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Abstract: The synthesis and the evaluation as organocatalysts of new chiral guanidines derived
from benzimidazoles in the enantioselective α-amination of 1,3-dicarbonyl compounds using
di-t-butylazodicarboxylate as aminating agent is herein disclosed. The catalysts are readily synthesized
through the reaction of 2-chlorobezimidazole and a chiral amine in moderate-to-good yields. Among
all of them, those derived from (R)-1-phenylethan-1-amine (1) and (S)-1-(2-naphthyl)ethan-1-amine
(3) turned out to be the most efficient for such asymmetric transformation, rendering good-to-high
yields and moderate-to-good enantioselectivities for the amination products.
Keywords: organocatalysis; electrophilic amination; guanidines; asymmetric catalysis; dicarbonyl
compounds

1. Introduction
The synthesis of chiral molecules bearing a nitrogen-containing quaternary stereocenter adjacent
to a carboxylic acid derivative in a direct and catalytic manner is still considered a challenging
transformation [1–3]. Among the different strategies developed to accomplish this, the electrophilic
amination of 1,3-dicarbonyl compounds [4–7] has emerged as an attractive methodology. Since
the pioneering work developed by the Jørgensen group, who published a metal- [8] and an
organocatalyzed [9] amination of β-keto esters and β-keto nitriles with azodicarboxylates, the work
done in this field has grown considerably [10–15]. In the last years, the work developed in the field
of organocatalysis for this transformation has been quite prolific [16–20], especially thanks to the
irruption of the hydrogen-bond organocatalysis, which has resulted in the publication of several works
employing this strategy [21–29].
In the last decade, our research group has been involved in the synthesis and application of
benzimidazole-derivatives as bifunctional organocatalysts able to activate different 1,3-dicarbonyl
compounds through hydrogen-bond interactions in different asymmetric organocatalyzed
transformations [30–34]. Thus, although such benzimidazoles have recently demonstrated to be
efficient catalysts for the electrophilic amination of dicarbonyl compounds [35], we decided to further
extend the investigations in this difficult transformation by synthesizing new and readily available
guanidines derived from benzimidazoles and evaluating their catalytic performance (Figure 1).
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Once the guanidine derivatives were synthesized, their performance as organocatalysts in the
asymmetric electrophilic amination of 1,3-dicarbonyl compounds was evaluated. In the search for
optimal conditions and catalyst, and based on our previous experience in this transformation [35],
the reaction between ethyl 2-oxocyclopenthanecarboxylate and di-t-butylazodicarboxylate in toluene
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at 25 ◦ C was chosen as a model reaction using 10 mol % of guanidine-derivative loading (Table 1).
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O
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Entry
1
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3
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5
6
7
8
9
10
a

N
N

Boc

a

O
1-10 (10 mol %)
toluene, 25 ºC
15 h

12

Catalyst
11
22
3
3
4
4
5
65
76
87
98
10
9
10

CO 2Et
NBoc

13a

NHBoc

Conv. (%) b

ee (%) c

95
90
93
96
65
57
22
85
40
~15

91
66
90
78
40
33
Rac
76
10
27

Entry Catalyst Conv. (%) b ee (%) c
1
2
3
4
5
6
7
8
9
10

∗

95
90
93
96
65
57
22
85
40
~15

91
66
90
78
40
33
Rac
76
10
27

Unless
otherwise stated, general conditions were 11a (0.15 mmol), 12 (1.1 equiv.), organocatalyst (10 mol %)
a Unless otherwise stated, general conditions were 11a (0.15 mmol), 12 (1.1 equiv.), organocatalyst (10
in toluene (1 mL) at 25 ◦ C for 15 h. b Conversions determined by 1 H-NMR from the crude reaction mixture.
c Determined
mol %) in
(1 mL)
at 25 °C
for 15
h. b Conversions
determinedSection
by 1H-NMR
from the crude
by toluene
chiral HPLC
analysis
(Daicel
Chiralpak
IA, see Experimental
for details).
c
reaction mixture. Determined by chiral HPLC analysis (Daicel Chiralpak IA, see Experimental
Section for details).
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from the crude reaction mixture. c Determined by chiral HPLC analysis (Daicel Chiralpak IA, see Experimental
b
%)
in the
corresponding solvent (1 mL) at the corresponding temperature for 15 h. Conversions
Section
for details).
acorresponding
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Reaction conditions: 11a–o (0.15 mmol), 12 (1.1 equiv.), 1 or 3 (5 or 10 mol %) in toluene (1 mL) at
25 °C for 15 h. Isolated yields after colum chromatography or preparative TLC. ee’s determined by
chiral HPLC analysis (see Experimental Section for details). a Yield determined by 1H-NMR data.
Figure 3. Scope of the reaction.
Figure
3. Scope of the reaction.
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product and regenerating (R)-1. It is important to remark that (R)-configured amination product was
Molecules
2017,(R)-1
22, 1333
of 11
obtained
when
is employed. This assumption was taken by comparison of experimental6 evidence
(chiral HPLC charts and optical rotation) with those previously reported in the literature for the same
evidence (chiral HPLC charts and optical rotation) with those previously reported in the literature
products. As expected, when (S)-3 was the catalyst employed, the opposite absolute configuration was
for the same products. As expected, when (S)-3 was the catalyst employed, the opposite absolute
observed
in the amination
product.
configuration
was observed
in the amination product.

