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General Introduction

General Introduction

Hydrogenation is the addition reaction of molecular hydrogen (H, gas), obtained by
steam reforming of fossil fuel' or photoreaction of water,” to unsaturated bonds. This
powerful reduction technique is not merely limited to olefins; it is also effective towards
carbonyls, imines, and other unsaturated bonds. Hydrogenation has received much
attention in organic synthesis and catalysis because this approach is very useful and yet
a green approach that does not produce harmful byproduct. In addition, it is highly
atom-economic; the molecular hydrogen can be incorporated into a target product
without loss of elements.” Over several decades, catalytic hydrogenation of aldehydes
and ketones has been well studied and relevant technologies are successfully transferred
to industrial applications.

In contrast, catalytic hydrogenation of inactive compounds available from nature
and our surroundings such as biomass and synthetic materials is less explored (i.e.
carboxylic acids, amides, esters, sugars, proteins, lignin, nylons, polyesters, etc.).®
Biomass-related materials are highly oxidized or oxygenated/nitrogenated compounds
(also containing many unsaturated bonds); Biomass is totally different from another
natural resource — fossil fuel (a mixture of highly reduced alkyl chains). Thus, one of
the effective chemical transformations of biomass-derived feedstock is hydrogenation or
other reduction methods. Owing to their thermodynamic stability, catalytic
hydrogenation of biomass-derived feedstock is so problematic. Transformations of these
compounds hitherto are mainly based on the usage of extremely high thermal energy” or
on powerful reducing agents such as LiAlH4,® NaBH,, DIBAL,® RedAl,’ borane
(BH3)'® and silane (R3SiH)."' However, use of the latter reducing agents would decrease
the atom efficiency, where a large amount of waste is co-generated along the reaction.
Although several technologies for catalytic hydrogenation of biomass-derived feedstock
using heterogeneous catalysis are available,'? they also incur with several drawbacks,
for instance, low chemoselectivity, harsh reaction conditions and a narrow substrate
scope.

On the other hand, in the name of quality-life-style-improvement, human invented a
number of new materials. However, most of them are undegradable and they most likely
will stay in our environment for a long time (e.g. synthetic polymers, etc.). Hence, the

efficient transformation approaches for these wastes to recover carbon sources are most



General Introduction

sought after. The author believes the catalytic hydrogenation should be the panacea of
this problem because it allows us to reverse the synthetic polymers back into the useful
carbon sources. This kind of approach is extremely essential for the creation of a
sustainable and green environment for the future society.

In order to figure out a solution in the hydrogenation of biomass-derived feedstock
and synthetic polymers, heterogeneous and homogeneous hydrogenation catalysts have
been referred and studied. Generally, heterogeneous and homogeneous catalyst for
hydrogenation can be divided into two main types; each of them has pros and cons.'
Homogeneous catalysts can be designed flexibly but decomposed thermally and
deactivated easily. On the contrary, heterogeneous catalysts are powerful and
structurally robust but harsh conditions are frequently necessary; as a result, they often
come with undesired side products. The author intended to design and synthesize a
catalyst that combine the advantages of both heterogeneous and homogeneous catalyst

and come out with a concept called “’catalytic molecular surface’’.

1. Background and research strategy in this thesis
1.1. Production of platform chemicals and other key compounds: existing method
(oxidation) and future method (reduction)

Petroleum is an important carbon resource derived from organic remains of plant
and animal deposited as sediments.”” They are important energy source and chemical
feedstock.'” In petroleum chemistry, oxidation of saturated hydrocarbons by steam
reforming or pyrolysis produces useful unsaturated hydrocarbons such as carbon
monoxide, olefin, acetylene, and so on.! The steam reforming of hydrocarbon has been
a preferred method used industrially for the production of carbon monoxide and
hydrogen. Generally, the steam reforming process involves two reactions: the splitting
of hydrocarbons with steam and the water gas shift process (Figure 1a). On the other
hand, unsaturated products such as ethylene, propylene and acetylene are formed by
pyrolysis of saturated hydrocarbons during preheating at temperatures exceeding 873—
973 K (Figure 1b). Nowadays, a wide range of useful compounds is derived from

ethylene.
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(a)
CH, + nH,0 ——>» nCO + (n +m/2)H,
for n=1: AH%gg k = + 206.2 kJ/mol
CO + HO ——p» €O, + H,
AH0%4 ¢ = — 41.2 kd/mol
(b)

CH,0p ——>» tar + H, + CO, + ethylene + propylene +

Figure 1. (a) Production of carbon monoxide and hydrogen by steam reforming of
hydrocarbon; (b) Production of unsaturated hydrocarbons by pyrolysis of saturated

hydrocarbon.

Those useful organic compounds derived from petroleum are widely used in so many
anthropogenic activities, and after all, their combustion end up with carbon dioxide, the

most oxidized form of carbon (Figure 2).

pyrolysis
(oxidation)
fossil fuel || naphtha
——»| ethylene »| organic products
—»| propylene |—
combustion
) (oxidation)
—»| butadiene |— ———» CO,
——»| aromatic [—
L—>»| others |—

Figure 2. A rough flowchart of petrochemical process.
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. . 115 14
1214 carboxylic acid" and ester'* are

Carboxylic acid derivatives such as amide,
classified as biomass-derived materials. Recently, the Department of Energy (DOE), US,
selected more than twenty carboxylic acids, polyols, and their derivatives as “30 Top
Value Added Chemicals from Biomass”.'® Effective transformation methods for these
compounds are important. Moreover non-reusable polyamide- and polyester-type
synthetic polymers should be considered as recycling material in the future. As we can
see, developments of powerful reduction methods open up a possibility to use new
carbon resources different from the petrochemical processes.

Biomass related compounds are at high oxidation states;'’ reduction is necessary to
transform them into useful compounds. In view of sustainable society, biomass is a very
attractive carbon source for the production of commodity chemicals (Figure 3).*
However the number of reports on hydrogenation of carboxylic acid derivatives are
quite few compared to that of ketone'® and aldehyde; this might be owing to low
electrophilicity of the carbonyl groups of carboxylic acid derivatives. The
electrophilicity of carbonyl compounds can be arranged as follow:'” amide < carboxylic
acid < ester < anhydride < ketone = aldehyde < acid chloride. The high resistance of
carboxylic acid derivatives against their electrophilic chemical reactions is due to the
resonance stabilization effects (Scheme 1). The lone pair electrons in the heteroatom
(X) 1s donated to the carbonyl carbon p-orbital. Then, the electrophilicity of a carboxy

carbon of amide and carboxylic acid is decreased and comparatively resistant to

nucleophilic attack.
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Useful compounds

H,N OH
OH e
\lﬁ’/\ Ho\)\/OH R™ "OH |-IO\/\/\/\NHZ
p-amino alcohol glycerol alcohol amino alcohol

1 f 1

hydrogenation (reduction)

New carbon resources

0 O,FJ;O o)
I N I RTO\)\/OTR N [

peptide ° lipid polyamide (nyion 6)

Figure 3. Potential application of carbon resource.

». R2 + R2
X° R1” X X=NR3,0

Scheme 1. Resonance stabilization effect of carboxylic acid derivatives.

New millennium carbon sources which are useful for organic synthesis and materials
science should be obtained more favorably from bio-renewable resources in
environmentally friendly ways. Transformation of such highly oxidized, carbon
resource using catalytic hydrogenation and hydrogenolysis of the C—O bond of alcohols
to obtain carbon sources is most suitable because it generates almost no waste; except

the catalyst and water (Scheme 2).

X=Y I;l ||-|
X-Y
cat.
or + nH, or
Z2=0 Iu'l H,O
Z-H
unsaturated compounds saturated compounds  *no salt waste

Scheme 2. Hydrogenation of unsaturated compounds.
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1.2. Catalytic hydrogenation of amides
1.2.1. Heterogeneous hydrogenation of amides

Heterogeneous catalytic reaction is a type of catalysis, in which each substrate and
catalyst occupies a different phase.” In a real sense, reaction systems typically consist
of a solid phase catalyst and a gas or liquid phase substrate. Compared to homogeneous
catalyst, ease of process operation is the biggest advantage of heterogeneous (solid)
catalyst. Heterogeneous (solid) catalysts have main active sites on their robust surfaces.
It can work under harsh reaction conditions without deactivation of catalyst. These
simple facts are the reason why heterogeneous (solid) catalyst has been used extensively
in many industrial processes. Heterogeneous catalysts can have two possible working
mechanisms: Langmuir-Hinshelwood (L-H) mechanism and Eley-Rideal (E-R)
mechanism (Figure 4).*' In the L-H mechanism, both molecules A and B are adsorbed
on the active site, and reaction takes place and generates product C. In the E-R
mechanism, molecule A is adsorbed on the catalyst surface and react with molecule B,

which is staying in a different phase.

®@—

substrates products

(a) (b)

g
R LP R
OMOIONO) ONO
SIS S S S S S S S S S

solid surface solid surface
f@ ] \ (@') (b") R

H, Ho—( o= H, ﬁo o Ho<

) R’ R’
ot UT 7 UG5

OH
: )\ '
ol 7z T

Figure 4. Catalytic reaction on solid surface: (a) Langmuir-Hinshelwood (L-H)
mechanism; (b) Eley-Rideal (E-R) mechanism; (a’) Carbonyl hydrogenation via L-H

mechanism; (b”) Carbonyl hydrogenation via E-R mechanism.
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The L-H mechanism is advocated for hydrogen (“A” in Fig. 4) addition to
ethylene” (“B” in Fig. 4) due to high adsorptive property of carbon—carbon double
bond. On the other hand, hydrogenation of carbonyl compounds (“B” in Fig. 4) is
supposed to be possible through both mechanisms. This is because sterically bulky
carbonyl groups show poor ability to be adsorpted on the solid surface, whereas
hydrogen is adsorbed more preferentially (Figures 4a’ and 4b’).

Maihle and coworkers reported the first hydrogenation of amide with heterogeneous
catalyst in 1908 (Scheme 3).” They transformed vaporized amides such as acetamide
and propionamide into a mixture of the corresponding primary (1°) and secondary (2°)
amines by using a Ni catalyst. However conversion of substrates and yields of products

were not determined accurately.

0 Ni catalyst

JL + 2H, —22VS, R">NH, + R7NR
R” “NH, 230 °C H
R = Me, Et

Scheme 3. The first hydrogenation of amide: Maihle, A. (1908).

Adkins and coworkers reported one of the most important researches in the
initial-stage development of heterogeneous amide hydrogenation. With the aid of
copper-chromium oxide, hydrogenation of 1°, 2° and tertiary (3°) amides were achieved
in 1934 (Scheme 4).** However these reaction systems suffer from chemoselectivity.
Hydrogenation of 1° amides under the optimized reaction conditions (hydrogen pressure
(Pm2) = 20-30 MPa, reaction temperature (7) = 250 °C) led to the formation of the 2°
amine as major product, for example, n-heptylamide was transformed to n-heptylamine

(39%) and di(n-heptyl)amine (58%).

13
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2
RI™SNH, + RITSNR
0 copper-chromium oxide E{3
JL R2 + 2 H2 " )
R °N° dioxane
R3 250°C RI™SN"R! + other amides
28 examples 20-30 MPa H
Hydrogenation of n-heptylamide CH3(CHp)s™ > NH,
)(IJ\ o H copper-chromium oxide (6 g)) 39%
2 - +
CH,(CH,)s” “NH, * dioxane _
7.5 h, 250 °C CH3(CHa)s”™ N (CH,)sCH
0.19 mmol 20-30 MPa A(CH™ T T (CHasCH,
58%

Scheme 4. Important researches in the initial-stage of amide hydrogenation: Adkins, H.
(1934).

After Adkins’s report, bimetallic or multimetallic catalysts have been studied
extensively in the field of amide hydrogenation. Fuchikami and coworkers reported an

% They prepared a variety of heterogeneous

important results in 1996 (Scheme 5a).
catalysts by combining transition metals from groups 8—10 with groups 6 and 7. Use of
different metal-carbonyl complexes showed different catalytic activities, and a
combination of Rhe(CO);6 and Re,(CO);o provided as one of the most active catalysts.
However these catalyst systems are also facing low chemoselectivity, for example,
benzene ring reduction of aromatic amides. When the Rh%/Re” catalyst system was used
under Py, = 10 MPa with 7= 180 °C and ¢ = 16 h, N-(cyclohexylmethyl)ethanamine
was obtained in 88% yield from N-benzylacetamide. In 2010, Whyman and coworkers
reported hydrogenation of amides with Ru3(CO);> and Mo(CO)s (Scheme 5b).2° They
demonstrated recyclability of catalyst. The residue of the reaction mixture was
separated by centrifugation, and the supernatant liquid containing products was
removed from the mixture. After several washing of the solid residue with
1,2-dichloroethane, the resulting catalyst residue was dried and reused. However, this

catalyst system also incurred with low chemoselectivity as in the case of Fuchikami’s

results.

14
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(a) o Rhg(CO0)46 (1 mol %)
Re,(CO 1 mol %
)LN/ N+ 2H, 2(CO)1o ( °)) AN
H | _ Me,O H
180 °C, 16 h,
1.0 mmol 10 MPa 88%
(b)
0 Ru;(CO);, (6 mol %)
Mo(CO)s (3 mol %)
NH, + 2H, > (j/\NHz
n-octane
160 °C, 16 h,
1.85 mmol 10 MPa 85%

* Catalyst is recyclable

Scheme 5. Hydrogenation of amides with bimetallic catalyst: (a) Fuchikami, T. (1996);
(b) Whyman, R. (2010).

In 2013, Breit reported a catalytic hydrogenation of rather activated amides such as
anilides under milder conditions with Pd/Re/graphite (Pd 2%, Re 10%; Py, =3 MPa, T
=160 °C) (Scheme 6).”° This heterogeneous catalyst was synthesized by loading Pd and
Re on a graphite support. Prior to their report, at least Py, = 10 MPa was necessary for
the hydrogenation of amides using heterogeneous catalysts. 2° and 3° amides were
hydrogenated and higher amines were obtained selectively as products with C=0 bond
cleavage. When the reaction temperature was increased and the reaction time was
prolonged, high yields can be achieved even with relatively deactivated and bulky
amides such as N-fert-butyl-isobutyramide. The catalyst can be removed from the
reaction mixture by filtration and it is reusable. However, benzene rings do not
withstand the active hydrogenation catalyst and is readily converted into the
corresponding cyclohexyl groups. Hydrogenation of 1 © amides generates 2° amines in

preference to 1° amines.

0 Pd/Re/graphite
(4 mol % Re)
N +  2H, > \r\N
k Me,O k
160 °C, 20 h,
1.0 mmol 3 MPa >99%

Scheme 6. Pd/Re/graphite (Pd 2%, Re 10%) catalyzed amide hydrogenation: Breit, B.
(2013).
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As summarized in this section, heterogeneous systems provide competent catalysts
that have high activity and endurance. Nevertheless, these catalysts also have some
drawbacks such as chemoselectivity, needs of harsh reaction conditions, and so on. On
the other hand, it is difficult to gain an molecular insight into the nature of
heterogeneous catalyst systems, because the reaction proceeds on solid surface, which
has diverse natures owing to the existence of different islands (different active sites) that
have different reactivity. Therefore, molecularly well designed heterogeneous catalyst is

barely possible.

1.2.2. Homogeneous hydrogenation of amides
During the course of homogeneous catalysis, catalyst is in the phase identical to that

2% Thys, detailed information

of substrates and products — most often in liquid phase.
of the active species is possible to be acquired. The reaction mechanism can be
elucidated through detection and/or isolation of the possible intermediate species or in
situ spectroscopic analysis by characterization methods including NMR, electron spray
ionization-mass spectroscopy (ESI-MS) and IR. Electronic nature and reactivity of
homogeneous catalysts can suitably be tuned by changing ancillary ligands. Many
homogeneous catalysts offer potential advantages of high selectivity and are suited for
controlled synthesis of high-value-added fine chemicals.

Kilner and coworkers issued a patent of the homogeneous catalytic hydrogenation of
amide in 2003 (Scheme 7a).>” Their catalyst was prepared from Ru(acac); and triphos.
The 1° amide 1 was hydrogenated under Py, = 6.8 MPa, with 7= 164 °C and ¢ = 14 h.
A mixture of 2° amine 2, 1° alcohol 3, ester 4 and 2° amide 5 were obtained; however,
yields of products were not determined quantitatively. In 2007, Cole-Hamilton and
coworkers tried to improve the chemoselectivity in the same catalytic system by adding
water. However, the chemoselectivity was still not satisfying: ca. a 1:1 mixture of 2°
amine 7 (48%) and 3° amine 8 (51%) was obtained by the hydrogenation of 1° amide 6
under Py, = 4 MPa, with 7 = 164 °C and ¢ = 14 h (Scheme 7b).*”® In 2013,
Cole-Hamilton, Leitner and coworkers found that a catalytic amount of methanesulfonic
acid (MSA) with Ru(acac); and triphos can improve significantly the chemoselectivity

in Ru/triphos catalyst systems (Scheme 7¢).>’

Hydrogenation of 2° and 3° amides were
succeeded under Py, =1 MPa, and the desired amines were obtained in up to 94% yield,

albeit with high 7 (200-220 °C). Other side reactions, such as aromatic ring reduction,

16
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barely proceeded. However the substrate scope is limited to activated amides, which
have N-aryl substituents. In 2014, Leitner and coworkers reported hydrogenation of
amides with Ru(triphos)(tmm) as catalyst precursor (Scheme 7d)."” The catalyst
precursor was transformed to a dihydride complex via oxidative addition of H». These

Ru/triphos systems can catalyze amide hydrogenation in C=O bond cleavage fashion.

(@) CH3;CHy” ~N""CH,CH,
2 H
+
Ru(acac), (0.17 mol %)  CH,CH,;”~ ~OH
0 triphos (2.2 mol %) 3
)]\ + 2H, » o *
CH;CH,” ~NH, H,O/THF
1 1647C, 14N CH,CH )LO/\CH CH
sCHy™ , 2CH,
275.6 mmol 6.8 MPa o +
rienes = Ph,P ©  PPh,| CH,CHy,” “N” > CH,CH
PPh2 3 25 H 2 3

CHs(CHz)z/\H/\(CHz)chs
Ru(acac); (0.88 mol %)

(b) 0 triphos (1.9 mol %) 7 48%
v 2R O oTHE > *
CH4(CH NH 2
(CH): 6 164 °C, 14 h CH3(CHy)s” ~N""(CH,),CH;
11.4 mmol 4 MPa
(CH3),CH3
8 51%
(c) Ru(acac); (1 mol %)
0 triphos (2 mol %)
CH3SO;H (1.5 mol%) 2
L .R2 + 2H, S > RN+ 2H,0
R? H THF, 200 °C, 16h H
5 mmol 1 MPa up to 94%
R2 = arenyl
(d) Ru(triphos)(tmm) (2 mol %) oH
dioxane, 160 °C, 16 h
Q 51%

©)LNH2 + 2H,
Ru(triphos)(tmm) (2 mol %)
1 mmol 5MPa {1 NH (1.5 mol %) N N
dioxane, 160 °C, 16 h H

98%

Scheme 7. Hydrogenation of amides with the aid of Ru(acac); and triphos: (a) Kliner,
M. (2003); (b) Cole-Hamilton, D. J. (2007); (¢) Cole-Hamilton, D. J. and Leitner, W.
(2013) ; (d) Leitner, W. (2014).
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In 2007, Ikariya and coworkers reported selective C—N bond cleavage in imide
hydrogenation, which should be following a pathway involving a bifunctional

mechanism (Scheme 8a).**

A protic amine ligand (bearing NH groups) is playing an
important role in this reaction. They synthesized a wide variety of Cp*Ru(PN)
complexes from various kinds of PN-type bidentate ligands. This catalyst system shows
high chemoselectivity and reaction conditions are mild (Py, = 1-3 MPa, T= 80 °C, ¢t =
2-24 h). Thenceforth, they have reported a set of nice pieces of work, related to
hydrogenation of different carboxylic acid derivatives. In 2009, hydrogenation of
N-acylcarbamates and N-acylsulfonamides was achieved with the same -catalyst

28b

precursor (Scheme 8b).””” In 2010, hydrogenation of bicyclic imides was reported. The

reaction conditions are relatively mild (Py; = 3 MPa, T = 80 °C), and accommodate
high chemoselectivity (Scheme 8c).”*

[Cp*Ru(NN)] that contain NN type bidentate ligands (Scheme 8d).**! The catalysis is

In 2011, they reported new catalyst precursors

also designed to fit with the bifunctional mechanism. Similar to their previous works,
this reaction system shows high selectivity, and is effective for hydrogenation of several
reactive amides. These results indicate a catalyst designed based on the bifunctional
mechanism is effective for hydrogenation of “difficult” substrates such as amides.
However, there is much room for improvement of these systems in terms of catalytic
activity, because the reported catalysts only hydrogenate a range of strongly or
moderately  activated amides. In contrast, a non-activated substrate,

N-benzylpyrrolidinone, was reluctant to the hydrogenation under similar conditions.

18
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(@) Y Cp*Ru(PN) (1 mol %) Y ﬁ
KOBu (1-5 mol %) : :
¢ Q, N-R * 2H; . » ¢ ) HN-R ! Ru
“."‘" 2-propanol, 80 °C, 2-24 h “."‘n : th{:N/ \CI
(o) OH N
n=0,1 1-3 MPa up to >99% ! ||-| H
18 examples '@ Cp*Ru(PN)
® o
Cp*Ru(PN) (1-10 mol %) : ﬁ
f — ° :
dN_R + 2H, KOBu (1-10 mol %) > NHR : Rlu
(3 t-butyl alcohol (4, T AN
n=0,1,2,3 80 °C, 2-48 h t PhoP™ { e
R=EWG 3 MPa up to >99% ! II-I\H
16 examples Cp*Ru(PN)
(c?_" o 07 Cp*Ru(PN) (10mol %) .. 9O o7 5 ﬁ
. KOBu (10 mol %) . : 1
H O +2H ' 0!
N, (<)" ENG 2 2-propanol, 80 °C, 24 h) “. (<)n HNG ' thp,'F‘}u\m
) o] ) OH N%H
n=0,1 3 MPa up to >99%
9 examples : Cp*Ru(PN)

=X

IS 2o Cp*Ru(NN) (1 mol %) oH @
)LN NS +2n, KOBU(5mol%) NG

N ) " HN — RU\
' H 2-propanol . 1 N/ Cl
N 100 °C, 24-72 h oo \ 7/ N
~.-ﬂ' Q.-" ~
5 MPa up to >96% ) H

10 examples

Cp*Ru(NN)

Scheme 8. Bifunctional catalysts for amide hydrogenation reported by Ikariya et al.
(2007-2011).

