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Transfer Hydrogenation in Water

Xiaofeng W, Chao Wang,™ and Jianliang Xiao*™"!

ABSTRACT: This article provides an account of our group’s efforts in developing aqueous-phase

transfer hydrogenation reactions. It is comprised of mainly two parts. The first part concentrates

on asymmetric transfer hydrogenation in water, enabled by Noyori-Ikariya catalysts, while the

second part is concerned with the achiral version of the reaction catalysed by a new class of

catalysts, iridacycles. A range of substrates are featured, including various carbonyl compounds and

N-heterocycles.
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1. Introduction

Transfer hydrogenation (TH) has attracted a great deal of
attention in recent years, finding numerous applications in
synthetic chemistry."™ As with other catalytic reactions, TH
is usually conducted in organic solvents. This is in contrast
with enzyme-catalysed TH, which uses formate as a hydrogen
source and takes place in an aqueous environment.!"”) The
development of aqueous TH reactions is not only fundamen-
tally interesting in terms of understanding enzymatic catalysis,
but also offers economic and environmental benefits because
water is cheap and non-toxic. Research into aqueous TH reac-

tions started around the 1980s,"'""'%! and great progress has
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been made since the 1990s."”>""”) Herein, we provide a sum-

mary of our own work on TH in aqueous media.

2. TH with Noyori-Ikariya-Type Catalysts in
Water

2.1. ATH of Ketones

Due to the importance of chiral compounds, extensive atten-
tion has been paid to developing asymmetric transfer hydroge-
nation (ATH) systems. A milestone in the history of ATH was
the discovery of the Ru-TsDPEN (TsDPEN=N-(p-toluene-
sulfonyl)-1,2-diphenylethylenediamine) catalyst for the asym-
metric reduction of aromatic ketones by Noyori, Ikariya,
Hashiguchi, and co-workers in 1995."® This and related
Noyori-lkariya-type catalysts have found broad applications.
Giving enantiomeric excesses (¢¢) up to 99% and operating
through a novel metal-ligand bifunctional mechanism, they
have since inspired intense research into ATH.!"""! One
direction is the development of aqueous ATH systems based
on these catalysts.

Our group has had a long interest in asymmetric catalysis.
In one projects, we developed a method for the immobilisation
of chiral diamine ligands,[zsl which could be used as a platform
to build supported chiral catalysts. We started our journey
with TH reactions by using a poly(ethylene glycol) (PEG)-sup-
ported complex, Ru-1, for ATH in a HCOOH-EN
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mixture.”®?”) Complex Ru-1 catalysed the ATH of ketones
effectively, but unexpectedly catalyst recycling by solvent
extraction of the chiral alcohol product was possible only when
water was present as a co-solvent. In its absence, much
reduced conversions and ee values were observed, indicat-
ing catalyst decomposition. This finding prompted us to
examine the behaviour of sulfonamide ligands 2 and 3
(Scheme 1) in acetophenone (acp) reduction by HCOONa
in neat water. Pleasingly, we found that, without any mod-
ification, Noyori-lkariya catalyst Ru-2, derived in situ
from [RuCl,(p-cymene)], and 2, enabled efficient ATH in
neat water. The reaction was significantly faster than that
in organic media and afforded excellent enantioselectiv-
ities.®® Thus, following the addition of 5 equivalents of
HCOONa and acp with a molar substrate-to-catalyst (S/
C) ratio of 100, the ketone was fully converted into
(R)—1-phenylethanol in 95% ee after 1 h of reaction time
at 40°C. In comparison, the reaction run in the
HCOOH-NEt (F/T) azeotrope afforded a conversion of
less than 2% in 1 h, with full conversion requiring more
than 10 h (97% ee) at 40°C. This initial finding has since
proven to be quite general, in that other ligands (Scheme
1) designed for organic solvents are also effective for ATH
in water with no need for modification or organic sol-

(31-37] In Table 1, we summarise the results obtained

vents.
with various metal catalysts based on Ru, Rh and Ir, in

the ATH of the benchmark substrate acp.
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In comparison with ATH in the azeotropic mixture of
HCOOH-NEt with or without water, ATH in aqueous
HCOONa is much faster (Table 1, entries 1 and 2 vs 3).
This finding prompted us to explore factors that might lead
to these contrasting results.">**! The clearest difference
between the two systems was the solution pH. Subsequently,
the pH value was indeed found to be critical to the reaction
rate and enantioselectivity.*?  Efficient ATH can be per-
formed with HCOOH-EgN in water, providing the ratio of
HCOOH/E;N is controlled such that the solution is close
to neutral pH (Table 1, entries 4-7).

We also reported the first examples of aqueous ATH
with  catalysts  derived  from  [Cp*RhCL], and
[Cp*IrClz]z.[3 13335 Detailed studies showed that these Rh
and Ir catalysts had advantageous features compared with
the Ru catalysts, such as faster reaction rates or higher ee
values in some cases. Moreover, the reaction with Rh-
diamine catalysts can be carried out effectively in open air
without degassing and/or inert gas protection throughout,
rendering the reduction more practical.

Metal-catalysed (M=Ru, Rh, Ir) ATH has since been
applied to a wide range of aromatic ketones (Table 2). The
reduction is easy to perform, affording the chiral alcohols with
high ee values in a short reaction time for most of substrates at
S/C ratios from 100:1 to 1000:1. While the substrate ketones
are generally water insoluble, this does not appear to have a
negative effect on the reaction rates.
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[RuCly(p-Cymene)], [Cp*RhCl5]»

Scheme 1. Ligands and metal precursors used for ATH in water.

2.2. ATH of Quinolines

Optically pure tetrahydroquinolines are commonly present in
alkaloids and are key structural units for pharmaceutical and
agrochemical synthesis. The most convenient route to chiral
tetrahydroquinolines is the asymmetric reduction of quino-
lines. In continuing our research into ATH, we found that the
protocol developed for highly efficient reduction of ketones
could also been applied to ATH of cyclic C=N bonds with a
slight modification of the tosylated diamine ligand and adjust-
ing the solution pH.?*4%!

The optimal reaction conditions were initially scanned
with Rh-2 in the ATH of 2-methylquinoline in aqueous media
by using HCOONa as a reductant. The most important find-
ing was that the solution needed to be more acidic than that
for the ATH of ketones, pH 5 was best, and should be kept
approximately constant throughout the ATH. A buffer solu-
tion of HOA¢/NaOAc was chosen to minimise pH fluctua-
tion, ensuring complete reduction. A series of modified
diamine ligands were subsequently screened on this basis;
ligand 11e afforded the best reactivity and enantioselectivity
(Scheme 2).

