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Alkylation of Amines with Alcohols and Amines by a Single

Catalyst under Mild Conditions
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Abstract: An efficient catalytic system for the alkylation of
amines with either alcohols or amines under mild condi-
tions has been developed, using cyclometallated iridium
complexes as catalysts. The method has broad substrate
scope, allowing for the synthesis of a diverse range of sec-
ondary and tertiary amines with good to excellent yields.
By controlling the ratio of substrates, both mono- and bis-
alkylated amines can be obtained with high selectivity. In
particular, methanol can be used as the alkylating reagent,
affording N-methylated products selectively. A strong sol-
vent effect is observed for the reaction. D

The development of methods for the synthesis of amines is of
great importance because of the widespread presence of
amine moieties within natural products, pharmaceuticals and
fine chemicals."” Classical methods for the preparation of
amines include reduction of nitro,” nitrile or amide groups,”
functionalisation of alkenes or alkynes,""* alkylation with alkyl
halides®™ and reductive amination of carbonyl com-
pounds."***® An alternative and greener method for the pro-
duction of amines is the alkylation of amines with alcohols by
the use of “borrowing hydrogen” or “hydrogen autotransfer”
strategy.”’ The first examples of alkylation of amines with alco-
hols by homogeneous catalysis were reported independently
by the groups of Grigg® and Watanabe.” Since then, great
progress has been made in this area, allowing the reaction to
be carried out under milder conditions,”'” with broader sub-
strate scope,”™ or even in an enantioselective manner.”™" No-
table contributions have come from the groups of Bel-
ler,B7Pas 121 Wil liams,2cdihet-vx 131 Eyiita 4 Kempe, %1% Martin-
Matute,"® Crabtree,"” Yus,”'® Peris”¥ Andersson,” Mil-
stein," Zhao"™ "™ and others.?” The strategy could be further
extended to the cross coupling of amines as reported by the
groups of Beller,””¥ Peris”? and Williams.”! However, most of
the catalysts reported only work for alkylation with alcohols or
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amines, but not with both. Shvo’s catalyst,”™ a [Cp*IrCl,(NHC)]
complex reported by Peris and co-workers,”® and a recent ex-
ample from Li and co-workers®" are the only catalysts that are
able to catalyse both reactions under different reaction condi-
tions or temperatures. Thus, a versatile catalyst capable of pro-
moting alkylation both with alcohols and with amines is desira-
ble. However, to perform amine alkylation with alcohols and
amines using the same catalyst system under mild conditions
is challenging, as the amine cross-coupling reaction normally
requires high temperature (> 150°C). To our knowledge, a mild
catalytic system for alkylation of amines with both alcohols
and amines has not been reported to date.

We have developed efficient catalytic systems based on cy-
clometallated iridium complexes for the reductive amination of
carbonyl compounds to afford amines.®®<?? Apart from reduc-
tion reactions, these iridium complexes were found to be able
to catalyse dehydrogenation reactions as well.” The dehydro-
genation and reduction abilities of these iridium complexes
render them possible catalysts for borrowing hydrogen reac-
tions. This hypothesis has now been verified by the alkylation
of amines with alcohols catalysed by a cyclometallated iridium
complex. Compared with our previously reported reductive
amination reactions, the alkylation with alcohols is greener,
avoiding the use of extra reductant. Further studies have dem-
onstrated that the catalyst is also viable for cross coupling of
amines under relatively mild conditions, thus providing a versa-
tile protocol for alkylation of amines with both alcohols and
amines (Scheme 1). Herein, we report the details of our find-
ings.

Scheme 1. Alkylation of amines with both alcohols and amines catalysed by
a single cyclometallated iridium complex under the same mild conditions.

In our previous work, the iridium complex 1a demonstrated
superior activity for the reduction of imines in 2,2,2-trifluoroe-
thanol (TFE; Scheme 2).°"! Thus, the reaction of benzyl alcohol
with aniline was initially carried out with 1a as precatalyst in
TFE in the presence of 5 mol% of K,CO; as base. Pleasingly,
68% conversion of benzyl alcohol to the alkylation product
was observed in 6 h at 100 °C. The use of TFE as solvent is criti-
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: N—Ir—CI
OH
1a-e /@
- O Ny
H

TFE, 5 mol% K,CO3

100°C, 6 h
1a, R = CN, 68% conv.