Figure4.4.Proposed
Proposed reaction
reaction mechanism.
Figure
mechanism.

3. Materials and Methods

3. Materials and Methods

All reagents were purchased from commercial sources and used without further purification.
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Analítica
Madrid,
Spain)
with
a 5 cm cell
Series HPLC)
equipped
withPolarimeter
a G1315B diode
array
detectorSpain,
and a Quat
Pump
G1311A
(Agilent
(c given
in
g/100
mL).
Enantioselectivities
were
determined
by
HPLC
analysis
(Agilent
1100
Series
Technologies, Santa Clara, CA, USA) equipped with the corresponding Daicel chiral column, and the
HPLC)
equipped
a G1315B
diode array
detector and
a Quat
Pump G1311A
Technologies,
retention
timewith
of the
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was extracted with CH2 Cl2 (3 × 5 mL). The combined organic phases were dried over MgSO4 and
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evaporated under reduced pressure to give the corresponding crude products, which were purified
by flash chromatography (Hexane/EtOAc/MeOH). For the synthesis of benzimidazole 10, the same
procedure was followed using 2-chloromethylbenzimidazole (0.5 mmol). The data shown below
correspond to the pure compounds:
(R)-N-(1-Phenylethyl)-1H-benzo[d]imidazol-2-amine (1): White powder; [α]D 26 = +78.0 (c = 0.75, CHCl3 );
IR (ATR) νmax : 3412, 3059, 1565, 1463, 1271, 1133, 1012 cm−1 ; 1 H-NMR (300 MHz, CDCl3 ) δH = 1.45 (d,
J = 6.8 Hz, 3H), 5.00 (q, J = 6.8 Hz, 1H), 6.14 (s, 1H), 7.05 (dd, J = 5.8, 3.2 Hz, 2H), 7.14–7.30 (m, 7H)
ppm; 13 C-NMR (75 MHz, CDCl3 ) δC = 24.0, 52.9, 112.3, 120.6, 125.7, 127.3, 128.7, 144.0, 155.1 ppm; MS
(EI) m/z 237 (M+ , 53%), 138 (100), 105 (65), 77 (17).
(R)-N-(1-(2-Methoxyphenyl)ethyl)-1H-benzo[d]imidazol-2-amine (2): White powder; [α]D 28 = +67.6 (c = 1.01,
CHCl3 ); IR (ATR) νmax : 3395, 3054, 2963, 1576, 1463, 1258, 1131 cm−1 ; 1 H-NMR (300 MHz, CDCl3 )
δH = 1.44 (d, J = 6.7 Hz, 3H), 3.35 (s, 3H), 5.34 (m, 1H), 6.02–6.42 (s, 1H), 6.63 (d, J = 8.2 Hz, 1H), 6.81 (t,
J = 7.4 Hz, 1H), 6.96 (m, 2H), 7.14 (m, 3H), 7.25 (m, 1H), 11.05–9.14 (br s, 1H) ppm; 13 C-NMR (75 MHz,
CDCl3 ): δC = 22.3, 49.0, 54.8, 110.7, 112.1, 120.2, 120.8, 126.5,128.3, 131.6, 155.2, 156.5 ppm; MS (EI) m/z
267 (M+ , 25%), 236 (57), 135 (100), 105 (25), 77 (13).
(S)-N-(1-(Naphthalen-2-yl)ethyl)-1H-benzo[d]imidazol-2-amine (3): Yellowish powder; [α]D 25 = −105.5
(c = 1.00, CHCl3 ); IR (ATR) νmax : 3392, 3053, 1600, 1571, 1462, 1268, 1130 cm−1 ; 1 H-NMR (300 MHz,
CDCl3 ) δH = 1.51 (d, J = 6.7 Hz, 3H), 4.95 (d, J = 6.6 Hz, 1H), 6.03 (s, 1H), 6.96 (dd, J = 5.7, 3.2 Hz, 2H),
7.16 (dd, J = 5.7, 3.0 Hz, 2H), 7.34–7.47 (m, 3H), 7.60–7.79 (m, 4H), ppm; 13 C-NMR (75 MHz, CDCl3 ) δC
