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borrowing hydrogen strategy

A highly selective ruthenium-catalyzed C—N bond formation was developed by using the hydrogen-borrowing strategy. Various tertiary amines
were obtained efficiently from nitroarenes and primary alcohols. The reaction tolerates a wide range of functionalities. A tentative mechanism
was proposed for this direct amination reaction of alcohols with nitroarenes.

Nitrogen-containing compounds are of great importance as
building blocks for pharmaceuticals, agrochemicals, dyes,
and ligands.* Much effort has been paid on the development
of methods for the synthesis of the C—N bonds.? Traditional
routesto C—N bond formations, e.g., amide synthesis, require
functionalized substrates such as carboxylic acids and amines
as well as stoichiometric amounts of activating reagents.>*
Transition-metal-catalyzed amination of aryl halides and
pseudohalides has proven to be an efficient method for the
construction of C—N bonds, especialy for amine prepara-
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tion.> Various efficient catalysts for such transformations
have been reported.® Direct amination of C—H bonds has
also been realized by transition-metal catalysis.”

Alcohols are cheap and readily available organic com-
pounds, and alcohol oxidation isakey step in the preparation
of many pharmaceutical agents and fine chemicals.® The use
of alcohols as starting materials to form C—C and C—N
bondsis highly attractive, and great progress has been made

(5) For reviews, see: Hartwig, J. F. In Handbook of Organopalladium
Chemistry for Organic Synthesis, Negishi, E., Ed.; Wiley: New Y ork, 2002.
(b) Jiang, L.; Buchwald, S. L. Metal-Catalyzed Cross-Coupling Reactions,
2nd ed.; Wiley-VCH: Weinheim, 2004; Vol. 2, p 699. (c) Surry, D.;
Buchwald, S. Angew. Chem,, Int. Ed. 2008, 47, 6338. (d) Mauger, C,;
Mignani, G. Aldrichim. Acta 2006, 39, 17.

(6) For recent selected examples, see: (a) Fors, B.; Davis, N.; Buchwald,
S. J. Am. Chem. Soc. 2009, 131, 5766. (b) Xu, H.; Walf, C. Chem. Commun.
2009, 1715. (c) Larsson, P.; Correa, A.; Carril, M.; Norrby, P.; Bolm, C.
Angew. Chem., Int. Ed. 2009, 48, 5691. (d) Ackermann, L.; Spatz, J;
Gschrei, C.; Born, R.; Althammer, A. Angew. Chem,, Int. Ed. 2006, 45,
7627. (e) Fors, B.; Watson, D.; Biscoe, M.; Buchwald, S. J. Am. Chem.
Soc. 2008, 130, 13552. (f) Dooleweerdt, K.; Fors, B.; Buchwald, S. Org.
Lett. 2010, 12, 2350. (g) Swapna, K.; Kumar, A. V.; Reddy, V. P.; Rao,
K. R. J. Org. Chem. 2009, 74, 7514. (h) Shimasaki, T.; Tobisu, M.; Chatani,
N. Angew. Chem., Int. Ed. 2010, 49, 2991. (i) Kim, M.; Chang, S. Org.
Lett. 2010, 12, 1640. (j) Yang, C.; Fu, Y.; Huang, Y .; Yi, J.; Guo, Q.; Liu,
L. Angew. Chem,, Int. Ed. 2009, 48, 7398.



on the subject during the past three decades. The akylation
of amines by alcohols under harsh conditions was reported
independently by Grigg and Watanable in the early 1980s.°
In recent years, milder conditions have been achieved by
Yamaguchi and co-workers with CprIrCl, as catalyst*® and
by Beller et a. using Ru(CO);» together with bulky
phosphines.™ Williams et al. developed an efficient [Ru-
(p-cymene)Cl ;] ./phosphine catalyst system and realized the
alkylation of amines and sulfonamides with alcohols under
mild reaction conditions.*? The first step in these reactions
is the dehydrogenation of alcohols to their corresponding
aldehydes with the release of dihydrogen (Scheme 1).*