1b, R = Cl, 86% conv.
1c¢, R = Br, 83% conv.
1d, R = Me, 75% conv.
1e, R = OMe, 92% conv.

Scheme 2. The effect of different catalyst ligand substituents on the alkyla-
tion of aniline (0.6 mmol) with benzyl alcohol (0.5 mmol) in TFE (2.6 mL) at
S/C=100. Conversions were determined by 'H NMR spectroscopy.
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THF \©\
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DMF OH )‘\@\
- e
MeCN . {;&NH2 oN "
D H
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Figure 1. The effect of solvents on Ir catalysed alkylation of amine with
benzyl alcohol. The substrate to catalyst ratio (S/C) was 100.

cal for the reaction to proceed, as no reaction was observed
with all other solvents tested (Figure 1). Other cyclometallated
iridium complexes with different substituents were subse-
quently evaluated in TFE (Scheme 2). Complex 1e provided
the highest conversion of 92% in 6 h. In contrast, only 22%
conversion was obtained with [{Cp*IrCl,},] under the same con-
ditions and [{Cp*RhCl,},] was totally inactive. By increasing the
reaction time to 12 h and using a sealed reaction tube, a near-
quantitative yield (99 %) of product was isolated from the reac-
tion with 1 mol% of 1e as catalyst.

The generality of the 1e-catalysed alkylation reaction was
first tested in the reaction of benzyl alcohol with various
amines (Table 1). Substituents at the ortho, meta and para posi-
tions of aromatic amines were all tolerated (2a-i). Good yield
was obtained even for the very bulky 2,6-dimethoxyaniline (2i).
The electronic properties of the substituents exerted strong in-
fluence on the reactivity of substrates. Thus, low yields
(<20%) were observed for the very electron-deficient amines,
4-nitroaniline and 4-(trifluoromethyl)aniline, indicating that the
reaction of the amine with the intermediate aldehydes may be
involved in or before the turnover limiting step. 1-naphthy-

Chem. Eur. J. 2015, 21, 9656 — 9661 www.chemeurj.org

9657

CHEMISTRY

A European Journal
Communication

Table 1. Alkylation of amines with benzyl alcohols.”

1e O/\
TFE, 5 mol% K2C03

OH

+ R-NH,

100 °C, 12 h, S/C = 100

gﬁ

2b, 84% yield

o

2e, 64% yield

e

2i, 84% yield

ravas

Iz

2a, 99% yield

vand

2d, 96% yield

o

2g, 89% yield

O
o,

N
H

o

2c, 88% yield

N

2f, 99% yield

2h, 83% yield

2j, 92% yield

©/\ I

2m, 86% yield

Y oo oD

2p, 83% yield!"!

2k, 86% yield

oo OgU

2n, 79% yield®! 20, 82% yield!®!

21, 95% yield

2q, 84% yield!®! 2r, 70% yield®!

SRR &

—/
b 2t, 71% yield[!

b 2s, 89% yieldld
conditions stated):

[a] Reaction

(0.5 mmol), amine (0.6 mmol), 1e (0.005 mmol), K,CO; (0.025 mmol), TFE
(2.6 mL), 100°C, 12 h; yields refer to isolated products; [b] benzyl alcohol
(
(

(unless  otherwise Benzyl alcohol

1 mmol), amine (1.2 mmol), 1e (0.01 mmol), K,CO; (0.75 mmol), TFE
2 mL), 100°C, 12 h; [c] benzyl alcohol (1.1 mmol), amine (0.5 mmol).

lamine, benzenesulfonamide and heterocycle-substituted ani-
line are all viable substrates, affording the desired products in
good to excellent yields (2j-I). Secondary amines, including
heterocyclic aliphatic secondary amines, all reacted well with
benzyl alcohol to afford the alkylated products in good yields
(2m-r). Interestingly, the dehydrogenated indole product (2p)
was obtained when indoline was used as a substrate. When
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two amino groups were presented, both could be alkylated
(2s and 2t) to afford products hitherto thought difficult to pre-
pare.[15e,16b]

The substrate scope of the system was further examined by
reaction of different alcohols with aniline (Table 2). Various
benzylic alcohols and aliphatic alcohols could act as alkylating
reagents, affording good yields in general. However, no corre-
lation could be established between the electronic properties
of substituents and yields (3a—f). This appears in line with the
dehydrogenation step not being turnover limiting. Substitu-
ents at the meta and ortho positions of benzylic alcohols could

Table 2. Alkylation of aniline with different alcohols.?

