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Nitriles were found to be highly effective alkylating reagents for the selective N-alkylation of amines
under catalytic hydrogenation conditions. For the aromatic primary amines, the corresponding
secondary amines were selectively obtained under Pd/C-catalyzed hydrogenation conditions. Although
the use of electron poor aromatic amines or bulky nitriles showed a lower reactivity toward the
reductive alkylation, the addition of NH,OAc enhanced the reactivity to give secondary aromatic
amines in good to excellent yields. Under the same reaction conditions, aromatic nitro compounds
instead of the aromatic primary amines could be directly transformed into secondary amines via a
domino reaction involving the one-pot hydrogenation of the nitro group and the reductive alkylation of
the amines. While aliphatic amines were effectively converted to the corresponding tertiary amines
under Pd/C-catalyzed conditions, Rh/C was a highly effective catalyst for the N-monoalkylation of
aliphatic primary amines without over-alkylation to the tertiary amines. Furthermore, the combination
of the Rh/C-catalyzed N-monoalkylation of the aliphatic primary amines and additional
Pd/C-catalyzed alkylation of the resulting secondary aliphatic amines could selectively prepare
aliphatic tertiary amines possessing three different alkyl groups. According to the mechanistic studies, it
seems reasonable to conclude that nitriles were reduced to aldimines before the nucleophilic attack of

the amine during the first step of the reaction.

Introduction

The selective N-alkylation of primary amines is a significant
research goal because the resulting secondary and tertiary amines
are some of the most important partial structures of biologically
active compounds and functional materials.! Although a number
of synthetic methods for secondary and tertiary amines have
been reported,>™ few truly efficient and environmentally benign
selective N-alkylation methods were involved.

The base-promoted N-alkylations of primary amines using
alkyl halides have been recognized as conventional synthetic
methods for secondary amines (eqn 1),* although their synthetic
applications are quite limited due to over-alkylation giving tertiary
amines and quaternary ammonium salts. Salvatore and co-workers
reported that the over-alkylation was significantly suppressed by
the addition of cesium hydroxide together with molecular sieves.**
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Recently, Basu et al. reported the selective N-alkylations of amines
promoted on activated silica gel.*> Although such protocols might
be useful as an N-monoalkylation method in the laboratory, the
use of toxic and corrosive organic halides and the generation of
equal amounts of inorganic salts as a by-product raise safety
and environmental concerns in industrial applications.® On the
other hand, the reductive alkylation using carbonyl compounds
is efficient for the N-monoalkylation of primary amines (eqn
2)” and the nucleophilic addition to imine intermediates is also
recognized as a useful synthetic method of secondary amines (eqn
3).8 However, these reactions require the use of stoichiometric
amounts of highly reactive carbonyl compounds (some carbonyl
compounds are recognized as substances responsible for the sick
house syndrome) and hydride reagents, such as NaBH, and
NaCNBH;. Although catalytic reductive alkylations using the
heterogeneous Pd catalyst and a hydrogen source might be one of
the solutions of such crucial issues,” by-products based on the over-
alkylation of the resulting secondary amines to tertiary amines and
the aldol reaction of aldehydes cause inevitable contaminations."
The catalytic alkylation of amines using alcohols as an alkylating
agent is an attractive method because the reaction generates only
water as a by-product (eqn 4);'' however, the selectivity of the N-
monoalkylation of primary amines is not always acceptable. The
reduction of amides (eqn 5)>"* and the use of protecting groups
(eqn 6)'*° are still used as secure synthetic methods for secondary
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Table 1 Reductive N-monoalkylation of aniline (3a) using MeCN

Catalyst (10 wt%), H, (balloon)

PhNH, PhNHEt  + PhNEt,
MeCN, Solvent, rt
3a 4a 5a
Entry Catalyst MeCN (equiv.) Solvent Time (h) 3a:4a:5a° Yield (%)®
1 10% Pd/C 38 MeCN 24 0:99:1 —
2 10% Pd/C 5.0 MeOH 24 0:89:11 —
3 10% Pd/C 2.0 MeOH 25 0:100:0 85
4 5% Pd/BaSO, 5.0 MeOH 24 96:4:0 —
5 5% Ru/C 5.0 MeOH 24 100:0:0 —
6 5% Pt/C 5.0 MeOH 24 82:18:0 —
7 5% Rh/C 5.0 MeOH 24 — —
8 10% Pd/C 5.0 nBuOH 24 0:100:0 —
9 10% Pd/C 5.0 THF 30 0:100:0 97
10 10% Pd/C 5.0 AcOEt 18 0:100:0 89
11 10% Pd/C 5.0 Toluene 13 0:99:1 —

“ Determined by 'H NMR. ® Isolated yield of 4a. © The reduction of an aromatic ring and the reductive coupling simultaneously occurred to give a complex

mixture.

amines, although the harsh reduction step of the amide to
amine functionalities'® and the protection and deprotection steps
are necessary. Therefore, the development of a direct, catalytic,
environmentally benign and selective N-monoalkylation method
of primary amines is still quite important.'¢
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R-NHC-Nu  (3)
R'-OH, catalyst
R-NHR  (4)
2 0
, [Red]
R'” OH R-NR R-NHCHR'  (5)
H
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During the course of our studies’” on the Pd/C-catalyzed
reductive deprotection of the N-Cbz group of an N-Cbz-piperidine
derivative (1) in MeCN, the corresponding N-ethylpiperidine
(2) was isolated as the major product (eqn 7). Since it is
just conceivable that the unexpected product (2) was formed by
the MeCN-mediated N-ethylation of the deprotected piperidine
under hydrogenation conditions, nitriles could be used as an
alkylating reagent. In this paper, we report the highly effective
and selective Pd/C and Rh/C-catalyzed N-alkylation of amines
under hydrogenation conditions using nitriles as alkylating agents,
including the results of the comprehensive investigation of the
selectivity, scope and limitation, additive effect and mechanistic
studies.

TESOCN—Cbz TESO—CN—Et @)

1 2

10% Pd/C (10 wt%), Hy (balloon)

MeCN, rt, 24 h

Results and discussion
Selective /N-monoalkylation of aromatic primary amines

Our initial study focused on the reductive alkylation of aromatic
amines using nitriles. Interestingly, the reaction of aniline (3a)
selectively gave the secondary amine, N-ethylaniline (4a), under
Pd/C-catalyzed hydrogenation conditions in MeCN as the alky-
lating agent and solvent (Table 1, entry 1). Thus, we evaluated
a wide variety of heterogeneous catalysts and solvents for the
alkylation of 3a using MeCN only as the alkylating agent (Table
1). Pd/C was the most effective catalyst for the reductive alkylation
(entries 2 and 3), whereas Pd/BaSO, (entry 4), Ru/C (entry 5),
Pt/C (entry 6) and Rh/C (entry 7) were much less effective. It
is worth noting that MeOH was quite an effective solvent and
the totally selective monoalkylation proceeded to afford 4a as the
sole product using only 2.0 equiv. of MeCN in MeOH (entry 3),
while a significant over-alkylation was observed in the presence
of 5.0 equiv. of MeCN (entry 2). The selective monoalkylation
was also achieved in other solvents, such as "BuOH, THF, EtOAc
and toluene, even though 5.0 equiv. of MeCN was used as the
alkylating agent (entries 8—11).