19



General Introduction

In 2011, Bergens and coworkers reported a catalytic hydrogenation of amides with
the aid of a Ru complex bearing a PN-type ligand (Scheme 9).*’ The catalyst precursor
([Ru(n3-C3H5)(Ph2P(CH2)2NH2)2]BF4) was prepared with two molar equivalents of
Ph,P(CH,):NH, and one molar equivalent of cis-[Ru(CH;CN)2(1’>-C3Hs)(cod)]BFs.
These reactions were carried out with the Ru complex (0.1 mol %) and KN[Si(CH3)s]»
(4-5 mol %) under Py, = 5 MPa with 7= 100 °C and ¢ = 24 hours. The resulting Ru
catalyst should bear protic amine ligands, so that the authors proposed that this catalyst
should also be subjected to the bifunctional mechanism. They found that the activity of
Noyori catalyst [Ru((R)-binap)(H)((R,R)-dpen)]”° towards activated amides, for
instance, N-methylsulfonylpyrrolidin-2-one and N-acetyl- pyrrolidin-2-one was low to
moderate. They reasoned that [Ru((R)-binap)(H)2((R,R)-dpen)] is intrinsically active

towards amide hydrogenation, but it decomposes at a higher temperature (>100 °C).

[Ru(n3-C3H5)(PhyP(CH,),NH,),]BF,

Jcl)\ , (0.1 mol %) )
-R CH,);Si],NK (4 mol % OH .R
R1 N + 2H, [(CH5)3SiIoNK ( o) > J + HN
R3 THF, 100 °C, 24 h R R3
R', R2, R3 = H, Me, Ph
5 MPa (\ PPh, |BF4 up to >99% up to >99%
HyN.,, | 12 examples
,Ru—)
HNT |

[Ru(n3-C3H5)(Ph,P(CH,),NH,),]BF,

Scheme 9. Bifunctional catalyst for amide hydrogenation: Bergens, H. (2011).
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In 2010, Milstein and coworkers reported hydrogenation of 2° and 3° amides with
selective cleavage of C—N bonds (Scheme 10).>' Their catalyst is a pincer type Ru
complex, which was synthesized from 6-di-tert-butylphosphinomethyl-2,2'-bipyridine
(PNN-type ligand). This catalyst system is comptent under comparatively mild reaction
conditions (Py; = 1 MPa, T = 110 °C, t = 48 h). Many rather activated amides,
especially those containing an ether group at the a-position of the carbonyl group, can
be hydrogenated effectively. They proposed a different mechanism from the
bifunctional mechanism, where they advocate the catalytic cycle involving a direct

interaction of Ru center and amide (see section 1.3.1., page 23).

i H
0 H .R2 .

L pe + 2H, RuH(PNN)CO (1 mol %)) JO . HN : ; |PtBu2
R" N’ THF, 110 °C, 48 h R R3 : &_ N—Ru-co
Il=t3 ' >N

1 MPa up to >99% ! RuH(PNN)CO

17 examples

Scheme 10. Hydrogenation of amide with Ru(Il)/bipyridyl-based pincer precatalyst:
Milstein, D. (2010).
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1.3. Mechanistic aspects of homogeneous hydrogenation/dehydrogenation
Homogeneous hydrogenation catalysis can be divided into two main categories, that
involves inner-sphere mechanism and outer-sphere mechanism, in term of the addition
pattern of hydrogen to the catalyst and reaction mode of substrate. In an inner-sphere
mechanism, catalytic reaction proceeds via a direct interaction of a metal center with
substrate such as carbonyl compounds (Figure 5a). On the other hand, an outer-sphere

mechanism involves non-interaction of the metal center with substrate (Figure 5b).

@ ®) Se—o
~C== s -
H H

/£
H " @'(')I()n
ligand ligand

Figure 5. (a) Inner-sphere mechanism and (b) Outer-sphere mechanism (transition

state) in hydrogenation.

1.3.1. Inner-sphere mechanism

The Wilkinson complex [RhCI(PPhs);] (9) is one of the most widely used
homogeneous catalysts, and the catalyst hydrogenate substrates through an inner-sphere
mechanism.”” It can be synthesized by reacting RhCl; + H,O and an excess amount of
PPh; in hot ethanol. This complex works excellently in hydrogenation of unsaturated
hydrocarbons at ambient temperatures and pressures. Under hydrogenation conditions,
coordinatively unsaturated species [RhCI(PPhs),] (10) would be formed from Wilkinson
complex [RhCI(PPhs);] (9) by elimination of one phosphine ligand (PPhs), and 10

works as catalyst.**

The sequence of the catalytic cycle involves, step 1: oxidative
addition of H, (10 + H, — 11); step 2: forming a six-coordinate complex by addition of
alkene (11 + R,C=CR, — 12); step 3: alkene insertion into a rhodium-hydrogen bond to
form an alkyl complex (12 — 13); step 4: reductive elimination of products and
regeneration of catalyst (13 — 10 + R,HC—-CHR;) (Scheme 11). Kinetic studies
concluded that hydride insertion into alkenes (step 3) is the rate-determining

(turnover-limiting) step.

22



General Introduction

o
oxidative addition PhyP— Rh—PPh 3 coordination
\ /
H H Cc=C
2 solvent / N\
11
| NG c, |
(7 M N
PPh, solvent \ |/H
9 PPh, 10 Ic::c\
12
\ / H
H-/C—C\—H Cl, |
reductive elimination T N3P~—Rh=PPh; insertion

C-C~H
solvent/\ \
13

Scheme 11. Catalytic cycle of alkene hydrogenation with Wilkinson complex.
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As described in section 1.2.2, Milstein and coworkers reported the catalytic
hydrogenation of amides (Scheme 10), and they propose an inner-sphere mechanism
(Scheme 12).*' Initially, dihydrogen addition to complex 14 results in aromatization, to
form the coordinatively saturated, trans dihydride complex 15. Decoordination of a
pyridyl “arm” provides a site for amide coordination, to give the complex 16.
Subsequent hydride transfer to the carbonyl group of the amide ligand leads to the
complex 17. Deprotonation of the benzylic arm by the adjacent NH group leads to the
amine product and a complex 18, bearing a coordinated aldehyde. H, addition to
complex 18 forms the aromatic dihydride complex 19, followed by hydride transfer to
the aldehyde to generate the alkoxy complex 20. Deprotonation of the benzylic arm by
the alkoxy ligand generates the product alcohol and regenerates complex 14. The

overall process does not involve a change in the metal oxidation state (Ru").

Scheme 12. Catalytic cycle of amide hydrogenation with Milstein’s complex.
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1.3.2. Outer-sphere mechanism
Many types of metal-ligand bifunctional catalysts, which catalyze the reaction
through an outer-sphere mechanism, have been reported to date.”> One of the first

4 34a

examples may be the Shvo’s complex, which was reported in 1984.”™ This catalyst is

34b,c

applicable for various hydrogen transfer reactions, including hydrogenation,” " transfer

340 The precatalyst, a binuclear metal

hydrogenation®*® and Oppenauer-type oxidation.
complex, is activated by heating, by which the binuclear complex dissociates into two
active monoruthenium complexes, 18 electron complex 21 and 16 electron complex 22
(Scheme 13a).’*¢ The complex 21 works as hydrogenation catalyst and 22 works as
dehydrogenation catalyst. Based on the mechanistic studies done by Casey and
coworkers,’*® a bifunctional mechanism was proposed (Scheme 13b). The hydride from
the metal center and the proton from the hydroxycyclopentadienyl ligand were

transferred to the carbonyl group, without a direct interaction of substrate with the metal

center.

OH Ph o 0]
Ph ”Q ¢
Ph” | "Ph

Ph Ph R

v +°* u

Ph Ru oc;) c/ \ oc;) C/

o€ tood °° 18e 16e

Shvo's catalyst 21 22

(b) Ph.&OH

0 o)
K TNy I
1 2 oC 3 4
R R \ o CI / R® "R
Ph 18e Ph
Ph LoV Ph LN
P;?Q;h ‘H\ 21 Pr:g;h \I-!
Ru Ru k!
oc” 7 Lo oc” { <pn b0
oc X Ph oc A
R2 Phgo ] R4

Ph Ph
OH ‘Rlu \ OH
N oc’ { 2N
R' "R? oc R3 R4
16e
22

Scheme 13. Reaction mechanism of Shvo’s catalyst.
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Noyori and coworkers reported an asymmetric hydrogenation of ketones with Ru
complexes. The reaction mechanism of this catalytst system was studied thoroughly
(Scheme 14).%° With assistance of a chiral diphosphine and a diamine ligand, a chiral 2°
alcohol is obtained in high chemical yield with high enantiomeric ratio (er). This
catalyst system involves an acid-base cooperative mechanism (Scheme 15). In the
catalytic cycle, the 18e precatalyst 23 dissociates the BH4 to generate the cationic
complex 24, which upon deprotonation forms the 16e Ru amide complex 25. All these
steps are reversible, in principle. The cationic 16e complex reacts 24 with H; reversibly
to form the 18¢ complex 26, which undergoes deprotonation from the n’>-H, ligand to
generate the Ru dihydride 27. Reaction of 27 and ketone gives the 16e amido Ru
species 25 and the alcoholic product. Protonation of the nitrogen atom of 25 by
alcoholic solvent regenerates 24. The coordinatively saturated metal complex 27 reacts
with the organic substrate directly through a metal-ligand bifunctional mechanism. Thus,
reduction of ketones with 27 proceeds via the six-membered pericyclic transition state,
in which the C=0 function does not interact with the Ru center. Delivery of a hydride
from the Ru—H part and of a proton from the NH; ligand takes place simultaneously,

giving alcohols without forming ruthenium alkoxide intermediates.

0 Ru complex (9.0 mg) 9”
BuOK
> + H, > [
_ (CH3);CHOH _
8 atm 45 °C, 45 min
R, 99% er
102.13 g 100% vyield
ketone:Ru = 100000:1 Ru complex:
['BuOK] = 0.0136 M OO »:\Drz H nz
N
Ru
y P/ | \N oo N
I Ar2 H H2 I
N \
BH; &
Ar= 3,5'(CH3)206H3
Scheme 14. Asymmetric hydrogenation of ketone with

RuCly(diphosphine)(1,2-diamine) complexes reported by Noyori et al.
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Scheme 15. Reaction mechanism of ketone hydrogenation: Six-membered ring

transition state.
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Fujita and coworkers reported an acceptorless alcohol dehydrogenation using
Cp*Ir(bpyO) (bpyO = a,a'-bipyridonate) (Scheme 16).%” This precatalyst works well
under mild conditions, even in the dehydrogenation of aliphatic alcohols. The iridium
center and the ligand bpyO work cooperatively via an aromatization/dearomatization of
the pyridine rings. Catalytic cycle proceeds via alcohol dehydrogenation and
elimination of molecular hydrogen from the iridium complex. The theoretical
calculation indicate that an outer-sphere reaction is more favorable than an inner-sphere

mechanism.>>

Scheme 16. Reaction mechanism of Fujita’s catalyst.

As is clear from these investigations (Schemes 13—16), considering a bifunctional
mechanism is a promising approach in new catalyst design for hydrogenation. However,
in many cases, catalyst decomposition during the reaction is a significant problem to be
addressed. A new concept, catalytic molecular surface (robust catalyst), would be more
effective to retain the structure of the catalyst, which is one of the most important topics

should be discussed in this thesis.
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1.4. Concept of catalytic molecular surface

As discussed in previous sections, homogeneous and heterogeneous catalysts are
working in hydrogenation of some special classes of amides, but each of them incurs
different kinds of drawbacks.'” Thus, the author comes out with a new concept called
“catalytic molecular surface” (Figure 6). To solve the issues, the author planned not
only to synthesize flexibly, but also to finely tune a homogeneous catalyst so that

structural robustness of heterogeneous catalysts could be put into the homogeneous

catalyst.
—¢=0 -
- .
Hl Hl H \ H H
M [ M M —¢=0 <
M M M E |
solid surface H I;I Desi ligand
I H HI esign
[N Robustness) /| x=| flexibility) "
c=0 ' .......... ’ No—
- g e N
H H H
M M M H
“llI |!n |!n molecular surface HJ@}B‘
solid surface “coordinatively saturated” ligand
Heterogeneous catalyst Our catalyst Homogeneous catalyst

Figure 6. Concept of catalytic molecular surface.

Structural robustness of catalyst is important because it can increase ability to withstand
harsh reaction conditions. The newly designed molecular surface consists of a Ru and
ligands that make a coordinatively saturated Ru center. In addition, the catalyst is
tailor-made by taking into account the concept of bifunctional mechanism.>® This kind
of arrangement would preclude a substrate to have a direct interaction (coordination)
with a Ru center. By doing so, a chance of substrate- or product-inhibition of catalyst
would also be reduced to a minimum extent. Additionally, hydrogen transfer to amide
carbonyls would be kinetically accelerated through a stabilized transition state, in which
substrate could directly interact with two hydrogen atoms on a catalytic molecular

surface.
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Another essence inherent to and also the most intriguing aspect of “catalytic
molecular surface” is structural and reactivity diversity of active catalyst, which can be
derived by diverse activation of the same precatalyst “molecular surface” (Figure 7). By
controlling catalyst preactivation conditions, the number of hydrogen atoms adsorbed
on the catalytic molecular surface can be varied. In other words, different adsorption
modes of hydrogen atoms on the catalytic molecular surface cause different reactivity
among catalysts, and thus different substrate—catalyst interactions. Thus, the author
foresee a wide range of potential application of the catalytic molecular surface in the
diverse research fields of hydrogenation. In preceding attempts, a precatalyst is
designed specifically to work for one target reaction: for one functional group
conversion or one C—X (X = H, C, N, O, etc.) bond formation or cleavage reaction,
namely, different catalysts are developed on one-by-one basis. This approach finally
leads to chemoselectivity if the catalyst would be highly competent for transforming
one out of different functional groups. However, an endeavor to synthesize and use one
precatalyst leading to a single catalyst only applicable to one target reaction is cost- and
time consuming. Given a metal complex precatalyst, which can be activated differently
for achieving different catalytic reactions, such a versatile precatalyst would finally be

more cost-efficient for many different applications and highly attractive for organic

synthesis.
H H
" |
conditions 1 > ,X"' ,X
+H, X =o)X ===
catalyst 1
H H
. H H
lx—.@x—,x conditions 2_ ,X— X
X—X——X +2H, X—X—X
molecular surface catalyst 2
catalyst precursor H H H
conditions 3=

+3H,

catalyst 3

Figure 7. Generation of diverse catalysts from one catalyst precursor.
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Although nobody has ever propose the concept of catalytic molecular surface, this
concept is partially hidden behind some of the well-known catalysts — Milstein’s
catalysts. These catalysts comprise of pincer ligands containing a bipyridine
frameworks. A molecular surface is made of a bipyridyl-CH,—L unit and Ru center
(Figure 8 and Schemes 10 and 12). They proposed the mechanism based on
aromatization—dearomatization of the pyridyl methylene unit (see section 1.3.1., page
23).>'° Deprotonation of a pyridinylmethylenic hydrogen of pincer complexes 20 can
lead to dearomatization. Then, the dearomatized complex 14 regains aromatization via
splitting of one molecular hydrogen into two hydrogen atoms. Additionally, the
outcome of DFT calculation demonstrates that the interaction of substrate not only
limited to the activated hydrogen of N—H, but also potentially possible with the C—H on
the dearomatized pyridine ring in the pincer ligand.”® Therefore, many tautomers in an
equilibrium could be assumed, and one or more of C—H hydrogen atoms of tautomers

may also have a chance to involve in hydrogen transfer processes (Figure 8).

\ o=cC

[ ! s

..OQQ/ /
H ]

/
=0 0=¢

H,—/- ‘§ L _> \/\/s

N— Ru—L E N—Ru—L
L( / C( 7/

X X
X = 2-pyridyl, etc.

Figure 8. Plausible equilibrium of a catalytic molecular surface by tautomerization.
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2. Survey of this thesis

In this thesis, the author has developed a novel concept called catalytic molecular
surface. Since previous ruthenium complexes, which have been widely used in
hydrogenation catalysis, seem not to be suitable for hydrogenation of unactivated
amides, new ruthenium complexes introduced by us are used in this study as
precatalysts. Hydrogen atoms on the molecular surface (Ru—H and N—H or C-H) are
foreseen to enhance concerted hydrogen transfer. Ru—H is used for hydride transfer and
both N-H and C-H would have chance to involve in proton transfer. In this way, the
energy barrier for overall hydrogen transfer becomes lower and the reaction proceeds
smoothly via bifunctional mechanism.

In Chapter 1, a general method for catalytic hydrogenation of unactivated amides
was achieved under rather harsh reaction conditions (P, = 2—8 MPa, T = 120-160 °C)
using RUPCY as a first generation precatalyst (Scheme 17). During the induction
period of catalyst, the interior unsaturated bonds of the pyridines ligand in RUPCY
were fully hydrogenated. On the other hand, a large amount of hydrogenated ligands
liberated from the Ru center was detected. In other words, only a small amount of
catalyst is working. Nevertheless, the reaction mechanism is expected to be subjected to
a bifunctional mechanism. Even if one of the two ligands would be fallen apart, the Ru
catalyst having a H—-Ru-N-H functionality can still be retained. Then, the
hydrogenation should proceed with the outer, rather than the inner, sphere of the Ru

catalyst.

RUPCY (2 mol %)

EONa .
0 2-20 mol % _R2 = =
( ) OH ., HN \ 2ci\ y

2 + 2H + '
R1JLN'R 2 toluene > R1J R3 ; NN
- 120-160 °C, 24-216 h : RU
R3 ' N
N i W -
2-8 MPa upto>99% : Cy,Cl Cy;
19 examples : RUPCY

Scheme 17. Hydrogenation of unactivated amides using RUPCY.
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In Chapter 2, structural modifications of RUPCY are carried out to improve a poor
robustness of RUPCY which is reported in Chapter 1. The new precatalysts are RUPIP2
and RUPCY?2. They provide as much more robust “molecular surface” and the Ru—
ligand platform framework can survive even under harsh reaction conditions because
the ligand has a higher coordination ability than the bidentate ligand of RUPCY (Figure
9). Through diverse activation of a “molecular surface” (a group of 15 planar atoms)
incorporated into RUPCY2 and RUPIP2, catalytic hydrogenation of a variety of amides
(formamides through polyamides) is achieved under a wide range of reaction conditions
(Scheme 18). That is, versatile “catalytic molecular surfaces” (catalyst diversity) is
induced by diverse activation of a single molecular surface within the precatalyst when
the conditions are varied. According to the electrospray ionization mass spectroscopy
(ESI-MS), different “catalytic molecular surface” have different numbers of adsorbed
hydrogen atoms and resting state structures. Nevertheless, the common active site in the
different structures should be the “H-Ru—N—H” group, but the involvement of “H—Ru-—
N=C-C-H” group for hydrogen transfer to the carbonyl group of amides could not be
fully ruled out.

;P
\ P N—/RU_P

N
—
S 2

Tetradentate

Bidentate
(RUPCY) molecular surface | oypey2, RUPIP2)

Figure 9. Improvement of the catalyst precursor by small modification.
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RUPCY2 or RUPIP2
1 mol %)
0 ( OH R2
NaH (10 mol ¢ .
I ge + 2H, — (10 mol %) > J + HN
N° toluene R1 R3
! 60-160 °C, 15-96 h

0.5-8 MPa up to >99%
27 examples

Cy2 Cl Cy2 ’PI’Z Cl 'Pr2
RUPCY2 RUPIP2

Scheme 18. Hydrogenation of amides with improved catalyst precursor (RUPIP2 or
RUPCY2).

In Chapter 3, substrate scope of RUPCY-, RUPCY2-, and RUPIP2-promoted
hydrogenation is thoroughly investigated. Since a diverse set of “catalytic molecular
surface” can be generated from an identical precatalyst via different activation methods,
the reactivity and selectivity of substrates other than amides under different
hydrogenation conditions were examined in the studies. As a result, hydrogenation of a
range of unsaturated compounds was succeeded (Scheme 19). The concept and
versatility of “catalytic molecular surface” is fully demonstrated and supported herein.
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Scheme 19. Hydrogenation of unsaturated compounds with single precatalyst.
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Chapter 1.

Catalytic Hydrogenation of Unactivated Amides Enabled by
Hydrogenation of Catalyst Precursor

Abstract: The author developed a general method for catalytic hydrogenation of
unactivated amides. During the catalyst induction period, a novel structural change was
observed involving full hydrogenation of the interior unsaturated bonds of the pyridines
of the Ru-containing catalyst precursor (RUPCY). Based on this observation, the
mechanism of amide hydrogenation may involve a two-step pathway, wherein the Ru
catalyst having an H-Ru—-N-H functionality is generated in the first step, followed by
the amide carbonyl group interacting with the outer, rather than the inner, sphere of the

Ru catalyst.
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1.1. Introduction

Amides'® are abundant functional groups which can be found, for example, in the
repeating units of polypeptide macromolecules and artificial polymeric materials (e.g.,
polyacrylamide), nylons, Kevlar, and their respective monomers (e.g., o.,3-unsaturated
carboxamides, caprolactams), which can be produced on an enormous scale via existing

1d,e,g—i

industrial processes. They also exist as potent pharmacophores, which are useful

thefik Were it possible to

building blocks accessible via many synthetic methods.
develop catalytic transformations of amide resources without the salt-containing wastes
formed in stoichiometric amounts with respect to the amide, such chemical processes
would provide a shortcut or alternative route to presently known and/or unknown
materials or chemicals. However, the salt-free transformation of amides” is a significant
challenge, as there is a lack of basic knowledge concerning the catalytic activation.
Such activation is frequently hampered by high thermodynamic stability’ and kinetic
inertness due to the low electrophilicity of the amide carbonyl carbon among
carbon(x)yl functionalities."® In particular, the catalytic hydrogenation of unactivated
amides has rarely been accomplished using existing homogeneous catalysis methods.
Recently, Cole-Hamilton,* Ikalriya,5 Milstein®® and Bergens7 reported the use of
different ruthenium (Ru) complexes which hydrogenate a range of strongly or
moderately activated amides, including N-aryl-, N-acyl-, and o-alkoxy® amides and
morpholino ketones, as well as relatively small amides. Heterobimetallic clusters are
able to hydrogenate larger, more inert amides, whereby dehydrative cleavage of the
C=0 bonds affords higher amines, albeit with accompanying dearomatic
hydrogenation.” The author reports a more general and selective method for the
hydrogenation of unactivated amides, affording selective C—N or C=O bond cleavage

using a new Ru complex (RUPCY) 1a. (Scheme 1)
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1 (2 mol %)

0 2 (4-20 mol % OH .R2
+ 2H —)) + HN
1JL -R? 2 solvent 1J ‘3
R'"ON R R
b 120-160 °C

2-8 MPa
R1 = aromatic or aliphatic; R2 = alkyl or H; R3 = alkyl or H

= = Bu

\ rjan 4/ 1a:R=Cy ONa ONa
*Rlu/ 1b:R=iPr

0N Bu Bu
P | SP” 1c:R=Ph
R2 Cl R2 2a 2b

Scheme 1. Hydrogenation of unactivated amides using new Ru complex.