Various quinoline derivatives were then subjected to the
ATH catalysed by 12 (Scheme 3). Excellent enantioselectivities
and yields were observed for a range of substrates. For example,
the ATH of 2-methylquinoline afforded the corresponding tet-
rahydroquinoline in 96% yield with 97% ee in 6 h. Notably,
ATH was carried out in air, without degassing. When the reac-
tion was performed under nitrogen, no significant difference
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[CPHIrCl],

in either the reduction rate or the enantioselectivity was
observed. Also interesting is that 2,3-di-substituted quinoline
13t was reduced to 14t with high enantioselectivity. A possible
dynamic kinetic resolution may have occurred following the
formation of an enamine intermediate.

2.3. TH of Aldehydes

In a related study, Ir complexes containing tosylated ethylene-
diamines (15-20; Scheme 4) were found to be excellent cata-
lysts for the reduction of aldehydes by HCOONa in neat
water, providing fast rate and excellent chemoselectivity
towards the formyl group.™!? Whilst the reduction of benzal-
dehyde with [Cp*IrCl,], afforded a turnover frequency of only
20 h™ !, the introduction of a diamine ligand led to a dramatic
increase in the reaction rate. In particular, Ir-17, formed in situ
from [Cp*IrCl,], and 17, afforded turnover frequencies of up
to 1.3 X 10° h™ " in the TH of benzaldehyde. Under these con-
ditions, benzaldehyde (5.30 g) was reduced to give phenylme-
thanol in 98% yield (5.28 g) in 1 h with [Cp*IrCl,], (0.4 mg);
this demonstrated the superior activity, robustness and scalabil-
ity of the aqueous Ir(III) catalytic system.

The aqueous TH system works for aromatic, «,f-unsatu-
rated and aliphatic aldehydes and for those bearing functional
groups, such as halo, acetyl, alkenyl and nitro groups, and is
highly chemoselective towards the formyl group (Scheme 5).
Furthermore, the reduction is highly efficient and can be car-
ried out in air, without inert gas protection throughout. Thus,
S/C ratios of 2000 to 10000 were feasible for both Ir-16 and
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Table 1. Summary of ATH of acp in water. [

Time Conv. ee
Entry Catalyst  [H]!" SIC [h] (%] [%] Ref.
1 Ru-1  HCOONa 100 1 99 92 [V
2 Ru-2 HCOONa 100 1 >99 95 B9
3 Ru-2 azetrope 100 12 98 97 B2
4 Ru2  F/T-H,O 100 1.5 >99 97 B2
5 Ru-2  F/T-H,0O 1000 9 >99 96 B2
6 Ru-2  F/T-H,O 5000 57 98 96 132
7 Ru2  F/T-H,O 10000 110 98 94 B2
8 Rh-2 HCOONa 1000 3 93 97 B3
9 Ir-2 HCOONa 100 3 99 93 B
10 Ru3 HCOONa 100 2 99 g5 B3I
11 I3 HCOONa™ 100 1 99 93 B3
12  Ru4 HCOONa 100 25 >99 g1 b8
13 Rh-4 HCOONa™ 100 025 >99 94 B8
14 Ir4 HCOONa 100 1.5 >99 92 B8
15 Ru5 HCOONa 100 2 99 97 BU
16 Rh5 HCOONa 100 0.7 99 99 BU
17 Rh-5 HCOONa 1000 20 89 99 BU
18 1Ir5 HCOONa 100 0.7 98 97 BU
19 Ir5 HCOONa 1000 2.5 97 98 BU
20  Ir-6 HCOONa 100 0.7 98 9gl"l BU
21 Ir6 HCOONa 1000 2.5 99 ogll 1l
22 Ru7 HCOONa 100 10 95 50 B4
23 Rh-7 HCOONa 100 20 85 41 B4
24 17 HCOONa 100 1.5 100 27 134
25 Ru-8 HCOONa 100 5 97 W 60"
26 Rh-8 HCOONa 100 5 63 31 B4
27 Ir-8 HCOONa 100 5 61 7 B4
28 Ru9 HCOONa 100 35 >99 73 14
29  Rh-9 HCOONa 100 22 77 68 B4
30 Ir-9 HCOONa 100 25 100 54 134
31 Ru-10 HCOONa 100 12 84 71 B4
32 Rh-10 HCOONa 100 20 92 54 134
33 Ir-10  HCOONa 100 5 >99 27 B4

[a] Reaction conditions: The reaction was carried out in water (2 mL) or a mix-
ture of water and F/T mixture (F/T=formic acid/triethylamine with a molar
ratio of 1.2/1; azeotropic F/T with a ratio of 2.5/1) under inert gas protection,
unless otherwise specified. [b] Five equivalents of hydrogen donor were used,
unless otherwise specified. [c] Without inert gas protection. [d] (S)-Alcohol
was obtained.

Ir-17, although electron-deficient Ir-17 generally displayed a
higher catalytic activity than that of Ir-16. The same aldehyde
substrates have also been reduced with H, in water with Ir-17

as the catalyst.[*?!

2.4. TH of Quinoxalines

The same iridium catalyst, Ir-17, has also been explored for
the TH of quinoxalines in a project in collaboration with Pro-
fessors Xu and Fan.'*? As shown in Table 3, a variety of qui-
noxaline derivatives were successfully reduced, in a buffered
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aqueous formate solution, to the corresponding tetrahydroqui-
noxalines in good to excellent yields under mild conditions,
with or without inert gas protection. Again, the pH of the solu-
tion was crucial for the reduction (see Table 3 for details).

3. TH with Iridacycles in Water

The Noyori-Ikariya-type catalysts can be applied to the ATH/
TH of cyclic imine bonds (C=N) in aqueous media./***"!
This prompted us to try to apply this protocol to ATH/TH of
acyclic imines. Disappointingly, the reduction was not success-
ful under many reaction conditions screened. However, a very
interesting cyclometallated iridium complex was observed in
the TH of 4-methoxy-N-(1-phenylethylidene)aniline, result-
ing from the in situ reaction of [Cp*IrCl,], with the imine
substrate.*” A variety of cyclometallated iridium complexes,
iridacycles, have since been synthesised (Scheme 6) and proven
to be highly efficient catalyst in a range of reactions, such as
transfer hydrogenative reductive amination (RA),"”~*"! hydro-
genation of acyclic imines”*>! 2

TH of carbonyl groups®>>*
4

I"and heterocycles,? aqueous
I'and heterocycles,”> dehydroge-
and heterocycles,””) and alkylation of
amines with alcohols and amines.®® The key intermediates
for TH, the iridium hydrides, have been isolated and charac-
terised.””) More recently, the mechanistic details of the hydro-

genation of imines with these iridacycles have been revealed by

nation of formic aci

a kinetic study and computational modelling.'*®! A significant
advantage of these catalysts is that they are easy to synthesise
and stable in air.

