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Various kinds of primary amides could be synthesized
through indirect aerobic oxygenation of primary amines using
simple amorphous MnO, under additive- and solvent-free
conditions. The catalyst/product separation was very easy, and
the retrieved MnO, catalyst could be reused without an
appreciable loss of its high catalytic performance.

Primary amides are one of the most important chemicals that
have widely been utilized as raw materials for engineering
plastics, intensifiers of perfume, antiblock reagents, color pig-
ments for inks, detergents, lubricants, and intermediates in
peptide and protein synthesis.! Even at present, ammonolysis
of activated carboxylic acid derivatives with ammonia is
still utilized for synthesis of primary amides.> However, this
procedure requires stoichiometric reagents such as thionyl
chloride and carbodiimide for preactivation of carboxylic acids,
and at least equimolar amounts of by-products are formed not
only during the aminolysis but also the preactivation step.?
Therefore, instead of this antiquated procedure, the development
of efficient green procedures for synthesis of primary amides
using various kinds of starting materials is a subject of urgency.>~

Primary amines are candidates as desirable starting materi-
als for primary amides because they are readily available and
inexpensive. However, in general, it is very difficult to oxygen-
ate primary amines directly to primary amides, and reactive
stoichiometric reagents such as 2,6-di-fert-butyl-p-benzoqui-
none® and in situ-generated RuO4 (from RuQO,-nH,O and
NalO,)” have typically been used for indirect oxygenation of
primary amines. Though oxygenation of primary amines through
the dehydrogenation-hydration sequence using molecular oxy-
gen (air) and water (Scheme 1) is one of the greenest procedures,
only two systems catalyzed by a supported ruthenium hydroxide
(Ru(OH),/AL,03)® and a cryptomelane-type manganese oxide-
based octahedral molecular sieve (OMS-2)° have previously
been reported to date, as far as we know. In the system of
Ru(OH),/Al,03, a large amount of water (reactant) is indis-
pensable because of the very low catalytic activity of Ru(OH),/
Al,0; for nitrile hydration (the last step of the sequence).® The
OMS-2-catalyzed oxygenation requires “aqueous ammonia” as
an indispensable additive to prevent the formation of N-
alkylimines (by-products) and to promote nitrile hydration.’
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Scheme 1. Reaction path for oxygenation of primary amines
to primary amides through the dehydrogenation—hydration
sequence.
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Very recently, we have reported that amorphous MnO, (with
a large specific surface area)!” shows extremely high catalytic
performance for nitrile hydration with only reduced amounts of
water (2 equiv or less with respect to nitriles, Table S1)'""!° and
that the catalytic activity of amorphous MnO, is much higher
than that of OMS-2 (Table S2).!'"!° In addition, it is well known
that manganese-based oxides possess high dehydrogenation
abilities for various substrates including alcohols and amines.%!?
Therefore, it is expected that amorphous MnO, can efficiently
promote oxygenation of primary amines through the dehydro-
genation—hydration sequence in the absence of any additives
(Scheme 1).

As we expected, we herein found that amorphous MnO, can
promote aerobic oxygenation of various kinds of primary amines
to primary amides using molecular oxygen (air) as a sole oxidant
“without any additives (even without addition of water).” During
the transformation, 2 equiv of water is generated (Scheme 1),
and the last step of nitrile hydration proceeds with the in situ-
generated water.!! It is emphasized that the MnO,-catalyzed
oxygenation efficiently proceeds even under “solvent-free”
conditions.

