the whole catalytic system. In the following mechanistic study, CD2Cl2 was used as the solvent
for the purpose of NMR spectroscopic measurements because the solubility of iridium precursors (S)-1 and (S)-2
was much better in CH2Cl2 than in 1,4-dioxane. The amine
additive effects for the asymmetric hydrogenation of 4 a
were similar in CH2Cl2 and 1,4-dioxane.[33]
Reaction of (S)-1 a and (S)-2 a with amines and 4 a: First, we
conducted controlled experiments for the addition of MPA
(the best additive amine), as well as for PA, (a moderately
effective amine additive) to a solution of iridium catalyst
(S)-1 a in CD2Cl2 under an argon atmosphere. The reaction
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H NMR spectrum in CD2Cl2 displayed a hydride signal at
d = 20.1 ppm (dd, JACHTUNGRE(H,PACHTUNGRE) = 14.2, 21.4 Hz); the coupling
constant values were consistent with a structure in which hydride is cis to the two phosphorus atoms of the BINAP
ligand. The 31P{1H} NMR spectrum displayed a pair of doublets at d = 0.3 and 5.6 ppm (JACHTUNGRE(P,P) = 18.6 Hz). The amine
and methoxy protons of PA in (S)-1 a-PA were observed at
d = 4.7 (br s) and 3.6 ppm (s), respectively. Complex (S)-1 aPA was isolated as yellow crystalline solid and further characterized by elemental analysis and mass spectroscopy. Notably, the isolated complex (S)-1 a-PA had very low catalytic
activity, presumably due to strong coordination of PA to the
iridium center and low solubility in the solvent, consistent
with the observed low catalytic activity (Table 1, entry 4).
Similar treatment of SEGPHOS complex (S)-2 a with PA
afforded complex (S)-2 a-PA, which was characterized by
NMR spectroscopy [dH = 20.1 ppm (dd, JACHTUNGRE(H,P) = 13.9,
21.4 Hz); dP = 0.8 and 7.2 ppm (d, JACHTUNGRE(P,P) = 19.1 Hz)], as
well as elemental analysis and mass spectroscopy. Complex
(S)-2 a-PA was crystallized from a saturated solution of
hexane and CH2Cl2. Figure 3 shows an ORTEP drawing of
(S)-2 a-PA, in which the iridium atom adopts an octahedral
geometry. The hydride atom occupies a position cis to the
two phosphine atoms of SEGPHOS and the nitrogen atom
of PA, and the two other positions of the octahedral iridium

Figure 3. Crystal structure and numbering scheme of (S)-2 a-PA. Selected
bond lengths [] and angles [8]: Ir H 1.38(2), Ir Cl(1) 2.435(5), Ir Cl(2)
2.499(5), Ir N 2.181(18), Ir P(1) 2.275(5), Ir P(2) 2.256(5); P(1)-Ir-P(2)
92.71(2), P(1)-Ir-H 83(1), P(2)-Ir-H 88(1), P(1)-Ir-N 169.48(5), P(2)-Ir-N
93.62(5), N-Ir-H 89(1). The angle between the best planes of the backbone aromatic carbons of (S)-SEGPHOS = 66.028.
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center are occupied by two chloride atoms. The bond length
of Ir P(1) (2.275(5) ) was 0.02  longer than that of Ir
P(2) (2.256(5) ) due to the influence of the nitrogen atom
trans to P(1). The anisyl group of PA was oriented upward
toward the hydride atom, pointing to the less-bulky environment around the iridium center, and surrounded by the
edge and face phenyl groups of the SEGPHOS ligand. Accordingly, the absolute configuration of (S)-SEGPHOS complex (S)-2 a-PA was assigned as OC-6-42-C.
We then measured the 1H NMR spectrum of (S)-1 a and
the best additive MPA (10 equiv) in CD2Cl2 solution in the
temperature range of 60 to 30 8C (Scheme 3 and Figure 4).
In the 1H NMR spectrum measured at 60 8C, the amine
adduct (S)-1 a-MPA was characterized by a doublet of doublets at d = 19.9 ppm (JACHTUNGRE(H,P) = 13.4, 20.8 Hz) in the hydride region, along with a doublet of doublets due to (S)-1 a.
The chemical shift value and two coupling constants for (S)1 a-MPA were in good accord with those of (S)-1 a-PA,
which suggests that (S)-1 a-MPA is a mononuclear octahedral complex with an OC-6-42-C stereochemistry
(Scheme 3). Upon warming the solution to 30 8C, the doublet of doublets due to (S)-1 a-MPA broadened to give a
signal at d = 20.2 ppm (br) and the relative intensity of the
signal due to (S)-1 a increased, which indicated an equilibrium between (S)-1 a-MPA and (S)-1 a with temperature-dependent equilibrium constants that obeyed the van t Hoff
equation to give DH = 0.34(7) kJ mol 1. In the
31
P{1H} NMR spectrum at 60 8C, a pair of doublets at d =
3.7 and 3.7 ppm with JACHTUNGRE(P,P) = 17.9 Hz was observed, along