= 24.0 53.3, 112.3, 120.6, 124.0, 124.1, 125.9, 126.3, 127.6, 127.8, 128.8, 132.8, 133.3, 141.1, 154.6, ppm.
(R)-N-(1-(Naphthalen-1-yl)ethyl)-1H-benzo[d]imidazol-2-amine (4): Yellowish powder; [α]D 23 = −95.5
(c = 0.99, CHCl3 ); IR (ATR) νmax : 3405, 3050, 1572, 1462, 1268 cm−1 ;1 H-NMR (300 MHz, CDCl3 )
δH = 1.42 (d, J = 6.7 Hz, 3H), 5.56 (q, J = 6.3 Hz, 1H), 6.09 (s, 1H), 6.86–6.93 (m, 2H), 7.03 (s, 2H),
7.15–7.31 (m, 3H), 7.41 (d, J = 7.0 Hz, 1H), 7.66 (m, 1H), 7.85 (d, J = 8.5 Hz, 1H) ppm. 13 C-NMR (75 MHz,
CDCl3 ) δC = 22.6, 49.1, 120.3, 122.0, 122.8, 125.4, 125.6, 126.1, 128.0, 128.8, 130.6, 133.9, 139.0, 154.7 ppm.
(R)-N-(2,3-Dihydro-1H-inden-1-yl)-1H-benzo[d]imidazol-2-amine (5): Light brown powder; [α]D 26 = +18.2
(c = 0.75, CHCl3 ); IR (ATR) νmax : 3043, 2936, 1578, 1461, 1270, 1054 cm−1 ; 1 H-NMR (300 MHz, CDCl3 )
δH = 1.83–1.98 (m, 1H), 2.59–2.72 (m, 1H), 2.78–2.91 (m, 1H), 2.92–3.04 (m, 1H), 5.07–5.31 (br s, 1H),
5.39 (t, J = 7.1 Hz, 3H), 7.02–7.09 (m, 2H), 7.12–7.20 (m, 1H), 7.22–7.26 (m, 2H), 7.26–7.37 (m, 3H) ppm;
13 C-NMR (75 MHz, CDCl ) δ = 30.0, 34.3, 58.5, 112.1, 120.9, 123.9, 124.9, 126.7, 128.1, 142.8, 143.1,
3
C
154.3 ppm; MS (EI) m/z 249 (M+ , 27%), 133 (100), 115 (44), 91 (10).
(R)-N-(1-Cyclohexylethyl)-1H-benzo[d]imidazol-2-amine (6): White powder; [α]D 26 = +2.7 (c = 0.98, CHCl3 );
IR (ATR) νmax : 3390, 2924, 2851, 1630, 1577, 1463, 1262, 1156 cm−1 ; 1 H-NMR (300 MHz, CDCl3 )
δH = 0.77–1.09 (m, 5H), 1.12 (d, J = 6.6 Hz, 3H), 1.29–1.40 (m, 1H), 1.50–1.66 (m, 5H), 3.81 (m, 1H), 5.38
(s, 1H), 7.01 (dd, J = 5.8, 3.2 Hz, 2H), 7.25 (dd, J = 6.1, 2.9 Hz, 2H) ppm; 13 C-NMR (75 MHz, CDCl3 )
δC = 18.3, 26.1, 26.3, 28.7, 29.0, 43.3, 53.6, 111.9, 120.4, 129.8, 137.8, 155.8 ppm; MS (EI) m/z 243 (M+ ,
24%), 200 (8), 160 (59), 133 (100), 105 (9).
(R)-N-(3,3-Dimethylbutan-2-yl)-1H-benzo[d]imidazol-2-amine (7): White powder; [α]D 28 = −69.6 (c = 0.97,
CHCl3 ); IR (ATR) νmax : 3054, 2931, 1628, 1572, 1461, 1239, 1027 cm−1 ; 1 H-NMR (300 MHz, CDCl3 )
δH = 0.79 (s, 9H) 1.08 (t, J = 11.8 Hz, 3H),3.80 (s, 1H), 5.31 (s, 1H), 7.01 (dt, J = 10.2, 5.1 Hz, 2H), 7.25 (td,
J = 6.1, 2.6 Hz, 2H) ppm; 13 C-NMR (75 MHz, CDCl3 ) δC = 16.7 26.1, 34.4, 57.4, 111.9, 120.4, 156.4 ppm;
MS (EI) m/z 217 (M+ , 22%), 223 (100), 133 (17), 105 (4).
(S)-N-Methyl-N-(1-phenylethyl)-1H-benzo[d]imidazol-2-amine (8): White powder; [α]D 27 = −177.6 (c = 1.00,
CHCl3 ); IR (ATR) νmax : 2975, 1559, 1506, 1418, 1264, 1030, 905 cm−1 ; 1 H-NMR (300 MHz, CDCl3 )
δH = 1.51 (d, J = 6.9 Hz, 3H), 2.79 (s, 3H), 5.64 (q, J = 7.0 Hz, 1H), 7.11 (m, 9H) ppm; 13 C-NMR (75 MHz,
