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Chemical transformations involving primary amines are of
great importance in biology and chemistry because the amino
functionality is present in the vast majority of biomolecules,
pharmaceuticals, and chemical precursors used in the manu-
facture of dyes and polymers.!l Various methods for the
preparation of primary amines by amination of alcohols,
aldehydes, or halogenated hydrocarbons have been intro-
duced in organic chemistry.?! At the same time, the reverse
reaction, a simple formal substitution of the amino group with
a different nucleophile remains a challenging transforma-
tion.”! For example, the deceivingly simple, direct conversion
of aliphatic amines to alcohols using water as the only reagent
[Eq. (1)] is exceedingly rare.™! The only reported example of

RNH, + H,0 — ROH + NH, (1)

direct conversion of amines to alcohols uses excess KOH and
harsh conditions (210°C in diethyleneglycol).*!

A simple S\2-type displacement is not favorable for the
reaction in Equation (1) as NH; is a poor leaving group, while
an Sy1 displacement requires strongly acidic conditions and is
typically low vyielding and non-selective.’! The classical
method for selective aliphatic deamination involves oxidation
of amines with HNO, to form unstable diazonium salts, which
can be then reacted with various nucleophiles, the reaction
being driven by the release of N,.P% Owing to the low
stability of diazonium salts and the formation of a carbocation
intermediate, such reactions typically show low selectivity.>!
The oxidative deamination of amines to aldehydes or ketones
requires stoichiometric amounts of strong oxidants, such as
permanganate, dichromate, or others,”’ which are incompat-
ible with the reductive conditions needed for the subsequent
hydrogenation of carbonyls to alcohols.

While enzymatic oxidative deamination of aliphatic
amines to generate aldehydes and ketones is a common
transformation involved in the metabolism of amino acids'®
and neurotransmitters,’) examples of biocatalytic conversion
of amines to alcohols are more complex and involve a series

[*] Dr. ). R. Khusnutdinova, Y. Ben-David, Prof. D. Milstein
Department of Organic Chemistry
Weizmann Institute of Science
Rehovot (Israel)
E-mail: david.milstein@weizmann.ac.il

[7‘: *

This research was supported by the European Research Council
under the FP7 framework, (ERC No 246837) and by the Kimmel
Center for Molecular design. J.R.K. is a recipient of a Dean of Faculty
Fellowship. D.M. is the holder of the Israel Matz Professorial Chair
of Organic Chemistry.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201301000.

Angew. Chem. Int. Ed. 2013, 52, 6269 -6272

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of reactions catalyzed by several different enzymes in the
presence of oxidizing and reducing equivalents.”!"! For
example, metabolic degradation of dopamine and norepi-
nephrine involves the initial conversion of a primary amine to
an aldehyde by a monoamine oxidase, followed by the
reduction of an aldehyde to an alcohol by aldehyde reductase
and NADPH in one of the metabolic pathways, or oxidized to
a carboxylic acid in another pathway.”)

We have previously reported selective amination of
primary alcohols to form primary amines under NH; pressure
catalyzed by (the now commercially available) acridine-based
pincer complex (AcrPNP)RuH(CO)CI (1).""* Reported
herein is the reverse reaction, deamination of aliphatic
amines to alcohols by water catalyzed by 1 (Scheme 1). This
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Scheme 1. Deamination of amines catalyzed by 1.

reaction occurs by way of a reversible dehydrogenation/
hydrogenation sequence, and the formation of a hemiaminal
is proposed as a key intermediate leading to the release of
ammonia. Overall, the system described herein effectively
mimics the function of natural enzymes in deamination
reactions, while using the same catalyst for both dehydrogen-
ation and alcohol formation; it uses water as the only reagent,
with no added bases, oxidants, or reductants, thus establishing
a green method of direct deamination of aliphatic amines in
water.

During the course of investigation of the reactivity of
amines with water in the presence of Ru pincer complexes, we
found that heating an amine solution in water or water/
dioxane mixture in the presence of catalytic amounts of
1 leads to the formation of alcohol as the major product
(Table 1). While the reaction can be performed in water
alone, the conversions are typically low owing to the low
solubility of the catalyst and substrates in water (for example,
Table 1, entry 1). Therefore, a dioxane/water mixture (1:1 v/v)
was used for further experiments to ensure complete sol-
ubility of all the reaction components. The products were
analyzed by GC-MS and NMR spectroscopy and identified
by comparison with authentic samples. Control experiments
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Table 1: Deamination of primary amines catalyzed by 1.