FULL PAPER
with a pair of signals due to (S)-1 a. Similarly, we observed
the formation of (S)-2 a-MPA, and an equilibrium between
(S)-2 a-MPA and (S)-2 a. Because of the equilibrium, the
amine adducts (S)-1 a-MPA and (S)-2 a-MPA could not be
isolated, however, the starting complexes (S)-1 a and (S)-2 a
were precipitated.
The coordination of PA and MPA to the dinuclear iridium
precursor (S)-1 a to give the corresponding mononuclear adducts (S)-1 a-PA and (S)-1 a-MPA prompted us to investigate the coordination of 4 a to (S)-1 a. Use of NMR spectroscopy to monitor the mixture of (S)-1 a and 4 a in CD2Cl2 at
40 8C revealed two pairs of signals due to stereoisomers of
(S)-1 a-4 a [major: dH = 18.2 ppm (dd, JACHTUNGRE(H,P) = 12.3,
17.2 Hz); dP = 5.9 (d, JACHTUNGRE(P,P) = 19.4 Hz) and 12.9 ppm (d,
JACHTUNGRE(P,P) = 19.4 Hz); minor: dH = 19.3 ppm (dd, JACHTUNGRE(P,H) = 14.2,
21.7 Hz); dP = 2.2 (d, JACHTUNGRE(P,P) = 21.2 Hz) and 4.3 ppm (d, JACHTUNGRE(P,P) = 21.2 Hz)] (Scheme 4). The two isomers of the 4 a-coordinated iridium complex were assigned as C-(S)-1 a-4 a,
OC-6-42-C (major), and A-(S)-1 a-4 a, OC-6-42-A (minor).
Assignment of the major isomer was assumed based on the
crystal structure of (S)-2 a-PA and that the coordination of
4 a to the iridium center was reversible (see the Supporting
Information).[33] Equilibrium constants KC for (S)-1 a and C(S)-1 a-4 a and KA for (S)-1 a and A-(S)-1 a-4 a were applied
to the van t Hoff equation and the estimated enthalpies
were DHC = 0.67(4) kJ mol 1 and DHA = 0.42(4) kJ mol 1,
which indicated that the coordination of 4 a was an endothermic process.

Scheme 3. Reaction of dinuclear iridium complex with MPA (10 equiv).
Scheme 4. Coordination of 4 a to (S)-1 a to form iridium complexes C(S)-1 a-4 a and A-(S)-1 a-4 a.

A competition experiment in which (S)-1 a was treated
with 4 a (2.1 equiv) and MPA (2.1 equiv) provided a mixture
of the two isomers of (S)-1 a-4 a together with a minor
amount of (S)-1 a-MPA based on 1H NMR spectroscopic
measurements. This indicated that N-heteroaromatic compound 4 a coordinated more strongly to the iridium center
than MPA (Scheme 5). Accordingly, the difference in the coordination abilities of 4 a and MPA was precisely why such a
large amount (100 mol %) of MPA was needed to shift the
equilibrium in favor of (S)-1 a-MPA to improve the enantioselectivity in cycle II (Figure 2).
Figure 4. 1H NMR spectra of the reaction mixture of (S)-1 a and MPA
(10 equiv) in the temperature range 60–30 8C in CD2Cl2. Asterisk indicates an impurity.

Chem. Eur. J. 2012, 18, 11578 – 11592

Cycle I, catalyzed by (S)-1 a-4 a: When the asymmetric hydrogenation of 4 a promoted by (S)-1 a and additive MPA
(100 mol %) was stopped after a short reaction time (4 h),
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Scheme 5. Competition reaction of (S)-1 a with MPA (2.1 equiv) and 4 a (2.1 equiv).

proportionation, evidenced by
the fact that the same disproportionation[21] occurred when
4 a-1,2-H2 was treated with HCl
(Scheme 8 b). In contrast, treatment of 4 a-1,2-H2 with (S)-1 a
(10 mol %) in the presence of
MPA
(100 mol %)
induced
enantioselective disproportionation to give (S)-5 a in 78 % ee
(Scheme 8 c), although the reaction rate was slower (6 h) than
that of racemic disproportiona-

hydrogenated product (S)-5 a was obtained in low yield
(24 %) and high enantioselectivity (84 % ee). Furthermore,
at partial conversion of 4 a, 3-phenyl-1,2-dihydroquinoxaline
(4 a-1,2-H2) was detected in 41 % yield (Scheme 6). When

Scheme 6. Asymmetric hydrogenation of 4 a with short reaction times.