1.2. Results and discussion

1.2.1. Strategy and design of ruthenium catalyst.

Since the need for harsh reaction conditions was anticipated for this otherwise
difficult unactivated amide hydrogenation, the ‘structural robustness’ of the catalyst
precursor was the foremost consideration in the initial molecular design of a Ru
complex catalyst. Such robustness may obviate the facile detachment of the ligands
from the Ru center during the induction period of the catalyst. Accordingly, the
emphasis was placed on imposing a ‘coordinatively saturated Ru center’ on a catalyst
precursor with sterically demanding and strongly coordinative ligand(s), with the
additional expectation that only an H, molecule could make easy access to the narrow
space (though large enough to accept an H,) around the metal center of an intermediate
active species that subsequently forms a metal hydride. Indeed, the derivation of a metal
hydride species from H, is frequently rate-determining.'” To satisfy such primary
criteria for catalyst design, a bidentate (P,N)-ligand'"'* as in 1a was chosen first
(Scheme 1)."° Additional Ru complexes 1b and lc¢ were also prepared for control
experiments. Since N-benzylbenzamide (3a) was hydrogenated previously in moderate
yield [4a: 57%; ruthenium complex (1 mol %), H, pressure (Pu2) = 1 MPa, 110 °C, 48

h],® examination of 3a is thought to be a good starting point for analysis.
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1.2.2. Relationship between structure and catalytic activity of Ru complex 1a.
Treatment of a toluene solution of 3a and 1a (2 mol %) with sterically bulky base 2a
(20 mol %) under Py, = 8 MPa at 160 °C for 24 h gave both 4a and 5a in 92% yield
(Table 1, entry 1). The steric bulkiness of the base was more important than its basicity
under similar conditions ([1a]o = 6.7 mM; Py, = 6 MPa, 160 °C, 24 h): use of
phenoxide 2b in place of 2a gave 4a with similar effectiveness (entries 2, 3), while
either NaO'Bu, KO'Bu, NaOMe, or NaOH was less satisfactory (4a: 43%, 27%, ~2%,
and 31%, respectively; Sa: 44%, 26%, ~1%, and 26%, respectively). Although toluene
was the best solvent of those tested in terms of enabling smooth conversion of 3a, a
sterically more demanding alcohol solvent was better than a smaller one [4a: <1%
(MeOH); 4% (EtOH); 45% (‘PrOH); 61% (‘BuOH). [1a]o = 6.7 mM; Pu; = 8 MPa,
160 °C, 24 h]. Ru complex 1b showed a similar effectiveness but with formation of a
byproduct (entry 4), while the reaction using 1¢'* led to the formation of a fine, black
powder precipitate, and almost full recovery of 3a (entry 5). Obviously, the combined
use of 1a and a base additive such as 2a or 2b, both being sterically demanding, is
crucial for selective hydrogenation. The preference for formation of Ru—OR with
alkoxides of 1° alcohols [or partial formation of the Ru—O bond as in Ru'(HOR)] was
recently explained as being due to their higher acidity and lower steric congestion,'” and
this preference may be detrimental to the initiation of a catalytically active RuH species
in the present system. In contrast, 4 mol % instead of 20 mol % of 2a was satisfactory to
obtain a high conversion of 3a by prolonging the reaction time to 36h (4a: 88%; Sa:

88%) under regular conditions.
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0 1 (2 mol %) OH
2a (20 mol %
N + 2 H2 M} + H2N
H toluene
160 °C, 24 h
3a 8 MPa 4a ba
entry Ru complex result? (%)
conv. 4a 5a
1 1a (R=Cy) 92 92 92
2b 1a (R=Cy) 75 74 75
3bc 1a (R=Cy) 94 94 86
4d 1b (R = Pr) 98 84 92
5 1c (R=Ph) <5 0 0
a Determined by 'TH NMR. » 2b instead of 2a; Py, = 6 MPa.
€48 h. 9 PhCH,NH(CH,)Ph (6%) was obtained.

Table 1. Different Ru complexes 1a—c for hydrogenation of 3a.

1.2.3. Substrate scope.

This hydrogenation method was more selective (i.e., negligible dearomatization)
and showed a wider substrate scope with respect to unactivated amides (Table 2) than
the established methods. Selective C—N bond cleavage of linear amides was uniformly
observed.””’ The active species maintained its catalytic integrity even after a lengthy
reaction time (entries 3, 4, 17, 18). The hydrogenation of e-caprolactam (31), a cyclic
amide, which serves as the monomer of nylon-6, showed a similar pattern of bond
cleavage (entry 14). Hydrogenation was rather sluggish with 3m derived by
N-methylation of 31 (entry 15). Products 41 and 4m could be a synthetic precursor of
N, N-dimethyl-6-amino-1-hexanol, a polymerization initiator.'® In contrast, C=0 bond
cleavage predominated with five- and six-membered lactams 3n,0 (entries 16, 17). This
apparent C=0 bond scission can be explained by a multi step reaction sequence
consisting of hydrogenative C—N bond cleavage of the amides giving NH,(CH>),OH,
followed by oxidation of the HOCH, group giving NH2(CH3),.iCHO, then
intramolecular imine formation, and finally, imine hydrogenation. In fact, when 4n was
used as the starting material in the absence of H, or with Py, = 8 MPa under otherwise
identical conditions (160 °C, 24 h), amide 3n and piperidine (Sn) were obtained in 53%
and 25%, and 28% and 48% yields, respectively. Primary and tertiary amides 3¢ and 3b,
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and simple aliphatic amides 3i and 3j, were also applicable substrates, but marginal
hydrogenation took place with more bulky 3k (entry 13). Hydrogenation of urea® 3p

517 since ureas are

(entry 18) is important with respect to the methanol economy,
excellent chemical reservoirs and carriers of CO,. However, a larger amount of base (20
mol %) only ensured a reasonable reaction rate for the more inert aliphatic amides. In
addition, hydrogenation was sluggish and required harsh reaction conditions (entries 3,
4, 17, 18), so additional optimized conditions for generating catalytic species were

evaluated.

Table 2. Hydrogenation of amide 3 using 1a and 2a.

1a (2 mol %)

J?\ oy, 22 (4—-20 mol %) OH an- R
2 + o
R1 N'R 2 toluene R1 R3
|':;3 8 MPa 160 °C
3 4 5
entry 3 conditions? result? (%)
conv. 4 5
o)
1 N” A 84 83 -
3p |
2 3b B 92 85 -
o)
3 dNHZ Ac 87 74 -
3c
4 3¢ Bd 96 71 -
o)
5 )I\N I X A 95 - 95
H
3d P
6 3d B 99 - 87
o]
7 /©)L H’\© Ae 99 99 99
FsC 3e
o)
8 O)LH’\Q Ae 83 83 76
Ph 3f

2 conditons A: 1a:2a:3 = 2:20:100, 24 h; conditions B: 1a:2a:3 = 2:4:100, 36h.

b Determined by 'TH NMR. €216 h. 9168 h. € Py, =6 MPa.
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entry 3 conditions? result® (%)
conv. 4 5
o)
9 /©)LN/\© Ae 74 73 70
H
39
o)
N/
10 H A 67 62 67
MeO 3h
o)
1 Me(CH2)7)LN'(CH2)7Me Af 94 88 94
3iH
0
12 N~ (CH2)7Me Af 66 66 59
3jH
0
13 >HLn"°”2)7""e A 9 s 6
akH
o)
NH
14 Ae 94 929  —
3l
o)
/
N
15 A 64 6ah  —
3m
0
16 @H 3n Af 88 4l 78]
0
17 dNH 30 Ac 73 5k 62/
X
g ©/\H H/\© B 97 - 74
3p
19 3p Bd 99 — 97

2 conditons A: 1a:2a:3 = 2:20:100, 24 h; conditions B: 1a:2a:3 = 2:4:100, 36h.

b Determined by 'THNMR. €216 h. 9168 h. € Py, =6 MPa. f48 h. 9 HO(CH,)gNH,, " HO(CH,)sNHMe.

THO(CH,)sNH,, J O\JH k HO(CH,),NH,, ’CNH m (CHO)NHCH,Ph (13%) was obtained.
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1.2.4. Reaction mechanism.
Catalytic species could be generated following a deprotonation pathway similar to

%18 in which a base deprotonates the methylene

those disclosed by Milstein (Figure 1),
group vicinal to the phosphorus atom (PyCH,P) of 1a. However, the primary (3¢) and
secondary (3a, 3d-1, and 3n,0) amides used here have acidic hydrogens in excess
quantity relative to la. Thus, deprotonation of the NH hydrogen of those 3 would
prevail over that of 1a. Due to the less basic nature of the deprotonated form (the
conjugate base) of 3, deprotonation of la might be sluggish, and thus, a high
temperature and a high Py, may be required either to produce a catalytic species from

1a, or for the hydrogenation of 3.

KO'Bu : PCy
<0°C 2
~N Oy

+ Qs
KCI, 'BuOH :
' 6a

Figure 1. Milstein’s mechanism for pyridine dearomatization (L = Et,N or Pr,P) and

the ligand used here, 6a.

To probe this speculation, 2a (4 mol %) was exposed to a toluene solution of 1a (2
mol %) in the absence of amide 3 (160 °C, 5 h, Py, = 8 MPa) for preactivation of the
catalyst, and the resulting matured catalyst was used for the hydrogenation of 3a under
milder conditions with a shortened reaction time (140 °C, Py, = 4 MPa, 12 h). Indeed,
4a and 5a were produced in 89% and 89% yields, respectively. Another important
aspect is that both 2a and H; are critical to inducing the catalyst. When preactivation
was carried out in the absence of H, (toluene, 160 °C, 5 h), 1a was recovered almost
unchanged. This feature, namely the structural robustness of 1a toward bulky base 2a, is
in contrast to previous observation, in which the PyCH,P moiety was deprotonated
below 0 °C without H,, giving, for example, 1d."

The mercury test'” was also employed, in which Hg(0) was added during the
hydrogenation step to probe the possibility of catalysis by a Ru nanoparticle. The

catalytic activity was not perturbed during the course of the reaction (4a: 94%,; Sa:
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92%). This preactivation procedure using 4 mol % of 2a also improved the yields of 4h
and 4i obtained previously using 20 mol % of 2a (Table 2, entries 10, 11, 62% and 88%,
respectively) to 80% (160 °C, 19 h) and 92% (160 °C, 30 h), respectively, with shorter
reaction times (Ppx = 8 MPa). When even milder conditions were used for the
hydrogenation of 3a (120 °C, Py, = 2 MPa), a high yield of 4a (93%) and S5a (92%) was
still obtained by prolonging the reaction time to 60 h. Preactivation of 1a over a shorter
time (1 h, 160 °C, Py, = 8 MPa) or keeping the induction period at 5 h but at a lower
temperature and Py, (140 °C, 4 MPa) was found to be less promising (4a: ~55% with
hydrogenation conditions: 140 °C, Py, =4 MPa, 12 h).

The *'P{'H} NMR (toluene-ds, ppm) spectrum (Figure 2) of the reaction mixture
obtained after the optimal induction period of the catalyst showed a medium intensity
singlet at 8 —15.2 corresponding to 7 (Figure 5), with an additional set of small signals
(6 45.8, 71.0, 73.3, 88.1), which are all different from that of 1a (& 66.2) and the free
ligand 6a (8 4.3) (Figure 2). A '"H NMR of the same sample lacks signals in the 6-9
ppm region which would correspond to the protons of the original Py of 1a or of

partially decomposed products.
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Figure 2. *'P{'"H} NMR (toluene-ds) spectrum of preactivated Ru catalyst.
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In order to further confirm the identity of the catalytic species involving 7, the reaction
mixture was quenched with excess BH3 * THF (25 °C, 12 h) and was analyzed via
electrospray ionization mass spectroscopy (ESI-MS) (Figure 3). The base peak obtained
matched fully hydrogenated 7 complexed with BH; (Found: m/z = 310.2837; Calcd for
7 « BHs+H': 310.2829).%" The mixture obtained following a shorter induction period (1
h) showed a negligible ESI-MS signal for 7 + BH3 and an intense signal consistent with
unreacted 1a (Found: m/z = 750.2335; Calcd for 1a": 750.2334) (Figure 4). These
results, with the Hg test, suggest that caty or catg is likely to be responsible for the
hydrogenation of amides.”' Based on the fact that at least 2 equiv of 2a relative to 1a
was required to ensure a high reaction rate,” 1a is first converted into I (16e complex)
upon n°-coordination of H,. The olefins of the two partially decomposed Pys of I, are
in turn hydrogenated (intramolecularly), and finally, the structure is fully saturated,
giving piperidines as in cat,, catg and 7 during the induction period of catalyst (Figure
5).

310.2837

340.1492 426.1453 - 703.3994

604.2959
: 524.1938

300 400 500 600 700 800

Figure 3. ESI-MS spectrum of [(preactivated Ru catalyst) + BH3].
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Intens. +MS, 0.6min #36|
x104 -

750.2335

328.1786

242.2842 715.2591

153.1390

182.1897 417.1596
"

" 477.1322 l
Lt oy FERY
t T
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Figure 4. ESI-MS spectrum: After 1 h preactivation (160 °C, Py, = 8 MPa) followed by

treatment with BH;.

LY. Y ¥/
RO-Na* 7H
—Rl—P=y —> —R{—P —2» nHRi—p
/| 7 17
~ /l /’ H |l'|
Ia

cat A

Figure 5. Plausible pathway giving prospective catalytic species cats/catg via

formation of I,. Hydrogen atoms may occupy * positions afterward.
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1.3. Conclusion

In summary, a sterically congested and coordinatively saturated Ru complex la
(catalyst precursor), combined with a bulky base, has been demonstrated to be effective
for the hydrogenation of a range of unactivated amides. A novel structural change
involving multiple hydrogenation of the interior Py of 1a during the catalyst induction
period was also clarified. Such insight into a catalytic species reinforces the promise of
further improvement of molecular catalysts for the hydrogenation of even more

kinetically inert and thermodynamically stable unsaturated chemical bonds.
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1.4. Experimental section

1.4.1. General

All experiments were performed under an Ar atmosphere unless otherwise noted. 'H
NMR spectra were measured on JEOL ECA—-600 (600 MHz), JEOL ECA-500 (500
MHz) at ambient temperature. Data were recorded as follows: chemical shift in ppm
from internal tetramethylsilane on the d scale, multiplicity (br = broad, s = singlet, d =
doublet, t = triplet, m = multiplet), coupling constant (Hz), integration, and assignment.
C NMR spectra were measured on JEOL ECA—600 (150 MHz), JEOL ECA—-500 (126
MHz) at ambient temperature. Chemical shifts were recorded in ppm from the solvent
resonance employed as the internal standard (chloroform-d at 77.06 ppm). >'P NMR
spectra were measured on JEOL ECA-600 (243 MHz), JEOL ECA-500 (202 MHz) at
ambient temperature. Chemical shifts were recorded in ppm from the solvent resonance
employed as the external standard (phosphoric acid (85 wt% in H,0) at 0.0 ppm). ''B
NMR spectra were measured on JEOL ECA-600 (125 MHz) with quartz NMR tubes at
ambient temperature. Chemical shifts were recorded in ppm from the solvent resonance
employed as the external standard (BF;* OEt; at 0.0 ppm). High—resolution mass spectra
(HRMS) were obtained from JEOL JMS700 (FAB), PE Biosystems QSTAR (ESI). IR
spectra were obtained from JASCO FT/IR6100. For thin—layer chromatography (TLC)
analysis through this work, Merck precoated TLC plates (silica gel 60 GF254 0.25 mm)
were used. The products were purified by preparative column chlomatography on silica
gel 60 (230400 mesh; Merk).

1.4.2. Materials

NaH (60% oil dispersion), octylamine, N,N-dimethylbenzamide, d-valerolactam,
e-caprolactam, were purchased from Aldrich. NaO'Bu, NaOMe, RuCl,(PPhs);,
chlorodicyclohexylphosphine, chlorodiisopropylphosphine, acetanilide, N-benzyl
acetamide, 2-pyrrolidinone, EtOAc, hexane, were purchased from Wako Pure Chemical
industries, Ltd. 2-picoline, MeOH (anhydrous), EtOH (anhydrous), ‘PrOH (anhydrous),
‘BuOH (anhydrous), THF (anhydrous), dichloromethane, hexane (anhydrous), toluene
(anhydrous), Et;NH, "BuLi (1.65 M in hexane), nonanoyl chloride were purchased from
Kanto Chemicals, Ltd. 1,1,2,2-tetrachloroethane, BH;—THF complex (0.9 M in hexane),

2-methyl-2-adamantanol, benzamide, cyclohexanecarbonyl chloride,
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biphenyl-4-carboxylic acid, N-methyl-e-caprolactam and 5-amino-1pentanol were
purchased from TCI, Ltd. N-benzylbenzamide was purchased from Across Organics,
Ltd. Hydrogen gas was purchased from Alphasystem. These chemicals were used
without further purification. N-benzyl-4-methoxybenzamide (3h),”
N-benzyl-4-methylbenzamide (3g),”* N-benzyl 4-(trifluoromethyl)benzamide (3e),”
N-octylnonanamide  (3i),°  2-[(diphenylphosphino)methyl]pyridine,”’ and N,N-
-dibenzylurea (3p)** are all known compounds and synthesized according to the

literature.
1.4.3. Experimental procedure.

To an anhydrous THF (150 mL) solution of 2-picoline (6.7 mL,
P P 67.5 mmol) was added a 1.65 M hexane solution of Bu"Li (42.4
N 1
H3B\O mL, 70 mmol) at —78 °C (MeOH-dry ice) under Ar, and the

mixture was stirred at —78 °C for 3 h. To the reddish suspension

2-((dicyclohexylphosphino)methyl)pyridine—borane complex:
\
I |

was added chlorodicyclohexylphosphine—borane complex {prepared by mixing
chlorodicyclohexylphosphine (9.9 mL, 45 mmol) and BH;—THF complex (1 M in THF,
45 mL, 45 mmol) in THF (75 mL), followed by being stirred for 30 min at room
temperature under Ar} dropwise at the same temperature. The reaction mixture was
allowed to warm to room temperature and stirred for 5 h. The mixture was quenched by
adding a small portion of water (ca. <5 mL), and the organic phase was removed in
vacuo (ca. 50 mmHg, 40 °C). The residue was dissolved into CH,Cl, (100 mL), washed
with H,O (100 mL), and extracted with CH,Cl, (100 mLx2). The organic layer was
dried over Na,SO, and filtrated. The evaporation of the filtrate gave an yellow crude oil,
which was purified by column chromatography on silica gel (EtOAc/hexane = 1/4) to
give solids, which were recrystallized from CH,Cly/hexane to afford the target
compound (10.05 g, 74%) as colorless solid. IR (neat): 2927, 2850, 2365, 2355, 2254,
1589, 1438, 1305, 1067, 831, 797, 753, 618 cm . '"H NMR (CDCls, 500 MHz): 8 0.04—
0.70 (m, 3H), 1.15-2.05 (m, 22H), 3.23 (d, J = 11.5 Hz, 2H), 7.16 (t, J = 4.6 Hz, 1H),
7.36 (d, J = 6.9 Hz, 1H), 7.61 (t, J = 5.7 Hz, 1H), 8.49 (d, J = 4.6 Hz, 1H). °C NMR
(CDCls, 126 MHz): 626.4,27.0,27.1, 27.3, 27.4, 31.0 (d, 'Jpc = 35.1 Hz), 32.1 (d, 'Jpc
=41.4 Hz), 122.3, 125.5, 136.6, 149.5, 155.4.°'P{'"H} NMR (CDCls, 202 MHz): § 28.6.
HRMS (FAB, M — H") calcd for C;sH30BNP": 302.2203. Found m/z = 302.2220.

52



Chapter 1. Catalytic Hydrogenation of Unactivated Amides
Enabled by Hydrogenation of Catalyst Precursor

m/ 2-((diisopropylphosphino)methyl)pyridine—borane complex: To
Nig ,P\l/ an anhydrous THF (50 mL) solution of 2-picoline (2.96 mL, 30.0

mmol) was added a 1.65 M hexane solution of Bu"Li (20 mL, 33.0
mmol) at —78 °C (MeOH-dry ice) under Ar and the mixture was stirred at —78 °C for 3 h.

H;B

To the reddish suspension was added chlorodiisopropylphosphine—borane complex
{prepared by mixing chlorodiisopropylphosphine (3.18 mL, 20.0 mmol) and BH;—THF
complex (1 M in THF, 20 mL, 20 mmol) in THF (20 mL), followed by being stirred for
30 min at room temperature under Ar} dropwise at the same temperature. The reaction
mixture was allowed to warm to room temperature and stirred for 5 h. The mixture was
quenched by adding a small portion of water (ca. <I mL), and the organic phase was
removed in vacuo (ca. 50 mmHg, 40 °C). The residue was dissolved into CH,Cl, (40
mL), washed with H,O (40 mL), and extracted with CH,Cl, (40 mLx2). The organic
layer was dried over Na,SO, and filtrated. The evaporation of the filtrate gave a yellow
crude oil, which was purified by column chromatography on silica gel (EtOAc/hexane =
1/8) to afford the target compound (3.46 g, 78%) as yellow oil. IR (neat): 2964, 2934,
2875, 2368, 1591, 1471, 1434, 1253, 1153, 1066, 886, 801, 747, 679 cm . '"H NMR
(CDCl3, 500 MHz): 6 0.07-0.82 (m, 3H), 1.10-1.28 (m, 12H), 2.05-2.19 (m, 2H), 3.24
(d, J=11.7 Hz, 2H), 7.15 (t,J=7.6 Hz, 1H), 7.37 (d, J= 7.6 Hz, 1H), 7.61 (t,J=7.6
Hz, 1H), 8.48 (d, J= 4.1 Hz, 1H). °C NMR (CDCl;, 126 MHz): 6 17.0, 22.0 (d, 'Jpc =
41.4 Hz), 30.7 (d, 'Joc = 35.0 Hz), 122.0, 125.1, 136.4, 149.2, 154.9. *'P{'"H} NMR
(CDCl3, 202 MHz): 6 36.4. HRMS (FAB, M — H") calcd for C;H»BNP': 222.1577.
Found m/z =222.1552.

7 \ / \ Dichlorobis(dicyclohexylphosphinomethylpyridine)-ruthenium

—N\?I/N— (ID), RUPCY (1a): An anhydrous Et;NH (10 mL) solution of

P/R|U\P dicyclohexylphosphinomethylpyridine—borane complex (280 mg,

Cy2Cl Cy, 0.923 mmol) was heated at 65 °C for 48 h under Ar. The solution was
cooled to room temperature and Et;NH was removed in vacuo (ca. 10 mmHg, room
temperature). To the residue was added sequentially
dichlorotris(triphenylphosphino)ruthenium (II) (442.5 mg, 0.46 mmol) and an
anhydrous toluene (10 mL). The resulting mixture was heated at 110 °C for 5 h under
Ar, and was cooled to room temperature. Then to the mixture was added an anhydrous

hexane (20 mL) to afford the yellow suspension. The mixture of the suspension was
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stirred at room temperature for 12 h and filtered through a filtration paper. The obtained
yellowish orange solid was dried in vacuo (ca. 0.1 mmHg, room temperature) and
dissolved in CH,Cl,. This solution was purified by column chromatography on silica
gel (EtOAc/hexane =1/4) to afford RUPCY (1a) as orange powder (237 mg, 68%). 'H
NMR (CDCls, 500 MHz): 6 1.06-1.85 (m, 44H), 2.21 (br, 4H), 7.11 (t, J = 5.8 Hz, 2H),
7.44 (d, J = 7.5 Hz, 2H), 7.63 (t, J = 7.5 Hz, 2H), 8.48 (d, J = 5.2 Hz, 2H). °C NMR
(CDCl3, 126 MHz): 6 26.1, 27.4, 27.5, 29.3, 37.2, 37.9, 121.4, 121.9, 135.7, 154.9,
165.0. *'P{'H} NMR (CDCls, 202 MHz): 6 66.2. HRMS (FAB, M") calcd for
C36Hs6CLN2P,Ru': 750.2334. Found m/z = 750.2314.