Although it is well-known that the hydrogenation of nitriles over
platinum metal catalysts under high pressure and temperature
conditions gives symmetrical secondary and tertiary amines,"
only a few synthetic methods of unsymmetrical amines using
primary amines and nitriles have been reported in the literature,**
while such previous procedures show a limited substrate scope
and required a large excess amount of amines and elevated
hydrogen pressure and/or higher temperature. Our reductive N-
monoalkylation using nitriles can be quite useful as a synthetic
method for secondary amines in organic synthesis because the
reaction selectively proceeds under very mild (ca. 20 °C, under
ambient pressure of hydrogen) conditions, and the catalytic
reductive alkylation might be able to establish an environmentally
benign process.'**

The scope of the N-monoethylation of aromatic amines (3) with
MeCN is summarized in Table 2. In general, 5.0 equiv. of MeCN
and 10 wt% (10 weight percent of the substrate) of 10% Pd/C
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Table 2 Reductive N-monoalkylation of various aromatic amines (3) using MeCN

ArNH, 10% Pd/C (10 wt%), H, (balloon) ANHEt  +  ANEL

3 MeCN, MeOH, rt 4 5

Entry ArNH, 3 MeCN (equiv.) Time (h) 3:4:5° 4,5 Yield (%)®
1 4-MeOC4H,NH, 3b 5.0 18 0:40:60 4b, 5b —
2¢ 4-MeOC,H,NH, 3b 5.0 24 0:99:1 4b, 5b 994
3 3,4,5-(MeO),CsH,NH 3c 2.0 22 0:100:0 4c, 5¢ 100
4 4-MeCONHC4H,NH, 3d 5.0 12 0:99:1 4d, 5d 97
5 4-HO,CC4H,NH, 3e 5.0 10 0:100:0 4e, Se 94
6 2-HO,CC¢H,NH, 3f 5.0 26 0:100:0 4f, 5f 91
7 4-FC,H,NH, 3g 5.0 19 0:95:5 4g, 5g —
8¢ 4-FC,H,NH, 3g 5.0 12 0:100:0 4g, 5¢ 93
9 4-CF,C4H,NH, 3h 5.0 72 48:52:0 4h, 5h —
10 4-MeOCOC¢H,NH, 3i 5.0 48 22:78:0 4i, 5i —
11 2-iPrC,H,NH, 3§ 5.0 26 0:92:8 4j, 5§ 85
12 2-PhC¢H,NH, 3k 32¢ 24 0:98:2 4k, 5k 954
13 2,6-Me,CsH;NH, 31 5.0 62 77:8:16 41, 51 —
14 2-Naphthylamine 3m 324 47 0:97:3 4m, Sm 974
15¢ 3-Aminopyridine 3n 5.0 58 11:89:0 4n, 5n 79"

“Determined by '"H NMR. ® Isolated yield of 4. ¢ AcOEt was used as a solvent. ¢ Product contaminated with a trace amount of diethylaniline derivative
(5). * MeCN (32 equiv.) was used as the solvent. 20 wt% of 10% Pd/C was used. ¢ 30 wt% of 10% Pd/C was used. " Product was contaminated with 13%

3-aminopyridine (3n).

(1.0% as a Pd metal) were used in MeOH at ambient temperature
and under ambient hydrogen pressure. For 4-methoxyaniline (3b),
an electron-rich arylamine, the formation of a significant amount
(60%) of the dialkylated product (Sb) was observed in MeOH
(entry 1), whereas the use of AcOEt as the solvent gave an excellent
selectivity and yield (entry 2). The solvent effect was also important
for the reaction of some electron-rich and fluorine-substituted
aniline derivatives (3d and 3g) (entries 4 and 8)."” The reductive
alkylation was appropriately depressed and controlled by AcOEt
presumably because of the coordination of the oxygen lone pair
or © electron of the ester moiety with the metallic palladium.
Electron-poor substrates smoothly react with MeCN to form N-
ethylaniline derivatives (4) in excellent yields (entries 5-8), while
strongly electron-deficient aromatic amines have a poor reactivity
under ordinary reaction conditions (entries 9 and 10). The reaction
of the 2-substituted anilines went to completion (entries 6, 11 and
12), whereas 2,6-dimethylaniline (31) was not a good substrate for
the alkylation (entry 13). 2-Naphthylamine (3m) (entry 14) and 3-
aminopyridine (3n) (entry 15) were also applicable substrates for
the present reaction. Needless to say, the reaction conditions were
compatible with various functional groups, such as alkoxy, amide,
carboxylic acid, carboxylic ester, aryl fluoride and hetero aromatic
functionalities.

To facilitate the alkylation of electron-deficient aromatic
amines, such as 4-(trifluoromethyl)aniline (3h) and methyl 4-
aminobenzoate (3i) (Table 2, entries 9 and 10), a variety of addi-
tives were evaluated using 3h as a substrate as shown in Table 3. Al-
though the conversion of 3h to N-ethyl-4-(trifluoromethyl)aniline
(4h) after 72 h was only 52% without additives (Table 3, entry 1,
and also Table 2, entry 9), conversions were significantly improved
by the addition of acidic additives (Table 3, entries 2-6) without
over-alkylation to N,N-diethyl-4-(trifluoromethyl)amine (5h). In
contrast, the addition of ammonia (NHj;), which is supposed to be
generated by the reaction (N-alkylation) progress, suppressed the
reaction (entry 7). The acceleration effect of acidic additives might
be induced by the effect of quenching the generated NH;, which is

Table 3 Effect of additives toward the reductive N-monoalkylation of
4-trifluoromethylaniline (3h) using MeCN
: NHEt
F3C

F3C

10% Pd/C (10 wt%), Hy (balloon)

MeCN (5.0 equiv), MeOH, rt
Additive (1.0 equiv)