the hydrogenation reaction of 4 a-1,2-H2 was performed
under D2 (10 atm), (S)-5 a-d1 was obtained with the same
enantiomeric excess (78 % ee) and the deuterium content at
the 2-position of (S)-5 a-d1 was determined to be 74 % based
on 1H NMR spectroscopic measurements (Scheme 7 b). The
deuterium content at the 1-position (amine proton) could
not be determined due to scrambling and broadening of the
signal. This partial deuterium incorporation at the 2-position
was explained by the assumption of the existence of an
extra hydrogen source, which was determined to be the N
H of the amine additive. In another controlled experiment
under D2 with deuterium-labeled MPA (MPA-d1) the deuterium content at the 2-position of (S)-5 a-d1 increased to 87 %
(Scheme 7 c), which indicated that the amine proton of
MPA was involved in the catalytically active species as a hydride ligand to be transferred to the C=N double bond of
4 a-1,2-H2. Even under the latter conditions, 13 % of the
proton at the 2-position of (S)-5 a was not deuterated, most
likely because 4 a-1,2-H2 also contains an amine proton.
We conducted further controlled experiments with 4 a-1,2H2 in the absence of H2, outlined in Scheme 8. Surprisingly,
treatment of 4 a-1,2-H2 with (S)-1 a (10 mol %) in CD2Cl2 at
room temperature spontaneously gave a 1:1 mixture of 4 a
and racemic 5 a (Scheme 8 a). A trace amount of acid derived from (S)-1 a, which was synthesized by the addition of
HCl to the IrI precursor (see Experimental), catalyzed dis-
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Scheme 7. Asymmetric hydrogenation and asymmetric deuteration of 4 a1,2-H2 under various reaction conditions.

tion (< 1 h). Notably, a small amount of (S)-1 a (0.5 mol %)
catalyzed the disproportionation of 4 a-1,2-H2 to give (S)-5 a
enantioselectively (8 % ee), even in the absence of MPA
(Scheme 8 d), because the reduced product 5 a has an amine
moiety that functions as an amine additive to prevent the
racemic disproportionation catalyzed by the acidic proton.
1
H NMR spectroscopy revealed that 4 a-1,2-H2 reacted with
(S)-1 a to generate an iridium–hydride species, which
seemed to reduce 4 a-1,2-H2 to afford (S)-5 a by asymmetric
transfer hydrogenation from one molecule of 4 a-1,2-H2 to
another. Some reduced N-heteroaromatic compounds are
reported to function as transfer hydrogenation reagents;
they easily generate hydrogen to reduce various unsaturated
bonds.[3k, 34, 35] Thus, we concluded that the additional amine
worked as a Brønsted base to capture acidic protons, which
retarded the rapid racemic disproportionation of 4 a-1,2-H2
in catalytic cycle I.
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ed in situ) to quinoxaline 4 a and tetrahydroquinoxaline 5 a
and, at the same time, the chiral iridium complex might mediate slow the asymmetric disproportionation of 4 a-1,2-H2
by asymmetric transfer hydrogenation, which might be
mediated by the chiral iridium complex. Accordingly, in the
absence of amine additive, the reduction of 4 a proceeded
mainly by the rapid racemic disproportionation pathway to
afford (S)-5 a with low enantioselectivity. Accumulation of
amine product 5 a as the reaction developed eliminated
acidic impurities, thereby the involvement of the racemic
pathway diminished (see below).

Scheme 8. Disproportionation of 4 a-1,2-H2 under various reaction conditions.

Based on these experimental outcomes, we propose the
reduction mechanism of catalytic cycle I as shown in
Scheme 9 and suggest that this mechanism plays a role in
the catalytic cycle for the asymmetric hydrogenation of 4 a
without any amine additives. The first step of cycle I was assumed to be a reversible 1,2-insertion of the C=N bond of
4 a into the Ir H bond of (S)-1 a-4 a to give (S)-6 a, followed
by the addition of H2 to the Ir N bond to give (S)-7 a, in
which 4 a-1,2-H2 is coordinated to the iridium center. Because 4 a-1,2-H2 is spontaneously replaced by 4 a, (S)-1 a-4 a
is regenerated under catalytic conditions. In principle, all of
these steps, except for the replacement of 4 a-1,2-H2 by 4 a,
are reversible. The acidic proton derived from (S)-1 a induces rapid racemic disproportionation of 4 a-1,2-H2 (generat-

Scheme 9. Proposed mechanism of catalytic cycle I involving disproportionation of 4 a-1,2-H2.

Chem. Eur. J. 2012, 18, 11578 – 11592

Cycle II, catalyzed by (S)-1 a-MPA: In sharp contrast to the
asymmetric hydrogenation of 4 a with (S)-1 a under mild H2
pressure (10 atm) without any amine additive to give (S)-5 a
in low conversion (40 %) and low enantioselectivity
(11 % ee), the same reaction in the presence of adequate
amounts of MPA (100 mol %) gave (S)-5 a in full conversion
with high enantioselectivity (92 % ee; Scheme 10), which
strongly indicated that the amine additive acted, not only as
a Brønsted base to prevent racemic reduction, but also as an
activator to improve catalytic activity under the hydrogenation conditions.

Scheme 10. Asymmetric hydrogenation of 4 a under mild H2 pressure.