3.1. TH of Ketones and Aldehydes

Our previous work on aqueous-phase ketone reduction
showed that water could accelerate ketone reduction, and the
solution pH had a dramatic effect on both the catalytic activity
and enantioselectivity, when using Noyori—Ikariya-type cata-
lysts.®*¢! We envisioned that TH of ketones with the cyclo-
metallated iridium complexes might also be feasible in water,
and the reduction rate may vary with the solution pH as well.
Using formate as a reductant, we first investigated the
reduction of acp with precatalysts 24 and 25 in water.”*! TH
did take place, even at a high S/C ratio of 2000, but only under
certain acidic conditions. The highest reaction rate was
observed at pH 3.5 for 24 and pH 2.5 for 25. These optimal
values are quite different from those observed with the previ-
ous Noyori-Ikariya catalysts, which perform best at neutral
pH.?23%) This difference is most likely to be because reduction
with the iridacycles necessitate activation of the ketone by an
acidic medium, which provides hydrogen-bonding hydroxo-
nium ions, whereas the Noyori—Ikariya catalyst needs basic
conditions to generate the active 16e” catalytic intermediate

and is bifunctional, in which the ligand NH proton activates 2
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Table 2. ATH of ketones with formate in water."”!

OH
M-L* (0.01~1 mol%)

1
R" "Me  LCOONa, H,0,40°c R' Me

Entry R! Catalyst/[H]/S/C Time [h] ee [%]"" Ref.
1 4-Me-C4Hs Ru-2/HCOONa/100 2 90 (30]
2 4-Me-CgHs Rh-2/HCOONa/100 6 93 (53]
3 4-Me-C4Hs Rh-3/HCOONa/100 0.5 92 53]
4 4-Me-C¢Hs Rh-4/HCOONa/100 0.5 91 38]
5 4-Me-C¢Hs Ir-5/HCOONa/1000 8.5 92 (31]
6 4-OMe-C¢Hs Ru-2/HCOONa/100 2 95 (501
7 4-OMe-C4Hs Ru-2/HCOOH-Et;N/100 5 97 (52]
8 4-OMe-C¢Hs Rh-2/HCOONa/100 20 97 53]
9 4-OMe-C¢Hs Rh-3/HCOONa/100 0.5 93 53]
10 4-OMe-C¢Hs It+-5/HCOONa/1000 22 97 (1)
11 4-Cl-C4Hs Ru-1/HCOONa/100 1.2 89 (29]
12 4-Cl-C4Hs Ru-2/HCOONa/100 2 91 30]
13 4-Cl-C4H; Ru-2/HCOOH-E;N/1000 11 93 152]
14 4-Cl-C4Hs Rh-2/HCOONa/100 0.4 94 (35]
15 4-Cl-CgHs Rh-2/HCOONa/1000 3 94 el
16 4-Cl-C4Hs Rh-3/HCOONa/100 0.17 94 53]
17 4-Cl-C¢Hs Rh-4/HCOONa/100 0.17 92 58]
18 4-Cl-CgHs 1r-5/HCOONa/1000 2 96 (31]
19 4-CF;-CgH; Ru-2/HCOONa/100 2 94 [30]
20 4-CF;-CgHs Ru-2/HCOOH-Et;N/100 1.3 95 (52]
21 4-CF3-CgHs Rh-2/HCOONa/1000 1.8 94 5]
22 4-CF5-CgHs Rh-3/HCOONa/100 0.17 91 53]
23 4-Br-C¢Hs Ru-2/HCOONa/1000 18 93 (501
24 4-Br-CgHs Rh-2/HCOONa/1000 4 95 (52]
25 4-Br-CgHs Rh-3/HCOONa/100 0.25 94 [33]
26 4-Br-CgHs 1r-5/HCOONa/1000 1.8 95 (31
27 4-CN-C4Hs Ru-2/HCOOH-Et;N/100 15 93 (52]
28 4-CN-CgH; Rh-2/HCOONa/1000 45 92 3]
29 4-CN-C¢Hs Rh-3/HCOONa/100 0.4 90 53]
30 4-NO,-CgH5 Ru-2/HCOOH-Et;N/100 2 85 1521
31 4-NO,-CgH5 Rh-2/HCOONa/100 0.5 88 (35]
32 4-NO,-C4Hs Rh-3/HCOONa/100 0.75 87 (53]
33 4-NO,-C4Hs I+-5/HCOONa/1000 2 93 (1]
34 3-OMe-CgH; Ru-2/HCOONa/100 2 94 30]
35 3-OMe-C¢Hs Ru-2/HCOOH-E;N/100 2.5 95 (52]
36 3-OMe-CgHs Rh-2/HCOONa/100 0.5 98 35]
37 3-OMe-C¢Hs Rh-3/HCOONa/100 0.5 93 (53]
38 3-OMe-C4Hs Ir-5/HCOONa/1000 3 98 (31)
39 2-OMe-CgHs Ru-2/HCOONa/100 2 72 [50]
40 2-OMe-CgHs Rh-2/HCOONa/100 24 81 33]
41 2-OMe-C¢Hs Rh-3/HCOONa/100 1 79 53]
42 2-OMe-C¢Hs Ir-5/HCOONa/1000 21 85 1
43 2-Me-C¢Hs Ru-2/HCOONa/100 6 80 [30]
44 2-Me-C4Hs Rh-3/HCOONa/100 1 80 (53]
45 2-Me-CgHs Ir-5/HCOONa/1000 29 93 (51
46 2-Cl-C4Hs Ru-1/HCOONa/100 15 85 (291
47 2-Cl-C¢Hs Ru-2/HCOONa/100 2 89 (501
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Table 2. (Continued)

M-L* (0.01~1 mol%)