: N
e ‘R
TFE, 5 mol% K,COg4

100 °C, 12-24 h, S/C = 100

R-OH +

(: :)—Z
I
N

3a-r

Iz

o

3b, 80% yield 3c, 75% yield

oo

3f, 58% vyield

o o

3a, 87% yield

o

3d, 92% yield

@Q @@ o

3i, 86% yield®!

%
S

31, 89% yield!®

3e, 91% yield

3g, 80% yield

@4\ N_b
©/ 6 ©/ 10

3], 64% yield!® 3k, 95% yield!!
v i g
o o o
MeO MeO MeO

3m, 81% yield®! 30, 78% yield®!

O oA o

3p, 92% yield!® 3r 38% yield!

3h, 74% yield

3n, 88% yield(®

39, 19% yield

[a] Reaction conditions (unless otherwise stated): Alcohol (0.5 mmol), ani-
line (0.6 mmol), 1e (0.005 mmol), K,CO; (0.025 mmol), TFE (2.6 mL),
100°C, 12 h; yields refer to isolated products; [b] alcohol (0.5 mmol), ani-
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be tolerated (3g and 3h). Remarkably, by varying the ratio of
substrates, both mono- and bis-alkylated amines could be ob-
tained with good selectivity (3i-p). Only a few examples are
known in which control of this selectivity has been demon-
strated in borrowing hydrogen reactions.”'* Notably, metha-
nol could be used as substrate, affording mono- and bis-alky-
lated amines with good yields (30 and 3 p) and thus providing
a green and selective method for N-methylation of amines.”?”
The use of methanol as an alkylating reagent is rare in the lit-
erature” and the selective formation of mono-methylated
amines is a still difficult issue in N-methylation reactions.*><
Secondary alcohols displayed lower activities, however, even
with a higher catalyst loading and longer reaction time (3q
and 3r).

The system could also be applied to the synthesis of hetero-
cycles by reaction of amines with diols (Table 3). The formation

Table 3. Synthesis of heterocycles.”

I

NH,
X, .0OH + = 1e = N
HO > H; R@ - R{j/ Mn
X TFE, X

n=1or2
X =CH,orO 5 mol% K;CO;3 4a-h
100 °C, 24 h,
SIC =50

4d, 70% yield
SIS N o
Br/©/ ©/ \) ©/ Meo/©/

4h, 65% yield

D o

4a, 84% yield 4b, 96% yield  4c, 99% yield

4e, 43% yield 4f, 54% yield 49, 80% yield

[a] Reaction conditions: Alcohol (0.5 mmol), aniline (0.5 mmol), 1e
(0.01 mmol), K,CO; (0.025 mmol), TFE (2.6 mL), 100°C, 24 h; yields refer to
isolated products.

of heterocycles requires two consecutive “borrowing hydro-
gen” reactions; thus a higher catalyst loading and a longer re-
action time were necessary to obtain acceptable yields. Piperi-
dines and pyrrolidines could be obtained with good to excel-
lent yields with pentane-1,5-diol and butane-1,4-diol, respec-
tively. 4-Phenylmorpholine was prepared with moderate yield
by employing 2,2-oxydiethanol as substrate (4 f).

The synthesis of Piribedil, which is a piperazine dopamine
agonist for the treatment of Parkinson’s disease,” was suc-
cessfully achieved employing our methodology. The method
avoids the use of often toxic alkyl halides or hazardous reduc-
ing reagents®® (Scheme 3).

The versatility of the system was further examined for the
cross-coupling of amines (Table 4), which is normally carried

line (1.1 mmol); [c]alcohol (1.1 mmol), aniline (0.5 mmol); [d]1e out at temperatures higher than 150 °C 7gp-r21] Delightfully, the
(0.01 mmol), 24 h. . - . .. .

reaction of aniline with diisopropylamine proceeded smoothly
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NN o KoCOs, TFE, N NTY
K/NH -0 100°C, 24 h N
99% yield

Scheme 3. Synthesis of Piribedil. Reactions conditions: Alcohol (0.5 mmol),
amine (0.6 mmol), 1e (0.005 mmol), K,CO; (0.025 mmol), TFE (2.6 mL),
100°C, 24 h. Yield refers to isolated product.