To reveal the activating effect of MPA under the hydrogenation conditions, we studied the controlled reaction of (S)1 a and H2 gas in the presence and absence of MPA. Monitoring the 1H NMR spectrum of the BINAP–Ir complex (S)1 a in CD2Cl2 in the absence of MPA under exposure to atmospheric H2 pressure for 20 h revealed no reaction. In
sharp contrast, the addition of MPA (10 equiv) to (S)-1 a in
CD2Cl2 dramatically changed the reaction under H2 pressure
(1 atm). After 30 min, we observed a new doublet of doublets centered at dH = 13.8 ppm (JACHTUNGRE(H,P) = 16.6, 196.6 Hz)
assigned to monohydride complex (S)-8 a (Figure 5). The
two JACHTUNGRE(H,P) coupling constants suggested that a hydride occupied the position trans to one phosphorus atom of the
BINAP ligand of (S)-8 a and cis to the other phosphorus
atom, in sharp contrast to the general tendency that one hy-

Figure 5. Tentative structure of transient monohydride species (S)-8 a.

 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

11585

K. Mashima et al.

dride atom which is bound to iridium bearing a cis-chelating
diphosphine ligand occupies the position cis to both phosphorous atoms of the chelating diphosphine ligand.[37] Because the hydride complex (S)-8 a was a transient species
that gradually decreased after 7 h and finally disappeared
after 33 h, its isolation and characterization were hampered.
However, (S)-8 a was tentatively assigned as an amide–hydride species generated by the elimination of HCl from (S)1 a-MPA due to the quantitative formation of an MPA·HCl
salt.[34]
As the reaction proceeded, we observed two sets of signals assigned to two trihydride dinuclear complexes, anti(S)-9 a and syn-(S)-9 a, which appeared within 30 min and
gradually increased in intensity (Figure 6). We successfully

Figure 6. Time-dependent 1H NMR spectra of hydride species in the reaction of (S)-1 a and MPA (10 equiv) under H2 (1 atm) at RT. Asterisk indicates an unidentified species.

isolated and characterized (by spectral measurements and
X-ray crystal structural analysis) the trihydride dinuclear
complex anti-(S)-9 a and also its analogue anti-(S)-10 c,
which bears (S)-SEGPHOS and iodine ligands (Scheme 11).
A pair of hydride signals centered at dH = 11.1 (tt, JACHTUNGRE(H,H) = 6.3 Hz, JACHTUNGRE(H,P) = 63.0 Hz; bridging hydride) and
23.4 ppm (m; terminal hydride) in a 1:2 relative intensity
were determined to be produced by anti-(S)-9 a. Hydride
signals of syn-(S)-9 a were observed at dH = 11.6 (tt, JACHTUNGRE(H,H) = 8.5 Hz, JACHTUNGRE(H,P) = 64.2 Hz; bridging hydride) and

Scheme 11. Generation of trihydride dinuclear complexes.
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22.4 ppm (m; terminal hydride) with the same 1:2 relative
intensity. Similar spectral data were obtained for anti-(S)10 a–c and syn-(S)-10 a–c.[33] Mass spectral data for (S)-9 a
and (S)-10 c confirmed that one of three bridging halide ligands was selectively replaced by one hydride ligand during
the course of the reaction. Figure 7 shows the structure of
anti-(S)-10 c, in which two iridium centers are bridged by
two iodide ligands and one hydride and, although the positions of three hydride moieties could not be located, each
iridium center had a pseudo-octahedral and bifacial structure.

Figure 7. Crystal structure and numbering scheme of the cationic part of
anti-(S)-10 c. Selected bond lengths [] and angles [8]: Ir(1) Ir(2)
2.845(5), Ir(1) I(1) 2.781(7), Ir(1) I(2) 2.751(7), Ir(2) I(1) 2.744(6),
Ir(2) I(2) 2.800(7), Ir(1) P(1) 2.263(3), Ir(1) P(2) 2.285(2), Ir(2) P(3)
2.247(3), Ir(2) P(4) 2.278(3); P(1)-Ir(1)-P(2) 95.59(9), P(1)-Ir(1)-I(1)
97.43(7), P(1)-Ir(1)-I(2) 168.96(7), I(1)-Ir(1)-I(2) 82.92(2), P(2)-Ir(1)-I(2)
94.96(7), P(2)-Ir(1)-I(1) 105.16(7), P(3)-Ir(2)-P(4) 94.56(9), P(3)-Ir(2)I(1) 167.43(7), P(3)-Ir(2)-I(2) 94.89(7), I(1)-Ir(2)-I(2) 82.70(2), P(4)-Ir(2)I(1) 97.93(7), P(4)-Ir(2)-I(2) 107.22(7), Ir(1)-I(1)-Ir(2) 61.99(2), Ir(1)I(2)-Ir(2) 61.66(2).