OH

R" "Me  LGOONa, H,0,40°c R' Me

Entry R! Catalyst/[H]/S/C Time [h] ee [%]"" Ref.
48 2-Cl-C¢Hs Rh-2/HCOONa/100 1 71 (3]
49 2-Cl-C¢Hs Rh-3/HCOONa/100 0.3 77 (53]
50 2-Cl-CgHs I+-5/HCOONa/1000 3 88 31]
5107 CgHs Ru-2/HCOONa/100 2 86 (30]
52" C¢Hs Rh-3/HCOONa/100 1 92 33]
531" CeHs Ir-5/HCOONa/1000 9.5 97 1]
54 2-furanyl Rh-2/HCOONa/100 0.08 99 (2]
55 2-furanyl Rh-3/HCOONa/100 0.08 99 (53]
56 2-thiophenyl Rh-2/HCOONa/100 1.5 99 (52
57 2-thiophenyl Rh-3/HCOONa/100 0.25 94 (53]
58 3-thiophenyl Rh-3/HCOONa/100 0.75 99 (53]
59 4-pyridyl Rh-2/HCOONa/100 0.5 98 (32)
60 3-pyridyl Rh-2/HCOONa/100 16 78 (52]
61 2-pyridyl Rh-2/HCOONa/100 24 98 (521
62 2-naphthyl Ru-1/HCOONa/100 8 92 (29]
63 2-naphthyl Ru-2/HCOONa/100 3 95 (01
64 2-naphthyl Rh-2/HCOONa/100 0.75 96 (52]
65 2-naphthyl Rh-3/HCOONa/100 0.75 95 (53]
66 2-naphthyl Rh-4/HCOONa/100 0.75 96 58]
67 2-naphthyl 1r-5/HCOONa/1000 4 97 (1]
68 1-indanone Ru-1/HCOONa/100 3 92 (291
69 1-indanone Ru-2/HCOONa/100 2 95 (501
70 1-indanone Rh-2/HCOONa/100 9 97 [32]
71 1-indanone Rh-3/HCOONa/100 0.5 95 (53]
72 1-tetralone Ru-1/HCOONa/100 3 92 29]
73 1-tetralone Ru-2/HCOONa/100 3 94 (501
74 1-tetralone Rh-2/HCOONa/100 3 99 (32
75 1-tetralone Rh-3/HCOONa/100 0.5 97 (53]

[a] For reaction conditions, see the references cited. Full conversion and good to excellent yields were obtained in all cases. [b] Determined by GC or HPLC with a
chiral column. [c] Me was replaced by Et in the o position.

HaN
M+L*

m
e
N

HCOONa, buffer, pH 5, 40 °C

Scheme 2. Diamine ligands studied for the ATH of quinolines in water.
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the substrate.!*"! However, when the pH becomes too low, the
active catalytic species, iridium hydride, will be protonated.
Hence, there should be an optimal pH value to balance the
two competing reactions.

A range of aromatic ketones were reduced with iridacycle
27 at pH 2.5, affording good to excellent isolated yields in 4—
12 h (Table 4). Aliphatic ketones are also viable substrates

(Table 4, entries 16-18). To demonstrate the practical applica- 2

bility of the catalyst, a larger scale reduction of acp was carried
out under the conditions shown in Table 4. Thus, TH of acp
on a 6.00 g scale was achieved under the standard reaction con-
ditions, with which the alcohol was obtained in 97% isolated
yield in 24 h ata S/C ratio of 2000.

The reduction of a-substituted ketones has been explored
with iridacycle 33.°*! Compared with acp derivatives, a-halo-,
hydroxyl- and nitrile-substituted ketones are more challenging
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Ar

i
0=$=0
Pha N ‘%

Rh

e

Ph ﬁ/ cl
RI-fL S \L__Rz - n - R b 3 g2
A N HCOONa, HOAG/NaOAG buffer, pH 5, A N
13t 40°C, 6-24 h N

H

14a, 96% yield, 97% ee

sollNvoV
H H

14e, 88% yield, 98% ee

: N~ “nBut
H

14b, 94% yield, 97% ee

14f, 87% vyield, 96% ee

14i, 85% vield, 97% ee
m"w
H
OMe

14m, 95% yield, 90% ee

O
N
H

14q, 96% yield, 95% ee

14j, 80% vyield, 96% ee
@\/Njum@
H
F

14n, 93% yield, 89% ee

NT
H

14r, 90% vield, 98% ee

Scheme 3. Examples of ATH of quinolines with rhodium catalyst 12 in water.

[} Q
rs A i \ n I \ i
N NH HyN HN—ﬁO HyN HN—ﬁ@—cn
[#] (o]
15 16 CF, 17
W 9 (Y9
HN - HN-S OMe HN  HN-$ HzNHN-5
0 0 o
CFy
18 19 20

Scheme 4. Selected diamine ligands used for TH of aldehydes in water.

240 to reduce, due to the ease of dissociation/decomposition of
241 these o-functional groups under the reaction conditions. The
242 iridacycle appears to tolerate these functionalities well. As illus-

T5 245 trated in Table 5, the desired products were obtained with
244 excellent yields for almost all of these problematic ketones.

Chem. Rec. 2016, 00, 00-00
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: N~ “nHexyl
H Y

14c, 92% yield, 97% ee

OMe
14h, 84% yield, 97% ee

14k, 90% yield, 97% ee 141, 96% yield, 90% ee

N gy N gy

H H

14d, 86% yield, 91% ee

149, 97% yield, 97% ee

140, 96% yield, 96% ee

H
14s, 97% yield, 96% ee

14p, 95% yield, 96% ee

)
H
14t, 95% vyield, 86% ee
99:1 dr

The much less featured f-keto ethers were also effectively 245
and chemoselectively reduced to the desired f-hydroxyethers 246
with iridacycle 34 (Table 6).5% Controlling the solution pH is 247T6
critical, and pH 3-5 is optimal. Under these conditions, keto 24s
ethers featuring either aromatic or aliphatic units and aromat- 249
ic, aliphatic, heterocyclic and fluorinated ethers were all viable 250
and gave excellent yields at a S/C ratio of 10000 on a 2.5 251
mmol substrate scale without dissociation of any ether groups. 252

Moreover, the reduction of keto esters with the iridacycle 253
catalysts is also practical.®* Catalysed by iridacycle 33, both 254
o- and f-keto esters, including those aromatic and aliphatic 255
ones, have been reduced to the corresponding alcohols with 256
excellent yields (Table 7). These results, together with those 25717
mentioned above, demonstrate the wide scope and udility of 258
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o

@”@”,@”,@”@”

0.67h 0.5h*

ddqdddgq

1.5h

OH

Y©”

0.8h OMe CN 05h NO,05h
OMe OH Me OH
: i OMe MeO i OMe Me” i Me MeO,C :
12 h* 8h*
HO

0.25h 05h 15h

Aromatic aldehydes S/C: 5000-10000

Cf,;’

04h

04h

Y@?*W@’@*

)\/\)\»N\)\»/\»

b

(5h)

45h
Unsaturated aldehydes, SJ’C 1000- 5000

salodivcdiaradhdt

Aliphatic aldehydes, S/C: 2000

Scheme 5. Examples of TH of aldehydes to alcohols with Ir-16 by HCOONa in water at 80°C, with full conversion and >85% yields obtained in all cases. * S/

C=1000.

the iridacycles in carbonyl reduction and in aqueous-phase ratio in water.” As shown in Table 8, an array of diversely

organic synthesis.