Initially, various catalysts including previously reported
ones such as Ru(OH),/Al,0;® and OMS-2° were applied to the
oxygenation of benzylamine (1a) to benzamide (2a) (Table 1).!?
Among them, manganese-based oxides such as amorphous MnO,
and OMS-2 gave significant yields of 2a (58-74% yields), and
the catalytic activity of amorphous MnO, was higher than those
of other manganese-based oxides such as OMS-2,” 8-MnO,, and
birnessite-type MnO,. When the oxygenation of 1a was carried
out with amorphous MnO, at 130 °C (bath temp.) in 1,4-dioxane
for 1h, 2a and benzonitrile (3a) were obtained in 74% and 23%
yields, respectively. When the reaction time was prolonged to
3 h, 3a was completely hydrated to give a quantitative yield of 2a.
Although OMS-2 gave 2a and 3a in 58% and 20% yields,
respectively, undesirable by-products such as N-benzylidene-
benzylamine (4a) and benzaldehyde (5a) were also formed under
the conditions described in Table 1 (without aqueous ammo-
nia?).'"* In the case of birnessite-type MnO,, 2a and 3a were
hardly produced, and 4a was produced as a major product (54%
yield). KMnO4 and MnSO4-H,0 (1 equiv with respect to 1a,
precursors for amorphous Mn0O,'%) were not effective for the
oxygenation, suggesting that soluble manganese species are not
active for the present oxygenation.'> Indeed, when amorphous
MnO; (or OMS-2) was removed from the reaction mixture by
filtration at ca. 50% conversion of 1a and the filtrate was again
heated at 130 °C in 6 atm of air, no further production of 2a and
3a was observed. Thus, the above-mentioned results can rule out
any contribution to the observed catalysis from manganese
species that leached into the reaction solution, and the observed
catalysis for the present oxygenation is truly heterogeneous.'®
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Table 1. Oxygenation of benzylamine (1a) to benzamide (2a)*

Table 2. Solvent-free oxygenation of various primary amines
with amorphous MnO,?*

Ph NH, — s Ph)kNHz + Ph—CN + Ph” SN"Ph + Ph 0
la 2a 3a 4a 5a Entry Substrate Product Yield/%
Entry  Catalyst Yield/% 1 1 i 2a 92(90)
n atalys a a
v 4 2a 3a 4a 5a 20 ©/\NH2 1a dNHz 2a 94
1 Amorphous MnO, 74 23 <l <1 3¢ la o 2a 81
2 Amorphous MnO, 92 <1 <1 <1
3 OMS-2 58 20 6 5 4 /©/\NH2 1b ﬂNHZ 2b >99 (94)
4° B-MnO, 4 45 36 4 0
5 Birnessite-type <1 > 54 -1 5 @[\NHZ 1c @fﬂm 2¢ 91
MnO, OCHg OCHj
6  KMnO, <1 2 9 <l Lo 0
74 MnSO,-H,0 <1 <l <1 <l 6 \©ANH2 1d HSCO\©*NH2 2d 93
8 C0304 <1 3 48 <1
9 CeO, <1 <l 9 <l " i
10 Ru(OH),/Al,0; <l 15 5 <1 7 /©/\ le NHp  2e 98 (89)
8" HiCo 1 2e 97
11°  RuHAP <1 28 5 <l € hCOT ¢
12 None <1 <1 <1 <1 9 Cl\©/\NH2 1f CI\©)kNH2 2 87
aReaction conditions: 1a (0.5mmol), catalyst (50 mg), 1,4-
dioxane (2mL), 130°C (bath temp.), air (6atm), 1h. Yields O O o}
were determined by GC using naphthalene as an internal 10 NH,  1g O NH, 2 60
standard. PUnder solvent-free conditions. Amorphous MnO,
(100 mg), 3h. “Commercially available (see the Supporting 1
Information'?). ¥Mn salts (0.5 mmol). llb \ YT NHe 1h \ YT ONH, 2h 96 (86)
12 Nig 1h N7 2h 98
o
o)
Co304 and CeO, did not give 2a as well as 3a, and the 13 @/\NHz 1i 0 NH, 2 40¢
corresponding alkylimine 4a was formed as a major product \_/
(9—48% yields). Supported ruthenium catalysts such as . S . s 9 .
Ru(OH),/ALO;® and RuHAP (HAP: hydroxyapatite)” did not 4 o Gy 2089

work well for the synthesis of 2a under the conditions described
in Table 1. 1,4-Dioxane and toluene were good solvents for the
oxygenation of 1a, giving 54-74% yields of 2a (Table S3).!° On
the other hand, highly polar solvents such as N,N-dimethylform-
amide (DMF) and ethanol gave lower yields of 2a (1-24%
yields) (Table S3).'° Notably, the oxygenation also efficiently
proceeded even under “solvent-free” conditions, affording 2a in
92% yield without formation of any by-products (Entry 2 in
Table 1). We hereafter carried out oxygenation under solvent-
free conditions.'?