Scheme 1. Borrowing Hydrogen Strategy in the Alkylation of
Amines with Alcohols
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Subsequently, the aldehyde reacts with amines to form
imines,* which could be reduced to secondary amines. The
latter step is known as a borrowing hydrogen methodology,
and no external molecular hydrogen is necessary.'® The metal
acts as both an alcohol oxidation catalyst and an imine
hydrogenation catalyst. The borrowing hydrogen methodol-
ogy has been used in the synthesis of primary amines,
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secondary amines, tertiary amines, and N-alkylated sulfona-
mides in high yields under mild conditions.*® On the other
hand, Milstein et a. developed a ruthenium-catalyzed de-
hydrogenative amide formation from alcohols and primary
amines with the libration of H, without using a hydrogen
acceptor.’

Nitroarenes are readily available compounds and can be
reduced to amines by reducing reagents such asiron or zinc
in ag HCI.*® Using hydrogen as a reducing reagent is greener
and more economical; however, selective reduction of nitro
groupsis still a challenging problem.*® The direct amination
of nitroarenes with alcohols is rare compared with the great
breakthroughs being made in the amination of amines with
acohols.?®° We envisioned a direct amination of nitroarenes
with acohols by using a hydrogen-borrowing strategy:
alcohol is oxidized to aldehyde and releases hydrogen,
nitroarene is reduced by hydrogen, and subsegently the
reaction follows the same route as akylation of amines.
Herein, we report a highly selective ruthenium-catalyzed
direct amination of nitroarenes with alcohols (Figure 1).

.
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Figure 1. Forming tertiary amines via borrowing hydrogen strategy.

To begin our study, the reaction of commercialy available
and inexpensive nitrobenzene (1a) and benzyl alcohol (2a)
was chosen as a model using RuCls as a catalyst. When
nitrobenzene was reacted with excess benzyl alcohal in the
absence of any ligand, no desired product was formed as
determined by GC—MS and 'H NMR methods (Table 1,
entry 1). Subsequently, various ligands were investigated for
this reaction under an atmosphere of argon (entries 2—8).
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Table 1. Reaction of Nitrobenzene (1a) and Benzyl Alcohol
(2a) under Various Conditions®

—Ph
cat. H
— Ph—N + N

3a 4a 5a

Ph—NO, + pp~™ Ph+ pp-NxPh

yield® (%)
ligand (mol %) 3a 4a 5a

entry Ru catalyst

1 RuCl; nd. n.d. nd.
2 RuCl; PPh; (15.0) 7 nd. n.d.
3 RuCly dppp (7.5) nd. nd. nd
4 RuCl; dppb (7.5) nd. n.d. n.d.
5 RuCl; dppe (7.5) nd. n.d. n.d.
6 RuCl; dppf (7.5) nd. nd. 5

7 RuCl; binap (7.5) 19 41 nd
8 RuCl; phen (7.5) nd. nd. nd
9 RuCly NHC (7.5) 47 3 n.d.
10 Ru(acac)s NHC (7.5) 56 21 3

11 [Ru(p-cymene)Cly]o NHC (7.5) 48 2 2

12 [RuCly(COD)In NHC (7.5) 61 2 1

13 RuCly(PPhy); NHC (7.5) 48 1 n.d.
14 Ru(CO)(H)CI(PPhs)s NHC (7.5) 71 2 n.d.
15 Ru(CO)(H):(PPhy); NHC (7.5) 9% 1 n.d.
16 Ru(CO)(H)o(PPhs)s 44 24 nd.