Entry  Substrate t[h] Conv. [%]  Product Entry  Substrate t[h] Conv. %] Product
[% yield] [% yield]“
H H
-I[a,c] /\/\/\NH2 24 18 /\/\/\OH 14% '|2[avg] H2N 48 >99[h] HO
H 59% H
OoH
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2
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[a] Substrate (1 mmol), 1 (0.01 mmol), H,O (3 mL), and dioxane (3 mL) were heated in a closed system at 135°C or [b] in an open system at reflux at
100°C under Ar flow. [c] In neat water. [d] Conversion and product yields were determined by GC or NMR spectroscopy and shown as an average of 2-3
runs. [e] Under H, (5 bars). [f] 4 mol % 1; yield of the isolated product. [g] 0.5 mol % 1. [h] The side product is likely di-cis-myrtanylamine (18 %) based
on GC-MS and ESI-MS.

showed that no reaction took place under these conditions in

the absence of the catalyst.

Thus, a n-hexylamine solution was heated to reflux under
a N, atmosphere in a degassed water/dioxane mixture in the
presence of 1 (1 mol%) at 100°C. This resulted in deami-
nation to form n-hexanol as the major product in 43 % yield
after 24 h (Table 1, entry 2). Interestingly, another product of
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the reaction obtained under these conditions was identified as
a hexanoate salt based on NMR spectroscopy and mass
spectrometry. This salt likely forms through dehydrogenation
of hexanol under anaerobic conditions, while NH,™ and/or
hexylammonium serve as a counter cation. In accordance with
this result, we recently showed dehydrogenation of primary
alcohols in strongly basic aqueous solutions under anaerobic
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conditions to form carboxylate salts catalyzed by a bipyridyl-
based pincer Ru complex. Longer reflux times resulted in
a decrease of the yield of hexanol and an increase of the yield
of the hexanoate salt at higher conversions of amine (entry 3).
To prevent dehydrogenation of alcohol product to hexanoate,
the reaction of hexylamine in water/dioxane was performed in
a closed system at 135°C. After 24 hours, hexanol was formed
more selectively, in 62% yield and 80% overall selectivity
(entry 4). However, at longer reaction times the amine
conversion slowed down, while the yield of hexanol slightly
decreased owing to the irreversible formation of carboxylate
(entry 5). To stabilize the alcohol product against dehydro-
genative oxidation to carboxylate, the reaction was performed
under H, (5bars) leading to the selective formation of
hexanol in 93% yield (entry 6). Overall, although H, is not
required by the reaction, deamination under an atmosphere
of H, improved the reaction by increasing the selectivity and
the yield of the desired alcohol product and also suppressed
the formation of carboxylates.

Similarly, heating solutions of phenethylamine, 2-
methoxyethylamine, tryptamine, cis-myrtanylamine, and ben-
zylamine in water/dioxane in a closed system resulted in
formation of the corresponding alcohol product in 56-66 %
yield (entries 8,10-13). Substituted benzylamines with elec-
tron-donating and electron-withdrawing substituents were
well-tolerated under the reaction conditions (entries 14-16).
Substrates that can act as chelating ligands, such as ethyl-
enediamine, diethylenetriamine, 2-(aminomethyl)pyridine,
and the Na salt of phenylalanine, were not reactive towards
deamination, likely owing to strong coordination to the metal
center, while furfurylamine underwent non-selective reac-
tions to give a mixture of products. Deamination of allylamine
generated n-propanol in 17% yield, which indicated the
hydrogenation a C=C bond under these conditions.

Deamination of phenethylamine under H, (5 bars) lead to
the more selective formation of phenethyl alcohol in 89 %
yield (entry 9). The deamination of tryptamine and phene-
thylamine resembles the metabolism of these and analogous
substrates in biological systems. 1%

By analogy with the reported reactivity of complex 1 in
alcohol amination by NH,,!'"¥ the deamination reaction likely
proceeds by way of an initial dehydrogenation of the primary
amine to an imine and H, (Scheme 2). The imine then
undergoes a nucleophilic attack by water to form a hemi-
aminal intermediate, from which ammonia can be liberated to
produce an aldehyde. Eventually, the resulting aldehyde
intermediate is reduced to an alcohol using an H, molecule
from the imine formation.