3h 4h
Entry Additives Time (h) 3h: 4h°
1 None 72 48:52
2 HCI 27 13:87
3 TFA 18 0:100
4 AcOH 18 0:100
5 AcOH* 24 0:100
6 PhCO,H 24 10:90
7 NH; 30 89:11
8 AcONH, 24 0:100¢
9 HCO,NH, 48 0:100

“ Determined by '"H NMR. ® 0.50 equiv. of AcOH was added.  Secondary
amine (4h) was isolated in 99% yield.

known as a typical catalyst poison of Pd/C. It is noteworthy that
the reaction was also facilitated by the addition of ammonium
acetate (AcONH,), a nearly neutral additive (entry 8, 99% isolated
yield). While ammonium formate (HCO,NH,) could have the dual
role of an additive for the reaction acceleration and a hydrogen
source (entry 9); a significant delay in the reaction completion
was observed in comparison to the case of AcONH, (compare
entries 8 and 9).¢

AcONH, was also a quite effective additive for the reaction
of 3i and MeCN (compare Table 2, entry 10 with eqn 8).
Interestingly, over-alkylation was never observed in spite of the
obvious enhancement of the reactivity for the N-monoalkylation

(Table 3, entry 8 and eqn 8).
/©/NHEt
MeO,C @

/©/NH2 10% Pd/C (10 wt%), H, (balloon)
MeO.C MeCN (5.0 equiv), ACONH, (1.0 equiv)
4i, 99% isolated

3i MeOH, rt

This journal is © The Royal Society of Chemistry 2012
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Table 4 Reductive N-monoalkylation of aniline (3a) using various nitriles

10% Pd/C (10 wt%), Hy (balloon)

PhNH, PANHCH,R ~ +  PhN(CHaR),
RCN (5.0 equiv), MeOH, rt
3a 6 7
Entry RCN Time (h) 3a:6:7" 6,7 Yield (%)®
1 EtCN¢ 29 2:98:0 6a, 7a 49
2 PrCN 42 5:95:0 6b, 7b —
3 dist. PrCN 19 0:99:1 6b, 7b 78
4 BuCN 48 0:100:0 6c, 7c 89
5 Me(CH,),,CN 46 67:33:0 6d, 7d —
67 dist. Me(CH,),,CN 48 0:100:0 6d, 7d 90
7 iPrCN 50 100:0:0 6e, 7e —
dist. ;iPrCN 6 0:100:0 6e, 7e 88
9 iBuCN 48 89:11:0 of, 7f —
107 dist. iIBuCN 49 5:95:0 of, 7t 85
11 dist. CyCN 46 40:60:0 6g, 7g —
12¢ dist. CyCN 24 0:100:0 6g, 7g 99
13 dist. /BuCN 48 81:19:0 6h, 7h —
14¢ dist. 1BuCN 24 0:100:0 6h, 7h 80
15 HO(CH,),CN 53 0:100:0 6i, 7i 81
16 (Me0),CH(CH,),CN 24 0:100:0 6j, 7j 4
17 BnCN 27 1:99:0 6k, 7k 24/
18 (CH,CN), 27 0:100:0 61, 71 86"
19 PhCN 48 —f 6m, 7m —

“Determined by '"H NMR. ¢ Isolated yield of 6. © 3.0 equiv. of the nitrile was used. ¢ 20 wt% of 10% Pd/C was used. ¢ 1.0 equiv. of AcCONH, was added.
/The low yield is due to isolation difficulties of 6. ¢ Product contaminated with 9% BnCN. * N-(3-Cyanopropyl)aniline (61) was isolated as the sole product.

"PhCN was smoothly reduced to benzylamine.

Table 5 Depression effect of the sodium cyanide and isonitriles

10% Pd/C (10 wi%), H, (balloon)

PhNH, PANHCH,R  +  PhN(CH,R),
RCN (5.0 equiv), MeOH, rt
3a 3 7
Additive
Entry RCN Additive (equiv.) Time (h) 3a:6:7"
1 MeCN NaCN (0.1) 24 100:0:0
2 MeCN NaCN (0.01) 24 100:0:0
3 MeCN iPrNC (0.1) 46 0:100:0
4 MeCN iPrNC (2.0) 46 100:0:0
5 dist. iPrCN iPrNC (0.1) 24 100:0:0
6 dist. iPrCN iPrNC (2.0) 24 100:0:0

“Determined by 'H NMR.

The alkylations of various nitriles as an alkylating reagent with
aniline (3a) were also investigated (Table 4). For the relatively short
and linear nitriles, such as EtCN, PrCN and BuCN, excellent
selectivities to form N-monoalkylaniline (6) were achieved with
good yields (entries 1-4). The comparatively low isolated yield of
entry 1 was due to the volatile nature of the product. Although
the use of the long chain (entry 5) and branched nitriles, such
as iPrCN, /BuCN (entries 7 and 9) without distillation gave poor
results, the simple distillation of nitriles solved the poor conversion
to afford the corresponding secondary aromatic amines (6) in good
yields (entries 6, 8§ and 10). These results indicated that some
impurities in commercial nitriles acted as a catalyst poison for
the present alkylation (see Table 5).2**® More sterically demanding
nitriles, such as cyclohexylnitrile (CyCN) and tBuCN, required the
addition of AcONH, to obtain good conversions of 3a (entries 12
and 14). On the other hand, the use of AcOH as an additive
resulted in failure to produce a significant amount of by-product,
i.e., cyclohexylphenylamine (8, eqn 9),% which is produced by the

partial hydrogenation of the aromatic nucleus of aniline (3a) and
the subsequent reductive coupling with 3a under acidic conditions
(Scheme 1). The N-monoalkylation reaction was compatible with
the hydroxyl group (entry 15), acetal (entry 16) and aromatic ring
(entry 17). Interestingly, (CH,CN), possessing two cyano moieties
within the molecule selectively reacted at only one cyano group
with aniline to quantitatively form N-(3-cyanopropyl)aniline (61)
as the sole product (entry 18). However, the benzylation of 3a
using benzonitrile (PhCN) failed, because the aromatic nitrile
group of PhCN was smoothly reduced to benzylamine under the
hydrogenation conditions (entry 19).

10% Pd/C (10 wt%), Hs (balloon)

PhNH, - PANHCy + PhNHCH,iBu (9)
3a iBUCN (5.0 equiv), AcOH, MeOH, rt, 48 h 8 (67%) of
(8:6f=86:14)
10% Pd/C 10% Pd/C
NH, NH
3a 2H, 04 Hy
—_— —_—
8
with H* (it
3a

Scheme 1 Mechanism of reductive homocoupling of aniline (3a) in the
presence of acid.