// \\; 7 \ Dichlorobis(diisopropylphosphinomethylpyridine)-ruthenium
bN\(iI/\N— (I, RUPIP (1b): A morpholine (10 mL) solution of
P/Rlu\P diisopropylphosphinomethylpyridine—borane complex (714.3 mg, 3.2

PraClPry mmol) was degassed and subsequently filled with Ar, and heated at

130 °C for 2 h under Ar. The solution was cooled to room temperature and morpholine
was removed in vacuo (ca. 10 mmHg, 60 °C). To the residue was added sequentially
dichlorotris(triphenylphosphino)ruthenium (II) (1438.2 mg, 1.50 mmol) and an
anhydrous toluene (20 mL). The resulting mixture was heated at 110 °C for 2 h under
Ar, and was cooled to room temperature. Then to the mixture was added an anhydrous
hexane (40 mL) to afford yellow suspension. The mixture of the suspension was stirred
at room temperature for 1 h and filtered through a filtration paper. The obtained
yellowish orange solid was dried in vacuo (ca. 0.1 mmHg, room temperature) and
dissolved in CHCls. This solution was purified by column chromatography on silica gel
(CHCls/hexane/EtOAc =4/4/1) to afford RUPIP (1b) as orange powder (251.6 mg,
27%). '"H NMR (CDCls, 500 MHz): 8 1.00—1.45 (m, 24H), 2.41-2.69 (m, 4H), 3.93 (br,
4H), 7.12 (t, J= 6.9 Hz, 2H), 7.48 (d, J = 7.6 Hz, 2H), 7.64 (t, J = 7.6 Hz, 2H), 8.52 (d,
J = 5.5 Hz, 2H). °C NMR (CDCls, 126 MHz): § 19.3, 19.9, 26.8, 37.9, 121.6, 122.1,
136.0, 155.1, 165.0. >'P{'"H} NMR (CDCl;, 202 MHz): § 72.8. HRMS (ESI, M") calcd
for C24Hs0CLN,PoRu": 590.1082. Found m/z = 590.1087.
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/ \ 4/ \ Dichlorobis((diphenylphosphino)methyl)pyridine-ruthenium I,
—N\cillN— RUPPH (1c¢): To an anhydrous toluene (10 mL) solution of
P/Rlu\P 2-[(diphenylphosphino)methyl]|pyridine (458 mg, 1.65 mmol) was
PhaCI Pha o dded dichlorotris(triphenylphosphino)ruthenium (II) (791 mg, 0.83
mmol). The mixture was heated at 110 °C for 12 h under Ar, and was cooled to room
temperature. Then to the mixture was added an anhydrous hexane (60 mL) to afford
yellow suspension. The mixture of the suspension was stirred at room temperature for 1
h and filtered through a filtration paper. The obtained yellowish orange solid was dried
in vacuo (ca. 0.1 mmHg, room temperature), affording RUPPH (1¢) as orange powder
(140 mg, 23%). The product contains ca. 1:1 mixture of diastereomers. 'H NMR (600
MHz, CDCls): 64.02 (dd, J=11.7 Hz, J=15.8 Hz, 1H), 4.09 (dd, /= 13.7 Hz, J= 15.8
Hz, 1H), 4.82 (dd, /= 10.3 Hz, J = 15.8 Hz, 1H), 4.89 (dd, J = 10.3 Hz, J = 16.5 Hz,
1H), 5.89-6.76 (m, 6H), 6.90-7.38 (m, 15H), 7.63-7.81 (m, 4H), 8.37 (m, 2H), 9.84 (d,
J = 5.52 Hz, 1H). >C NMR (200 MHz, CDCls): 6 43.8 (1C), 44.0 (2C), 44.2 (1C),
120.4, 121.2, 121.3, 122.5, 122.6, 122.9, 122.9, 127.2, 127.3,127.7, 127.8, 127.9, 128.0,
128.4, 129.0, 130.0, 130.1, 130.4, 130.5, 131.1, 131.2, 133.2, 133.3, 134.2, 135.6, 135.6,
137.0, 153.5, 153.6. *'P{'"H} NMR (200 MHz, CDCl;): 6 62.4, 57.5. HRMS (FAB, [M
— CI]") caled for C36H3,CIN,PoRu: 691.0767. Found m/z = 691.0743.

N-benzylbiphenyl-4-carboxamide (3f): A thionyl

(o]
O H/\© chloride (30 mL) solution of biphenyl-4-carboxylic acid
O (2.97 g, 15 mmol) was refluxed for 5 h under Ar (bath
temperature: ca. 95 °C), and the solution was cooled to

room temperature. The remaining thionyl chloride was removed in vacuo (ca. 10 mmHg,
room temperature). To an anhydrous CH,Cl, (20 mL) solution of the residue were
added Et;N (2.8 mL, 20 mmol) and benzylamine (2.18 mL, 20 mmol). The mixture was
stirred at room temperature overnight under N, and was quenched by adding a small
portion of water (ca. <2 mL). The residue was dissolved in CH,Cl, (100 mL), washed
with H,O (100 mL), and extracted with CH,Cl, (100 mLx2). The organic layer was
dried over Na,SOj4 and filtrated. Evaporation of the filtrate gave colorless solid, which
was recrystallized from CH,Cly/hexane giving 3f (2.09 g, 7.27 mmol, 48%). IR (neat):
3324, 3028, 1637, 1549, 1323, 1310, 746, 727, 693 cm™'. 'H NMR (CDCls, 600 MHz):
0 4.67 (d, J=5.52 Hz, 2H), 6.46 (s, 1H), 7.33-7.29 (m, 1H), 7.41-7.34 (m, 5H), 7.46 (t,
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J=1.56 Hz, 2H), 7.60 (d, J = 8.22 Hz, 2H), 7.65 (d, J = 8.22 Hz, 2H), 7.87 (d, J = 6.18
Hz, 2H). °C NMR (CDCls, 150MHz): 8 44.2, 127.2, 127.3, 127.5, 127.7, 127.9, 128.0,
128.8, 128.9, 133.0, 138.2, 140.0, 144.4, 167.0. HRMS (FAB, MH") calcd for
CaH sNO™: 288.1388. Found m/z = 288.1364.

N-octylnonanamide (3i): To an
\/\/\/\)LN/\/\/\/\ anhydrous CH,Cl, (15 mL) solution of

nonanoyl chloride (3.61 mL, 20 mmol)
were added Et;N (3.3 mL, 24 mmol) and octylamine (3.31 mL, 20 mmol). The mixture
was stirred at room temperature overnight under N», and was quenched by adding a
small portion of water (ca. <2 mL). The residue was dissolved into CH,Cl, (100 mL),
washed with H,O (100 mL), and extracted with CH,Cl, (100 mLx2). The organic layer
was dried over Na,SO4 and filtrated. Evaporation of the filtrate gave colorless solid,
which was recrystallized from CH,Cly/hexane giving 3i (2.42 g, 8.98 mmol, 45%). 'H
NMR, "*C NMR (CDCl;, 150MHz) and IR data are consistent with those reported in
literature.” HRMS (FAB, MH") calcd for C;7H3¢NO™: 270.2791. Found m/z = 270.2772.

0 N-octylcyclohexanecarboxamide (3j): To an

O)L H/\/\/\/\ anhydrous CH,Cl, (15 mL) solution of

cyclohexanecarbonyl chloride (2.68 mL, 20 mmol)
were added Et;N (3.3 mL, 24 mmol) and octylamine (3.31 mL, 20 mmol). The mixture
was stirred at room temperature overnight under N», and was quenched by adding a
small portion of water (ca. <2 mL). The residue was dissolved into CH,Cl, (100 mL),
washed with H,O (100 mL), and extracted with CH,Cl, (100 mLx2). The organic layer
was dried over Na,SO4 and filtrated. Evaporation of the filtrate gave colorless solid,
which was recrystallized from CH,Cly/hexane giving 3j (4.02 g, 16.8 mmol, 86%). IR
(neat): 3311, 2927, 2854, 1638, 1540, 1447, 1210 cm'. 'H NMR (CDCls, 600 MHz):
0 0.88 (t, J=6.84 Hz, 3H), 1.16-1.34 (m, 13H), 1.43 (q, J = 8.94 Hz, 2H), 1.48 (t,J =
7.56 Hz, 2H), 1.63-1.70 (m, 1H), 1.78 (d, J = 12.36 Hz, 2H), 1.85 (d, /= 13.08 Hz, 2H),
2.05 (tt, J = 3.48 Hz, J = 11.64 Hz, 1H), 3.22 (q, J = 6.9 Hz, 2H), 5.49 (s, 1H). °C
NMR (CDCls, 150MHz): 6 14.0, 22.6, 25.7 (4C), 26.9, 29.1, 29.2, 29.6, 29.7, 31.7, 39.3,
45.6, 175.9. HRMS (FAB, MH") caled for C;sH3NO": 240.2327. Found m/z =
240.2300.
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Representative procedure for hydrogenation of amides: The reaction of
N-benzylbenzamide (3a).

Under a continuous Ar flow, 2-methyl-2-adamantanol (16.6 mg, 0.1 mmol), NaH
(60% oil dispersion, 4.0 mg, 0.1 mmol), anhydrous toluene (1.5 mL) and a magnetic
stirring bar were placed in a dried Teflon tube (21 mL capacity). The Teflon tube was
stoppered with a rubber septum, and the mixture was stirred at room temperature for 2 h
under Ar. After removing the septum, under a continuous Ar flow, to the mixture was
added RUPCY (7.50 mg, 0.01 mmol) and N-benzylbenzamide (105.6 mg, 0.5 mmol).
The Teflon tube was quickly inserted into an autoclave and the inside of the autoclave
was purged several times with hydrogen gas (>5 MPa). The autoclave was pressurized
with an 8 MPa of hydrogen gas at 25 °C, and heated at 160 °C for 24 h under stirring
(800 rpm). The autoclave was cooled to room temperature in an ice—water (0 °C) bath,
and the reaction mixture was quenched with NH4Cl (5.3 mg, 0.1 mmol). The organic
phase was removed in vacuo (ca. 100 mmHg, 40 °C). The residue was diluted with
CDCls, and analyzed by 'H NMR. The yields of benzyl alcohol (92%) and benzylamine
(92%) were calculated based on the integral ratio among the signals of these compounds
with respect to an internal standard (1,1,2,2-tetrachloroethane).

Afterward, the reaction mixture was purified by column chromatography on silica
gel (silica gel (ca. 100 g) was pretreated with Et;N (small amount)-Et,O/hexane (vol%:
2/3), eluent; Et,O/hexane = 2/3, then EtOAc/Et;N = 100/1) to give N-benzylbenzamide
(7.7 mg, 0.036 mmol, 7%), benzyl alcohol (47.4 mg, 0.438 mmol, 88%) and
benzylamine (44.1 mg, 0.4187 mmol, 82%).

Representative procedure for hydrogenation of amides with preactivated catalyst:
The reaction of N-benzylbenzamide (3a).

Under a continuous Ar flow, RUPCY (10.01 mg, 0.013 mmol), sodium
2-methyl-2-adamantoxide (5.02 mg, 0.027 mmol), anhydrous toluene (2.0 mL) and a
magnetic stirring bar were placed in a dried Teflon tube (21 mL capacity). The Teflon
tube was quickly inserted into an autoclave, and the inside of the autoclave was purged
several times with hydrogen gas (>5 MPa). The autoclave was pressurized with an 8
MPa of hydrogen gas at 25 °C, and heated at 160 °C for 5 h under stirring (800 rpm).
Then the autoclave was cooled to room temperature in an ice—water (0 °C) bath, and

hydrogen was blown away under an Ar stream. Under the continuous Ar flow, to
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another autoclave, in which a dried Teflon tube charged with N-benzylbenzamide
(105.63 mg, 0.5 mmol) had been in advance inserted, was transferred the reaction
mixture using a gas-tight syringe (2.5 mL). The autoclave was purged (%3 with >5 MPa
H, gas) and finally charged with 4 MPa of hydrogen gas, and the reaction mixture was
heated at 140 °C for 12 h under stirring (800 rpm). The autoclave was cooled to room
temperature in an ice—water (0 °C) bath, and the reaction mixture was quenched with
NH4CI (1.1 mg, 0.02 mmol). The organic phase was removed in vacuo (ca. 100 mmHg,
40 °C). The residue was diluted with CDCls, and analyzed by '"H NMR. The yields of
benzyl alcohol (89%) and benzylamine (89%) were calculated based on the integral
ratio among the signals of these compounds with respect to an internal standard

(1,1,2,2-tetrachloroethane).

X-ray single crystal structure analysis of 1a.

Single crystals of RUPCY suitable for X-ray crystal analysis were obtained by slow
diffusion of hexane into a toluene solution of RUPCY. Intensity data were collected at
173 K on a Rigaku Single Crystal CCD X-ray Diffractometer (Saturn 70 with
MicroMax-007) with Mo Ko radiation (A = 0.71070 A) and graphite monochromater. A
total of 12551 reflections were measured at a maximum 260 angle of 51.0°, of which
6569 were independent reflections (Rine = 0.0869). The structure was solved by direct
methods (SHELXS-97) and refined by the full-matrix least-squares on F>
(SHELXL-97). All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were placed using AFIX instructions. The following crystal structure has been
deposited at the Cambridge Crystallographic Data Centre and allocated the deposition
number CCDC 894187.

The crystal data are as follows: C3sHs¢CLLN,P,Ru; FW = 750.77, crystal size 0.10 X
0.20 x 0.20 mm’, Triclinic, P-1, a = 11.3882(14) A, b = 12.763(9) A, ¢ = 13.21680(10)
A, a=86.38(19)°, p = 79.81(18)°, v = 72.19(16)°, ¥/ = 1800.0(22) A’>, Z =2, D, = 1.385
g cm . The refinement converged to R; = 0.0616, wR, = 0.1350 (I > 20(l)), GOF =
1.021.
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Figure 6. ORTEP drawing of Ru complex 1a. 50% probability ellipsoids; The hydrogen

atoms not involved in hydrogen bonding are omitted for clarity.
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Chapter 2.

Multifaceted Catalytic Hydrogenation of Amides via Diverse
Activation of a “Molecular Surface” as Precatalyst

Abstract: Amides are ubiquitous and abundant in nature and our society, but are very
stable and reluctant to salt-free, catalytic chemical transformations. Through the
activation of a “molecular surface” (a group of 15 planar atoms) incorporated into a
ruthenium (Ru) precatalyst, catalytic hydrogenation of amides (formamides through
polyamides) is achieved under a wide range of reaction conditions. That is, a diverse set
of “catalytic molecular surfaces” (catalyst diversity) is induced by activation of a single
molecular surface within the precatalyst when the conditions are varied. The catalysts
have different structures and different resting states, but the common structure produced
upon reaction with H, which catalyzes hydrogenation is “H-Ru-N-H.” The molecular
surface is a useful precatalyst to generate a diverse set of versatile catalysts for
multifaceted amide hydrogenation. This catalytic molecular surface can be described as

lying at the interface between homogeneous and heterogeneous hydrogenation catalysis.
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2.1. Introduction

3 amides have

As a result of high thermodynamic stability and kinetic inertness,'
been found in natural systems for millennia, as the repeating units of functional
polypeptides (proteins), and have more recently become a valuable commodity as the
monomer units (e.g., o,p-unsaturated carboxamides, caprolactams) of synthetic
polymers including poly(acrylamide), nylons, and Kevlar produced on an enormous
scale. Rapidly emerging C(sp’)-H and C(sp”)-H bond activation strategies that lead to
C-N** and C—C®’ bond formation frequently utilize amides as directing groups. Were it
possible to develop an effective method for the catalytic hydrogenation of amides
(formally, a hydrogenolysis—hydrogen addition sequence) that leads to selective C—N
bond cleavage in preference to C=0O bond cleavage, alcohols and amines would be
generated. Both are useful platform chemicals or intermediate building blocks for
organic synthesis. Alcohol and amine monomer units could also be regenerated/recycled
from waste polyamides, which would otherwise be disposed of via combustion,
resulting in the emission of CO; and NO,. For example, the hydrogenation leading to
effective C—N bond cleavage in N,N-dimethyl formamide (DMF) produces CH3;OH.
This method, if it can be developed, would be potentially useful for enhancing the
“anthropogenic chemical carbon cycle (methanol economy),” as suggested by Olah,® in
conjunction with the elegant DMF synthesis reported by Noyori’ involving the reaction
of supercritical CO, with H, and Me,;NH, catalyzed by a Ru complex with an extremely

high turnover number (substrate/catalyst ratio: S/C = 370,000).

12-15 16-19 20,21

Recently, Cole-Hamilton'"'!/Leitner,'' Ikariya, Milstein and Bergens
reported the use of different ruthenium (Ru) complexes which hydrogenate a range of
strongly or moderately activated amides, including N-aryl-, N-acyl-, and oa-alkoxy
amides and morpholino ketones, as well as relatively small amides. Very recently,
Mashima®* reported the use of a combination of a Ru complex (2 mol %) bearing two
bidentate ligands (Ph,P(CH,),NH,), KO'Bu (20 mol %) and Zn salts (4 mol %), which
promoted the hydrogenation of N-methyl amides, but the reactivity of sterically more
demanding amides and primary amides was scant to moderate, and could not be
improved, since the catalysis did not seem to be sustainable under harsher reaction
conditions. Thus, the development of a new catalytic system generally applicable for the

hydrogenation of different classes of amides such as those found in DMF, oligopeptides

66



Chapter 2. Multifaceted Catalytic Hydrogenation of Amides via
Diverse Activation of a “Molecular Surface” as Precatalyst

and artificial polyamides remains a significant challenge; however, there is a lack of
basic knowledge concerning the molecular design of a catalyst competent under both
the mild and harsh conditions necessary to achieve such multifaceted amide
hydrogenation.

The author recently reported preliminary research on the molecular design of Ru
complexes including RUPCY (2a, Cy = CgH11),”** which was shown to be effective
for the hydrogenation of unactivated amides (Scheme 1a).”> Unfortunately, however, the
catalyst system is only viable under harsh reaction conditions (substrate/catalyst ratio
(S/C) = 50; hydrogen pressure (Py) = 4-8 MPa; reaction temperature (7) = 140-180 °C,
reaction time (#) = 24-216 h). Herein is reported a greatly improved method for the
hydrogenation of unactivated amides (Scheme 1b), realized by introducing an incredibly
versatile “molecular surface (molecularly well-designed surface)”. These molecular
surfaces are hidden within the structures of Ru complexes RUPIP2 (la, Pr =
(CH;3),CH) and RUPCY?2 (1b), which serve as precatalysts, from which catalytically
active (catalytic) surfaces within the molecules are generated by incorporation of
multiple hydrogen atoms. Through simple but rational structural modification of 2a to
1a and 1b, catalyst performance has been significantly advanced under both mild (P, =
0.5-2 MPa; T = 60-120 °C) and harsh (Py; = 3-8 MPa; T'= 130-160 °C) conditions.

(a) 2a (2 mol %) ;

ONa '\ 2chN
o) 2b (2-20 mol %) OH L N\RI N
2 + 2H ' + ) . u
R1JLN'R 2 toluene R1J R3 PN p” | N
R 4-8 MPa 140-180 °C, 24-216 h i Cy,Cl Cy,
3 4 5 5 2a
(b) 5
1a or 1b (1 mol %)
0 NaH (6—-10 mol %) OH .R2
I Rz + 2H, > + HN '
R1" N’ toluene R? R3 !
Ra 24-216 h :
3 0.5—(2)rMPa, 60-120 °C 4 5 ;

3-8 MPa, 130-160 °C

Scheme 1. General schemes of amide hydrogenation: (a) previous method; (b) present

method.
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2.2. Results and discussion

2.2.1. Strategy and design of ruthenium catalyst.

In our previous study,23 it was shown that a plausible catalyst, either cata or catg,
was likely induced upon treatment of precatalyst 2a with bulky base 2b and H, (Figure
1). Under the pre-activation conditions, full hydrogenation of the pyridines of 2a gave a
new bidentate ligand 2¢ incorporating the piperidine (N-H) unit. It is therefore likely
that hydrogen(s) transfer takes place from the four-centered “H-—Ru—N-H” unit to an
2527

amide carbonyl group (Noyori’s bifunctional —mechanism),

R'CH(OH)(NR’R?) (Figure 3 right). Thus, this amide hydrogenation mechanism may

affording

involve an outer-sphere, rather than inner-sphere, mechanism that involves a two-step
pathway, wherein the Ru catalyst having an H-Ru—-N—-H functionality is generated in
the first step, followed by the amide carbonyl group interacting with both of the H of
the H-Ru-N-H component to facilitate the hydrogen (H and H") transfer. However,
the question as to which catalyst (cata or catg) is more active for hydrogenation has yet
to be answered. To probe this, Ru complex 1b bearing a tetradentate bipyridine (bpy)
analog ligand was synthesized, in which the two bidentate ligands of 2a are connected.
This simple ligand manipulation rules out the possibility of facile detachment of the

ligand from the Ru center, which the bidentate ligand 2¢ of cat, or catg underwent.

H
ONa
C|>Z; 2 H-T) Z/ H >Z/
|/P @i |/P 7 H, I/P
—RG—P —RU—P— —> NHRiI—P
/| / ' |'|
<~ NaCl == H b

2a: RUPCY catp

2c catg

Figure 1. Earlier work: possible catalysts caty and catg derived from 2a, which were

modified to new Ru complexes 1a and 1b.
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According to the X-ray single crystal structure analysis of 1b (Figure 2), there are
fifteen (non-H) atoms (the bpy, Ru, and two phosphorus atoms) in a planar orientation
constituting a “molecular surface,” with four sterically bulky cyclohexyl (Cy)
architectures on top and bottom. The catalytic molecular surface (Figure 3 right)
resembles what would serve as a catalytic solid surface (Figure 3 left), but differs in the
sense that the former could provide customized structural diversity, tailor-made for any
situation, in that the X group can be freely chosen at the element/molecular level. This
exciting catalytic molecular surface therefore lies at the interface between homogeneous

and heterogeneous hydrogenation catalysis.

>

=

o

Figure 2. ORTEP drawing of Ru complex 1b. 50% probability ellipsoids; The

hydrogen atoms not involved in hydrogen bonding are omitted for clarity.
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—C=0 Sc=0
ol o
I|-|Ftu I|-|Ru I|-|Ftu :X

Ru Ru Ru X=—=X===
catalytic solid surface catalytic molecular surface

Figure 3. Solid and molecular surface for hydrogenation transfer to carbonyl group.