The mixture of anti- and syn-(S)-9 a was determined to be
catalytically inert because the isolated mixture showed no
catalytic activity for the hydrogenation of 4 a under our
standard reaction conditions (catalyst (0.5 mol %), H2
(30 atm), 20 h, 30 8C). Notably, the presence of 4 a completely retarded the generation of (S)-9 a, and reduction of 4 a to
(S)-5 a occurred preferentially.[33] Based on these results, (S)9 a was excluded from the catalytic cycle. In addition, the
possibility of any dinuclear complex as a key intermediate
in determining the enantioselectivity was ruled out because
a nonlinear effect was not observed in the reaction; the
enantiopurity of complex (S)-1 a and the enantioselectivity
of product (S)-5 a had a linear relationship, indicative that a
mononuclear species was the active species.[34]
These experimental outcomes led us to propose the reduction mechanism of catalytic cycle II, shown in
Scheme 12. When the quantity of MPA was large enough,
MPA coordinated to the iridium center to generate (S)-1 aMPA, even in the presence of strongly coordinating substrate 4 a. Elimination of HCl from (S)-1 a-MPA afforded
the amide–hydride species (S)-8 a, which hydrogenated the
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2) in the stepwise outer-sphere mechanism, a coordinating
dihydrogen ligand is separated into proton and hydride
to reduce the substrate by sequential proton-transfer and
hydride-transfer reactions.[15]
3) in the inner-sphere mechanism, (S)-8 a reacts with 4 a
then 4 a-1,2-H2 to give the product (S)-5 a by 1,2-insertion of the substrate into the Ir H bond, followed by
heterolytic cleavage of H2.[27]

Scheme 12. Proposed mechanism of catalytic cycle II involving amide–hydride species (S)-8 a and amine–dihydride species (S)-11 a.

substrates 4 a and 4 a-1,2-H2. There are three possible mechanisms:
1) in the outer-sphere bifunctional mechanism, similar to
Noyoris metal–amide bifunctional mechanism,[37] (S)-8 a
reacts with H2 to form a highly catalytically active
amine–dihydride species, (S)-11 a, which hydrogenates 4 a
and 4 a-1,2-H2 to give the tetrahydrogenated product (S)5 a.

Although we could not definitely conclude which of the
three mechanisms underlies the reaction, the formation of
dinuclear trihydride complexes (S)-9 a suggests the presence
of amine–dihydride species (S)-11 a (outer-sphere mechanism), in which the amine is labile and the nascent dihydride
species might be trapped by (S)-1 a or (S)-1 a-MPA to give
the dinuclear trihydride complexes (S)-9 a. Furthermore, the
assumed steric demand supports the outer-sphere mechanism because the inner-sphere mechanism requires unfavorable coordination of sterically hindered substrate 4 a-1,2-H2
through its nitrogen atom.[33] In addition, our basic reaction
conditions, which avoid racemic disproportionation, might
exclude the stepwise outer-sphere reaction pathway, which
involves protonation of substrates 4 a and 4 a-1,2-H2. Thus,
MPA acted not only as a base to eliminate HCl by abstraction of one of two chloride atoms bound to the iridium
center, but also as an amide ligand to generate a highly reactive and enantioselective catalytically active species. Although the iridium-catalyzed enantioselective disproportionation of 4 a-1,2-H2 might occur in cycle II, the disproportionation is slow enough to be ignored (see Scheme 8 above).
Proposed entire reaction mechanism: Based on the results
of all of the controlled experiments described above, we
postulate the complete catalytic cycle for the asymmetric hydrogenation of 4 a with (S)-1 a as shown in Scheme 13, which
comprises pre-equilibrium among (S)-1 a, 4 a, and MPA, and

Scheme 13. Proposed complete catalytic cycle for the asymmetric hydrogenation of 4 a.
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catalytic cycles I and II (the details of which are discussed
above). Thus, the key events are the reversible coordination
of substrate 4 a (cycle I) and MPA (cycle II) to the iridium
dinuclear complex (S)-1 a to give the corresponding mononuclear complexes (S)-1 a-4 a (cycle I) and (S)-1 a-MPA (cycle II). Acidic protons derived from (S)-1 a induce the fast
disproportionation of 4 a-1,2-H2 to 4 a and racemic 5 a; at
the same time, the iridium complex (S)-1 a induces slow
asymmetric disproportionation to afford (S)-5 a, resulting in
low enantioselectivity at an early stage of the hydrogenation. As the amount of product amine 5 a increases, the
acid-dependent disproportionation is suppressed. In the
presence of excess amounts of MPA amide–hydride IrIII species (S)-8 a might be in equilibrium with (S)-1 a-MPA, accompanied by dissociation of the HCl salt of MPA. The Ir
N bond of (S)-8 a reversibly reacts with H2 to give an
amine–dihydride species (S)-11 a, which efficiently catalyzes
the asymmetric hydrogenation of the C=N bond of 4 a-1,2H2 to give (S)-5 a with high enantioselectivity (as well as the
analogous reaction of 4 a to give 4 a-1,2-H2) through the bifunctional outer-sphere mechanism. At this stage, acid-catalyzed racemic disproportionation is strongly inhibited by
amines present in the reaction mixture.
Direct generation of amide species: In the asymmetric hydrogenation of imines, quinolines, and quinoxalines catalyzed by chiral iridium complexes, iodine is usually used as
an additive for the oxidation of an IrI precursor[3f] (e.g. [IrXACHTUNGRE(olefin)2]2/chiral chelating diphosphine ligand) to give a catalyst system that involves an IrIII species. As revealed in the
above sections, the formation of IrIII–amide species proceeded in the reaction of IrIII halide complexes with amines.
Therefore, we used MPA as a reagent to generate an IrIII–
amide species by oxidative addition of the N H bond to IrI,
but the direct reaction of IrI supported by BINAP, SEGPHOS, and DIFLUORPHOS ligands did not produce any
products identifiable by NMR spectroscopy. We then focused on the JOSIPHOS ligand (Scheme 14), the IrI complex of which is reported to act as a catalyst for asymmetric
hydroamination of C=C double bonds by aniline derivatives
to.[38] In the case of iridium-catalyzed hydroamination, a
monomeric neutral amide–hydride IrIII species is the active
catalyst.[39] Unexpectedly, the addition of MPA to [IrClACHTUNGRE(coe)2]2 (coe = cyclooctene) in the presence of (R)-(S)-JOSI-