We investigated the influence of NaCN and isonitriles as
possible residual products in commercial nitriles because the
reductive N-monoalkylation reaction proceeded efficiently in the
distilled nitriles as shown in Table 4, entries 6, 8 and 10. A
small amount of sodium cyanide (NaCN) completely inhibited
the ethylation of 3a (Table 5, entries 1 and 2) because the cyanide
anion strongly coordinates to the palladium metal as a catalyst
poison. Additionally, isonitriles also dose-dependently worked as
catalyst poisons for the alkylation of 3a (entries 3-6).
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Table 6 Effect of temperature on the reductive N-monoalkylation of 4-
trifluoromethylaniline (3h) using MeCN
/©/NHE1
F3C

FsC

10% Pd/C (10 wt%), Hj (balloon)

MeCN (5.0 equiv), MeOH, rt

3h 4h

Entry T/°C Time (h) 3h: 4h"
1 0 24 92:8

2 rt (ca. 20 °C) 72 48:52
3 40 24 13:87
4 60 24 0:100
5 64 24 30:70
6 80 24 100:0

“Determined by 'H NMR.

We next investigated the effect of the reaction temperature
(Table 6). The total completion of the N-monoethylation using 3h
and MeCN was achieved at 60 °C without any additives (entry 4),
although the suppression of the reaction progress was observed
at a higher temperature (entries 5 and 6). The catalytic activity
of Pd/C should be improved at higher temperature because
of the enhancement of the kinetic energy of Pd/C and/or the
reduction of the NH; concentration in the reaction mixture, while
the solubility of hydrogen gas in MeOH might be temperature-
dependently decreased. Thus, the balance between the catalyst
activity and solubility of hydrogen gas would be the best at
60 °C.

The nitrile-mediated N-monoalkylation of arylamines (3) can
be applied to the intramolecular cyclization as an indole synthesis
and the reaction of 2-cyanomethylaniline (9) smoothly and quan-
titatively proceeded to give the corresponding indole (10) under
ambient hydrogenation conditions (eqn 10). The intramolecular
alkylation of the aromatic amine caused by a nitrile would be
applicable to the synthesis of various kinds of heteroaromatic

derivatives.
o oy
N (0
NH; MeOH, t, 22 h th

9 10 (98%)

10% Pd/C (10 wt%), Hy (balloon)

Selective /V,N-dialkylation of aromatic primary amines

Next we applied the nitrile-mediated reductive alkylation to the
synthesis of tertiary amines (5). The complete N-diethylation of
the electron-rich p-phenetidine (30) using 5.0 equiv. of MeCN
was achieved in the presence of AcONH, to give N,N-diethyl-4-
ethoxyaniline (50) after the reaction was repeated twice under the
same conditions (Scheme 2), although the N-dialkylation of the
electron neutral aniline (3a) was impossible under similar reaction
conditions (Table 7).

10% Pd/C (10 wt%), H, (balloon)

MeCN (5.0 equiv), MeOH, rt
AcONHy (3.0 equiv)
24h

EtO

30

NHEt NEt,
EtO EtO
40 5o

40:50=21 : 79 (Istreaction)
= 0 :100 (2nd reaction)

Scheme 2 N,N-Dialkylation of p-phenetidine (30).

Table 7 N,N-Dialkylation of aniline (3a)
PhNH, 10% Pd/C (10 wt%), H; (balloon) PhNHEt +  PhNEL

3a MeCN (3.0 equiv), MeOH, Additive, rt 4a 5a
Entry Additive Time (h) 3a:4a:5a°
1 None 41 22:78:0
2 AcONH, (1.0 equiv.) 29 0:87:13
3 AcONH, (3.0 equiv.) 30 0:92:8
4 AcONH, (5.0 equiv.) 24 0:83:17

“Determined by 'H NMR.

Direct synthesis of aromatic secondary amines from nitro
compounds

To expand the applicability of the present reductive monoalky-
lation, aromatic nitro compounds were used as the substrates
for the synthesis of aromatic secondary amines through the in
situ hydrogenolysis of nitro groups to the corresponding primary
amino groups (Tables 8 and 9). The optimized reaction conditions
developed for the alkylation of the aromatic primary amines (3)
were successfully extended. The scope and limitations of the direct
synthesis of 4 are summarized in Table 8. Nitrobenzene derivatives
possessing an electron donating or withdrawing functionality on
the aromatic ring, not to mention the simple nitrobenzene, were
smoothly reduced to the corresponding amines under hydrogena-
tion conditions, followed by the N-monoalkylation by MeCN to
directly form aromatic secondary amines (entries 1-18). AcOEt, a
depressing solvent based on the influence of its weak coordination
effect toward Pd metal, effectively prevented the over-alkylation
of the secondary amines (4) (entries 3, 5, 7, 9 and 12). The
addition of AcONH, was effective for the enhancement of the
reactivity (compare entries 13, 14 and 15, 16). Although the ortho-
substituted nitrobenzenes, such as 11q, 11f and 11k, could also
be transformed into secondary amines (entries 8, 9, 11, 17 and
18), 2,6-dimethyl nitrobenzene (111) and 1-nitronaphthalene (11r)
gave the corresponding primary aromatic amines (31 and 3r) as the
major product because of the steric hindrance around the amino
functionality and/or catalyst poison effects of the corresponding
amine (entries 19 and 20).

Various nitriles were applied to the synthesis of secondary
aromatic amines (6) from nitrobenzene (11a). The reactions of
both linear (Table 9, entries 1-7 and 14-16) and branched nitriles
(entries 8—13) produced N-monoalkylaniline derivatives in good
to excellent yields. The use of distilled nitriles and/or the addition
of AcONH, facilitate the reaction progress depending on the type
of nitriles (entries 3, 5,7, 9, 11 and 13). However, for the sterically
hindered nitriles, such as iPrCN (entry 9) and tBuCN (entry 13),
the conversions of the secondary amines were lower compared to
the reactions using primary arylamines as the starting substrates
(see Table 4).