Next, the scope of the present MnO,-catalyzed solvent-free
oxygenation of various kinds of structurally diverse primary
amines was examined (Table 2). Typically, oxygenation was
carried out with 100 mg of amorphous MnO,. The amount of
amorphous MnO, could be much reduced. For example, the
oxygenation of 1a with 20mg of amorphous MnO, gave 81%
yield of 2a under the conditions described in Table 2 (Entry 3).
Oxygenation of benzylamine derivatives 1a—1g, which contain
electron-donating as well as electron-withdrawing substituents at
different positions, efficiently proceeded to afford the corre-
sponding benzamide derivatives (>60% yields). Oxygenation
of ortho-, meta-, and para-substituted benzylamine derivatives
le-le proceeded well, and the yields of the corresponding
substituted benzamide derivatives were almost equal (91-98%
yields), suggesting that the steric effect of substituents on the
phenyl rings is negligible. Heteroaromatic methylamines such as
pyridine (1h), furan (1i), and thiophene (1j) methylamines gave
the corresponding heteroaromatic amides in moderate to high
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#Reaction conditions: substrate (0.5 mmol), amorphous MnO,
(100 mg), 130°C (bath temp.), air (6atm), 3h. Yields were
determined by GC using naphthalene or biphenyl as an internal
standard (see Table S4 in more detail’®). Values in the
parentheses are isolated yields. PReuse experiments. “Amor-
phous MnO, (20 mg). “Unidentified by-products were formed.
2h.

yields (40-96% yields). Unfortunately, the oxygenation of an
aliphatic amine of n-octylamine was unsuccessful (2% yield of
n-octanamide at >99% conversion of n-octylamine) because of
formation of many unidentified by-products.

After oxygenation was completed, amorphous MnO, was
easily retrieved from the reaction mixture by simple filtration
with >95% recovery.!3 The retrieved MnO, catalyst could be
reused without an appreciable loss of its high catalytic perform-
ance for oxygenation of various primary amines (Entries 2, 8§,
and 12 in Table 2).

Furthermore, we also found that primary amides could be
synthesized from “secondary amines” and aqueous ammonia
(Scheme 2). For example, dibenzylamine (6a) could be con-
verted into 2a in 99% yield in the presence of amorphous MnO,
under solvent-free conditions. This transformation is composed
of six relay steps. The reaction profile showed that an alkylimine
4a was initially produced. We confirmed that 4a was quantita-
tively converted into 2a under the same conditions in the
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Scheme 2. Transformation of dibenzylamine (6a) to benz-
amide (2a). Reaction conditions: 6a (0.25 mmol), amorphous
MnO, (100 mg), 28% aq. ammonia (50 uL, ca. 2.6 equiv with
respect to 6a), 130°C (bath temp.), air (6 atm), 3 h.

presence of aqueous ammonia. In addition, an aldehyde 5a was
also quantitatively converted into 2a under the same conditions
in the presence of aqueous ammonia.'® Therefore, all relay steps
in Scheme 2 can be promoted by amorphous MnO,.%!!

In summary, simple amorphous MnO, could act as an
efficient, reusable catalyst for indirect oxygenation of primary
amines through the dehydrogenation—hydration sequence. The
present procedure has the following significant advantages in
comparison with previously reported systems; (i) oxygenation
efficiently proceeds even under additive- and solvent-free
conditions, (ii) catalyst separation and product isolation are
very easy, (iii) amorphous MnO, is easily prepared and rather
inexpensive in comparison with precious metal-based catalysts,
e.g., Ru(OH),/Al,03,% and/or (iv) MnO, can be reused without
an appreciable loss of its high catalytic performance for various
substrates. This convenient procedure demonstrated herein will
provide a green route to primary amides, which can completely
avoid utilization of (hazardous) stoichiometric reagents and
formation of vast amounts of inorganic by-products, and will be
one of the choices for green amide synthesis.
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