2.2.2. Relationship between structure and catalytic activity of Ru complexes.

At the outset, the catalyst performance of 1b was compared with that of 2a (Table
1): toluene solutions of each Ru complex (1 mol %), amide 3a (100 mol %), and NaH
(6 mol %) were reacted under identical reaction conditions ([Ru]o = 3.3 mM, S/C = 100;
Py =1MPa, T=110 °C, t = 15 h). The apparent reaction rate obtained using 1b (4a:
82%) was more than 40-fold faster than that with 2a (4a: <2%) under mild conditions
(entries 1 and 4). By replacing 1b with 1a, the initial load of the Ru complex can be
reduced to not less than 0.25 mol % (S/C = 400; NaH: 5 mol %), giving a turnover
number (TON) of ca. 300 (calculated as the number of moles of H, molecules added to
the amide per the initial amount of 1a (mol)) ([1a]o = 0.83 mM, Py, = 1 MPa, T =
110 °C, ¢t = 24 h) (entry 3). The catalytic performance of 1a and 1b exceed the best
reported values by a wide margin (4a: 57%: S/C =100, Pu; =1 MPa, T=110 °C, t = 48
h, TON = 57).'° From this, the turnover frequency (TOF = TON+h") can be roughly
estimated to be more than 10-fold greater in this new system.

In order to find a more competent catalyst, several derivatives of 1 (lc,28 1d, 1e, and
1) were synthesized as different molecular surface precatalysts and tested in the
hydrogenation of 3a under similar conditions ([1]o = 3.3 mM, S/C = 100; 1:NaH:3a
(mol %) = 1:6:100; Pyz = 1 MPa, T=110 °C, ¢ =15 h) (Table 1).*° The phenanthroline
series 1d—f, which has a more extended m-conjugation system resulting in seventeen
elements in the molecular surface, was totally ineffective (entries 6-8). The sterically
more bulky 1¢ (R = ‘Bu) also showed less promising results (entry 5). In order to
minimize steric repulsion between the catalyst and the incoming substrate, including

less reactive, sterically bulky amides, 1a was chosen for further investigation.

70



Chapter 2. Multifaceted Catalytic Hydrogenation of Amides via
Diverse Activation of a “Molecular Surface” as Precatalyst

Table 1. Hydrogenation of 3a using different Ru complexes 1a—f and 2a ([Ru]o = 3.3
mM) as precatalysts.

0 1 or 2a (1 mol %) OH
NaH (6 mol %) -’
N + 2H + HoN
©)(H/\© 2 Toluene > ©) 0 \©
110°C,15h
3a 1MPa 4a 5a
entry Ru complex result? (%)
conv. 4a 5a
1 2a <2 <2 <2
2 1a (R =Pr) 81 81 81
3b 1a (R =Pr) 72 73 74
4 1b (R =Cy) 82 82 80
5 1c (R = Bu) 57 57 56
6 1d (R =Pr) 4 4 <2
7 1e (R=Cy) 6 6 4
8 1f (R = 1Bu) <2 <2 <2
R, CI R,

a Determined by 'H NMR. b 1a (0.25 mol %), NaH (5 mol %), 24 h.

2.2.3. ESI-MS study of preactivated catalyst.

Bulky base 2b (Figure 1), which was used previously” as an additive for the
preactivation of 2a in the absence of amide, was as effective as NaH for the amide
hydrogenation catalyzed by 1a and 1b. It turned out, however, that this preactivation
step in the absence of amide could be eliminated using NaH. The resting state of a
matured catalyst generated under preactivation conditions in the presence or in the
absence of amide 3a ([1a]yo = 3.3 mM in toluene; 1a:NaH (mol %) = 1:10; [3a], = 5.0
mM or 0; Pgp = 1 MPa, T = 110 °C, t = 5 h) was thus evaluated. Solutions of
pre-activated catalyst with and without 3a were prepared separately, and the samples
were measured directly via electrospray ionization-mass spectroscopy (ESI-MS)
(Figures 5, 6). Both samples showed a Ru species that retained a tetradentate
ligand-incorporated structure during the induction period of the catalyst: organic
frameworks comprised of a Ru with slightly different molecular weights (m/z =
519.1626+0.0052 (strong intensity), 565.1317+0.0021 (Ic —2H + 30: small to moderate
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intensity)) were consistently detected. Both signals correspond to structures less the two
ClI groups from the original 1a. The former intense signal corresponds to Ici—Ic3 (lH
NMR (ppm): 06 —-8.62 (t (dd), J = 29.7 Hz, RuH)), produced by deprotonation of two
methylene groups (CH>—bpy—CH,) of 1a (with two NaCl formation), followed by H,
adsorption (Figure 4). The deprotonation'® and subsequent capture of one H, molecule
was confirmed using D, instead of H, (Figure 7). The 'H NMR signal at § —8.62
became significantly weaker, and the ESI-MS signal of Ici—I¢3 disappeared; instead, a
signal at 521.175240.0070 (Ic —H» +D») was observed as the only intense signal. In
contrast, when preactivation was carried out under the identical conditions, except for
Py =8 MPa and 7= 160 °C or P> =4 MPa and 7 = 140 °C being used, the base peak
(m/z = 429.1603+0.0016) was consistent with Ig (or its tautomers): fully hydrogenated
bipyridine with concurrent cleavage of one C-P bond (Figures 8, 9).°'”* The
corresponding Ig-d;¢ (m/z = 445.2608+0.0090) was also detected using D, instead of Ha,
suggesting hydrogenolysis of the C—P bond. Under milder conditions (Pp, = 1 MPa, T=
160 °C), Ip (m/z = 534.2661+£0.0019 or its tautomers) was also detected as a major
product (Figures 10, 11) which would correspond to an intermediate during the
structural changes from I¢ to Ig, during which time deuterium atoms from multiple D,
(one to eight molecules) are in turn incorporated. The oxygenation of Ig likely occurred
during aerobic sample injection into the ESI-MS instrument,” so that any oxygen
atom-incorporating processes affecting the hydrogenation steps could be fully ruled out.
These experiments show that different catalyst resting states, in which the common
structure produced upon reaction with H, is “H-Ru—-N-H,” are necessary to catalyze
hydrogenation, depending on the range of Py, and 7. Hydride- and proton-transfer to an
amide carbonyl most likely occurs from a “H(8 )-Ru-N—H(8")” fragment, in which
both the Ru—H and N-H face the same direction due to the catalytic molecular surface.
The scant catalytic activity derived from phenanthroline series 1d—f could partly be
explained by a more acidic nature of the NH group of aniline structures in the catalytic
molecular surface induced by preactivation of 1d—f (Figure 12; Table 2, entry 3). In any
event, the molecular surface is non-innocent and undergoes meaningful structural
changes via multiple hydrogen additions before producing the diverse, active forms of
the catalyst. The features resemble those of a catalytic solid surface of bulk metal,
which also adsorbs numerous hydrogen atoms upon reaction with nH,. These results

further suggest that a Ru complex bearing a (P,bpy,P) ligand is more versatile in the
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production of diverse catalysts than precatalysts bearing simple bidentate (P,N)*' > or

tridentate (P,N,N)'®" ligand(s).

N\ +/N
/Ru
Pry ey P (+0) B, P

Ip I le-die

Figure 4. Major resting states of catalysts. Calculated exact masses: Ici— I3 (519.1626),
Ic.d> (521.1752), Ip (534.2661), Ig (429.1603) and Ig.d;6 (455.2608).
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/TN 0
N | N .
/ + NaH + H, + ——————— ) preactivated Ru complex
“Ru 2 N toluene 2mL)> P P
p” | p 110°C,5h
Pry CI  'Pry
RUPIP2 (1a) 3a
0.0067 mmol 0.067 mmol 1 MPa 0.01 mmol
Intens. +MS, 0.4min #23)
x105
1
51 318.2425
4
519.1629
3
24
565.1336
1
471.2276
YR PO WY g R
° 260 300 400 500 600 700 800 900 miz

Exact Mass: 519.1626; found: 519.1629

Figure 5. ESI-MS data of a preactivated catalyst: with N-benzylbenzamide (3a) ([1a]o =
3.3 mM, Py, =1 MPa, T=110 °C).
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+ NaH + 5 —_— preactivated Ru complex
toluene (2 mL)
110°C,5h
’Pr2 Cl 'Pl’z
RUPIP2 (1a)
0.0067 mmol 0.067 mmol 1 MPa
intens. +MS, 0.5min #30|
wa}
3.04
519.1678
2.5
2.04
1.54
1.01
0.51
565.1296
0.0 ™ oo, > T
200 300 400 500 600 700 800 800 m/z

Plausible tautomers

Exact Mass: 519.1626; found: 519.1678

Figure 6. ESI-MS data of a preactivated catalyst: without N-benzylbenzamide (3a)
(1alo=3.3 mM, Py, =1 MPa, T=110 °C).
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+ NaH + D, preactivated Ru complex
toluene (2 mL

110°C,5h
’Pr2 Cl 'Pl’z
RUPIP2 (1a)
0.0067 mmol 0.067 mmol 1 MPa
Intens. | +MS, 0.1min #6|
[%]
1004 521.1682
80
60
40+
567.1344
20
358.3601 449.0414 710.2519
o i | ‘ A g b b n ndha s
300 400 500 600 700 800 900 miz

Plausible tautomers

Exact Mass: 521.1752; found: 521.1682

Figure 7. ESI-MS data of a preactivated catalyst: without N-benzylbenzamide (3a)
(1alo=3.3 mM, Pp, =1 MPa, T=110 °C).
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+ NaH + —— % preactivated Ru complex
2 toluene (2 mL) P P
160 °C,5h
Pry CI 'Pry
RUPIP2 (1a)
0.0067 mmol 0.067 mmol 8 MPa

Intens.
x105

429.1608

573.1485

649.2012

323.2233

+MS, 0.3min #1 8[

300 400 500 600 700 800 900

Plausible tautomers

H‘
N\ +/N
u

(+0)

lPrz IE
Exact Mass: 429.1603; found: 429.1608

Figure 8. ESI-MS data of a preactivated catalyst: without N-benzylbenzamide (3a)

([1a]o = 3.3 mM, Py, = 8 MPa, T = 160 °C).
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toluene (2 mL)

+ NaH + Hy —————  » preactivated Ru complex

140°C,5h
IPr2 Cl lPrz
RUPIP2 (1a)
0.0067 mmol 0.067 mmol 4 MPa
Intens. +MS, 0.6min #38|
x105
sos 1674
=0 429.1619 oo
550.1983 e
2.5
sso2084
woz0zz
2.0-
569.1674 £ sis s e L3 s a0 o7
1.54
624.2002
1.0
0.5-
304.2627
0.0 iy,

300 800

Plausible tautomers

H‘
N\+/N (+0)
lF’rz IE

Exact Mass: 429.1603; found: 429.1619

900

m/z

Figure 9. ESI-MS data of a preactivated catalyst: without N-benzylbenzamide (3a)

([1a]o=3.3 mM, Py, = 4 MPa, T'= 140 °C).
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+ NaH + H ———» preactivated Ru complex
2 toluene (2 mL) P P

160°C,5h
'Pr, CI 'Pr,
RUPIP2 (1a)
0.0067 mmol 0.067 mmol 1 MPa
Intens. +MS, 1.4min
%) seo 63
567.1604 il
1001 318.2405
s
o
= —
80
336.2505 586.1633
il Al il Il
455.2933 567.1604
612.1978
60- 477.2746
401 i
lt
429.1568 ’ 651.2072
20
667.2085
289.6044
368.2384 * : ‘i
l | } i { il i | “\ i I 1
b [l Btk ‘ L i il i 1. VAN« B A
ol ‘ t“ f ||“ I|\ L T | 1.| A i || o I ' ! i i
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Plausible tautomers

H
N+ N o)
P u
'Pl'z IE
Exact Mass: 429.1603; found: 429.1568

7\
N\R-n-/N_
e |u\

iPr, N iPr,

(+20)

Me

Exact Mass: 596.2103; found: 596.2048 Exact Mass: 612.2052; found: 612.1978

Figure 10. ESI-MS data of a preactivated catalyst: without N-benzylbenzamide (3a)
([1a]o=3.3 mM, Py, = 1 MPa, =160 °C).
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Intens.|
[%]

80

preactivated Ru complex

+ D,
Ru toluene (2 mL)
T 160 °C, 5 h

Pry CI P,

RUPIP2 (1a)

0.0067 mmol 0.067 mmol 1 MPa

+MS, 0.8min #47|
534.2642

782341

524 1055

502568

620

4452518

Pr,

401.3715

Exact Mass: 445.2608; found: 445.2518

480.5121

576.2341

Exact Mass: 534.2661; found: 534.2642

il
"_, “I".I I

700 m/z

other tautomers

Figure 11. ESI-MS data of a preactivated catalyst: without N-benzylbenzamide (3a)

([13]0 =33 mM, PD2 =1 MPa, T=160 OC).
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+ NaH + H, —— > preactivated Ru complex
toluene (2 mL)
160 °C,5 h
Cy, CI Cy,
RUPCY3 (1e)
0.0067 mmol 0.067 mmol 8 MPa
Intens. +MS, 1.6min #93|
(%)
120
1001 360.1474
304.2633 ssors
801 01452 360.6502
336.2504
601 357.1455 3581450 3626580
:ls‘!J\A k 358 359 360 361 L 362 L JGJL 353}8\611/1

401 782.3422

741.3229
415.2854

20

523.1410

586.5292

561.3788 641.4331

300 400 500 600 700 800 miz

<« other tautomers

P

Cy, Cy. Cy, Cy.
Exact Mass: 720.2900 (m/z = 360.1450); found: 360.1474
HJU/N (+20) ng,"‘ (+20)
p/ \p P/ ll‘l \P
Cy. Cys Cy, '(':' Cy,
Me
Exact Mass: 741.3246; found: 741.3229 Exact Mass: 782.3512; found: 782.3422

Figure 12. ESI-MS data of a preactivated catalyst: without N-benzylbenzamide (3a)
([1e]o = 3.3 mM, Py, = 8 MPa, T= 160 °C).
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2.2.4. Substrate scope.

Hydrogenation can be started conveniently by mixing air-stable 1a, amide 3, and
NaH together, followed by pressurizing the reaction vessel with H, and then elevating 7.
Catalyst preactivation procedures in a separate reaction vessel is not necessarily needed.
The hydrogenation of various unactivated amides under different conditions was tested,
and the results are given in Table 2. Primary, secondary, and tertiary amides showed
excellent compatibility with the same precatalyst, regardless of steric demands or
whether aromatic/aliphatic. In order to shorten the reaction time for practical application,
it is better to slightly increase the 7' (120130 °C) and P, (2-3 MPa) (entries 1-11).
The hydrogenation of e-caprolactam (3h), a cyclic amide which serves as the monomer
of nylon-6, showed a similar pattern of C—N bond cleavage, giving the amino alcohol
HO(CH;)¢NH; (6h) predominantly (azepane: 1%). Products HO(CH,)sNH, (6h) (entry
10) and HO(CH;)¢NHMe (6i) (entry 11) are synthetic precursors of
N,N-dimethyl-6-amino-1-hexanol, a polymerization initiator in polyurethane
synthesis.”

Hydrogenation of the more sterically demanding amides 3k, 3m, and 3n also took
place, capitalizing on the structural robustness (negligible ligand detachment) of the
catalyst even under harsher reaction conditions (Pp; = 3-8 MPa, T = 130-160 °C)
(entries 12-16). The mercury test™ was also employed, in which Hg(0) (150 mol %)
was added during the hydrogenation of 3n to probe the possibility of catalysis by a Ru
nanoparticle under the harshest reaction conditions (P, = 8 MPa, T= 160 °C, t =96 h)
(entry 17). The catalytic activity was not perturbed during the course of the reaction
(4n: 71%; 5n: 92%). This is in good contrast to previous results using the less stable

precatalyst 2a,”

in which only marginal hydrogenation of 3m and 3n took place. In
general, the more sterically demanding the amide, the less reactive the amide.

The hydrogenation rate of urea 3p with 1b was comparable to that obtained with 1a,
while urethane derivative 3q was hydrogenated more effectively using 1b than 1la
(entries 19 and 20). Methanol was produced in ca. 60-70% yield in both cases, along
with 4a and Sa in almost quantitative yields. These reactions are vitally important to the

17,18
methanol economy,*'”

as urea specifically is an excellent chemical reservoir and
carrier of CO,. Compared with 3p and 3q, hydrogenation of another CO, derivative,
DMEF, proceeded far more smoothly, giving full conversion at 60 °C with Py, = 8 MPa

(Figure 13), and at 120 °C with Py, = 2 MPa, producing CH30H in ca. 60% yield in
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both cases (entries 22 and 23). To hydrogenate tertiary amides DMF, 3j and 3k, and
acetamide 3g, preactivation of the catalyst was required (Pu2 =1 MPa, T=160 °C, =5
h) before addition of the corresponding 3 to the catalyst mixture (entries 9, 12, 13, 22,
and 23). Since the chemical immobilization of CO, as DMF has well been investigated,”’
a combination of the previous and present methods could provide an alternative route
that benefits the methanol economy at low 7" and/or Py, in a future effort to improve
the method of recovering/recycling MeoNH (Figure 13). To the best of our knowledge,
the selective and stepwise cleavage of the different C—N bonds in oligoamides such as
diamide 3s and triamide 3t (a dipeptide with protection at the N-terminus) was
successfully accomplished for the first time (entries 24, 25). The chiral centers
epimerized, giving a racemic mixture of phenylalaninol (6s) and leucinol (6t). More
intricately functionalized, commercial polyamides available from Toray Co. (AQ nylon
P-70 and T-70 (105-120 mg each)) were also hydrogenated (1a, 2.9 mg; Py, = 8 MPa,
T =160 °C, ¢t = 48 h), giving different monomer units, where the mass balance before
and after the reaction was ca. 80% consistent (the structures of the two monomer units

cannot be disclosed here due to a confidentiality agreement with Toray).

Table 2. Catalytic hydrogenation of various amides 3.

Conditions A .
0 ngﬁlpz (1a) (1 mol %) OH s 5
I .rs + 2H, > J o+ av !
R" "N toluene (1.5 mL) R1 hg :
R2 T, t !
3 Py 4 5 : Pry CI 'Pr,
0.5 mmol :
' RUPIP2 (1a)
Conditions B
+ NaH + Hp ——
toluene (2 mL)
160°C,5h
I ’
Pra CIPry preactivated catalyst
RUPIP2 (1a) (1 mol % [Ru], 1.5 mL)
0.0067 mmol 0.067 mmol 1 MPa
(0] OH
3
LR + 2, —Y 3 J + wh
RI"N T, t R’ R2
R2
3 Pyo 4 5
0.5 mmol
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entry 3 conditions NaH Py, T t result? (%)
/mol % /MPa /°C  /h conv. 4 5
1 A 10 1 110 24 87 86 86

2 ©)k’\© Ab 5 1 110 24 72 73 74
3 Be 10 1 10 15 18 18 14
4 O)L /\© A 10 05 80 24 95 94 92
FsC
5 /©)(/\© A 10 2 110 39 90 93 89
N
6 H A 6 2 120 24 94 93 82
Ph 3d
o]
N/
7 H A 10 2 120 24 84 84 82
MeO 3e

- (CHa)7Me
8 H A 6 2 120 24 84 84 86
af
0
)LN
9 N B 10 2 120 24 85 — 84
39
0
NH
10 A 6 3 130 39 88 86¢ 1
3h
0
’
N
1 A 6 3 130 48 65 66¢  —
3i
0
N/
12 5 ! B 10 1 10 24 8 95 -
0
13 B 10 3 130 24 99 94 -
a
X
-(CH,);Me
14 Me(CH)" o N A 6 3 130 39 92 8 86
N,(CH2)7Me
15 H A 10 4 140 9% % 9 94
3m

a NMR analysis (mesitylene was used as internal standard). » RUPIP2 (1a) (0.25 mol %) was used.

¢ RUPCY3 (1e) was used. dYield of aminoalcohol.
Catalyst was preactivated: Py, =8 MPa, T=160 °C, t=5 h.
Cy, CI Cy,
¢Yield of azepane (CgHq3N).
pane (CeHiN) RUPCY3 (1e)
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entry 3 conditions NaH Py, T t result? (%)
/mol % /MPa /°C  /h conv. 4 5
16 0 A 10 8 160 96 97 70 87
>|)LN,(CH2)7Me
17 Hap Af 10 8 160 96 93 71 92
0o
NH,
18 3 A 6 8 160 39 99 92 -
o]
o
NJLN
19 Hs H Boh 6 6 160 24 99 57 91
p
X
0" N ) 4a 99
20 3 H B9/ 6 6 160 24 99 MeOH 64 99
q
X
21 H u A 6 8 60 24 99 7 95
3r
0
22 J B 10 8 60 15 99 52 —
-~
23 H ?l B 10 2 120 27 99 56 -
Ph
o H 4b 93
N j 6s 96
24 /©)LH “(CHy),Me A 12 8 160 24 99 93
F4C 3s ©
o} W O _ 4b 99
25 O)(N N -CHaycH; A 20 8 160 72 99  6t83 89
H i H
o
FsC 3t Y
[}
26 W\/\)LH ] B 10 3 130 24 99 93 5u 99
3u N§
0o
\/\/\/\)LN
27 B 10 3 130 24 99 99 99
3v N =
\__/
We
28 H Ab 6 05 80 48 99 93 88
3w
2 NMR analysis (mesitylene or DMF was used as internal standard). /7 /N Ph
CI

b RUPIP2 (1a) (0.25 mol %) was used.

fHg (150 mol %) was used.
9 RUPCY2 (1b) was used.

Catalyst was preactivated: Py, =8 MPa, T=160°C, t=2 h.

h [Ru]o =10 mM.
I RUPIP2 (1a) (2 mol %) was used.

[Ru]y =5 mM.
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Our result Reported work
o
RUPIP2 (1 mol%) HJLN/
NaH (10 mol%) |
toluene
1 MPa H, DMF e
160 °C,5 h
8 MPa H, 8 MPa H,
60 °C 100 °C, 15 h
S/C =100 S/C = 370000
CH;0H
52%
P cat. RUCIZ[P(CH3)3]4
HN scCO, (13 MPa)

Figure 13. DMF hydrogenation.

Finally, the synthetic potential, including the chemoselectivity, of the hydrogenation
was investigated. The directing groups of C—H bond functionalization® and a catalytic
amide aldol reaction’ were obtained in high yields, accompanied with undesirable
hydrogenation of the pyridine moiety of 3u (entry 26). Although the directing groups
could be expected to strongly coordinate with a transition metal, H, reacts even more
favorably with the Ru center. A more activated amide, anilide 3w, was hydrogenated
rapidly, giving near quantitative yields of 4a and aniline with 0.25 mol % of 1a and 6
mol % of NaH (Pg, = 0.5 MPa, T = 80 °C, t = 48 h; TON = ~400) (entry 28).
Furthermore, the amide group of 3w was hydrogenated (Py> = 1 MPa, 7= 80 °C, t = 27
h) preferentially even in the presence of a tri- and di-substituted olefins 4x and 4y
(Scheme 2). Since olefins are more likely to be hydrogenated via an inner-sphere
mechanism®® (through direct interaction of the olefin with a metal center), these results

12-15,20,21,25-27,34

again justify an outer-sphere mechanism that operates specifically for the

hydrogenation of amides in preference to olefins, at least under mild conditions.
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o O OH
H,N
3w
4a

0.5 mmol

conv. 95% 96% 80%
+ RUPIP2 (1a) (1 mol %) +
NaH (10 mol %)
/\AM/\OH + 2H, /\/W\/\OH
toluene (1.5 mL)
0.95 Kol 80 °C, 27 h e
-6 mmo 1 MPa o
+ +
4y 4y
0.25 mmol 96%

Scheme 2. Chemoselective hydrogenation of 3w.