Selective /N-monoalkylation of aliphatic primary amines

Next, our attention turned to the N-alkylation of alkylamines
using nitriles under hydrogenation conditions. We evaluated the
effect of various heterogeneous catalysts on the N-ethylation of
decylamine (12a, Table 10).* Quantitative formation of N,N-
diethyldecylamine (14a) was observed using 5.0 equiv. of MeCN in

This journal is © The Royal Society of Chemistry 2012
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Table 8 Preparation of aromatic secondary amines (4) from nitroaromatic compounds (11)
10% Pd/C (10 wit%), H, (balloon)
ArNO, ArNH, + ArNHEt + ArNEt
1 MeCN (5.0 equiv), MeOH, rt 3 4 5
Entry ArNO, 11 Time (h) 3:4:5 3,4,5 Yield (%)*
1 PhNO, 11a 24 0:100:0 3a,4a, 5a 92
2 4-MeOC4H,NO, 11b 48 6:91:3 3b, 4b, 5b —
34 4-MeOC,H,NO, 11b 5 0:100:0 3b, 4b, 5b 99
4 4-MeCONHCH,NO, 11d 44 0:75:25 3d, 4d, 5d —
54 4-MeCONHC(H,NO, 11d 11 0:99:1 3d, 4d, 5d 97
6 4-MeC,H,NO, 11p 48 0:67:33 3p, 4p, 5p —
74 4-MeCsH,NO, 11p 12 0:100:0 3p, 4p, 5p 97
8 2-MeC;H,NO, 11q 24 0:89:11 3q, 4q, 5q 81°
94 2-MeC,H,NO, 11q 24 7:93:0 3q, 4q, 5q —
10 4-HO,CC4H,NO, 11e 27 0:100:0 3e, 4e, Se 84
11 2-HO,CC¢H,NO, 11f 24 0:97:3 3f, 4f, 5f 81°
124 4-FC,H,NO, 11g 8 2:98:0 3g, 4g, 5¢ 8%/
13 4-CF,C4H,NO, 11h 42 59:41:0 3h, 4h, 5h —
14# 4-CF;C¢H,NO, 11h 29 0:100:0 3h, 4h, 5h 95
15 4-MeO,CC4H,NO, 11i 24 62:38:0 3i, 4i, 5i —
16¢ 4-MeO,CC¢H,NO, 11i 24 0:100:0 3i, 4i, 5i 100
17 2-PhC,H,NO, 11k 48 51:49:0 3k, 4k, 5k —
18" 2-PhC¢H,NO, 11k 24 15:85:2 3k, 4k, 5k —
19 2,6-Me,C¢H;NO, 111 48 69:23:8 31,41, 51 —
20 1-Nitronaphthalene 11r 48 100:0:0 3r, 4r, 5r —

“Determined by 'H NMR. ® Isolated yield of 4. ¢ Distilled MeOH was used as the solvent. ¢ AcOEt was used as the solvent. ¢ Product contaminated with
a small amount of N,N-diethylaniline derivatives (5). / Product contaminated with 2% 4-fluoroaniline (3g). ¢ 1.0 equiv. of AcCONH, was added. " MeCN

(38 equiv.) was used as the solvent.

Table 9 Preparation of N-monoalkylaniline derivatives (6) from nitrobenzene (11a)

10% Pd/C (10 wt%), H, (balloon)

PhNO, PhNH, + PhNHCH,R + PhN(CH,R),
RCN (5.0 equiv), MeOH, rt
1Ma 3a 6 7

Entry RCN Time (h) 3a:6:7" 6,7 Yield (%)
1 EtCN 24 0:98:2 6a, 7a 81¢
2 PrCN 48 40:60:0 6b, 7b —
3 dist. PrCN 20 0:96:4 6b, 7b 75
4 BuCN 48 50:50:0 6¢c, 7c —
5 dist. BuCN 20 0:100:0 6¢, 7c 74
6 dist. Me(CH,),,CN 48 28:72:0 6d, 7d —
74 dist. Me(CH,),,CN 24 0:100:0 6d, 7d 100
8 iPrCN 68 100:0:0 6e, 7e —
9 dist. iPrCN 24 25:75:0 6e, 7e —
10 dist. iBuCN 48 53:47:0 of, 7f —
114 dist. iBuCN 44 0:100:0 of, 7f 85
12 dist. tBuCN 48 86:14:0 6h, 7h —
134 dist. fBuCN 48 31:69:0 6h, 7h —
14 HO(CH,),CN 48 20:80:0 6i, 7i —
15 BnCN 48 23:87:0 6k, 7k —
16° BnCN 23 0:100:0 6k, 7k 100

“Determined by 'H NMR. * Isolated yield of 6. © Product contaminated with 2% N,N-dipropylaniline (7a). ¢ 1.0 equiv. of AcCONH, was added. ¢ 30 wt%

of 10% Pd/C was used.

MeOH, although the reaction was not completed with 2.0 equiv. of
MeCN (entries 1 and 2). After extensive studies, Pt/C was found
to be a better catalyst for the N-monoalkylation of 12a (entry 4).
Finally, the reaction using 5% Rh/C in the presence of 2.0 equiv.
of MeCN gave the desired N-ethyldecylamine (13a) in excellent
selectivity and isolated yield (entry 6).

Under the optimized reaction conditions [10 wt% of 5%
Rh/C (ca. 0.5% as an Rh metal), 2.0 equiv. of nitrile], the

reactions between various amines and nitriles were explored (Table
11). Not only linear nitriles, such as EtCN, PrCN and BuCN,
but also branched nitriles, such as /PrCN and rBuCN, were
applicable for the N-monoalkylation to give the corresponding
N-alkyldecylamines (13b—f) (entries 1-5). A range of primary
amines (12b-h) could also be used for the monoalkylation to give
secondary amines (13g-m) in good to excellent selectivities and
yields (entries 6-13). The reaction conditions were tolerated by
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Table 10 Catalyst screening of reductive N-monoalkylation of decy-
lamine (12a) using MeCN

Catalyst (10 wt%), H, (balloon)
Me(CHa)gNH;

Me(CH,)sNHEt + Me(CH,)gNEL,
MeCN (2.0 equiv), MeOH, rt
12a 13a 14a

Entry Catalyst Time (h) 12a:13a:14a“
1 10% Pd/C 24 0:0:100

2 10% Pd/C 24 7:18:75

3 5% Pd/BaSO, 25 100:0:0

4 5% Pt/C 25 22:71:7

5 5% Ru/C 25 100:0:0

6 5% Rh/C 24 trace : 99° : trace
7 5% Rh/AlLOs 24 67:33:0

“Determined by '"H NMR. ® 5.0 equiv of MeCN was used. < 96% of 13a
was isolated.

the N-benzyl (entry 9) and hydroxyl groups (entry 13), although
a double bond was reduced to give a saturated product (13k”)
(entry 10). The amines (12g and 12h) bearing chelating moieties
within the molecule required a higher catalyst loading to achieve
the N-monoalkylation (ca. 1% as Rh metal) (entries 11-13). From
a mechanistic point of view, we realized the formation of a small
amount of imines as by-products during the reaction of entries 8
and 12 (see Fig. 1), which were supposed to be intermediates of
the Rh/C-catalyzed reductive N-monoalkylation.

e e
o}

Fig. 1 Imines as intermediates.