3.2. TH of N-Heterocycles

In contrast to the situation of ketone reduction, the TH of het- at 30 °C in 24 h, affording 67% yield of product.

erocycles has been much less explored.!®>®*' The iridacycle Indoles can also been reduced with this catalytic sys-
catalysts again show their utility by being capable of reducing tem.” As shown in Table 9, a range of indoles with both 2
an ample variety of N-heterocycles, including quinolines, electron-donating and -withdrawing groups were transferred 2
indoles, isoquinolinium and pyridinium salts, at a high S/C to the corresponding indolines in good yields.

Chem. Rec. 2016, 00, 00-00 © 2016 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Wiley Online Library 8
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substituted quinolines were reduced by TH in water with cata-
lyst 33.°°) Large-scale reduction was shown to be feasible.
Thus, quinoline (35.8 g) was reduced with 0.01 mol% catalyst
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Table 3. TH of quinoxalines with formate in buffered water."

H
2 3 2 3
Rj@NiR IF17 (1 mol%) RC[NIR
R? NZ “R' HOONa, HOAc/NaOAc buffer, 80°C gz N7 R!
H

21a-r 22a-r
Entry RY/RYR? Time [h]  Yield [%]""  Ref.
1 Me/H/H 0.25 96 (43]
2 EvH/H 1 97 143]
3 iBu/H/H 2 96 [43]
4 hexyl/H/H 2 97 (43)
5 cyclohexyl/H/H 6 92 143]
6 Me/Me/H 1 97 43)
7 Et/Me/H 1 96 43]
8 H/H/H 0.25 97 143]
9 Me/H/Me 4 94 (431
10" CHs/H/H 10 97 (431
11" 4-F-C H/H/H 10 97 143]
12" 4-CL-CH/H/H 10 95 3]
13" 4-Br-C¢Hy/H/H 10 95 93]
14" 4-MeO-C¢H4/H/H 10 97 3]
15" 4-C H,-CH,/H/H 10 91 (43]
16" C,HsCHCH/H/H % 95 i
17" 2-Cl-C,H,CHCH/H/H 12 96 [43]
18" 3-NO,-C¢H,CHCH/H/H 12 95 [43]

[a] Reaction conditions: quinoxalines 21 (0.5 mmol), [Cp*IrCl,], (2.5 pmol),
17 (6 pmol), HCOONa (5 mmol), 5 M HOAc/NaOAc buffer (5 mL),
pH=5.5, 80°C. [b] Isolated yield. [c] The reaction was carried out at pH
4.3 in 5 M HOAc/NaOAc (5 mL) and EtOAc (0.3 mL). [d] The reaction was
carried out at pH 4.5 in 5 M HOAc/NaOAc buffer solution.

Scheme 6. Selected examples of cyclometallated iridium catalysts.

Chem. Rec. 2016, 00, 00-00
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The iridacycles appear to be ineffective in the TH of iso-
quinolines and pyridines. However, quaternisation of the

276
277

nitrogen atom in these substrates led to the full reduction of 278

the N-heterocyclic rings.®®' As shown in Table 10, an array of 275T10

isoquinolinium and pyridinium salts were reduced in excellent
yields. The versatility of these cyclometallated iridium catalysts
have been further demonstrated by the efficient TH of other

heterocycles and imines.”!

3.3. RA of Ketones and Aldehydes

Aqueous-phase RA reactions are scarce in the literature. This is

not surprising because water is generally thought to be adverse :
for the formation of imines, which are key intermediates in RA :

reactions. Drying agents are sometimes used to remove water
. . 66,6
generated from the imine formation step.*>*”) Due to the

high activity observed with our iridacycle catalysts for RA in 2

: [46]
organic solvents,

version of the reaction by replacing the organic solvent with 292

water.
In our initial study of aqueous RA, we chose 24 as a cata-

lyst and sodium formate as a hydrogen source for RA of acp 2
with p-anisidine.Mﬂ Imine formation from the ketone and 2
amine and subsequent imine reduction are known to benefit 2
from acidic conditions. With this in mind, we first examined 2

the effect of the pH value of the solution on the model reac-
tion. Both the catalytic activity and selectivity were influenced
dramatically by the solution pH. At pH 4.8, the best selectivity

OMe
= " &)
CI—Ir—N Cl—lr—Nl
Nc/©/zj Meo/©/2:
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Table 4. TH of ketones with the cyclometallated iridium 27 in Table 5. TH of a-substituted ketones with 33 in water.!"”
water. ()
- o 33 (0.1% mol) OH
o  27(0.05% mol) _ OH )l\/ x HCOOH/HCOONa, H,0 ,I\/x
HCOOH/HCOONa, H,0 ,I\ R pH=4.5,80°C, 18 h
BEE=25,90°6 " Entr R X Yield [%]""
y ield [%] Ref.
Entry R Time[h]  Yield [%]""  Ref.
1 C¢Hs OH 93 (4]
1 CeHs 4 96 [53] 2 CeHs Cl 94 [54]
2 4-Me-C4Hs 12 87 ;53] 3 4-OMe-C¢Hs Cl 92 (54)
3l 4-OMe-C¢Hs 12 79 (53] 4 4-F-C¢Hs cl 93 [54]
4 4-NO,-C4Hs 4 97 B3] sU CeHs 2,0-Cl, 87 (54
5 4-CF5-CgHs 4 95 B3] 6 C¢Hs F 95 (4]
6 4-CN-C¢Hs 12 91 53] 7 CgHs o,0,0-F5 96 (>4)
71 4-F-C4Hj 12 89 (53] 8 C¢Hs CN 90 (54]
glel 4-Cl-C4Hs 12 89 B3] 9 4-Me-CgHs  CN 92 (54]
glel 4-Br-C4Hs 12 94 (53] 10 4-F-C4Hs CN 91 [54]
10 3-NO,-C4Hs 4 96 B3] 11 2-Thionyl CN 89 B4
111 3-Br-C4Hs 12 93 B3] 12 2-Furanyl CN 90 (541
121 3-CF;-C4Hs 12 91 53] 13 CeHs OC(0)C¢Hs 96 (>4)
131! 3,5-(CF5),-CHss 12 90 B3] 14 CeHs -N(CH,),0(CH,),- 88 (54
141 2-F-C¢Hs 12 91 53] 15 CeHs -N(CH,)s- 86 [54]
15 2-Naphthyl 4 89 (53] 161 CgHs %,0-(OMe), 94 (4]
16[?(] CsHs5(CHy), 12 7 - [a] Reaction conditions: ketone (2.5 mmol), catalyst (0.001 mmol), pH 4.5
170 CH;3(CH,)s 12 100 53] aqueous HCOOH-HCOONa solution (3 mL), 80°C, 18 h. [b] Isolated yield.
181" -(CHy)s- 12 100 (531 [c] S/C=200. [d] Yield determined by 'H NMR spectroscopy.
19[g] CeHs 24 97 [53]
[a] Reaction conditions: ketone (5 mmol), catalyst (0.0025 mmol), pH 2.5 Table 6. TH of o-substituted ketones with 34 in water.[[a]]