2.3. Conclusion

In conclusion, the effectiveness of a versatile “molecular surface” for the
hydrogenation of a variety of amides (from DMF to polyamides including diamides,
triamides, and the synthetic polymers) under both mild and harsh reaction conditions
has been demonstrated. Chemoselective amide hydrogenation, as well as hydrogenation
of compounds potentially useful for the “methanol economy” under mild conditions,
was also accomplished. A set of 15 atoms including bpy, Ru and phosphorus are the
unique constituents of the molecular surface, and are cooperative and crucial for
inducing diverse catalytic molecular surfaces. Further improvement of the precatalyst
molecular surface, including adopting a coordinatively-saturated Ru center, may
significantly benefit the development of a better-performing catalytic molecular surface
for amide hydrogenation producing nonstandard peptides of pharmaceutically great

importance, and even for facilitating the selective C=0 bond cleavage of amide bonds.
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2.4. Experimental section

2.4.1. General

All experiments were performed under an Ar atmosphere unless otherwise noted. 'H
NMR spectra were measured on JEOL ECA—-600 (600 MHz), JEOL ECA-500 (500
MHz) at ambient temperature. Data were recorded as follows: chemical shift in ppm
from internal tetramethylsilane on the d scale, multiplicity (br = broad, s = singlet, d =
doublet, t = triplet, q = quartet, quin = quintet m = multiplet), coupling constant (Hz),
integration, and assignment. C NMR spectra were measured on JEOL ECA—600 (150
MHz), JEOL ECA-500 (126 MHz) at ambient temperature. Chemical shifts were
recorded in ppm from the solvent resonance employed as the internal standard
(chloroform-d at 77.00 ppm or tetramethylsilane at 0 ppm). *'P NMR spectra were
measured on JEOL ECA-600 (243 MHz), JEOL ECA-500 (202 MHz) at ambient
temperature. Chemical shifts were recorded in ppm from the solvent resonance
employed as the external standard (phosphoric acid (85 wt% in H,O) at 0.0 ppm).
High-resolution mass spectra (HRMS) were obtained from JEOL JMS700 (FAB), PE
Biosystems QSTAR (ESI). IR spectra were obtained from JASCO FT/IR6100. For
thin—layer chromatography (TLC) analysis through this work, Merck precoated TLC
plates (silica gel 60 GF254 0.25 mm) were used. The products were purified by
preparative column chlomatography on silica gel 60 N (spherical, neutral) (40—-100 um;
Kanto).

2.4.2. Materials

Benzylamine, 4-methoxybenzoyl chloride, benzoyl chloride,
2,3-dihydro-7-azaindole, urea, p-citronellol, diisopropylamine, (L)-phenylalanine,
octylamine, N, N-dimethylbenzamide (3j), HCI (2.0 M Et,O solution) and e-caprolactam
(3h) were purchased from Aldrich. Biphenyl-4-carboxylic acid, NaHCO3, RuCl,(PPhs)s,
chlorodicyclohexylphosphine, chlorodiisopropylphosphine,
chlorodi-fert-butylphosphine, BH3;-THF complex (1.0 M in THF), (L)-leucine,
N-benzylacetamide (3g), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI), EtOAc and hexane were purchased from Wako Pure Chemical
industries, Ltd. n-Nonanoyl chloride, I,, Na,S,0;5H,0, pyridine, N,N-dimethyl

formamide, benzanilide (3u), Et,O, trifluoroacetic acid, NaH (55% oil dispersion),
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mesitylene, MeCN (anhydrous), THF (anhydrous), dichloromethane (anhydrous),
hexane (anhydrous), toluene (anhydrous), dichloromethane, Na,SO4, Et;N, Et,NH,
N-methylmorpholine, Bu"Li (1.5 M in hexane), morpholine, pivaloyl chloride, NaOH,
K,CO; and aq. HClI were purchased from Kanto Chemicals, Ltd.
4-(Trifluoromethyl)benzoyl chloride, 4-methylbenzoyl chloride, thionyl chloride,
neocuproine hemihydrate, N-methylcaprolactam (3i), benzyl chloroformate,
N-benzylformamide (3r), trams-5-decen-1-ol (4x), geraniol (4y), 6,6’-bi-2-picoline,
1,2,3-benzotriazol-1-ol monohydrate (HOBt - H,0), 1,1,2,2-tetrachloroethane,
2-methyl-2-adamantanol, 8-aminoquinoine, benzamide (30) and cyclohexanecarbonyl
chloride were purchased from TCI, Ltd. Boc—(L)-leucine—OH  H,O was purchased from
Watanabe Chemical Industries, Ltd. N-benzylbenzamide (3a) was purchased from
Across Organics, Ltd. CDCl; was purchased from Cambridge Isotope Laboratories, Inc.
Hydrogen gas was purchased from Alpha System. These chemicals were used without
further purification. N-benzyl-4-(trifluoromethyl)benzamide (3b),”
N-benzyl-4-methylbenzamide  (3¢),’®?’  N-benzylbiphenyl-4-carboxamide  (3d),”
N-benzyl-4-methoxybenzamide (3e),”® N-octylbenzamide (3f),”> N,N-diethylbenzamide
(3k),* N-octylnonanamide (31),2 N-octylcyclohexanecarboxamide (3m),”
N-octylpivalamide (3n),” N,N’-dibenzylurea (3p),” N,O-dibenzyl carbamate (3q),”
dichloro(6,6'-bis((di-tert-butylphosphino)methyl)-2,2'-bipyridine)—ruthenium (1) (1c),*
dichloro(2,9-bis((di-tert-butylphosphino)methyl)-1,10-phenanthroline)—ruthenium  (II)
(1f)*° and 8-amino-1,2,3,4-tetra-hydroquinoline (5u)** are all known compounds and

synthesized according to the literature.

2.4.3. Experimental procedure.

7\ = 6,6'-bis((diisopropylphosphino)methyl)-2,2'-bipyri
< =N \N / > dine —diborane complex: To an anhydrous THF (10
P.

\rF" ! \r mL) solution of 6,6’-bi-2-picoline (184.2 mg, 1.0
BHa HaB mmol) was added a THF solution of lithium
diisopropylamide {prepared by mixing diisopropylamine (0.85 mL, 6.0 mmol) and 1.5
M hexane solution of Bu"Li (4.0 mL, 6.0 mmol) in THF (10 mL), followed by being
stirred for 10 min at 0 °C under Ar} by cannula at 0 °C (H,O-ice) under Ar, and the
mixture was stirred at room temperature for 1 h. To the bluish-purple suspension was

added chlorodiisopropylphosphine (314.6 uL, 2.0 mmol) dropwise at the same
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temperature, and it was stirred for 4 h. To the reaction mixture was added BH;—THF
complex (1 M in THF, 10 mL, 10 mmol) at room temperature, and the mixture was
stirred for 12 h. The mixture was quenched by adding a small portion of water (ca. <5
mL) at 0 °C, and the organic phase was removed in vacuo (ca. 50 mmHg, 40 °C). The
residue was dissolved into CH,Cl;, (20 mL), washed with H,O (40 mL), and extracted
with CH,Cl, (20 mLx5) and then washed with brine. The organic layer was dried over
Na,SO;4 and filtrated. The evaporation of the filtrate gave a yellow crude oil, which was
purified by column chromatography on silica gel (CH,Cl,/hexane = 8/1) to afford the
target compound (244.3 mg, 55%) as white solid. IR (KBr): 3423, 3068, 2969, 2934,
2876, 2366, 2253, 1572, 1436 cm . "H NMR (600 MHz, CDCl;): § 8.24 (d, 2H, J=17.6
Hz, Ci0HsNy), 7.76 (t, 2H, J = 7.6 Hz, C,0HeN>), 7.34 (d, 2H, J= 7.6 Hz, Ci0HeN>»),
3.33(d, 4H,J=11.0 Hz, PCH,), 2.12-2.23 (m, 4H, CH(CH3),), 1.17-1.27 (m, 24H,
CH(CH5),). 0.10-0.70 (br, 6H, BH3). >C NMR (151 MHz, CDCL): 8 155.3, 154.2 (d,
*Joc =7.2 Hz), 137.3, 124.9, 118.8, 30.6 (d, 'Jpc =26.0 Hz), 21.8 (d, 'Jpc = 31.8 Hz),
17.0 (d, *Joc = 5.8 Hz). *'P{'"H} NMR (243 MHz, CDCLs): § 36.1 (d, 'Jpg = 72.4 Hz),
HRMS (ESIL, (M+H)") Calcd for Co4H44BoN2P, "2 445.3247; Found: m/z = 445.3247.

Q N Q 6,6'-bis((dicyclohexylphosphino)methyl)-2,2'-
bipyridine—diborane  complex: To an

BH3 H3B anhydrous THF (60 mL) solution of
6,6’-bi-2-picoline (1850.0 mg, 10 mmol) was

added a THF solution of lithium diisopropylamide {prepared by mixing
diisopropylamine (8.41 mL, 60 mmol) and 1.5 M hexane solution of Bu"Li (40 mL, 60
mmol) in THF (30 mL), followed by being stirred for 10 min at 0 °C under Ar} by
cannula at 0 °C (H,O-ice) under Ar, and the mixture was stirred at room temperature for
1 h. To the bluish-purple suspension was added chlorodicyclohexylphosphine (4.4 mL,
20 mmol) dropwise at the same temperature, and it was stirred for 2 h. To the reaction
mixture was added BHs—THF complex (I M in THF, 100 mL, 100 mmol) at room
temperature, and the mixture was stirred for 12 h. The mixture was quenched by adding
a small portion of water (ca. <5 mL) at 0 °C, and the organic phase was removed in
vacuo (ca. 50 mmHg, 40 °C). The residue was dissolved into CH,Cl, (50 mL), washed
with H,O (100 mL), and extracted with CH,Cl, (50 mLx4) and then washed with brine.

The organic layer was dried over Na,SO4 and filtrated. The evaporation of the filtrate
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gave a yellow residue, which was suspended by a small portion of THF (ca. <10 mL),
and slurry was filtrated to afford the target compound (2417.6 mg, 40%) as white solid.
IR (KBr): 3435, 2931, 2849, 2378, 2332, 1572, 1437 cm'. '"H NMR (600 MHz,
CDCls): 8 8.29 (d, 2H, J = 8.3 Hz, C10H¢N>), 7.75 (t, 2H, J = 8.3 Hz, C¢HsN>), 7.31 (d,
2H, J = 7.6 Hz, C10HgN>), 3.31 (d, 4H, J = 11.0 Hz, PCH>), 1.60-2.00 (m, 24H, C¢H)),
1.11-1.50 (m, 20H, C¢H1;). °C NMR (151 MHz, CDCls): & 155.2, 154.5 (d, *Jpc = 7.2
Hz), 137.2, 125.0, 118.7, 31.5 (d, 'Jpc = 30.3 Hz), 30.5 (d, 'Jpc = 27.5 Hz), 27.0 (d, *Jpc
= 11.6 Hz), 26.9 (d, *Jpc = 11.6 Hz), 26.7, 26.6, 26.0. *'P{'H} NMR (243 MHz,
CDCl): & 28.8 (d, 'Jps = 39.2 Hz), HRMS (ESIL, (M+H)") Calcd for C3sHeoB,N,P,":
605.4502; Found: m/z = 605.4502.

2,9-bis((diisopropylphosphino)methyl)-1,10-phena
7 \N_(

N\ / nthroline—diborane complex: To an anhydrous THF

— =N N —
F"—>_ _<_ P (100 mL) solution of neocuproine hemihydrate
BH;3 H;B (1041.5 mg, 5.0 mmol) was added a THF solution of

lithium diisopropylamide {prepared by mixing diisopropylamine (4.2 mL, 30 mmol)
and 1.5 M hexane solution of Bu"Li (20.0 mL, 30.0 mmol) in THF (50 mL), followed
by being stirred for 10 min at 0 °C under Ar} by cannula at 0 °C (H,O-ice) under Ar,
and the mixture was stirred at room temperature for 1 h. To the bluish-purple
suspension was added chlorodiisopropylphosphine (1.59 mL, 10 mmol) dropwise at the
same temperature, and it was stirred for 12 h. To the reaction mixture was added BH;—
THF complex (1 M in THF, 50 mL, 50 mmol) at room temperature, and the mixture
was stirred for 12 h. The mixture was quenched by adding a small portion of water (ca.
<5 mL) at 0 °C, and the organic phase was removed in vacuo (ca. 50 mmHg, 40 °C).
The residue was dissolved into CH,Cl, (50 mL), washed with H,O (100 mL), and
extracted with CH,Cl, (50 mLx5) and then washed with brine. The organic layer was
dried over Na,SO, and filtrated. The evaporation of the filtrate gave a yellow crude oil,
which was purified by column chromatography on silica gel (CHCI3/EtOAc/hexane =
1/1/3) to afford the target compound (1248 mg, 53%) as pale yellow solid. 'H NMR
(600 MHz, CDCls): 6 8.19 (d, 2H, J = 8.3 Hz, C\2HsN,), 7.76 (d, 2H, J = 7.6 Hz,
Ci2HgN>), 7.76 (s, 2H, Ci2HeN»), 3.63 (d, 4H, J = 11.7 Hz, PCH,), 2.18-2.26 (m, 4H,
CH(CHs),), 1.16-1.24 (m, 24H, CH(CH;),). °C NMR (151 MHz, CDCl3): & 155.3 (d,
*Joc = 4.3 Hz), 145.3, 136.2, 127.5, 126.1, 124.7, 31.9 (d, 'Jpc = 24.6Hz), 22.2 (d, 'Jpc =
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31.8 Hz), 17.1 (d, *Jpc = 4.3 Hz). *'P{'H} NMR (243 MHz, CDCL): & 36.2 (d, 'Jps =
65.9 Hz). (ESI, (M+H)") Calcd for C6H44B,N,P, "t 469.3247; Found: m/z = 469.3235.

2,9-bis((dicyclohexylphosphino)methyl)-1,10-
Q 7\ \_ p Q phenanthroline—diborane complex: To an
P—>=N N_<—P anhydrous THF (100 mL) solution of
O/ ‘BH3 HsB' \O neocuproine hemihydrate (1041.5 mg, 5.0
mmol) was added a THF solution of lithium
diisopropylamide {prepared by mixing diisopropylamine (4.2 mL, 30 mmol) and 1.5 M
hexane solution of Bu"Li (20.0 mL, 30.0 mmol) in THF (50 mL), followed by being
stirred for 10 min at 0 °C under Ar} by cannula at 0 °C (H;O-ice) under Ar, and the
mixture was stirred at room temperature for 1 h. To the bluish-purple suspension was
added chlorodicyclohexylphosphine (2.2 mL, 10 mmol) dropwise at the same
temperature, and it was stirred for 12 h. To the reaction mixture was added BH;—THF
complex (1 M in THF, 50 mL, 50 mmol) at room temperature, and the mixture was
stirred for 12 h. The mixture was quenched by adding a small portion of water (ca. <5
mL) at 0 °C, and the organic phase was removed in vacuo (ca. 50 mmHg, 40 °C). The
residue was dissolved into CH,Cl, (50 mL), washed with H,O (100 mL), and extracted
with CH,Cl, (50 mLx5) and then washed with brine. The organic layer was dried over
Na,S0, and filtrated. The evaporation of the filtrate gave a pale red residue, which was
suspended by a small portion of EtOAc (ca. <10 mL), and slurry was filtrated with
acetone to afford the target compound (1580 mg, 50%) as pale red solid. 'H NMR (600
MHz, CDCls): & 8.16 (d, 2H, J = 8.3 Hz, Ci2HeN>), 7.75 (s, 2H, C12HsN»), 7.7 (d, 2H, J
= 8.3 Hz, C2HsN,), 3.57 (d, 4H, J = 11.3 Hz, PCH>), 1.60-2.03 (m, 24H, CsH11),
1.13-1.57 (m, 20H, C¢H1). °C NMR (149 MHz, CDCl): & 155.3 (d, “Jpc = 5.8 Hz),
145.5, 136.0, 127.4, 126.1, 124.6, 31.9 (d, 'Jec = 31.5 Hz), 31.5 (d, 'Jpc = 25.8 Hz),
27.1 (d, *Joc = 11.6 Hz), 27.0 (d, *Jpc = 11.6 Hz), 26.8, 26.6, 25.9. >'P{'H} NMR (243
MHz, CDCls): & 28.5. (ESI, (M+H)") Calcd for C3sHgoB2NoP,': 629.4503; Found: m/z
=629.4503.
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Dichloro(6,6'-bis((diisopropylphosphino)methyl)-2,2'-bipyridine
)-ruthenium (II), RUPIP2 (1a): A degassed morpholine (10 mL)

solution of 6,6'-bis((diisopropylphosphino)methyl)-2,2'-bipyridine—
Pr2 e Pr2 diborane complex (300.0 mg, 0.68 mmol) was heated at 130 °C for 2
h under Ar. The solution was cooled to room temperature and morpholine was removed
in vacuo (ca. 1 mmHg, room temperature). To the residue was added sequentially
dichlorotris(triphenylphosphino)ruthenium (II) (648.6 mg, 0.68 mmol) and an
anhydrous toluene (15 mL). The resulting mixture was heated at 110 °C for 2 h under
Ar, and was cooled to room temperature. Then to the mixture was added an anhydrous
hexane (40 mL) to afford the purple suspension. The mixture of the suspension was
stirred at room temperature for 1 h and filtered through a filtration paper. The obtained
purple solid was dried in vacuo (ca. 0.1 mmHg, room temperature). This solid was
purified by column chromatography on silica gel (CHCI/EtOAc = 5/1) to afford
RUPIP2 (1a) as purple solid (204.3 mg, 51%). "H NMR (600 MHz, CDCl5): & 7.89 (d,
2H, J = 8.3 Hz, Ci0HeN>), 7.69 (t, 2H, J = 7.6 Hz, Ci0HeN»), 7.59 (d, 2H, J = 8.3 Hz,
Ci0HsN>), 3.89 (d, 4H, J = 7.6 Hz, PCH>), 2.67-2.78 (m, 4H, CH(CH3),), 1.35-1.43 (m,
24H, CH(CH3),). °C NMR (151 MHz, CDCl3): § 163.3, 158.3, 134.4, 121.9, 120.0,
42.1 (d, 'Jpc = 20.2 Hz), 25.4, 20.5, 19.4. *'P{'"H} NMR (243MHz, CDCl3): & 60.4.
HRMS (ESL, (M—C1)") Calcd for C,4H33CIN,PoRu’: 553.1242; Found: m/z = 553.1240.

Dichloro(6,6'-bis((dicyclohexylphosphino)methyl)-2,2'-bipyridin
e)-ruthenium (II)) RUPCY2 (1b): A degassed morpholine (20

mL) solution of

Cy2 c1  Cy2 6,6'-bis((dicyclohexylphosphino)methyl)-2,2'-bipyridine—diborane
complex (604.4 mg, 1.0 mmol) was heated at 130 °C for 2 h under Ar. The solution was
cooled to room temperature and morpholine was removed in vacuo (ca. 1 mmHg, room
temperature). To the residue was added sequentially
dichlorotris(triphenylphosphino)ruthenium (II) (958.8 mg, 1.0 mmol) and an anhydrous
toluene (20 mL). The resulting mixture was heated at 110 °C for 3 h under Ar, and was
cooled to room temperature. Then to the mixture was added an anhydrous hexane (40
mL) to afford the purple suspension. The mixture of the suspension was stirred at room
temperature for 1 h and filtered through a filtration paper. The obtained purple solid was

dried in vacuo (ca. 0.1 mmHg, room temperature). This solid was purified by column
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chromatography on silica gel (CHCls/ EtOAc = 5/1) to afford RUPCY2 (1b) as purple
solid (435.1 mg, 58%). '"H NMR (500 MHz, CDCls): 6 7.86 (d, 2H, J = 7.4 Hz,
Ci0HeNy), 7.66 (t, 2H, J = 7.5 Hz, Ci0HsN,), 7.56 (d, 2H, J = 7.5 Hz, C10HeN»), 3.87 (d,
4H, J = 8.1 Hz, PCH>), 2.41 (br, 4H, CsH11), 2.18 (d, 4H, J = 12.1 Hz Hz, C¢H1y), 2.05
(d, 4H, J = 10.9 Hz, C¢H\1), 1.54-1.81 (m, 20H, CeH1), 1.20—1.34 (m, 20H, CsH11). 1°C
NMR (126 MHz, CDCls): & 163.3, 158.3, 134.1, 122.0, 119.9, 40.5 (d, 'Jpc = 12.8 Hz),
36.3, 30.3, 29.4, 27.7, 27.5, 26.4. *'P{'"H} NMR (159 MHz, CDCls): & 54.2. HRMS
(ESI, (M—CI)") Calcd for C3¢Hs4CIN,P,Ru’: 713.2494; Found: m/z = 713.2476.