Interestingly, formation of dialkylamines (PathB in
Scheme 2)"'% is only a minor side reaction, and dihexylamine
is formed in less than 4 % yield from hexylamine. Therefore,
water successfully competes as a nucleophile with both the
primary amine and NH; under the conditions of this reaction
(Path A versus Path B in Scheme 2).

In accordance with the proposed mechanism, the presence
of a P-hydrogen atom is necessary for deamination; no
reactivity was observed in the reaction of ‘BuNH, under
analogous conditions. Deamination of cycloalkylamines gave
a complete conversion after 48 hours, with a mixture of
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Scheme 2. Proposed mechanisms of deamination.

ketone and alcohol products (Table 1, entries 17,19, and 21).
Although oxidation of cycloalkylamines to ketones has been
reported, it typically requires the use of a stoichiometric
amount of oxidant."*¥) Examples of amine-to-ketone trans-
formations in the absence of oxidants are exceedingly rare.!'*
The cycloalkyl alcohol products were obtained with high
selectivity in good yields when the reaction was carried out
under H, pressure (entries 18 and 20).

This deamination reaction can be used for facile and
selective, entropy-driven cyclization of diamines to cyclic
secondary amines at 100°C in water/dioxane with 70-88 %
yield (Table 2, entries 1-4). Although such catalytic reactivity
is not unique, it typically requires harsh conditions: high
temperatures (150-180°C) and/or the presence of a reduc-
tant.['”)

Table 2: Cyclization of diamines catalyzed by 1.

Entry  Substrate t[h]  Conv. [%]" Product
[% yield]
HaN A~ .
1@ NH, 22 88 NH 88%
b H2N\/\/\ 0
20 NH, 22 78 NH 77%
GNH 63%
30 HN—CHJNH; 23 g3
HO{CH,-NH
‘( 26 2
22%
GNH 70%
ol HyN—{CH,)}—NH
) i O HO{CHo)-NH,
6
10%

[a] Substrate (1 mmol), 1 (0.01 mmol), H,O (3 mL), and dioxane (3 mL)
were heated in a closed system at 100°C or [b] in an open system at reflux
at 100°C. [c] Conversion and product yields were determined by NMR
spectroscopy or GC and shown as an average of 2-3 runs.

The mechanism for the cyclic imine formation likely
occurs by way of dehydrogenation of one of the amino
functional groups (catalyzed by 1) followed by the entropy-
driven intramolecular attack of another amine group (Path A,
Scheme 3) or via the formation of an aldehyde intermediate
(Path B, Scheme 3).
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Scheme 3. Proposed mechanisms of cyclic amine formation.

Following an analogy with the enzymatic deaminations,
formation of pyrrolidine is functionally analogous to the
synthetic route used in the biosynthesis of proline through the
cyclodeamination of L-ornithine mediated by NAD?*/
NADH.' Overall, the deamination mediated by complex
1 and described herein functionally resembles the deamina-
tion observed in enzymatic reactions, whereas the reversible
liberation and addition of dihydrogen serves as an analogue of
the NAD(P)"/NAD(P)H mediated redox transformations.
We previously demonstrated that the reactivity of complex
1 with H, in the presence of a base involves hydride transfer to
the C(9)-position of an acridine,"' and our future efforts will
be directed toward elucidation of the effect of metal-ligand
cooperation in these transformations.

In summary, we have achieved direct conversion of
primary amines to primary alcohols [Eq. (1)] using water,
catalyzed by complex 1, in the absence of added oxidants,
reductants, or bases. While the enzymatic conversion of
amines to alcohols is a multistep process involving several
different enzymes and requiring the presence of reducing and
oxidizing equivalents, a one-step deamination to alcohols in
water using a relatively simple low molecular weight catalyst
1 is novel. The unique reversible reactivity of the acridine-
based pincer complex 1 for the amination of alcohols and
deamination of amines is due to its ability to mediate both
dehydrogenation of amines and alcohols as well as hydro-
genation of imines and aldehydes within the same system.!!!*"!
The major side reaction observed in this system is an
irreversible dehydrogenative oxidation to carboxylates,
which can be suppressed by carrying out the reaction in the
presence of H,. We hope that if optimized for each particular
application, the catalytic reaction described herein could find
use in the synthesis of various primary alcohols,*!” the
preparation of isotopically labeled compounds,!'®! and the
treatment of amine-containing waste water."”!
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