Table 11 Reductive N-monoalkylation of alkylamine (12) using nitriles

Table 12 Reductive N,N-diethylation of decylamine (12a) using MeCN
10% Pd/C (10 wt%), H, (balloon)
Me(CH,)gNH, Me(CH,)oNHEt + Me(CHp)oNEL,
MeCN (2.0 equiv), MeOH, rt
12 Additive (1.0 equiv) 13a 14a
Entry Solvent Additive Time (h) 12a:13a:14a°
1 THF None 48 38:40:22
2 AcOEt None 48 54:38:8
3 MeCN? None 36 0:20:80
4 MeOH tBuOK 48 100:0:0
5 MeOH K,CO; 48 84:16:0
6 MeOH TFA 48 25:14:61
7 MeOH AcOH 27 30:25:45
8 MeOH NH,O0Ac 24 0:0:100 (97)¢
9 MeOH MS 13X (30 wt%) 24 0:0:100 (99)¢

“Determined by '"H NMR. * MeCN (38 equiv.) was used as the solvent.
¢Isolated yield.

N,N-Dialkylation of aliphatic primary amines

We next investigated the additive and solvent effect toward
the N,N-dialkylation of aliphatic primary amines under Pd/C-
catalyzed hydrogenation conditions using MeCN (Table 12).
MeOH was the best solvent for this alkylation compared to THF,
AcOEt and MeCN (Table 10, entry 2, and Table 12, entries 1-3).
On the other hand, the dialkylation was effectively accelerated by
the addition of AcCONH, to provide the tertiary amine (14a) (Table
12, entry 8), while the addition of acids (TFA and AcOH) or bases
(1BuOK and K,CO;) inhibited the reaction progress (entries 4—
7). Interestingly, the addition of molecular sieves (MS 13X) was
effective to provide complete conversion and an excellent isolated
yield (entry 9).

5% Rh/C (10 wt%), H, (balloon)

Raiky-NH2 Raiky"NHCH,R' 4+ Rgy"N(CH2R),
RCN (2.0 equiv), MeOH, rt
12 13 14
Entry R,uy—NH, 12 R’'CN Time (h) 12:13:14° 13,14 Yield (%)*
1 Me(CH,),NH, 12a EtCN 34 2:98:0 13b, 14b 89
2 Me(CH,)yNH, 12a PrCN 34 3:97:0 13c, 14c 82
3 Me(CH,),NH, 12a BuCN 13 3:97:0 13d, 14d 71
4 Me(CH,),NH, 12a dist. iPrCN 59 9:91:0 13e, 14e 39
5 Me(CH,),NH, 12a dist. /BuCN 59 15:85:0 13f, 14f 61
6¢ Ph(CH,),NH, 12b MeCN 48 5:94:trace 13g, 14¢g 804
7 Ph(CH,),NH, 12¢ MeCN 24 trace: 99 :trace 13h, 14h 98
8 CyCH,NH, 12d MeCN 36 0:99:trace 13i, 14i 56°
9 4-MeOC,H,CH,NH, 12¢ MeCN 48 0:99: trace 13j, 14§ 98
10 O/(CHZ)ZNHZ 12f MeCN 10 trace: 99 : trace 13Kk’, 14k’ 9
~(CHy)oNH,

11 N 12¢g MeCN 48 26:73:trace 131, 141 —
12¢ o 12¢ MeCN 29 5:94: trace 131, 141 90"
13¢ HO(CH,)sNH, 12h MeCN 46 trace : 99 : trace 13m, 14m 99

“Determined by 'H NMR. * Isolated yield of 13. 20 wt% of 5% Rh/C was used as the catalyst. ¢ Product contaminated with 5% 2-phenylethylamine
(12b). ¢ Product contaminated with 5% corresponding imine. ¥ N-(2-Cyclohexylethyl)-N-ethylamine (13k’) was obtained. ¢ 5.0 equiv. of MeCN and 20
wt% of 5% Rh/C were used. * Product contaminated with 5% corresponding imine and 4% N-aminoethylmorpholine (12g).
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The reductive N,N-dialkylations using linear alkylamines (12),
such as decylamine (12a) and octylamine (12i), were efficiently
performed with MeCN, EtCN, PrCN, BuCN to provide the corre-
sponding tertiary amine (14) as the sole product (Table 13, entries
1-3 and 5-7). Other primary alkylamines, such as phenethylamine
(12b), cyclohexanemethanamine (12d), cyclohexylamine (12§) and
6-hydroxy-1-hexylamine (12h), were also selectively converted to
tertiary amines (14) (entries 8-11). The additions of AcONH,
effectively achieved the completion of the reaction in most
cases. On the other hand, only N-monoalkylation was selectively
observed under the same reaction conditions when the bulky
iPrCN was used as an alkylating agent (entry 4).

N-Alkylation of aliphatic secondary amines

The alkylations of secondary amines (15) were also achieved
under similar conditions to give the corresponding tertiary amines
(16) in excellent conversions (Table 14). The results supported
the conclusion that the Pd/C-catalyzed reductive alkylation of
aliphatic amines using a nitrile is effective for the synthesis of
tertiary amines.

Application to the synthesis of unsymmetrical tertiary amines

The combination of the Rh/C-catalyzed N-monoalkylation of
aliphatic primary amines (Table 11) and Pd/C-catalyzed tertiary
amine synthesis (Tables 13 and 14) using nitriles was applied
to the synthesis of unsymmetrical tertiary amines possessing
three different alkyl groups. First, the isolated N-butyldecylamine
(13c), which was synthesized by the Rh/C-catalyzed alkylation
of decylamine (12a) with PrCN (see Table 11, entry 2), was
found to react with MeCN under Pd/C-catalyzed hydrogena-
tion conditions to form N-butyl-N-ethyldecylamine (17a) in a
72% two-step total yield based on the starting 12a (Table 15,
entry 1). Next, we investigated the development of a tandem
synthetic method of unsymmetrical tertiary amines (17) without
isolation of the secondary amines (13) after simple filtration and
evaporation to remove the 5% Rh/C and volatiles (entries 2-5).
N-Ethyl-N-propyldecylamine (17b), N-ethyl-N-pentyldecylamine

(17¢), N-ethyl-N-propyl-2-phenetylamine (17d) and N-ethyl-N-
pentyl-2-phenetylamine (17e) were readily prepared by the double
sequential alkylation.

Mechanistic investigation

Two mechanisms can be envisioned for the catalytic reductive
alkylation using nitriles. The first one is shown as Scheme 3.
Amidine (18) is a key intermediate formed by the nucleophilic
attack of amines on the metal-activated nitrile and may be
reduced under catalytic hydrogenation conditions accompanying
the elimination of ammonia to form the imine intermediate (20).
The imines (20) were easily hydrogenated under the conditions to
afford alkylated amines.