Dichloro(2,9-bis((diisopropylphosphino)methyl)-1,10-phenanthr
oline)-ruthenium (II), RUPIP3 (1d): A degassed morpholine (15
mL) solution of
2,9-bis((diisopropylphosphino)methyl)-1,10-phenanthroline—dibora
ne complex (362.2 mg, 0.77 mmol) was heated at 120 °C for 2 h

under Ar. The solution was cooled to room temperature and morpholine was removed in
vacuo (ca. 1 mmHg, room temperature). To the residue was added sequentially
dichlorotris(triphenylphosphino)ruthenium (II) (738.2 mg, 0.77 mmol) and an
anhydrous toluene (15 mL). The resulting mixture was heated at 110 °C for 12 h under
Ar, and was cooled to room temperature. Then to the mixture was added an anhydrous
hexane (40 mL) to afford the purple suspension. The mixture of the suspension was
stirred at room temperature for 1 h and filtered with Et,O through a filtration paper. The
obtained purple solid was dried in vacuo (ca. 0.1 mmHg, room temperature). This solid
was purified by column chromatography on silica gel (CHCls/acetone = 3/1) to afford
RUPIP3 (1d) as purple solid (180.4 mg, 38%). 'H NMR (600 MHz, CDCls): & 8.13 (d,
2H, J = 8.3 Hz, Ci2HsN»), 7.88 (d, 2H, J = 8.3 Hz, C12HsN,), 7.81 (s, 2H, C12HsN>),
4.07 (d, 4H, J = 8.2 Hz, PCH,), 2.75-2.85 (m, 4H, CH(CHj3),), 1.38-1.52 (m, 24H,
CH(CH3),). °C NMR (151 MHz, CDCl3): & 163.6, 149.3, 132.9, 128.7, 125.4, 121.7 (d,
*Joc = 5.8 Hz), 43.0 (dd, 'Jpc = 17.3 Hz, “Joc = 7.2 Hz), 25.6 (dd, 'Jpc = 8.6 Hz, “Jec =
7.2 Hz), 20.9, 19.4. *'P{'H} NMR (243 MHz, CDCl;): § 62.9. HRMS (ESL, (M-Cl)")
Calced for Co6H3sCIN2PoRu': 577.1242; Found: m/z = 577.1210.
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Dichloro(2,9-bis((dicyclohexylphosphino)methyl)-1,10-phenanth
roline)-ruthenium (II); RUPCY3 (1e): A degassed morpholine
(15 mL) solution of

2,9-bis((dicyclohexylphosphino)methyl)-1,10-phenanthroline—dibor
2 ¢ O ane complex (628.5 mg, 1.0 mmol) was heated at 120 °C for 2 h
under Ar. The solution was cooled to room temperature and morpholine was removed in
vacuo (ca. 1 mmHg, room temperature). To the residue was added sequentially
dichlorotris(triphenylphosphino)ruthenium (II) (958.8 mg, 1.0 mmol) and an anhydrous
toluene (20 mL). The resulting mixture was heated at 110 °C for 12 h under Ar, and was
cooled to room temperature. Then to the mixture was added an anhydrous hexane (40
mL) to afford the purple suspension. The mixture of the suspension was stirred at room
temperature for 1 h and filtered with Et,O through a filtration paper. The obtained
purple solid was dried in vacuo (ca. 0.1 mmHg, room temperature). This solid was
purified by column chromatography on silica gel (CHCIl;/THF = 10/1) to afford
RUPCY?3 (1e) as purple solid (563.7 mg, 73%). '"H NMR (600 MHz, CDCl5): & 8.12 (d,
2H, J = 8.3 Hz, Ci2HsNy), 7.86 (d, 2H, J = 8.2 Hz, C12HsN,), 7.80 (s, 2H, C12HsN>),
4.05 (d, 4H, J = 6.8 Hz, PCH,), 2.42-2.51 (br, 4H, C¢H11), 2.31 (d, 4H, J = 11.0 Hz
CeH11), 2.12 (d, 4H, J = 12.4 Hz, CcH\1), 1.61-1.94 (m, 20H, C¢H\1), 1.18-1.37 (m, 12H,
CsHy1). C NMR (151 MHz, CDCly): & 163.6, 149.3, 132.6, 128.6, 125.3, 121.8, 41.4
(dd, 'Jpc = 15.8 Hz, “Joc = 7.2 Hz), 36.6 (dd, 'Jpc = 7.2 Hz, “Jec = 7.2 Hz), 30.7, 29.4,
27.8, 27.6, 26.4. *'P{'"H} NMR (243 MHz, CDCls): & 56.8. HRMS (ESI, (M—Cl)")
Calcd for Cs3gHs4sCIN,P,Ru™: 737.2494; Found: m/z = 737.2483.

Ph (5)-3-phenyl-2-(4-(trifluoromethyl)benzamido)propanoi
i ’EI(OH ¢ acid: To a pure H,O (250 mL) solution of NaOH (1800
/©)LH 0 mg, 45 mmol) was added (L)-phenylalanine (2477.9 mg,
FsC 15 mmol), and the mixture was stirred at 0 °C for 15 min
under N,. To the reaction mixture was added 4-(trifluoromethyl)benzoyl chloride (2.23
mL, 15 mmol) dropwise at same temperature, and it was stirred at room temperature for
2.5 h. The mixture was quenched by adding 1.0 N aqueous solution of HCI (100 mL,
100 mmol) at 0 °C, and white precipitate was appeared. The precipitate was washed

with H,O to afford the wet white solid. The slurry was dissolved into CH,Cl, (100 mL),
washed with H,O (200 mL), and extracted with CH,Cl, (100 mLx3). The organic layer
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was dried over Na,SO, and filtrated. Evaporation of the filtrate gave white solid (3.93
g). However 4-(trifluoromethyl)benzoic acid was included as impurity (ca. 22%
impurity: based on the molar ratio). So desired product was obtained in ca. 67% yield

(ca. 10.1 mmol, 78% purity). This compound was used for following reactions without

further purification.
Ph (8)-N-(1-(octylamino)-1-oxo-3-phenylpropan-2
(o]
/(I(H -yl)-4-(trifluoromethyl)benzamide (3s): To an
N s .
H 0 (CHa) e anhydrous THF (75 mL) solution of
FsC

(S)-3-phenyl-2-(4-(trifluoromethyl)benzamido)pr
opanoic acid (78% purity) (5.06 g, 13.0 mmol) were added
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) (6.90 mg, 36
mmol), 1,2,3-benzotriazol-1-ol monohydrate (HOBt-H,0) (2.71 mg, 17.7 mmol) and
N-methylmorpholine (7.92 mL, 72 mmol). The mixture was stirred at 0 °C for 30 min
under N,. To the reaction mixture was added octylamine (12.43 mL, 75 mmol)
dropwise at same temperature, and was stirred at room temperature overnight. The
reaction mixture was quenched by adding a small portion of water (ca. <2 mL) at 0 °C,
and the organic phase was removed in vacuo (ca. 1 mmHg, room temperature). The
residue was dissolved into CH,Cl, (300 mL), washed with HCI (aq) (IN, 200 mLx2),
NaHCO; (aq) (saturated, 200 mLx2), brine (aq) (saturated, 100 mLx1), and extracted
with CH,Cl, (300 mLx2). The organic layer was dried over Na,SO4 and filtrated.
Evaporation of the filtrate gave colorless solid, which was recrystallized from CH,Cl,
giving 3s (4.31 g, 9.61 mmol, 64%) as colorless solid. IR (neat): 3306, 2925, 2854,
1637, 1538, 1327, 1171, 1131 ecm ™. "H NMR (CDCl3, 600 MHz): 6 0.87 (t, J = 6.90
Hz, 3H), 1.12-1.40 (m, 12H), 3.03-3.14 (m, 2H), 3.17-3.26 (m, 2H), 4.80 (q, /= 6.18
Hz, 1H), 5.83 (d, /=4.80 Hz, 1H), 7.21-7.30 (m, 5H), 7.33 (dd, /= 6.90 Hz, J=2.10
Hz, 1H), 7.67 (d, J= 8.28 Hz, 2H), 7.87 (d, J = 8.28 Hz, 2H). °C NMR (CDCls, 150
MHz): 6 14.0, 22.6, 26.8, 29.12, 29.18, 29.23, 31.7, 38.8, 39.7, 55.4, 123.6 (q, 'Jcr =
270 Hz), 125.48, 125.51, 127.0, 127.7 (2C), 128.6 (2C), 129.3 (2C), 133.4 (q, *Jcr =
31.6 Hz), 136.7, 137.0, 165.9, 170.7. HRMS (FAB, MH") calcd for C,5H3,F3N,0; "
449.2410; Found: m/z = 449.2400.
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(S)-tert-butyl
(4-methyl-1-(octylamino)-1-oxopentan-2-yl

H o]

>y

o -\|/ )earbamate: To an anhydrous THF (100 mL)

solution of Boc—(L)-leucine—OH + H,O

(3739.7 mg, 15 mmol) were added 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI) (9968.4 mg, 52 mmol), 1,2,3-benzotriazol-1-ol monohydrate
(HOBt-H,0) (2710.6 mg, 17.7 mmol) and N-methylmorpholine (7.92 mL, 72 mmol).
The mixture was stirred at 0 °C for 30 min under N,. To the reaction mixture was added
octylamine (12.43 mL, 75 mmol) dropwise at same temperature, and was stirred at
room temperature overnight. The reaction mixture was quenched by adding a small
portion of water (ca. <2 mL) at 0 °C, and the organic phase was removed in vacuo (ca.
1 mmHg, room temperature). The residue was dissolved into Et;O (200 mL), washed
with citric acid (aq) (5%, 50 mLx2), NaHCOj; (aq) (saturated, 50 mLx1), brine (aq)
(saturated, 50 mLx1), and extracted with CH,Cl, (100 mLx3). The organic layer was
dried over Na,SO4 and filtrated. Evaporation of the filtrate gave as a colorless solid
(3.33 g, 10.15 mmol, 67%). This compound was used for following reactions without

further purification.

(5)-4-methyl-2-(4-(trifluoromethyl)benzamido)pentanoi

0 /¢)H ¢ acid: To a pure H>O (500 mL) solution of NaOH (3600
/@JLH n mg, 90 mmol) were added (L)-leucine (3935.1 mg, 30
F3C mmol), and the mixture was stirred at 0 °C for 15 min
under N,. To the reaction mixture was added 4-(trifluoromethyl)benzoyl chloride
(4456.4 uL, 30 mmol) dropwise at same temperature, and it was stirred at room
temperature for 2.5 h. The mixture was quenched by adding 1.0 N aqueous solution of
HCI (200 mL, 200 mmol) at 0 °C, and white precipitate was appeared. The precipitate
was washed with H,O to afford the wet white solid. The slurry was dissolved into
CH,Cl; (200 mL), washed with H>O (400 mL), and extracted with CH,Cl, (100 mLx3).
The organic layer was dried over Na,SO4 and filtrated. Evaporation of the filtrate gave
white solid (9.07 g). However 4-(trifluoromethyl)benzoic acid was included as impurity
(ca. 29% impurity: based on the molar ratio). So desired product was obtained in ca.

79% vyield (ca. 23.8 mmol, 71% purity). This compound was used for following

reactions without further purification.
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N-((S)-4-methyl-1-(((:S)-4-meth

o] /¢H o] yl-1-(octylamino)-1-oxopentan-

/@)L N N \)l\ N NN 2-yl)amino)-1-oxopentan-2-yl)-

FsC "o =\rH 4-(trifluoromethyl)benzamide
(3t): To an anhydrous CH,Cl,

(7.0 mL) solution of (S)-tert-butyl

(4-methyl-1-(octylamino)-1-oxopentan-2-yl)carbamate (2397.6 mg, 7.0 mmol) was
added trifluoroacetic acid (TFA) (7.0 mL, 91.4 mmol). The mixture was stirred at room
temperature for 1 h under N,, and the organic phase was removed in vacuo (ca. 1
mmHg, room temperature). To the residue were added THF (50 mL),
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) (3450.6 mg, 18
mmol), 1,2,3-benzotriazol-1-ol monohydrate (HOBt-H,0O) (1531.4 mg, 10 mmol),
N-methylmorpholine (4.40 mL, 40 mmol) and
(S)-4-methyl-2-(4-(trifluoromethyl)benzamido)pentanoic acid (71% purity) (2122.9 mg,
5.6 mmol) at 0 °C, and stirred at room temperature overnight. The reaction mixture was
quenched by adding a small portion of water (ca. <2 mL) at 0 °C, and the organic phase
was removed in vacuo (ca. 1 mmHg, room temperature). The residue was dissolved into
CH,CI; (100 mL), washed with HCl (aq) (1 N, 100 mLx2), NaHCOj (aq) (saturated, 50
mLx1), brine (aq) (saturated, 50 mLx1), and extracted with CH,Cl, (100 mLx3). The
organic layer was dried over Na,SOj and filtrated. The evaporation of the filtrate gave a
yellow crude oil, which was purified by column chromatography on silica gel
(hexane/EtOAc = 4/1 and only EtOAc) to afford the target compound (3t) (2099.8 mg,
3.98 mmol, 57%) as white solid. IR (neat): 3289, 3078, 2957, 2930, 2858, 1639, 1550,
1328, 1170, 1134, 1067 cm™'. '"H NMR (600 MHz, CDCls): & 0.81-0.96 (m, 15H),
1.17-1.32 (m, 10H), 1.37-1.80 (m, 8H), 3.10 (m, 0.4H, J = 7.6 Hz), 3.16 (m, 1H, J =
5.5 Hz), 3.26 (m, 0.6H, J = 7.6 Hz), 4.49 (q, 0.4H, J = 5.5 Hz), 4.54 (q, 0.6H, J = 8.3
Hz), 4.72 (q, 0.4H, J = 6.9 Hz), 4.87 (q, 0.6H, J = 8.3 Hz), 6.69 (t, 0.4H, J = 5.5 Hz),
6.76 (t, 0.6H, J=11 Hz), 7.13 (d, 0.4H, J= 8.3 Hz), 7.43 (d, 0.6H, J = 8.28 Hz), 7.48 (t,
1H, J = 8.9 Hz), 7.63 (t, 2H, J = 8.9 Hz), 7.92 (t, 2H, J = 8.9 Hz). °C NMR (CDClL,
150 MHz): 6 14.0, 22.1 (0.4C), 22.4, 22.52 (2C), 22.55 (2C), 22.8 (0.6C), 24.87 (0.6C),
24.92, 24.96 (0.4C), 26.9 (0.4C), 27.0 (0.6C), 29.15 (0.4C), 29.18 (0.6C), 29.24 (0.4C),
29.28 (0.6C), 29.34 (0.4C), 29.38 (0.6C), 31.7 (0.4C), 31.8 (0.6C), 39.6 (0.6C), 39.7
(0.4C), 41.4 (0.6C), 41.5, 41.8 (0.4C), 51.9 (0.6C), 52.0 (0.6C), 52.1 (0.4C), 52.8 (0.4C),
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123.7 (g, 'Jor = 264 Hz), 125.1 (1.2C), 125.2 (0.8C), 128.0 (0.8C), 128.1 (1.2C), 133.1
(q, 2Jcr = 34.5 Hz), 137.0 (0.4C), 137.5 (0.6C), 166.0 (0.6C), 166.2 (0.4C), 171.6 (0.6C),
172.1, 172.5 (0.4C). HRMS (FAB, MH") caled for CosHysFsN3O5™: 528.3408; Found:
mlz=528.3385.

o N-(quinolin-8-yl)nonanamide (3u): To an

\/\/\/\)L anhydrous CH,Cl;, (20 mL) solution of nonanoyl

H N | chloride (2.70 mL, 15 mmol) were added Et;N

(2.80 mL, 20 mmol) and 8-aminoquinoine (2.88
mL, 20 mmol). The mixture was stirred at room temperature overnight under Ar, and
was quenched by adding a small portion of water (ca. <2 mL). The residue was
dissolved into CH,Cl, (100 mL), washed with HCI (aq) (1M, 100 mLx1), NaHCOs (aq)
(saturated, 100 mLx1), brine (aq) (saturated, 100 mLx1), and extracted with CH,Cl,
(100 mLx2). The organic layer was dried over Na,SO,4 and filtrated. Evaporation of the
filtrate gave dark brown oil, which was distilled by Kugel-Rohr (230 °C/0.006 mmHg)
to give 3u as pale yellow oil (3.43 g, 12.04 mmol, 80%). IR (neat): 3357, 3048, 2925,
2854, 1686, 1523, 1485, 1325, 1163, 1106 cm™'. "H NMR (CDCl3, 600 MHz): 6 0.87 (t,
J=6.84 Hz, 3H), 1.21-1.40 (m, 8H), 1.43 (quin, J = 7.56 Hz, 2H), 1.82 (quin, J = 7.56
Hz, 2H), 2.56 (t, J=7.56 Hz, 2H), 7.45 (dd, J = 8.25 Hz, J=4.14 Hz, 1H), 7.49 (dd, J =
8.28 Hz, J=1.38 Hz, 1H), 7.54 (t, /= 8.22 Hz, 1H), 8.16 (dd, /= 8.28 Hz, J=2.04 Hz,
1H), 8.77-8.82 (m, 2H), 9.81 (s, 1H). *C NMR (CDCl;, 150 MHz): 6 14.1, 22.6, 25.7,
29.2,29.3,29.4,31.8,38.3,116.4,121.3,121.5, 127.5, 127.9, 134.6, 136.3, 138.4,
148.1, 171.9. HRMS (FAB, MH") calcd for CsH,sN,O": 285.1961; Found: m/z =
285.1952.

() 1-(2,3-dihydro-1H-pyrrolo[2,3-b]pyridin-1-yl)nonan-
\/\/\/\)LN 1-one (3v): To an anhydrous THF (20 mL) solution of
N nonanoyl chloride (1.08 mL, 6 mmol) were added

L'/ K.CcO;s (1382 mg, 10 mmol)  and
2,3-dihydro-7-azaindole (600 mg, 5 mmol). The mixture was stirred at room
temperature overnight under Ar, and was quenched by adding a small portion of water
(ca. <5§ mL). The residue was dissolved into CH,Cl, (50 mL), washed with NaHCO;
(aq) (saturated, 100 mL), brine (aq) (saturated, 100 mL), and extracted with CH,Cl, (50
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mLx3). The organic layer was dried over Na,SO, and filtrated. Evaporation of the
filtrate gave yellow oil, which was distilled by Kugel-Rohr (180 °C/0.006 mmHg) to
give 3v as colorless oil (697 mg, 2.68 mmol, 54%). IR (neat): 3509, 3303, 3053, 2925,
2854, 1652, 1587, 1417, 1243 cm™'. '"H NMR (CDCl3, 600 MHz): 6 0.88 (t, J = 6.84
Hz, 3H), 1.23-1.37 (m, 8H), 1.41 (quin, J = 7.56 Hz, 2H), 1.71 (quin, J = 7.56 Hz, 2H),
3.04 (t,J=8.28 Hz, 2H), 3.13 (t, J = 7.56 Hz, 2H), 4.10 (t, J = 8.22 Hz, 2H), 6.85 (dd, J
=7.56 Hz, J = 4.80 Hz, 1H), 7.44 (dd, J = 7.56 Hz, J = 1.38 Hz, 1H), 8.11 (d, J = 3.42
Hz, 1H). >C NMR (CDCl;, 150 MHz): § 14.1, 22.6, 24.2, 25.0, 29.2, 29.4 (2C), 31.8,
36.5, 45.5, 117.7, 126.0, 133.2, 146.1, 156.1, 173.4. HRMS (FAB, MH") calcd for
Ci6H2sN,0": 261.1961; Found: m/z = 261.1968.

1,2,3,4-tetrahydroquinolin-8-amine (5u)'’ : Compound 5u is rather
@Nj easily oxidized by air.”” "H NMR (CDCls, 600 MHz): 8 1.91 (quin, J =
NH, " 5.52 Hz, 2H), 2.76 (t, J= 6.18 Hz, 2H), 3.1-3.3 (br, 3H), 3.32 (t, /= 4.86
Hz, 2H), 6.52—6.60 (m, 3H). °C NMR (CDCl;, 150 MHz): §22.4,27.0, 42.5, 114.0,

118.0, 121.1, 123.2, 133.8, 133.9. HRMS (ESL, MH") calcd for CoH;3N,": 149.1073;
Found: m/z = 149.1067.

Representative procedure for hydrogenation of amides (conditions A): The
reaction of N-benzylbenzamide (3a).

Under a continuous Ar flow, RUPIP2 (1a) (2.94 mg, 0.005 mmol), sodium hydride
(55% oil dispersion, 2.18 mg, 0.05 mmol), anhydrous toluene (1.5 mL),
N-benzylbenzamide (3a) (105.6 mg, 0.5 mmol) and a magnetic stirring bar were placed
in a dried Teflon tube (21 mL capacity). The Teflon tube was quickly inserted into an
autoclave, and the inside of the autoclave was purged 10 times with hydrogen gas (1
MPa). The autoclave was pressurized with a 1 MPa of hydrogen gas at 25 °C, and
heated at 110 °C for 24 h under stirring (800 rpm). The autoclave was cooled to room
temperature in an ice—water (0 °C) bath, and the reaction mixture was quenched with
2.0 M Et,0 solution of HCI (25 uL, 0.05 mmol). The organic phase was removed in
vacuo (ca. 100 mmHg, 40 °C). The residue was diluted with CDCl3, and analyzed by 'H
NMR. The yields of benzyl alcohol (4a) (86%) and benzylamine (5a) (86%) were
calculated based on the integral ratio among the signals of these compounds with

respected to an internal standard (mesitylene). Afterward, the reaction mixture was
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diluted with CH,Cl,, and HCI (2 M in Et,0, 250 uL, 0.5 mmol) was added dropwise.
White precipitate was generated and purified by filtration to give benzylamine
hydrochloride (52.1 mg, 0.364 mmol, 73%). Then the filtrate was purified by column
chromatography on silica gel (eluent; Et,O/hexane = 2/3) to give N-benzylbenzamide
(9.5 mg, 0.045 mmol, 9%) and benzyl alcohol (44.7 mg, 0.413 mmol, 83%).

Representative procedure for hydrogenation of amides 3 with preactivated catalyst
(conditions B): The reaction of V,N’-dimethylbenzamide (3j).

Under a continuous Ar flow, RUPIP2 (1a) (3.98 mg, 0.0067 mmol), sodium hydride
(55% oil dispersion, 2.91 mg, 0.067 mmol), anhydrous toluene (2.0 mL) and a magnetic
stirring bar were placed in a dried Teflon tube (21 mL capacity). The Teflon tube was
quickly inserted into an autoclave, and the inside of the autoclave was purged 10 times
with hydrogen gas (1 MPa). The autoclave was pressurized with a 1 MPa of hydrogen
gas at 25 °C, and heated at 160 °C for 5 h under stirring (800 rpm). Then the autoclave
was cooled to room temperature in an ice—water (0 °C) bath, and hydrogen was blown
away under an Ar stream. Under the continuous Ar flow, to another autoclave, in which
a dried Teflon tube charged with N,N’-dimethylbenzamide (3j) (74.6 mg, 0.5 mmol)
had been in advance inserted, was transferred the reaction mixture (1.5 mL, 1 mol %
Ru) using a gas-tight syringe (2.5 mL). The autoclave was purged (x10 with 1 MPa H,
gas) and finally charged with 1 MPa of hydrogen gas, and the reaction mixture was
heated at 110 °C for 24 h under stirring (800 rpm). The autoclave was cooled to room
temperature in an ice—water (0 °C) bath, and the reaction mixture was quenched with
2.0 M Et,0 solution of HCI (25 uL, 0.05 mmol). The organic phase was removed in
vacuo (ca. 100 mmHg, 40 °C). The residue was diluted with CDCls, and analyzed by 'H
NMR. The yield of benzyl alcohol (4a) (95%) was calculated based on the integral ratio

among the signals of these compounds with respect to an internal standard (mesitylene).

X-ray single crystal structure analysis of RUPCY2 (1b).

Single crystals of RUPCY?2 suitable for X-ray crystal analysis were obtained by
slow diffusion of hexane into a chloroform solution of RUPCY2. Intensity data were
collected at 103 K on a Rigaku Single Crystal CCD X-ray Diffractometer (Saturn 70
with MicroMax-007) with Mo Ko radiation (A = 0.71075 A) and graphite

monochromater. A total of 21375 reflections were measured at a maximum 26 angle of
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49.96°, of which 6042 were independent reflections (Riy = 0.1018). The structure was
solved by direct methods (SHELXS-97) and refined by the full-matrix least-squares on
F> (SHELXL-97). All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were placed using AFIX instructions. The following crystal structure has been
deposited at the Cambridge Crystallographic Data Centre and allocated the deposition
number CCDC1022649.

The crystal data are as follows: C3sHs4CLLN,P,Ru; FW = 748.72, crystal size 0.20 X
0.20 x 0.20 mm’, monoclinic, C2/c, a = 34.191(16) A, b =13.813(6) A, ¢ = 14.856(6) A,
o = 90.00°, B = 93.164(9)°, y = 90.00°, ¥ = 7006(5) A, Z =8, D. = 1.420 g cm. The
refinement converged to R, = 0.0885, wR, = 0.2118 ({ > 20(/)), GOF = 1.081.
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Chapter 3.