17 Ru(CO)(H)o(PPhs)s
18  Ru(CO)(H)2(PPhj)s
199  Ru(CO)(H)y(PPhs)s

NHC (5.0) 77 1 n.d.
NHC (3.75) 40 25 nd.
NHC (7.5) 67 2 n.d.
20°  Ru(CO)(H)o(PPhs)s NHC (7.5) 4 32 nd.
217 Ru(CO)(H)y(PPhs)s NHC (7.5) 18 5 32
& Conditions: 1a (0.2 mmol), 2a (0.15 mL, 1.5 mmol), catalyst (0.01
mmol), 150 °C, 16 h under argon unless otherwise noted. > GC—MSyields
based on nitrobenzene. In most cases, benzyl benzoate, dibenzyl ether, and

benzal dehyde were observed. ¢ 0.005 mmol of catalyst was used. ¢ 130 °C.
¢In 0.5 mL of xylenes. F Two equiv of 2a was used.

With PPhs, the desired product, N,N-dibenzylaniline (3a),
was obtained in 7% yield. A 19% yield was obtained with
bidentate phosphine binap [(1,2-bis(diphenylphosphino)-1,1’-
binaphthyl)] as a ligand (entry 7). However, only a trace
amount of the desired product was observed using other
bidentate phosphines such as dppe [1,2-bis(diphenylphos-
phino)ethane], dppp [1,3-bis(diphenylphosphino)propang],
dppb [1,4-bis(diphenylphosphino)butane], and dppf [1,1-
bis(diphenylphosphino)ferrocene]. A nitrogen-containing
ligand, 1,10-phenanthroline, was also investigated, and no
product was observed under similar conditions (entry 8). To
our delight, a moderate yield was obtained with a NHC
ligand 6, generated in situ from 1,3-dimesitylimidazolium
chloride (entry 9). Then various ruthenium complexes were
investigated in the presence of the NHC ligand (entries
10—15). Ru(acac)s, [Ru(p-cymene)Cl,],, and Ru(PPhs);Cl,
al catalyzed the reaction efficiently. The best result was
obtained when Ru(CO)(H),(PPhz)s/NHC was used as cata
lyst, giving the desired product in 96% yield (entry 15). The
presence of both NHC ligand and phosphine ligand is
important for the reaction; the reaction yield decreased
dramatically in the absence of either ligand (entries 12 and
16). The ratio of NHC/ruthenium also affected the reaction
significantly, and alower yield was obtained when the ratio
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of NHC/ruthenium was decreased (entry 17). Decreasing the
catalyst loading or the reaction temperature decreased the
product yield (entries 18 and 19). The concentration of
substrates is also important; only 4% yield was observed
when xylenes was used as solvent (entry 20).2

QM-' ol

e Me
With the optimized conditions in hand, the scope of the
reaction with respect to nitrobenzene derivatives and acohols
was investigated (Tables 2 and 3). The substituent at different

Table 2. Reaction of Nitroarenes with Benzyl Alcohol®

entry nitroarene product

,—Ph
Ph
/—Ph
Me—< >—N02 1b Me—< >*N 3b 82
\—ph
/—Ph
3 Me0—< >—N02 ic  MeO N 3c 72
\—ph
,—Ph
4 F@NO2 d F N 3d 81
\—ph
,—Ph
5 m@—mz 1e CION e 77
\—Ph
/—Ph
8 Br—©—N02 1 oBr N ¥ 43
\—Ph
/—Ph
CZH5OZC—©—N 39 32
\—pn

,/—Ph
< \>—N02 N
1h 3h 54
Q \—ph
Me Me

yield (%) ®

~
o
N
I
a
(@]
N
o
b=
o
N
-
)

NO .
9 2 1i N i 82
Cl Cl
Ph
10 NO- 1 g 3 84
i _ph j
cl o
,—Ph
N
11 Q 02 1k A 3k 54
Br Br
/—Ph
NO N
12 2 1l E
Q \—ph
Me Me

& Conditions: 1 (0.2 mmol), 2a (1.5 mmol), NHC (0.015 mmoal),
Ru(Cog(H)z(PPh3)3 (0.01 mmol), 150 °C, 16 h in argon unless otherwise
noted. ° Isolated yield based on nitroarenes.

