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Gold nanoclusters stabilized by the poly(N-vinyl-2-pyrroli-
done) hydrophilic polymer (Au:PVP) catalyzed the intramolec-
ular cycloaddition of primary amines to unactivated alkenes in
the presence of formic acid derivatives. The reaction proceeded
under neutral to slightly acidic conditions in air.

We have previously demonstrated that gold nanoclusters
(mean size: 1.3 nm) stabilized by poly(N-vinyl-2-pyrrolidone)
(Au:PVP), promote the intramolecular hydroamination of tolu-
enesulfonamide to unactivated alkenes1 in aqueous or polar
solvents under mild, basic, and aerobic conditions (eq 1). Among
the reported catalysts for the hydroamination of primary amines
such as organolanthanides,2 group IV metals,3 alkalimetals,4 and
transition metals,5 there are still few moisture- and air-stable
catalyst systems.6 In addition, the reactivity of the catalysts is
highly dependent on the substituent located on nitrogen, and no
versatile catalyst for various types of amine derivatives is known.
We expected that Au:PVP would function as a moisture-/air-
stable catalyst for the hydroamination of primary amines, but
disappointingly, the cyclized product was obtained in only 3%
yield under similar conditions to that used for the toluenesul-
fonamide reaction (eq 1). In this paper, we report that Au:PVP
can also be a good catalyst for the hydroamination of primary
amines in the presence of formic acid derivatives.
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2,2-Diphenyl-4-pentenyl-1-amine (1a) was treated with
5 atom% of Au:PVP in a H2O/EtOH mixed solvent in air

(Table 1). As shown in eq 1 and Table 1, the cyclization with
Cs2CO3 did not proceed efficiently (Entry 1). When Cs2SO4 was
used, the rate of cyclization was sluggish at 50 °C, but increased
at elevated temperature (80 °C), to yield 2a with significant
amounts of the imines 3a/4a (Entry 2). Formate salts operate as
a reductant in the presence of Au:PVP;7 therefore, the imines
3a/4a were expected to be converted to 2a by reduction.8 The
yield of 2a was significantly increased when formate salts
such as HCO2Cs (Entry 3) or HCO2NH4 (Entry 4: condition A)
were added. The NH4OAc ammonium salt was not an effec-
tive additive, therefore a formate source is indispensable to
promote the cyclization (Entry 5). It was also found that the
reaction was dependent on the acidity of the solvent. When 1a
was treated with 400mol% HCO2H in a pH 6.86 buffer/EtOH
mixed solvent (condition B), the yield of imines was slightly
decreased (Entry 6). Furthermore, when the reaction was carried
out in 1000mol% aqueous HCO2H and 500mol% NH3

solution/pH 4.01 buffer/EtOH mixed solvent (condition C),
2a was obtained in 94% yield (Entry 7). Thus, the yield of
the amine 2a can be maximized in weakly acidic to neutral
conditions.

Representative results of the hydroamination of primary
amines are summarized in Table 2. In the reaction with 1b and
1d, conditions B and A gave the best results, respectively,
affording the corresponding pyrrolidines 2b and 2c in quanti-
tative yields (Entries 49). The cis diastereomer was obtained as
a major product in both cases. On the other hand, no reaction
occurred with the nonsubstituted amine 1d (Entry 10). The
¤-methyl-substituted alkene 1e underwent cyclization in good
yield with the 3e imine as a minor product (Entries 1113). 2f
was also obtained in moderate yield from 1f at 27 °C with the 4f
imine as a minor product (Entries 1416).

Table 1. Hydroamination of primary amines
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Ph
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CH3 CH3 CH3

1a 2a 3a 4a

Entry Additives
Solventa

(H2O or buffer:EtOH = 2:1)
Temp/°C Time/h

Yield/%b

2a 3a 4a 1a

1 300mol% Cs2CO3 H2O/EtOH 50 4 3 ® ® 97
2 300mol% Cs2SO4 H2O/EtOH 50/80 4/6 25 2 28 45
3 300mol% HCO2Cs H2O/EtOH 50 4 64 5 3 28
4 1000mol% HCO2NH4 H2O/EtOH (Condition A) 50 4 83 4 7 ®

5 300mol% NH4OAc H2O/EtOH 50/80 4/6 18 trace 14 67
6 400mol% HCO2H pH 6.86 buffer/EtOH (Condition B) 50 4 80 3 3 ®

7
1000mol% HCO2H pH 4.01 buffer/EtOH (Condition C) 50 4 94 2 4 ®
500mol% NH3 aq

aH2O or buffer/EtOH = 20mL/10mL, pH 9.18 buffer: 10mM NaB4O7 solution, pH 6.18 buffer: 25mM KH2PO4/24mM Na2HPO4 solution, pH 4.01
buffer: 50mM C6H4(COOH)(COOK) solution. b 1HNMR ratio (Entries 13 and 5) and isolated yield (Entries 4, 6, and 7).
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To elucidate the hydrogen source for the product and the role
of the formic acid derivatives, 1a was treated with 1000mol% of
HCO2NH4 or DCO2NH4 in D2O and/or EtOH-d6 (condition A),
and the results are listed in Table 3. For the cyclization of
alcohol11 and toluenesulfonamide,1 the hydrogen at the terminal
methyl group of the products was introduced from the formyl
group of DMF and the ethyl group of EtOH, both of which were
used as a solvent, respectively. In contrast, EtOH was not a major
hydrogen source in the case of the primary amines, as shown in
Entries 13. 2a-D was obtained effectively when DCO2NH4 was
employed, which revealed that hydrogen was introduced from
the formyl group of HCO2NH4 (Entry 4).