R—Nm SM ||\1H

\ M/C, H,
R-CEN —> R-NHC-R ——
18
My W e RenHCHR
-N5CH-R’ R-N=CH-R —— R '
R-N7CH-R T 7
H NH; 20
19 M: Pd or Rh

Scheme 3 Reaction mechanism via an amidine intermediate (18).

However, phenylacetoamidine (18a), which is the expected
intermediate of the MeCN-mediated alkylation of aniline, was
stable under the reaction conditions, and the unchanged 18a was
recovered even after 24 h (eqn 11). Thus, it is unlikely that the
amidine intermediate (18) is formed during the alkylation reaction.

NH 10% Pd/C (10 wt%), H, (balloon)
PhNHC-Me Recovery (11)
MeOH, rt, 24 h
18a

An alternative mechanism is shown in Scheme 4.2 The key
intermediates of this reaction are the imines (21), produced by the
reduction of nitriles. After the formation of the imine (21) with
no substituent on the nitrogen atom by the partial hydrogenation
of the nitriles, the nucleophilic attack of the amines should occur
on the electron-deficient imine carbon to produce another imine

Table 13 Reductive N,N-dialkylation of primary alkylamine (12) using nitriles

10% Pd/C (10 wt%), H, (balloon)

RaikyrNH; RakyrNHCHR -+ RyyirN(CHR),
AcONH,, RCN, MeOH, rt
12 13 14
Entry Ry—NH, 12 RCN (equiv.) AcONH, (equiv.) Time (h) 12:13:14° 13,14 Yield (%)*
1 Me(CH,),NH, 12a EtCN (5.0 1.0 47 0:0:100 13b, 14b 89
2 Me(CH,),NH, 12a PrCN (5.0) 1.0 29 0:0:100 13c, 14¢ 82
3 Me(CH,),NH, 12a BuCN (5.0 1.0 13 0:0:100 13d, 14d 71
4 Me(CH,),NH, 12a iPrCN (5.0) 1.0 46 23:77:0 13e, 14e —
5 Me(CH,),NH, 12i MeCN (3.0) 5.0 24 0:0:100 13n, 14n 97
6 Me(CH,),NH, 12i PrCN (3.0) 3.0 31 0:0:100 130, 140 100
7 Me(CH,),NH, 12i BuCN (3.0 3.0 29 0:0:100 13p, 14p 97
8¢ Ph(CH,),NH, 12b MeCN (5.0) 1.0 24 0:0:100 13g, 14g 90
9 CyCH,NH, 12d MeCN (5.0) 1.0 48 0:0:100 13i, 14i 75
10 CyNH, 12§ MeCN (5.0 None 40 0:7:93 13q, 14q 694
11 HO(CH,),NH, 12h MeCN (5.0) 1.0 34 0:0:100 13m, 14m quant.

“Determined by '"H NMR. ? Isolated yield of 14. < 20 wt% of 10% Pd/C was used. ¢ Product contaminated with 7% N-ethylaminomethylcyclohexane

(12j).
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Table 14 Reductive N-alkylation of secondary amine (15) using nitriles

10% Pd/C (10 wt%), H, (balloon)

RR'NH RR'NCH,R"
R"CN, MeOH, rt
15 16
Entry 15 R”CN (equiv.) AcONH, (equiv.)  Time (h) 15:16* 16 Yield (%)®
1 Bu,NH 15a MeCN (5.0) 5.0 24 0:100 16a 76
2 OH MeCN (3.0) None 66 73:27 16b —
3 MeCN (3.0) 3.0 66 0:100 16b 76¢
15b
4 OK\NH MeCN (3.0 3.0 66 0:100 16¢ 82¢
5 PrCN (3.0) 3.0 66 0:100 16d 51
15¢c
6 /OH MeCN (5.0) None 66 0:100 16e 98
HO
15d
7 NH MeCN (5.0) None 58 4:96 16f 804
Ph\/\/N
15e

“Determined by 'H NMR. ® Isolated yield of 16. ¢ Determined by GC. ¢ The product was contaminated with 4% 4-(3’-phenylpropyl)piperazine (15¢’).

Table 15 Preparation of unsymmetrical tertiary amines (17) via double alkylation

H, (balloon) H, (balloon)
RYCHNH 5% Rh/C (20 Wi%) RCH N CH,R2  10% Pd/C (20 wt%) . CHR?
RZCN (2.0 equiv) H R3CN (5.0 equiv) CH,R?
12 MeOH, rt 13 NH,4OAc (1.0 equiv) 17
MeOH, rt
Entry R! n 12 R? 13 Yield (%) of 13 R? 17 Yield (%) of 17*
1 Me 9 12a Pr 13c 82 Me 17a 72
2 Me 9 12a Et 13b —b Me 17b 69
3 Me 9 12a Bu 13d —b Me 17¢ 53
4 Ph 2 12b Me 13¢g - Et 17d 94
5 Ph 2 12b Bu 13u —b Me 17¢ 66

“Tsolated yield based on starting material (12). * Without purification except for simple filtration and evaporation.

Mo R-NH,
R-CEN ———  R-CHH ——=
21
e R-N=CHR —C M2 b NHCHR
R-N7CH-R' -N=CH-R ——— R B
M N
H 20
NHs M: Pd
19 : or Rh

Scheme 4 Reaction mechanism via the imine intermediate (21).

intermediate (20) bearing an alkyl substituent derived from the
nitrile followed by the elimination of ammonia. The N-substituted
imine (20) was then smoothly reduced to the corresponding
alkylated amine. The imine intermediate (20) observed during
the Rh/C-catalyzed alkylation of the amines supported these
mechanisms (Fig. 1).

We also observed the partial reductive dimerization of BuCN
under Pd/C-catalyzed hydrogenation conditions in the presence of
N,N-dimethylaniline (22) (eqn 12). This result strongly suggests
that nitriles would be reduced under the stated hydrogenation
conditions and supports the first imine formation in Scheme 4.