Table 4. Cross-coupling of amines.?
HNJ\

=
N

5a-n

SRV CASNCASIC AL

5a, 84% yield®! 5b, 76% yield[!

ST O O oY

5e, 62% yield

NH, 1e
4 + )\ J\
R+ | N TFE, 5 mol% K,CO3
A H

100 °C, 24 h, S/C = 100

5c, 74% yield 5d, 99% yield

5f 19% yield 59, 90% yield  5h, 69% yield

@*Y

51, 62% yield

OMe

o' o' O

51, 48% yield

~ <
O OO

5m, 99% yield

5j, 71% yield® 5k, 69% yield

5n, 85% yield

[a] Reaction conditions (unless otherwise stated): Amine (0.5 mmol), diiso-
propylamine (1.5 mmol), 1e (0.005 mmol), K,CO; (0.025 mmol), TFE
(2.6 mL), 100°C, 24 h; yields refer to isolated products; [b] yields were de-
termined by 'H NMR spectroscopy with 1,3,5-trimethoxybenzene as inter-
nal standard.

under the same mild reaction conditions as those for the alky-
lation with alcohols. Various para-substituted anilines reacted
(5a-h), with all except para-acetyl aniline (5 f) affording high
yields, with heterocycle or ester groups tolerated (5g and 5h).
Anilines substituted at the meta or ortho positions are also
viable substrates, as shown by the formation of 5i-k. The alky-
lation of benzohydrazide proceeded in moderate yield (51).
When two amino groups are present, both amine groups were
alkylated with excellent yields (5m and 5n).

The mechanism of the reaction is believed to follow the con-
ventional “borrowing hydrogen” pathway, which proceeds via
a sequence of alcohol dehydrogenation, imine formation and
imine reduction (Scheme 4)."*¥ Indeed, when benzyl alcohol
was subjected to the reaction conditions outlined in Table 1
but in the absence of aniline, benzyaldehyde was formed, indi-
cating that dehydrogenation of alcohols by 1e is involved in
the alkylation of amines with alcohols. The fact that an im-
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Scheme 4. Proposed mechanism for the alkylation of amines with alcohols.

proved yield was obtained in a sealed reaction vessel suggests
that hydrogen gas might be released and reused. This is fur-
ther supported by the observation that a lower conversion of
benzyl alcohol was obtained when argon was continuously
bubbled through the reaction mixture (15% vs 36% under
standard conditions, 1 h reaction time). We have previously
shown that cyclometallated iridium complexes catalyse the hy-
drogenation of imino bonds and isolated their hydride com-
plexes.” The ability of such complexes to effect dehydrogena-
tion of amines was also demonstrated,'”*” providing evidence
that the cross-coupling of amines may proceed via a similar
pathway. The beneficial effect of TFE as solvent might stem
from its strong hydrogen-bond-donating ability, which could
promote the dissociation of the chloride anion from 1e to
form the active catalyst and/or activate the imine toward hy-
dride transfer (Scheme 4).

In conclusion, we have developed a versatile catalytic
system for alkylation of amines with either alcohols or amines
under the same mild conditions. The system shows broad sub-
strate scope for various alcohols and amines, allowing for the
synthesis of a diverse range of secondary or tertiary amines,
and excellent selectivity, which could be controlled by simple
variation of substrate ratios. Of particular note is that methanol
could be used as alkylating reagent, providing a green and se-
lective N-methylation method. The cross-coupling of amines
was achieved under the mildest conditions reported to date.

Experimental Section

Typical procedure for the reaction of alcohols and amines: Benzyl
alcohol (0.5 mmol), aniline (0.6 mmol), 1e (0.005 mmol), K,CO,
(0.025 mmol), and a magnetic stir bar were placed in a pressure
tube. Into the mixture was injected TFE (2.6 mL). The mixture was
bubbled with argon for 15 min, and then stirred at 100°C for 12 h.
After cooling to room temperature, the reaction solution was ad-
justed with hydrochloric acid (3 m) to pH 2 and stirred for 10 min.
The solution was then adjusted to pH 10 with saturated NaOH so-
lution, and extracted with DCM (3x10 mL). The organic layers
were washed with brine (20 mL) and dried over Na,SO,. The organ-
ic solvent was removed under reduced pressure and the crude
product was purified by flash chromatography on silica using pe-
troleum ether/ethyl acetate (200:1) as eluent.
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