Hydrogenation of Unsaturated Compounds on Catalytic
Molecular Surface

Abstract: A high competence of the ruthenium catalysts for hydrogenation reported in
Chapter 1 and 2 are reinvestigated by expanding substrate scope to a range of different
unsaturated bonds. Since versatile “catalytic molecular surface” can be generated via
different activation methods of ruthenium complex precatalysts (molecular surface),
selective reduction of substrates other than amides were examined and the primary
results are summarized in this chapter. General hydrogenation of a wide range of
unsaturated compounds was succeeded. Chemoselective hydrogenation of one out of
two different substrates was also observed. The concept and vast usefulness of versatile

“molecular surface” is fully demonstrated and supported herein.
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3.1. Introduction

A precatalyst for hydrogenation with coordinatively saturated Ru center was

’31

designed based on the concept of “molecular surface”.” The effectiveness of this
concept was confirmed by the application of versatile “catalytic molecular surface” in
hydrogenation of amides, which is the least reactive amongst the carbonyl family. The
catalyst is structurally robust and is sustainable under harsh conditions. Further studies
using ESI-MS (Chapter 2) revealed that different preactivation methods apply for
precatalysts may lead to the formation of a different set of catalytic molecular surfaces
having different catalytic activities. Hence, catalyst precursors are expected to have an
ability to hydrogenate diverse types of functional groups. In order to clarify a number of
potential application of catalytic molecular surfaces, hydrogenation of a variety of
unsaturated compounds were screened through. The outcomes are encouraging, where
eleven types of substrates are hydrogenated (Figure 1); This nature is different from the

classical hydrogenation catalyst where usually only one or a few kind of functional

groups is hydrogenated.’

R-NH, R”NH,
R-NO R-C=N 0 OH
0
/
R-N=C=0 RJLH OH
R-NH, < > J
R
R* 4\ " —
” ° Rz c| R, \ Sy
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©3 e~
N
H

N
H

IZ

Figure 1. Multifaceted hydrogenation of unsaturated compounds with single precursor.
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3.2. Results and discussion

3.2.1. Hydrogenation of unsaturated compounds by same catalyst precursor.

In order to figure out wide applicability of the concept of catalytic molecular surface
in different hydrogenation, a series of eleven substrates (6a—k) (except amide) was
screened through. RUPCY (2a) or RUPIP2 (1a) was used as precatalyst and sodium
2-methyl-2-adamantoxide (2b) was used as base initiator. Bulky 2b (Chapter 1) was
chosen as additive, because it can activate the precatalysts, thereafter giving near neutral
pH conditions; a 1:2 ratio of 2a and 2b can generate catalytically active species. During
the preactivation, base 2b is completely consumed by reaction with H, and precatalysts
1a or 2a, thereby ruling out a possibility of undesirable side reactions that may occur
after the preactivation. The results are shown in Table 1. To our delight, ketone 6a and
alkene 6¢ were readily hydrogenated using RUPIP2 (1a), and quantitative yields of 2°
alcohol 7a and alkane 7¢ were obtained under Py, = 0.1 MPa (~1 atm) with 7= 100 °C
(entries 2 and 6). Aldehyde 6b and alkyne 6d may coordinate to a Ru center, partly
working as catalyst-inhibitor,” so that the yields of products, 1° alcohol 7b and alkane
7¢, would be lower than those obtained from ketone 6a and alkene 6¢ under mild
reaction conditions. In contrast, substrates 6b and 6d were fully hydrogenated at a
higher temperature and/or pressure using RUPCY (2a) (P, = 1 MPa, T'= 100-160 °C)
(entries 3 and 7) and RUPIP2 (1a) (Py; = 2 MPa, 7= 120 °C) (entries 4 and 8). These
results demonstrate that potential catalyst-inhibitors, aldehyde 6b and alkyne 6d, can be
hydrogenated easily by slightly increasing 7 and Pp,. Similarly, nitrogen-containing
substrates may work as catalyst-inhibitor because of their highly coordinating ability.*
Hydrogenation of the unsaturated compounds 6e—k that have nitrogen—oxygen or
nitrogen—carbon multiple bonds required rather higher 7 and Py to obtain high yields
of the corresponding saturated compounds (7e-k) using RUPCY (2a) (P, = 1-8 MPa,
T =160 °C) (entries 9, 11, 13 and 15) and RUPIP2 (1a) (Pu, = 2 MPa, T = 120 °C)
(entries 10, 12, 14 and 16). In contrast, hydrogenation of phenyl isocyanate (6h) (entries
15 and 16) and benzonitrile (6i) (entries 17 and 18) were rather problematic:
N-phenylformamide (7h) and dibenzylamine (7e) were obtained, respectively, as side
products in both cases using RUPCY (2a) and RUPIP2 (1a) (entries 15-18). Even
heteroaromatic rings of qunoline (6j) and indole (6k), i.e. pyridine- and pyrrole rings,

are converted effectively into the corresponding saturated N-heterocyclic rings, giving
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1,2,3,4-tetrahydroquinoline (7j) and indoline (7k) using RUPIP2 (1a) (Pu2 =2 MPa, T
= 120 °C) (entries 20 and 22). However, when RUPCY (2a) instead of RUPIP2 (1a)
was used as precatalyst in the hydrogenation of 6j, 5,6,7,8-tetrahydroquinoline (7j”) was
obtained as a side product (Pg, = 8 MPa, T'= 160 °C) (entry 19). These results indicate
that RUPCY (2a) is fragile and might be decomposed under the reaction conditions. It
may be possible to generate ruthenium nanoparticles from decomposed RUPCY (2a),

thereby catalyzing the hydrogenation of less reactive benzene rings.
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Table 1. Hydrogenation of unsaturated compounds.

1a or 2a (1 mol %)
2b (2 mol %)

o}
=
Y
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a2 NMR analysis (mesitylene was used as internal standard)  ? Styrene was used as substrate.
¢ Phenylacetylene was used as substrate. d24 h reaction.
€ NaBH, (10 mol %) and THF were used. f2a (2 mol %) and NaOAd (4 mol %) were used.
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3.2.2. Hydrogenation reaction with coexistence of different substrates

It turned out that many unsaturated substrates are able to be hydrogenated using
RUPIP2 (1a) (Table 1). Selective hydrogenation of one out of two different substrates
and a possibility of substrate inhibition of catalyst derived from RUPIP2 (1a) were also
investigated by mixing two different unsaturated compounds in an equimolar amount
and subjected to relatively mild reaction conditions (Pmx = 0.5 MPa, 7= 100 °C, t = 12
h) (Table 2). Since, ketone 6a and alkene 6c¢ did not detract the inherent performance of
catalyst (Table 1, entries 1, 2, 5, and 6), 2° alcohol 7a and alkane 7c¢ are similarly
obtained in high yields (entry 2). On the other hand, when aldehyde 6b and alkyne 6d
are co-present, reactivity of each counterpart compound, is consistently low (entries 1, 3
and 6); this trend is also observed in the case where bulky aldehyde 6l and internal
alkyne 6m are used (entries 4 and 8). Ketone 6a was hydrogenated perfectly without
being inhibited by alkyne 6m when sterically more bulky RUPCY2 (1b) was used
instead of RUPIP2 (1a) (entry 5). The bulky Cy groups of RUPCY2 (1b) might be
preventing substrate inhibition caused by the direct coordination of these substrates to
the Ru center and more favorably allow the coordination of small molecules including
molecular hydrogen. On the other hand, catalyst inhibition by aldehyde 6b was
somehow resolved using preactivated RUPIP2 (entry 7). This result indicates that
aldehyde 6b might be preventing the formation step of catalytically active species when
catalyst preactivation was followed by hydrogenation of substrate in the same reaction
vessel (entry 6). No aldol product 7ab was observed when the preactivated catalyst was
used; this fact provides indirect evidence that the pH of the reaction mixture is near
neutral when a 1:2 molar mixture of RUPIP2 and 2b was used. Interestingly, imine 6e
might be accelerating the maturing of active catalyst (entries 9 and 10). This is because
when ketone 6a or aldehyde 6b was added as a counterpart of 6e, hydrogenation of 6a
and 6b proceeded smoothly, albeit imine 6e itself was not being hydrogenated. These
C=0/C=N chemoselectivities are totally different from reduction system reported to
date, such as hydrogenation,™ transfer hydrogenation,™ stoichiometric reduction,>?

which took place nicely with imine in preference to ketone.
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Table 2. Hydrogenation reaction under coexistence of two different substrates.

1a (1 mol %)
2b (2 mol %)

substrate 1 + substrate 2 + 2H, » products : ONa
6 6 toluene (1.5 mL) 7 '
100°C,12h :
0.5 mmol 0.5 mmol 0.5 MPa : NaOAd
entry result 4 (%)
substrate 1 substrate 2 product 1 product 2 product 3
/conv. /conv. lyield lyield yield
0 OH
1 H /32 /©/\ A2 y) /©/\ no
6b Bu 6c 7b 'Bu 7c
0 OH
2 /599 Q/\ /599 /599 /@A /599
6a Bu 6c 7a 'Bu 7c
0 Z OH N
3 ftrace /50 Htrace /@A n9 /©/\ 16
6a Bu 6d 7a ‘Bu 6c Bu 7c
0 OH
4 /5 ftrace 3 O /0
- O O=» O,
5 ca % om /23 7a P99 0 m /23
6 O 1 o /50 OH  frace OH 3 o n
&
7¢ ©)l\ 136 (D)L H /599 ©)\ 139 ©) /599 \© 0
6a 6b 7a 7b 7ab
0 o) OH OH
8 /5 | A H /20 ftrace | A 2
6a P 7a d.n
o) S . OH
9 599 N/\© ” /599 ©/\
6a # 6e 7a
0 S _ OH
10 Hosoe ] N/\© P /599 ©/\
6b 7 6e 7b

2 NMR analysis (mesitylene was used as internal standard)

b RUPCY2 (1b) was used instead of RUPIP2 (1a).
¢ Preactivated catalyst was used: RUPIP2 (1 mol %), NaOAd (2 mol %), 1 MPa H,, 160 °C, 5 h.
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Based on the results obtained through the screening of a number of substrates
differently functionalized, hydrogenation of a mixture of eleven different unsaturated
compounds (6a—k) was carried out (Scheme 1). All substrates were fully or partially
hydrogenated into the corresponding hydrogenated products (7a—e¢, 7e, 7f and 7i-k).
This result demonstrates that the catalyst is not effectively deactivated by substrate- or
product inhibition during the course of the catalytic reaction. However, 6i and 6k were
not effectively hydrogenated by the catalyst derived under rather harsh conditions (P
=8 MPa, T'=160 °C).

(o] OH
o // OH
Jpeh o
Bu” NF 'Bu Bu
a c 7a 7b 7c
0.2 mmol 0.2 mmol 0.2 mmol 0.2 mmol 98%P >99%5 78%P

1a (0.23 mol %?)

P NO NO. NH
N 2 2b (o 45 mol %?7) 2
+ 2H,
toluene (1.5 mL)
6e 6f 6

9 160 °C, 24 h
0.2 mmol 0.2 mmol 0.2 mmol 8 MPa 0% 2%
©"°° (j"" 03 c S ©ﬁ CQ
0.2 mmol 0.2 mmol 0.2 mmol 0.2 mmol 21 % 70% 5%

2 Based on all substrates.
b NMR analysis (mesitylene was used as internal standard).

Scheme 1. Hydrogenation of 11 different of unsaturated compounds 6a—k in one pot.
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3.2.3. Competition reaction: hydrogenation of unsaturated compounds in the
presence of amide.

Based on the aforementioned results, some compounds promote the
preactivation/hydrogenation, while the others are detrimental to either one of the both
steps (Pm2 = 0.5 MPa, T = 100 °C). Whether amide could promote or retard catalyst
preactivation and/or hydrogenation catalysis is of great interest. Hence, a series of
competition experiments using an equimolar mixture of benzanilide (3a) and
unsaturated compounds (6a, 6b, 6e and 61) under mild reaction conditions (Pu2 = 1 MPa,
T =280 °C, t = 24 h) was conducted (Table 3). Without any counterpart compounds, 3a
was hydrogenated in high yield (entry 1). Based on the previous studies, aldehyde 6b
and 61 should have inhibited the formation step of catalytically active species (Table 2,
entries 6-8), and hydrogenation of 6b required rather harsh reaction conditions (P, = 2
MPa, T = 120 °C) (Table 1, entry 4). However, with the coexistence of amide 3a,
although hydrogenation of amide was slowed down, aldehydes 6b and 61 were
hydrogenated preferentially to the corresponding 1° alcohols 7a and 71 (entries 2 and 3).
These results indicate that 2° amide strongly influences the catalyst preactivation step
and preactivation was not started only with aldehyde under milder conditions (Pu; = 1
MPa, T = 80 °C). Anionic (R'N=C(R*)-0") species induced by deprotonation of the
amide NH hydrogen atom may work as a promoter of catalyst preactivation because
amide NH proton is more acidic than the conjugate acid of adamantanoxide 2b,
2-methyl-2-adamantanol (Scheme 2). Deprotonation of amide NH hydrogen may be
important for starting the hydrogenation catalysis. This result might have some
relevance with the hydrogenation of 3° amides, which required preactivating RUPIP2
(1a) using 2b and H; in a separate reaction vessel under Py, = 1 MPa with 7= 160 °C, ¢
= 5 h (Chapter 2, Table 2, entries 12, 13, 22 and 23). In other words, 3° amides do not
have a NH hydrogen atom, so that catalyst is not preactivated effectively during
hydrogenation reaction under Py, = 1-8 MPa with 7= 60—-130 °C. In addition, aldehyde
may reduce the catalytic activity, because only more reactive substrate, aldehyde, was
hydrogenated (entries 2 and 3), even though amide 3a was hydrogenated in high yields
under otherwise the same reaction conditions without counterpart compounds (entry 1).
In contrast, amide hydrogenation is not inhibited by the presence of ketone 6a (entry 4);
both amide 3a and ketone 6a were hydrogenated in quantitative yields under mild

conditions (Py; = 1 MPa, 7 = 80 °C). Amide 3a and imine 6e is suspected to have an
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ability to promote the preactivation (Table 3, entries 2 and 3; Table 2, entry 10).

However, when imine 6e was mixed with benzanilide (3a), hydrogenation of amide and

imine did not proceed effectively under the conditions (entry 5). These results indicate

that imine 6e reduced the catalytic activity for hydrogenation of amide 3a. In contrast,

imine 6e was hydrogenated slowly in the presence of 3a.

Table 3. Selective hydrogenation of amide 3a in the presence of unsaturated

compounds.
o) O OH _
N + O :
H 1a (1 mol %) H,N :
9 1]
3a . H, NaH (10 mol %) 4a 5a ;
0.5 mmol toluene :
+ 1 MPa 80°C,24 h + Pry CI  'Pry
i RUPIP2 (1a)
unsaturated product from
compound unsaturated compound
6
0.5 mmol
entry result? (%)
unsaturatedcompound 6 conv. 4a 5a product from 6
/conv. of 3a lyield
1 none /— 96 93 86 /—
(0]
OH
2 H />99 trace trace trace /98
6b 7b
(0]
OH
3 H />99 trace trace trace /95
6l 71
(0] OH
4 />99 97 99 90 />99
6a 7a
i N
5 ©/\N/\© /33 12 8 7 @AH/\Q /34
6e 7e

a Determined by TH NMR.
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o)
2 RJLH.R' <
pK, = 21.6 N

(EtCONHPh in DMSO)
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2 MR
Na é
— /P\F nH,  Catalytic
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+ intermediate
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Scheme 2. One of the plausible effect of amide for activation of catalyst.
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3.3. Conclusion

The application of molecularly well designed, versatile precatalysts based on the
concept of “molecular surface” and “catalytic molecular surface” for hydrogenation has
been extended to eleven unsaturated compounds, each bearing a different functional
group. Based on the outcome of the screenings, amide and imine show positive effects
for preactivation step, while aldehyde and alkyne show negative effects, and ketone and
alkene showed neutral effects (Figure 2). In addition, imine, aldehyde and alkyne show
positive effects for hydrogenation step, and amide, ketone and alkene show neutral
effect. However, the problem of deactivation can be resolved by slightly increase the
reaction temperature (7) and hydrogen pressure (Py,). Since the catalyst retains as
structurally robust, significant deactivation of catalyst was not observed even under
harsher reaction conditions. Some advantages over previous hydrogenation methods and
the general applicability of the concept of molecular surface for many hydrogenation

systems are demonstrated to a higher extent in this study.

for Preactivation for Hydrogenation
o} o 0
2
R1JLN'R2 R1JLN’R2 R1JLN‘R
H positive effects H neutral effects o
amide »| amide y| amice
Rl 2~ .
o N™ "R? negative effects | Rl o~
. » N R2
JL imine < A
R? R2 imine
ketone
o] o]
J(l)\ R1JLR2 R1JLR2
R “H neutral effects .| ketone neutral effects .| ketone
aldehyde > -
RN R
Rl N R2 alkene alkene
imine
~ o] o}
(SN
le R‘JLH R‘JLH
alkene negative effects | aldehyde aldehyde
»
»
RI—= RI—== negative effects | R=
alkyne alkyne . alkyne

Figure 2. A plausible influence of substrates for the preactivation and hydrogenation

steps under mild conditions (Py2 = 0.5 MPa, 7= 100 °C).
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3.4. Experimental section

3.4.1. General

All experiments were performed under an Ar atmosphere unless otherwise noted. 'H
NMR spectra were measured on JEOL ECA—-600 (600 MHz), JEOL ECA-500 (500
MHz) at ambient temperature. Data were recorded as follows: chemical shift in ppm
from internal tetramethylsilane on the d scale, multiplicity (br = broad, s = singlet, d =
doublet, t = triplet, q = quartet, quin = quintet m = multiplet), coupling constant (Hz),
integration, and assignment. C NMR spectra were measured on JEOL ECA—600 (150
MHz), JEOL ECA-500 (126 MHz) at ambient temperature. Chemical shifts were
recorded in ppm from the solvent resonance employed as the internal standard
(chloroform-d at 77.00 ppm or tetramethylsilane at 0 ppm). For thin—layer
chromatography (TLC) analysis through this work, Merck precoated TLC plates (silica
gel 60 GF254 0.25 mm) were used. The products were purified by preparative column
chlomatography on silica gel 60 N (spherical, neutral) (40—100 um; Kanto).

3.4.2. Materials

Diisopropylamine, HCI (2.0 M Et,O solution), benzylamine,
4-tert-butylphenylacetylene (6d), nitrosobenzene (6f), diphenylacetylene (6m),
2,6-dimethylbenzaldehyde (61) and benzaldehyde (6a) were purchased from Aldrich.
RuCl,(PPh;3)s, chlorodicyclohexylphosphine, chlorodiisopropylphosphine, BH;—THF
complex (1.0 M in THF), N-benzylidenebenzylamine (6e), EtOAc and hexane were
purchased from Wako Pure Chemical industries, Ltd. NaH (55% oil dispersion),
mesitylene, hexane (anhydrous), toluene (anhydrous), dichloromethane, "BuLi (1.5 M in
hexane), nitrobenzene (6g) and quinolone (6j), phenylisocyanate (6h) were purchased
from Kanto Chemicals, Ltd. 2-methyl-2-adamantanol, dibenzylamine, acetophenone
(6b), 4-tert-butylstyrene (6¢), benzonitrile (6i), and indole (6k) were purchased from
TCI, Ltd. CDCI3 was purchased from Cambridge Isotope Laboratories, Inc. Hydrogen
gas was purchased from Alpha System. These chemicals were used without further
purification. 1-phenylethanol (7a)," benzyl alcohol (7b),” 4-ethyl-tert-butylbenzene
(7c),} N-formyl aniline (7h),’ 1,2,3,4-tetrahydroquinoline (7j),"°
5,6,7,8-tetrahydroquinoline (7j°),"" indoline (7K),"* 2,6-dimethylphenylmethanol (71),"

1,2-diphenylethane (7m)"* and chalcone (7ab)" are all known compounds.
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3.4.3. Experimental procedure.
Representative procedure for hydrogenation of unsaturated compounds: The
reaction of benzaldehyde (6b).

Under a continuous Ar flow, RUPIP2 (1a) (2.94 mg, 0.005 mmol), sodium
2-methyl-2-adamantoxide (2b) (1.88 mg, 0.01 mmol), anhydrous toluene (1.5 mL),
benzaldehyde (6b) (50.82 uL, 0.5 mmol) and a magnetic stirring bar were placed in a
dried Teflon tube (21 mL capacity). The Teflon tube was quickly inserted into an
autoclave, and the inside of the autoclave was purged 10 times with hydrogen gas (1
MPa). The autoclave was pressurized with a 2 MPa of hydrogen gas at 25 °C, and
heated at 120 °C for 12 h under stirring (800 rpm). The autoclave was cooled to room
temperature in an ice—water (0 °C) bath, and the reaction mixture was quenched with
2.0 M Et,0 solution of HCI (25 uL, 0.05 mmol). The organic phase was removed in
vacuo (ca. 100 mmHg, 40 °C). The residue was diluted with CDCl3, and analyzed by 'H
NMR. The yields of benzyl alcohol (7b) (>99%) was calculated based on the integral
ratio among the signals of these compounds with respected to an internal standard

(mesitylene).

Representative procedure for hydrogenation of unsaturated compounds with
preactivated catalyst: The reaction of the mixture of acetophenone (6a)
benzaldehyde (6b).

Under a continuous Ar flow, RUPIP2 (1a) (3.94 mg, 0.0067 mmol), sodium
2-methyl-2-adamantoxide (2b) (2.52 mg, 0.013 mmol), anhydrous toluene (2.0 mL) and
a magnetic stirring bar were placed in a dried Teflon tube (21 mL capacity). The Teflon
tube was quickly inserted into an autoclave, and the inside of the autoclave was purged
10 times with hydrogen gas (1 MPa). The autoclave was pressurized with a 1 MPa of
hydrogen gas at 25 °C, and heated at 160 °C for 5 h under stirring (800 rpm). Then the
autoclave was cooled to room temperature in an ice—water (0 °C) bath, and hydrogen
was blown away under an Ar stream. Under the continuous Ar flow, to another
autoclave, in which a dried Teflon tube charged with acetophenone (6a) (58.3 uL, 0.5
mmol) and benzaldehyde (6b) (50.8 uL, 0.5 mmol) had been in advance inserted, was
transferred the reaction mixture (1.5 mL, 1 mol % Ru) using a gas-tight syringe (2.5
mL). The autoclave was purged (x10 with 1 MPa H; gas) and finally charged with 0.5
MPa of hydrogen gas, and the reaction mixture was heated at 100 °C for 12 h under
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stirring (800 rpm). The autoclave was cooled to room temperature in an ice—water
(0 °C) bath, and the reaction mixture was quenched with 2.0 M Et,O solution of HCI
(25 uL, 0.05 mmol). The organic phase was removed in vacuo (ca. 100 mmHg, 40 °C).
The residue was diluted with CDCls, and analyzed by 'H NMR. The yields of
1-phenylethanol (7a) (39%) and benzyl alcohol (7b) (>99%) were calculated based on
the integral ratio among the signals of these compounds with respect to an internal

standard (mesitylene).
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