positions on the nitroarenes affected the reaction yield
significantly. The yield decreased to 72% when 4-methoxy-
nitrobenzene (1c) was used as a substrate (Table 2, entry 3).
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Table 3. Reaction of Nitrobenzene with Alcohols*

entry alcohol product yield (%) &
A
_@_/ Ph—N 3m 91
O
o
2 @4 Ph=N 3n 67
OH / < > F
3 F@J 2d  ph—N 30 74
F
O
4 @J 2e  ph—N 3p 90
O
;—< >—Br
5 @J 2f Ph—N 3q 40
_< >—Br
cl
8 @_/OH 29 Ph—N :: 3r 40
Cl
OH /@
7 Cg_/ 2 o 3s 67
8 NN NoH 20 Ph—N\/\/\ 3t 68
o AyoM % Ph_N/\Me 3u 54
M,

2 Conditions: 1a (0.2 mmol), 2 (1.5 mmol), NHC (0.015 mmol),
RU(COg(H)z(PPh3)3 (0.01 mmol), 150 °C, 16 h in argon unless otherwise
noted. ° Isolated yields based on nitrobenzene.

The reaction tolerates the presence of halogens (entries 4—6);
however, a lower yield was obtained when the substituent
was changed from fluoride to bromide, partially due to the
poor solubility of substrate. Nitroarene bearing an ester group
at the para position reacted with benzyl alcohol to give the
corresponding product in a moderate yield (entry 7). A
methyl group para to the nitro group only dlightly affected
the product yield (entry 2); however, only a moderate yield
was observed when the methyl group was at the ortho
position (entry 8). Interestingly, a chloride group at the ortho
position of the nitro group affected the reaction only dightly
(entry 9). The influence of substituents at the meta position
of the nitro was aso investigated (entries 10—12). Good
yields were obtained with 3-methylnitrobenzene and 3-chlo-
ronitrobenzene as substrates.

(21) In some cases, a large amount of benzaldehyde, dibenzyl ether,
and/or benzyl benzoate was observed. For example, in Table 1, entry 15,
benzaldehyde and benzyl benzoate were formed in 57% and 66% yields
(based on nitrobenzene), respectively. When only 2 equiv of 2a was used,
tertiary amine, secondary amine 4a, and imine 5a were formed, with imine
being a major product (entry 21).
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Other acohols were aso investigated under similar condi-
tions (Table 3). Alcohols with halogens reacted smoothly
with nitrobenzene to give the corresponding products in good
yields (entries 3 and 4). Again, a bromide substituent
dramatically decreased the product yield, and only 40% yield
was obtained when 4-bromobenzyl acohol was used (entry
5). The substituent at the ortho position has a great impact
on the reaction; a moderate yield was obtained when
2-chlorobenzyl acohol or 2-methylbenzyl acohol was used
(entries 6 and 7). To our delight, besides benzyl acohol and
its derivatives, simple aliphatic alcohols also reacted with
nitrobenzene to give the desired product in moderate yields
(entries 8 and 9). However, attempts to react secondary
alcohols with nitroarenes were unsuccessful.

In summary, we have developed a selective ruthenium-
catalyzed tertiary amine formation reaction using nitroarenes
and primary alcohols as starting materials via a hydrogen-
borrowing strategy. The ruthenium catalyst plays a key role
in this reaction. Excess alcohol is necessary to get satisfied
reaction yields. The alcohol oxidation, nitro reduction and
imine reduction were realized in a cascade. The reaction
proceeded well for arange of different substrates. A tentative
mechanism for this reaction was also proposed (Scheme 2).

Scheme 2. Tentative Mechanism for the Direct Amination of
Nitroarenes

dehydrogenation

N

[Ru] [RuH]

R'—NH, \ /

reduction

R X0

R'—NO,
e N
} C ) >

[RuH:]
R/“‘o

R NH, H,0

Further investigation including the scope, mechanism, and
application of C—N bond formations from nitroarenes and
alcohols are in progress in our laboratory.
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