It should be noted that the D/H ratios in the imines 3a/4a
were slightly smaller than that in 2a in every case, which
indicates that a minor pathway without hydrogenation by a
formate could occur. It is also noteworthy that D was selectively
introduced at the terminal methyl position and no other
positions, such as the methine position, as determined from
2HNMR. This indicates that the formate does not act as a

reductant of the imines. 3a and 4a were treated under condition
A to afford a quantitative recovery of the imines (eq 2).
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Due to the character of Au:PVP as an aerobic oxidation
catalyst,12 the imines 3a and 4a could be formed by the
secondary oxidation of 2a.13 Since the aerobic oxidation is
performed under basic conditions, it is expected that the pathway
for the secondary oxidation of 2a might be more efficient in a
higher pH reaction mixture caused by the consumption of formic
acid as a hydrogen source. Therefore, 2a was treated with
5 atom% Au:PVP in various pH (pH 9.18, 6.86, and 4.01
buffer)/EtOH solutions at 50 °C. Although the oxidation to 3a or
4a did not proceed sufficiently in every case, the reaction rate
was slightly higher under basic conditions (eq 3). The imines 3a
and 4a were not detected by 1HNMR from the pH 6.86 and 4.01
buffer/EtOH solutions after 4 h, which indicates that secondary
oxidation is promoted under basic conditions.

2a

H
N

Ph
Ph

CH3
N

Ph
Ph

N

Ph
Ph

3a 4a

+
air, 50 °C, 4 h

5 atom% Au:PVP

1000 mol% HCO2NH4
H2O/EtOH,

pH 9.18 Buffer/EtOH

6%

5%

7%

3%

pH 6.86 Buffer/EtOH

pH 4.01 Buffer/EtOH

- -

- -

CH3 CH3 ð3Þ

As proposed in previous studies,1,7,11,12 the reaction is
initiated by the adsorption of O2 onto the surface of the Au
nanoclusters as a key intermediate (A) that possesses electron-
deficient site (Scheme 1). The most important difference from
the previous reactions, such as cyclization of alcohols and
toluenesulfonamides, is that the reaction should be carried out
under neutral to slightly acidic conditions. In the reaction with
alcohols or toluenesulfonamides, basic conditions are necessary
to assist the adsorption of less nucleophilic substrates. In
contrast, primary amines can adsorb onto the gold surface, even
under neutral/slightly acidic conditions (B).14 Although the
reason why the cyclization does not proceed under basic
conditions is not yet clear, the formal Lewis acidic character
of Au clusters might be more efficient under neutral/acidic
conditions. After insertion of a NH bond into the olefin
followed by the formation of a AuC intermediate (C), selective
hydrogenation from HCO2H might occur due to insufficient

Table 3. Hydroamination labeling experiments
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Entry Solvent Additive
Time
/h

Yield/%a (%Db)

2a 3a 4a

1 D2O/EtOD HCO2NH4 17 81 (0) 9 (0) 7 (0)
2 H2O/EtOH-d6 HCO2NH4 17 67 (9) 9 (5) 5 (2)
3 D2O/EtOH-d6 HCO2NH4 17 81 (11) 8 (4) 8 (1)
4 H2O/EtOH DCO2NH4 4 82 (89) ® trace (82)

aIsolated yield. bCalcd by GCMS.

Table 2. Au:PVP-catalyzed hydroamination9,10
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aIsolated yield. bGC yield. cDiastereomer ratio was determined as the
corresponding tosyl amide. d27 °C. e1 was recovered (Entry 10: 42%;
Entry 13: 35%; Entry 16: 29%).
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neutral/slightly acidic conditions (D), in contrast with the
hydroamination of toluenesulfonamide under basic conditions.
The formyl group hydrogen is abstracted, affording amine 2.
The formate should be transformed to carbon dioxide, which
may act as a reductant of oxygen, yielding hydrogen peroxide.
The formation of imines 3 and 4 might occur through both the
secondary oxidation of amine 2 as a major pathway and through
isomerization after ¢-hydrogen elimination from the AuC
intermediate C as a minor pathway. The latter is supported by
the smaller D/H ratio in 3/4 than that in 2. The former oxidation
pathway can be reduced using the buffer as a co-solvent, because
the pH of the reaction mixture gradually increases by the
consumption of formic acid as a hydrogen source.

As described above, Au:PVP can be used to catalyze both
cycloaddition from toluenesulfonamides and primary amines by
changing the reaction conditions. The Au:PVP catalyst is expect-
ed to be a versatile and easy-to-handle catalyst for cycloami-
nation reactions, due to its moisture-/air-stable characteristics.

This work was supported by PRESTO-JST (Search for
Nanomanufacturing Technology and Its Development), MEXT,
and NEDO. We also thank Ms. Noriko Kai for preparation of the
Au:PVP catalyst.
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