aqueous HCOOH-HCOONa solution (4 mL), 80°C. [b] Isolated yield. [c]
S/C=1000. [d] S/C=200. [e] S/C=500. [f] Determined by GC. [g] 6.00 g of

acp was used.

o 34 (0.01% mol) OH

JK/OW HCOOH/HCOONa, H,0 /K/O~

R pH =4.5,80 °C, 14 h
302 was observed without sacrificing too much of the activity. A
505 series of iri i Ent R' R’ Yield [%]") Ref.
303 series of iridacycles (25-33) were subsequently examined and ntry teld [%0 ef.
304 complex 33 was most active. Under the optimal conditions, ) CoHs 4-CL-CgHs 93 (54]
305 95."/? ?Ileld was obtained for the reaction of acp with p- 2 CeHs 4-OMe-C¢Hs 91 (54)
506 anisidine. 3 CeHs 2-naphthyl 97 [>4]
307 Firstly, aromatic ketones with various amines were exam- 4 CeHs 2,6-Me,-C¢Hs 95 (541
308 ined for RA with catalyst 33 in the aqueous HCOOH/ 5 CsHs 3-pyridine 89 (54
Tal HCOONa system. The results are shown in Table 11. Excel- 6 4-Cl-CeHs CeHs 97 E:i
310 lent yields were obtained for aromatic ketones with both 7 4-CN-CgHs CeHs 97 o
311 electron-withdrawing and -donating substituents in 2 h with 8 ZE%MC’CGHS %;15 23 (54]
312 S/C of 1000 (Table 11, entries 1-10). 9 6 (CF3)y 87 (54]
, ) s . . . 10 CeHs CH,(CF,),CF, 86
313 The reactions of aliphatic ketones with various amines [54]
. . . o 11 Me CsHs 98
T12 were next 1nvest1gatcid (T:%ble 12). Higher activities were gener- 12 Me 2,6-Me,-CgHs 97 [54]
515 ally observed for aliphatic ketones. An S/C of 2000 can be 13 Me 3-pyridine 91 [54]
316 employed for most of the substrates. Again, aromatic amines 14 —(CHy)4 Et 90 (54
317 with the electron-withdrawing CF3 substituent showed lower [a] Reaction conditions: keto ethers (2.5 mmol), catalyst (0.01 mol%), pH 4.5
318 activities. Although a good yield was obtained for benzylamine aqueous HCOOH-HCOONa solution (3 mL), 80°C, 14 h. [b] Isolated yield.
319 under standard conditions, other aliphatic amines and second-
320 ary amines showed poorer activities. aromatic aldehydes reacting with para-anisidine at S/C of 323
321 Aldehydes were more reactive than ketones in general 2000 in 2 h. Aliphatic amines generally showed better activity 324

T13 (Table 13). Over 90% yield was obtained for most of the in reactions with aldehydes than those with ketones. The lower 325

Chem. Rec. 2016, 00, 00-00 © 2016 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Wiley Online Library 10
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Table 7. TH of «-and f-keto esters with 33 in water."

Table 9. TH of indoles with 33 in water.""!

0 pe oH ont ~<>R 33 (0.1% mol) />R
R1J.k"/ 33 (0.1% mol) R‘l)\’-r N HCOOH/HCOONa, H,0 N
o] HCOOH/HCOONa, H,0 o] H  pH=4.5,30°, 14 h H
U pH=4580°C, 14 h OH O
b’
o - L . Entry R Yield [96]"! Ref
[55]
Entry R'orR? Yield [%][M] Ref. 1 H 96
2 5-OMe 94 B3]
1 R'=Me 91 (54 3 2-Me 92 55)
2 R'=CF; 92 (541 41 2-Me, 5-Cl 78 B3]
1_ [54]
3 RZ_CGHS 96 y [a] Reaction conditions: indole (2.5 mmol), catalyst (0.1 mmol%), pH 4.5
4 R"=C¢Hs 94 B4 aqueous HCOOH-HCOONa solution (3 mL), 30°C, 16 h. [b] Isolated yield.
5 R2:3‘N02‘C6H5 91 [54] [c] 0.5 mol% catalyst at reflux and with the addition of MeOH (1 mL).
6 R*=3-Me-C¢H; 94 (541
7 R*=3,4,5-(0OMe);-CsHs 92 B4
8 R*=CF, 95 1541 Table 10. TH of isoquinolinium and pyridinium salts with 33 in

[a] Reaction conditions: keto esters (2.5 mmol), catalyst (0.1 mmol%), pH 4.5
aqueous HCOOH-HCOONa solution (3 mL), 80°C, 14 h. [b] Isolated yield.

[c] Yield determined by "H NMR spectroscopy.

Table 8. TH of quinolines with 33 in water.'"’

R

R

~/j 33 (0.1% mol) /j
7 HCOOH/HCOONa, H,0 ¥
H

pH=45,30°C, 14 h

Entry R Yield [%]" Ref.
1 2-Me 96 13
2 3-Me 93 o2}
3[[°]] 4-Me 90 [55]
4 H 90 53]
S[M] 2-C6H5 84 [55]
6 2-Me,6-F 97 [5]
7 2-Me,6-Cl 97 2]
8 2-Me,6-Br 95 (53]
9 2-Me,7-F 98 1531
10 2-Me,8-Cl 92 1551
11 2-Me,6-Me 95 (53]
12 2-Me,6-OMe 96 2
13 2-Me,6-OBn 94 B3
14 2-Me,6-OCH,CH=CH, 93 (3]
15 2-Me,6-CF; 98 (5]
16" 2-Me,6-NHBoc 90 (551
17 2-Me,6-C(O)N(E1), 91 (55]
18 2-Me,6-CO,Me 92 13
19 2-Me,6-COOH 82 131
20 2-Me,6-(2-furyl) 95 B3]
21 2-Me,6-(2-thiophyl) 96 (5]
221 2-Me,6-(4-pyridyl) 82 (5]
23 2-Me,5,7-Me,- 95 5]
241 2-Me,4-C¢Hs 84 (551

[a] Reaction conditions: quinoline (2.5 mmol), catalyst (0.1 mmol%), pH 4.5
aqueous HCOOH-HCOONa solution (3 mL), 30°C, 14 h. [b] Isolated yield.
[c] Reaction was carried out at reflux. [d] Yield determined by 'H NMR spec-

troscopy. [e] 0.5 mol% catalyst was used.