10% Pd/C, H, (balloon)
BuCN

(CsHi1)oNH -+ (CsHyq)sN - (12)

MeOH, rt, 24 h
20% 3%
in the presence of PhNMe; (22)

We also examined the detailed effect of water on the present
alkylation (Table 16). Although the acceleration effect by the
addition of molecular sieves (MS 13X) was presented in Table
12, entry 9, it is quite difficult to explain this effect by the simple
scavenging of water because the higher water content during the
alkylation of 12a also facilitated the reaction rate (compare Table
16, entries 1, 3 and 5). We suppose that the addition of MS 13X
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Table 16 Effect of water and molecular sieves

10% Pd/C, H, (balloon)

Me(CH,)oNH, Me(CH,)sNHBU + Me(CH,)gNBu,
PrCN (3.0 equiv), MeOH
12a 24h, rt 13c 14c
Additive
Entry Solvent MS 13X H,O 12a:13c: 14c®
1 MeOH None None 0:45:55
2 MeOH 20 wt% None 0:3:97
3 dist. MeOH None None 0:60:40
4 dist. MeOH 20 wt% None 0:41:59
5 dist. MeOH None 25 ulLe 0:0:100
6 dist. MeOH 20 wt% 25 uLe 0:0:100

“MS 13X: Molecular sieves 13X. ® Determined by 'H NMR. ¢ 1.4 equiv of
H,O.

accelerated the reaction by the scavenging effect of ammonia, a
typical catalyst poison, by the macroporous MS 13X (entries 2, 4
and 6). However, the effect of water still remains to be elucidated.

Based on the proposed mechanism indicated in Scheme 4, we
considered the difference between the Pd/C- and Rh/C-catalyzed
reductive alkylations of the aliphatic amines (Pd/C-catalyzed
dialkylation and Rh/C-catalyzed monoalkylation, Scheme 5).
There are two routes for the formation of the secondary amine
(23) as follows: (1) the sequential ammonia elimination from 19
and hydrogenation of the resulting imine (20), and (2) the direct
hydrogenolysis of 19. Although both routes are acceptable for the
Pd/C- and Rh/C-catalyzed hydrogenations, only the cleavage of
ammonia (hydrogenolysis) from 24 is available for the formation
of tertiary amines (25) under neutral or basic hydrogenation
conditions. The selective formation of a secondary amine using
Rh/C and a nitrile can be rationalized by the inactivity of the
Rh/C toward the hydrogenolysis of 24, which is only achieved
under the Pd/C-catalyzed hydrogenation conditions.

M
R2C=N —> RQCH NH (—> RZCHZNH2>
H

NH
R‘NH2
A R'NH,

RZCHNH f M/H
RIN= CHR —
R'NH, —\~A 2 _T 2 %> | RINHCHR?
23

‘7_ R‘NH
R’CH=NH
” M/H,
R2CH=NH R2CH=NH

21 21

| CHR? Pd/C-H, R2CHNH,
“CH,R? 7 R'NCH,R?
25 NH; 24
/R1
R2HC =R
CH,R?

ol

Scheme 5 Plausible total reaction mechanisms: difference between Pd/C
and Rh/C.

Conclusions

In conclusion, we developed novel and environmentally friendly
N-monoalkylation methods of both aromatic and aliphatic pri-
mary amines using nitriles as an alkylating reagent. The monoalky-
lation of aromatic primary amines smoothly proceeded in the

presence of nitriles under 10% Pd/C-catalyzed hydrogenation
conditions. The addition of ammonium acetate facilitated the
alkylation reaction, no matter how bulky the nitriles and electron
deficient aromatic amines were applied. Furthermore, the reaction
was also used for the intramolecular cyclization in an indole
synthesis and the direct transformation of aromatic secondary
amines from aromatic nitro compounds. On the other hand,
we have also demonstrated the 5% Rh/C-catalyzed reductive
N-monoalkylation and the 10% Pd/C-catalyzed reductive N,N-
dialkylation of aliphatic amines using nitriles as alkylating agents.
The unsymmetrical tertiary amines possessing three different
substituents were also easily prepared by the combination of the
nitrile-mediated Rh/C- and Pd/C-catalyzed alkylations. These
alkylation methods are particularly attractive as they do not use
alkyl halides and carbonyl compounds.

Experimental section
General

All reagents, unless otherwise specified, were purchased from com-
mercial sources (Aldrich, TCI, Wako, Kanto, Kishida, Nacalai,
etc.) and used without further purification. dist. RCNs represent
purified nitriles, the purification of which was achieved by
washing commercial nitriles with half volume of conc. HCI and
saturated NaHCO; solution, drying with MgSO, or K,CO; and
distilling from CaH, or P,O,. 10% Pd/C was purchased from
Aldrich (20,569-9) or N.E. Chemcat (K type, NX type, BET2200
or K type wet). 5% Rh/C was obtained from WAKO (186—
01011). MeOH for HPLC (WAKO 138-06473) was used without
purification as a solvent. All reactions were monitored by thin-
layer chromatography (TLC) on glass-backed silica gel 60 F254,
0.2 mm plates (Merck), and compounds were visualized under UV
light (254 nm), p-anisaldehyde solution with subsequent heating.
The silica gel (200-300 mesh) for column chromatography was
purchased from the Merck. '"H NMR (400 MHz) and *C NMR
(100 MHz) spectra were recorded in CDCl; solution on a JEOL
EX 400 and AL 400 instrument. Spectral data are reported in
ppm relative to tetramethylsilane (TMS) as internal standard.
Low and high-resolution mass spectra analysis (HRMS) data were
measured on a JEOL JMS-SX 102A machine. Microanalyses were
accomplished at the Microanalytical Laboratory of Gifu Pharma-
ceutical University, Japan. Melting points were determined on a
Yanagimoto melting point apparatus and were uncorrected. All
new compounds were further characterized by elemental analysis
or HRMS. Compounds known in the literature were characterized
by comparing their 'H NMR data with the previously reported
data.

General procedure for reductive alkylation of amines using nitriles

After two vacuum/H, cycles to remove air from the reaction
tube, the stirred mixture of the amine (1.0 or 0.50 mmol), metal-
supported catalyst (10 wt% of the amine) and RCN (5.0 equiv.)
[and additive (1.0 equiv.)] in MeOH (1.0 mL) was hydrogenated
under ambient pressure (balloon) at room temperature (ca. 20 °C)
for the appropriate time (see Tables). The reaction mixture was
filtrated using a membrane filter (Millipore, Millex®-LH, 0.45 um)
and the filtrate was concentrated under reduced pressure. [When
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water soluble additive such as NH,OAc, AcOH, etc. was added to
the reaction, the residue was partitioned between Et,O (10 mL)
and water (10 mL). The aqueous phase was extracted with Et,O
(10 mL x 3), and then the combined organic phases were washed
with brine (10 mL), dried with anhydrous Na,SO,, filtered and
concentrated under reduced pressure.] The ratio of the primary
amine, secondary amine and tertiary amine was confirmed by 'H
NMR of the crude mixture in CDCl;. The crude mixture was
purified by flash silica gel column chromatography, if necessary.
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