Scheme 14. Asymmetric hydrogenation of 4 a catalyzed by IrI-Josiphos/
MPA system.
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PHOS became the superior catalyst for asymmetric hydrogenation of 4 a under standard reaction conditions to give
(S)-5 a with a 96 % ee (Scheme 14). This result is consistent
with our proposed mechanism because the IrI–JOSIPHOS/
MPA system directly generates a highly catalytically active
mononuclear amide–hydride IrIII species analogous to (S)8 a. The advantages of this system are: 1) no HCl elimination process, which eliminates hydrogen chloride mediated
racemic disproportionation of the half-reduced product 4 a1,2-H2, and 2) no retro reaction of the amide–hydride complex analogous to (S)-8 a to form a bis-chloride amine–hydride complex analogous to (S)-1 a-MPA. Thus, under such
a catalytic system, only cycle II, which involves a highly
active amide–hydride species, spontaneously proceeded.
In addition, we successfully synthesized a chloride-bridged
iridium dinuclear complex [(R)-(S)-12 a], with a coordinated
(R)-(S)-JOSIPHOS ligand, to confirm its catalytic activity in
the asymmetric hydrogenation of 4 a with (100 mol %) or
without MPA. In absence of MPA, 25 % ee was realized,
whereas the addition of MPA drastically increased the enantioselectivity to 93 % ee (Scheme 15). These results suggested that the hydrogenation catalyzed by the (R)-(S)-JOSIPHOS complex (R)-(S)-12 a proceeded through the same reaction mechanism as that catalyzed by (S)-1 a, which involved a disproportionation of 4 a-1,2-H2.

Scheme 15. Asymmetric hydrogenation of 4 a catalyzed by (R)-(S)-12 a.

Positive feedback from the product amine: Large amounts
of amine in the reaction mixture improved, not only the catalytic activity, but also the enantioselectivity, therefore, we
anticipated that hydrogenated product 5 a would show similar additive effects to generate the highly active amide–hydride species described in Scheme 13. Addition of (S)-4-methoxyphenyl-1,2,3,4-tetrahydroquinoxaline
[(S)-5 b]
(100 mol %, 90 % ee) or (R)-5 b (100 mol %, 90 % ee) to the
reagents for asymmetric hydrogenation of 4 a with (S)-1 a efficiently increased or decreased the enantioselectivity of (S)5 a, respectively, dependent on the match or mismatch of the
stereochemistry to the chiral ligand of (S)-1 a and the chiral
product 5 b (Scheme 16). This match-and-mismatch effect
observed for the asymmetric hydrogenation of 4 a strongly
suggested that the diastereomeric amine–hydride complex
was a key intermediate.
Encouraged by our observations, we added product 5 a to
subsequent hydrogenation reactions of 4 a. Thus, the first
asymmetric hydrogenation of 4 a under H2 (30 atm) at 30 8C
for 20 h in 1,4-dioxane with (S)-1 a (0.5 mol %) gave (S)-5 a
in moderate ee (59 %). The time dependence of the conver-
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boxaldehyde was catalyzed by the addition of slightly enantiomeric
enriched
2-methyl-1-(5-pyrimidyl)propan-1-ol,
which operated as the ligand of the zinc catalyst to give
highly enantiomerically enriched 2-methyl-1-(5-pyrimidyl)propan-1-ol upon hydrolysis, but, to the best of our knowledge, our iridium catalyst system is the first example of a
transition-metal-catalyzed system.

Conclusion
Scheme 16. Additive effect of chiral product 5 b and match-and-mismatch
effect.

sion of 4 a and ee of (S)-5 a (Figure 8 a) plotted at 1, 3, 5,
and 7 h revealed that the yield of (S)-5 a increased exponentially over time, alongside a dramatic increase in enantioselectivity. Surprisingly, the second reduction of 4 a with (S)1 a in the presence of (S)-5 a (100 mol %, 59 % ee)—the
product of the first asymmetric hydrogenation—afforded
(S)-5 a with an enriched ee (65 %); the net enantioselectivity
of the second hydrogenation of 4 a was estimated to be
72 % ee. We conducted a third asymmetric hydrogenation of
4 a with (S)-1 a in the presence of (S)-5 a (100 mol %,
65 % ee) and the reduction afforded (S)-5 a with 70 % ee
(the net enantioselectivity of the third reaction was estimated to be 75 % ee; Figure 8 b). This observation was consistent with the mechanism outlined in Scheme 13 above. The
same enhancement phenomenon was observed for the reduction of 4 a with SEGPHOS complex (S)-2 a under the
same reaction conditions. Thus, we demonstrated positive
feedback of the product amine. Such enhanced positive
feedback to metal-assisted asymmetric reactions by a chiral
product was first reported by Soai (asymmetric autocatalysis);[40] the addition of diisopropylzinc to pyrimidine-5-car-