[[a]]

water.
. .
o 7
s »¢
_N_X N.
R R
3 33 (1% mol) i
sR" HCOOHHCOONa, H,0 .
({J pH = 4.5, reflux, 24-36 h (J

\x ;

R' R!
Entry RR orR',R" X Yield [%]™  Ref.
1 R=Bn, R’=8-C4H; Br 90 [5]
2 R=F;, R=H I 95 53]
309 R=E;, R'=8-Et I 98 (55]
4 R=E;, R'=2-Me I 97 B3]
5 R=Et, R'=5-Me I 99 3]
6 R=Et, R'=5-Br I 91 (53]
7 R'=Bn, R"=2-C¢H; Br 90 53]

d]

8!l R'=Bn, R"=2-C(OH)(C4Hs), Br 72 551
9 R'=Bn, R""=2-CH,NHCbz Br 90 1551
10 R!'=Bn, R"’=2-CH,NHBoc Br 94 (551
11 R!=Bn, RV=2-(4-OMe-C4Hs) Br 81 (5]
12" R'=Bn, R"=3-COOF¢ Br 82 53]
13 R'=Bn, R"=4-Bn Br 92 (5]
14 R'=Bn, R"=4-CF; Br 82 B3]
15 R'=Bn, R""=4-COOEt Br 80 (53]

(a] Reaction conditions: isoquinolinium or pyridinium salt (2.5 mmol), cata-
lyst (1 mmol%), pH 4.5 aqueous HCOOH-HCOONa solution (3 mL),
reflux, 24-36 h. [b] Isolated yield. [c] Yield determined by 'H NMR

spectroscopy.

steric hindrance of the aldehydes compared with the ketones
renders their reaction with secondary amines much easier. To
demonstrate the potential of the catalytic system in the practi-
cal synthesis of amines, higher S/C ratios were tested in the
reaction of benzaldehyde with para-anisidine. At pH 4.6, the
reaction with a S/C of 1 X 10° (250 mmol scale) afforded

Chem. Rec. 2016, 00, 00-00 © 2016 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Wiley Online Library 11
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. . . . [a]
Table 11. RA of aromatic ketones with amines in water.!"

o] R3
I i 33 (0.1 mol%) HN”

RIVORZ + R-NH2 e OHIHCOONa, H,0 A

pH = 4.8, 80 °C B B
Entry R! R R Time [h] Yield [%]"" Ref.
1 CeHs Me 4-MeO-C¢Hs 2 95 471
2 4-Me-CgHs Me 4-MeO-C4Hs 2 98 147]
3 4-MeO-C4Hs Me 4-MeO-C¢Hs 2 95 471
4 4-F-C4Hs Me 4-MeO-CgHs 2 94 47]
5 4-Cl-CgHs Me 4-MeO-Cg¢Hs 2 98 [47]
6 4-Br-C¢Hs Me 4-MeO-C¢Hs 2 98 147)
7 4-CN-C¢Hs Me 4-MeO-C4H; 2 98 147]
3 4-CF5-CgHs Me 4-MeO-C4Hs 2 96 147)
9 4-NO,-C4H; Me 4-MeO-C¢Hs 2 93 71
10 2-naphthyl Me 4-MeO-C4¢Hs 2 92 [47]
111 CeHs CH,CO,Me 4-MeO-C¢Hs 12 71 471
12 CeHs Me CeHs 2 82 [47]
13 CgHs Me 4-Me-C¢Hs 2 91 (47)
14 CeHs Me 4-F-CgHs 2 93 471
15 CeHs Me 4-Cl-C¢Hs 10 77 471
161 CsHs Me 4-Br-CgHs 24 59 17
17 CeHs Me C¢HsCH, 4 87 1

[a] Reaction conditions: ketone (2.5 mmol), amine (5 mmol), HCOOH/HCOONa solution (pH 4.8, 4 mL), 80°C. [b] Isolated yield. [c] S/C=200.

Table 12. RA of aliphatic ketones with amines in water."?

o] RZ\ Rr3
N°

s R, R® 33 (0.05 mol%)
1
R + H  HCOOH/HCOONa, H,0 i ,I\

pH =4.8,80°C

Entry R! RY/R? Time [h] Yield (%] Ref.
1 C¢HsCH,CH, 4-MeO-C4Hs/H 2 98 147)
2 C¢HsCH,CH, CeHs/H 2 99 [47]
3 C¢HsCH,CH, 4-Me-C¢Hs/H 2 98 17
4 C¢HsCH,CH, 4-F-C¢Hs/H 2 98 147)
5 C¢HsCH,CH, 4-Cl-C¢Hs/H 2 99 7]
6! C¢HsCH,CH, 4-Br-C¢Hs/H 2 96 47)
7 C¢HsCH,CH, 4-CF5-C4Hs/H 2 79 471
8 C¢HsCH,CH, C¢HsCH,/H 2 97 7]
9 C¢HsCH,CH, CH;(CH,);,CH,/H 2 54 [47]
10! C¢HsCH,CH, CH;(CH,)CH,/H 6 85 17
11 C¢HsCH,CH, -(CH,)s-/H 48 52 147]

[dl 4

12! C¢HsCH,CH, Ce¢Hs/Me 24 64 147]
131 C¢HsCHCH 4-MeO-C¢Hs/H 4 93 7]
14 Me 4-MeO-C¢Hs/H 2 98 71
15 CH;CH,CH, 4-MeO-CgHs/H 2 88 [47]
16 CH;(CH,)4CH, 4-MeO-C¢Hs/H 2 98 [47]

[a] Reaction conditions: ketone (5 mmol), amine (10 mmol), HCOOH/HCOONa solution (pH 4.8, 8 mL), 80 C. [b] Isolated yield. [c] S/C=1000. [d] pH=5.0.