We report the mild asymmetric hydrogenation of quinoxalines catalyzed by chiral dinuclear triply halide-bridged iridium complexes. An amine additive not only enhanced catalytic activity but also the enantioselectivity. Our air-stable
precursors allow the reaction to be performed without exhaustive purification or special handling. Mechanistic studies
indicated a dual mechanism that involved two individual
catalytic cycles in equilibrium. Each of the proposed intermediates in our catalytic cycle was either isolated or spectroscopically characterized and a series of stoichiometric reactions confirmed their role in the catalytic cycle. The key
species was amide–hydride species 8 a, which demonstrated
high catalytic activity and hydrogenated substrate 4 a to give
product 5 a with high enantioselectivity. Based on the proposed mechanism, the highest selectivity was achieved by
using the JOSIPHOS ligand. In addition, we revealed that
hydrogenated product 5 a had similar additive effects, as
well as positive-feedback enhancement, in which the presence of a partially enantiomerically enriched hydrogenated
product 5 a improved both the reaction rate and enantioselectivity upon use in subsequent asymmetric reductions of
4 a. This is the first report of positive-feedback enhancement
in asymmetric hydrogenation, rationalized by the proposed
dual mechanism. The new catalyst system of a halo-IrIII precursor combined with large amounts of amine clearly shows
the important role of the amine, not only as a ligand to generate the highly reactive and enantioselective iridium–amide
species, but also as a Brønsted base to bypass the acid-catalyzed racemic disproportionation of half-reduced compound
4 a-1,2-H2 in the iridium-catalyzed asymmetric hydrogenation of 4 a. Our results could lead to the development of
asymmetric hydrogenation of N-heteroaromatic compounds
and other C=N bonds under mild conditions. Further extension of this new catalyst system is ongoing.

Experimental Section

Figure 8. a) Time course for the conversion of 4 a (*) and enantiomeric
excess of (S)-5 a (&) in the asymmetric hydrogenation of 4 a catalyzed by
Ir complex (S)-1 a. b) Sequential reaction catalyzed by (S)-1 a in the presence of enantioenriched (S)-5 a (100 mol %) obtained from the previous
reaction (& = (S)-5 a; & = (R)-5 a).