Chem. Rec. 2016, 00, 00-00
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Table 13. RA of aldehydes with amines in water.”

Table 14. RA of LA in water with iridacycle 24,1

9 RZ _R® 0
ij\ R2 _R® 33 (0.05 mol%) NT 24 (0.05 mol%)
R SH *+ N e oH + R'-NH; e R'—N
H HCOOH/HCOONa, H,O R! H HCOOH/HCOONa, H,0
pH = 4.8, 80 °C o pH=35,80°C 4
Time Yield Entry R! Time[h]  Yield [%]""  Ref.
Entry R! RY/R? ] [%]" Ref.
1 4-MeO-C4Hs 2 94 (4]
1 CeHs 4-MeO-C¢Hs/H 2 98 7 2 4-Me-CgHs 2 93 491
2 CgHs 4-MeO-C¢Hs/H 48 95 W 3 CeHs 2 91 491
3 4-Me-C¢Hs  4-MeO-CgHs/H 2 98 4 4-F-C¢Hs 4 88 4]
4 4-MeO-CgHs  4-MeO-CgHs/H 2 95 W 5 4-Cl-CgHs 4 73 (491
5 4-F-CgHs 4-MeO-C¢Hs/H 2 97 W 6 4-Br-C4Hs 4 86 149)
6 4-Cl-CHs  4-MeO-CgHs/H 2 79 W 7 4-OCF;-CgHs 4 72 149]
7 4-Br-CgHs  4-MeO-C4Hs/H 2 92 47 8"l 3-MeO-C4Hs 12 76 (491
8 4-CF5-C¢Hs  4-MeO-CgHs/H 2 96 W7 9 3,4-(Me),-CgHs 12 82 49]
9 4-NO,-C¢Hs  4-MeO-CgHs/H 4 97 W 10 C¢HsCH, 4 86 149]
10 3-Br-CeHs  4-MeO-C¢Hs/H 2 97 W7 11 4-MeO-C¢HsCH, 4 94 [49)
11 CgHs CeHs/H 5 97 47 12 3-McO-C¢HsCH, 12 94 (49]
12 CgHs 4-Me-C¢Hs/H 2 94 147 13" 2-MeO-C4HsCH, 24 96 (49]
13 CeHs 4-F-C4Hs/H 2 98 7 14 3,4-(Me0),-C¢HsCH, 24 94 (49]
14" C4Hs 4-Br-C¢Hs/H 2 - s 15 4-F-C¢HsCH, 12 91 49]
15  CeHs C¢HsCH,/H 2 95 W™ 16" CH;(CH,)sCH, 12 88 (49]
16 CgHs CH,;(CH,)4CHyH 2 97 W™ 171 CH;(CH,)sCH, 12 73 (491
[dl 4
17[“]] CeHs CH3(CHy)10CH/H 2 83 [47] [a] Reaction conditions: LA (3.2 mmol), amine (8.6 mmol), HCOOH/
18 CeHs -(CH,)¢-/H 4 93 147] HCOONa solution (pH 3.5, 3 mL), 80 C. [b] Isolated yield. [c] S/C=1000.
191" CgHs CgHs/Me 4 72 [47) [d] S/C=200. [e] pH=4.5 and S/C=500. [f] McOH was used as a solvent,
ZO[MJ] CeHs CsHsCH,/Me 5 98 [47] azeotropic HCOOH/EN as a hydrogen source, with S/C=500.

[a] Reaction conditions: Aldehyde (5 mmol), amine (10 mmol), HCOOH/
HCOONa solution (pH 4.8, 8 mL), 80 C. [b] Isolated yield. [c] pH 4.6, S/
C=100000, 48 h; yield determined by 'H NMR spectroscopy. [d] S/
C=1000.

95% yield in 48 h. This is the highest S/C ratio ever reported
for RA reactions (Table 13, entry 2).

3.4. RA ofLevulinic Acids

More challenging applications of the iridacycle catalysts have
been demonstrated in the RA of levulinic acid (LA) to form pyr-
rolidinones by TH in water.*” LA can be obtained by simple
acidic dehydration of renewable carbohydrates and has been
identified as a biomass-derived platform chemical. The RA of
LA with formic acid as a hydrogen source would be ideal because
formic acid is a by-product during the production of LA.

By using our iridacycle catalysts, we disclosed the first true
TH system for RA of LA to produce pyrrolidinones using for-
mic acid as the hydrogen source. As with the RA reactions out-
lined above, this reaction was also affected strongly by solution
pH; pH 3.5 was optimum for 24-catalysed RA of LA with para-
anisidine. As seen from the results in Table 14, RA afforded
good yields for a range of aromatic amines. In particular, those
with relatively electron-donating substituents gave higher yields
than those with electron-withdrawing substituents.

Chem. Rec. 2016, 00, 00-00
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Table 15. RA of 5-oxohexanoic acid in water with 24.""

e} o}

)j\/\/U\OH + R'-NH,

24 (0.05 mol%)

R'—N )
pH =3.5,80°C d

HCOOH/HCOONa, H,0O

Entry R! Time [h]  Yield [%]"  Ref.
1 4-MeO-CgHs 12 84 1491
2 4-F-C4Hs 12 97 (491
3 4-MeO-C¢H5CH, 24 82 (4]
4 4-F-C4HsCH, 12 81 4]
57 CH,(CH,)¢CH, 12 86 (49)

[a] For reaction conditions, see Table 14. [b] Isolated yield. [c] S/C=500.

The utility of this catalytic system was further demonstrat-
ed by the reaction of 5-oxohexanoic acid with various amines
to produce six-membered heterocycles; another class of impor-
tant heterocycle compounds.™”’ The results are summarised in

Table 15.
4. Concluding Remarks

In the past ten years or so, we have developed several catalytic
systems for aqueous-phase TH and ATH of carbonyl
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compounds, starting with Noyori-Ikariya-type catalysts.
Nitrogen heterocycles were also found to be reducible. During
the course of our studies, a new class of catalysts, iridacycles,
were found. These iridacycles have since found broad applica-
tions in catalysis. Of relevance to the objective of this article is
that they are capable of catalysing aqueous-phase TH of car-
bonyls and RA reactions, including extension into biomass-
derived platform molecules. A chiral version would certainly
make these iridacycles more attractive. Throughout our
endeavour, water is shown to be an enabling medium for TH
reactions of various features. Not only can it accelerate reduc-
tion, it also allows one to control the reaction through the pH.
Performing optimally only in a certain pH window in water,
Noyori—Ikariya-type catalysts and iridacycles provide illumi-
nating examples.
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