Chem. Eur. J. 2012, 18, 11578 – 11592

General procedure for asymmetric hydrogenation of 2-arylquinoxalines
(4): A glass tube was charged with 4 (0.42 mmol), iridium complex
(2.1 mmol, 0.5 mol %), and amine additive (110 mol %) if required. The
glass tube was placed in an autoclave. After three cycles of evacuation/
argon backfilling, solvent (3.0 mL) was added to from the inlet, the mixture was charged with H2, then the hydrogen pressure was increased
(30 atm). The reaction mixture was stirred at 30 8C for the indicated time.
After release of H2, the solvent was removed by evaporation. The conversion and ee were determined by 1H NMR spectroscopy and HPLC
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analysis of the crude product. The product was purified by filtration
through a short pad of silica gel (8:2 hexane/EtOAc), and analyzed by
spectroscopic methods.
Complex (S)-1 a-PA: A mixture of (S)-1 a (13 mg, 7.3 mmol) and p-methoxyaniline (2.1 equiv, 1.9 mg, 15.3 mmol) in CH2Cl2 (0.6 mL) was stirred
for 1 h at RT to give a pale-brown solution. Addition of hexane afforded
(S)-1 a-PA as a pink powder, which was recrystallized from Et2O/CH2Cl2.
M.p. 120–130 8C (decomp.); 1H NMR (400 MHz, CD2Cl2, 30 8C): d = 8.1–
7.2 (m, 20 H; Ar), 7.0–6.2 (m, 16 H; Ar), 3.6 (s, 3 H; MeO), 20.1 ppm
(dd, JACHTUNGRE(H,P) = 14.2, 21.4 Hz, 1 H; Ir-H); 31P NMR (161 MHz, CD2Cl2,
30 8C): d = 0.3 (d, JACHTUNGRE(P,P) = 18.6 Hz), 5.6 ppm (d, JACHTUNGRE(P,P) = 18.6 Hz); ESIMS (MeOH, 180 8C, 4.5 kV): m/z: calcd: 1008.17 [M H]+; found:
1008.15; elemental analysis calcd (%) for C51H42Cl2IrNOP2 : C 60.65, H
4.19, N 1.39; found: C 60.95, H 3.72, N, 1.51.
Complex (S)-2 a-PA: The title complex was synthesized from (S)-2 a as
described for (S)-1 a-PA above. M.p. 153–162 8C (decomp.); 1H NMR
(400 MHz, CD2Cl2, 30 8C): d = 7.9–7.1 (m, 20 H; Ar), 6.5–5.7 (m, 8 H; Ar),
5.3 (m, 4 H; OCH2O), 4.4 (br s, 2 H; NH2), 3.7 (s, 3 H; MeO), 20.1 ppm
(dd, JACHTUNGRE(H,P) = 13.9, 21.4 Hz, 1 H; Ir-H); 31P{1H} NMR (100 MHz, CD2Cl2,
30 8C): d = 0.8 (d, JACHTUNGRE(P,P) = 19.2 Hz), 7.2 ppm (d, JACHTUNGRE(P,P) = 19.2 Hz); ESIMS (MeOH, 180 8C, 4.5 kV): m/z: calcd: 996.10 [M H]+; found: 996.11;
elemental analysis calcd (%) for C45H38Cl2IrNO5P2·CH2Cl2 : C 51.02, H
3.72, N, 1.29; found: C 50.86, H 3.57, N, 1.28.
Complex (S)-9 a: A brown solution of (S)-1 a (50 mg, 28 mmol) and MPA
(10 equiv, 39 mg, 0.28 mmol) in CH2Cl2 (1.0 mL) was exposed to atmospheric pressure of H2 and stirred vigorously for 48 h. Addition of hexane
afforded anti-(S)-9 a as yellow powder, which was recrystallized from
Et2O/CH2Cl2.
Complex anti-(S)-9 a (thermodynamic product): M.p. 175–185 8C
(decomp.); 1H NMR (400 MHz, CD2Cl2, 30 8C): d = 7.9–7.3 (m, 40 H;
PPh2), 7.1–6.5 (m, 24 H; Ar), 11.6 (tt, JACHTUNGRE(H,H) = 8.5 Hz, JACHTUNGRE(H,P) = 64.2 Hz,
1 H; m-H), 22.4 ppm (m, 2 H; Ir-H); 31P{1H} NMR (161 MHz, CD2Cl2,
30 8C): d = 5.0 (br), 3.2 ppm (br); ESI-MS (MeOH, 180 8C, 4.5 kV): m/z:
calcd: 1703.28 [M Cl]+; found: 1703.28; elemental analysis calcd: (%)
for C88H67Cl3Ir2P4·2CH2Cl2 : C 56.62, H 3.75; found: C 56.76, H 3.28.
Complex syn-(S)-9 a (kinetic product): This complex could not be isolated. The aromatic proton signals are not described because the region was
observed as multiplet peak that overlapped with signals from anti-(S)-9 a
and MPA. 1H NMR (400 MHz, CD2Cl2, 30 8C): d = 11.1 (tt, JACHTUNGRE(H,H) =
6.3 Hz, JACHTUNGRE(H,P) = 63.0 Hz, 1 H; m-H),
23.4 ppm (m, 2 H; Ir-H);
31
P{1H} NMR (161 MHz, CD2Cl2, 30 8C): d = 6.0 (br), 2.0 ppm (br).
Complex (S)-10 c: The title complex was synthesized and purified as described above for (S)-9 a.
Complex anti-(S)-10 c (thermodynamic product): 1H NMR (400 MHz,
CD2Cl2, 30 8C): d = 7.5–7.1 (m, 40 H; Ar), 6.6 (dd, JACHTUNGRE(H,H) = 1.7, 8.2 Hz,
2 H; Ar), 6.2 (d, JACHTUNGRE(H,H) = 8.2 Hz, 2 H; Ar), 6.0 (m, 2 H), 5.8 (dd, JACHTUNGRE(H,H) = 1.3, 41.1 Hz, 4 H; OCH2O), 5.6 (dd, J (H,H) = 8.2, 24.7 Hz, 4 H;
OCH2O), 5.2 (m, 2 H) 13.5 (tt, JACHTUNGRE(H,H) = 9.0 Hz, JACHTUNGRE(H,P) = 57.6 Hz, 1 H;
m-H), 19.0 ppm (m, 2 H; Ir-H); 31P{1H} NMR (161 MHz, CD2Cl2, 30 8C):
d = 4.1 (br), 5.1 ppm (t, JACHTUNGRE(P,P) = 8.5 Hz); ESI-MS (MeOH, 180 8C,
4.5 kV): m/z: calcd: 1863.05 [M I]+; found: 1863.06; elemental analysis
calcd (%) for C76H59I3Ir2O8P4·3CH2Cl2 : C 42. 28, H 2.92; found: C 42.41,
H 2.23.
Complex syn-(S)-10 c (kinetic product): This complex could not be isolated. Aromatic proton region is not described because the region was observed as multiplet peak overlapped with anti-(S)-10 c and MPA in the reaction mixture. 1H NMR (400 MHz, CD2Cl2, 30 8C): d = 13.6 (tt, JACHTUNGRE(H,H) = 5.2 Hz, JACHTUNGRE(H,P) = 56.5 Hz, 1 H; m-H), 20.6 ppm (m, 2 H; Ir-H);
31
P{1H} NMR (161 MHz, CD2Cl2, 30 8C): d = 10.9 (br), 12.2 ppm (br).
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