CDCl3 ) δC = 16.2, 30.6, 55.7, 112.2, 120.4, 126.9, 127.4, 128.6, 140.7, 156.3 ppm; MS (EI) m/z 251 (M+ ,
86%), 236 (48), 147 (100), 118 (44), 105 (85), 91 (11), 77 (23).
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(R)-2-[(1H-Benzo[d]imidazol-2-yl)amino]-2-phenylethanol (9): White powder; [α]D 29 = −83.0 (c = 0.71,
MeOH); 1 H-NMR (300 MHz, CD3 COD) δH = 3.80 (dd, J = 11.3, 6.9 Hz, 1H), 3.88 (dd, J = 11.3, 4.8 Hz,
1H), 4.08 (q, 1H), 6.90–6.97 (m, 2H), 7.13–7.25 (m, 3H), 7.27–7.37 (m, 4H), 7.41–7.47 (m, 2H) ppm;
13 C-NMR (75 MHz, CD COD) δ = 24.0, 52.8, 112.2, 120.5, 125.6, 127.3, 128.7, 143.9, 155.0.
3
C
(R)-N-((1H-Benzo[d]imidazol-2-yl)methyl)-1-phenylethanamine (10): White powder; [α]D 28 = −22.6
(c = 1.00, CHCl3 ); IR (ATR) νmax : 3052, 1424, 1264 cm−1 ; 1 H-NMR (300 MHz, CDCl3 ) δH = 1.37
(d, J = 6.6 Hz, 3H) 3.80 (q, 1H), 3.90 (2H), 5.35–6.00 (s, 1H), 7.17–7.23 (m, 3H), 7.24–7.29 (m, 3H),
7.31–7.36 (m, 1H), 7.49–7.57 (m, 2H) ppm; 13 C-NMR (75 MHz, CDCl3 ): δC = 23.9,45.3, 58.1, 76.6, 77.1,
77.5, 114.9, 122.4, 126.6, 127.3, 128.6, 138.3, 144.2, 153.9.
3.2. General Procedure for the Asymmetric Amination of 1,3-Dicarbonyl Compounds
In an open-air tube at room temperature (25 ◦ C) the corresponding 1,3-dicarbonyl compound
(0.1 mmol) was added to a solution of organocatalyst (0.01 mmol, 10 mol %) in toluene (1 mL).
After 5 min, di-tert-butylazodicarboxilate (0.11 mmol, 1.1 equiv.) was added in one portion and the
reaction was then allowed to react for 15 h. After this time, water (5 mL) and ethyl acetate were added,
and then the aqueous layer was re-extracted twice (2 × 10 mL). The combined organic phases were
dried (MgSO4 ) and evaporated under reduced pressure. Finally, the reaction crude was purified by
column chromatography on silica gel or preparative TLC using hexane/ethyl acetate mixtures as
eluent. The analytical data shown below correspond to those enantioenriched products (≥20% ee)
as representative compounds. All the compounds are described in the literature. Therefore, only
1 H-NMR, MS (EI) and enantiomeric excess determination conditions are listed.
(R)-Di-tert-butyl 1-[1-(ethoxycarbonyl)-2-oxocyclopentyl]hydrazine-1,2-dicarboxylate (13a) [35]: Colorless
oil; [α]D 28 = −6.10 (c = 0.49, CHCl3 , 91% ee); 1 H-NMR (300 MHz, CDCl3 ) δH = 1.28 (t, J = 7.1 Hz,
3H), 1.59–1.36 (m, 18H), 2.98–1.75 (m, 6H), 4.24 (m, 2H), 6.53 (br s, 1H) ppm; chiral HPLC analysis:
Chiralcel IA column, Hexane/EtOH 96:04, flow rate = 0.7 mL/min, λ = 210 nm, retention times: 9.9
and 11.0 min.
(R)-Di-tert-butyl 1-(3-acetyl-2-oxotetrahydrofuran-3-yl)hydrazine-1,2-dicarboxylate (13b) [35]: Colorless oil;
[α]D 28 = +2.64 (c = 1.0, CHCl3 , 50% ee); 1 H-NMR (300 MHz, CDCl3 ) δH = 1.47 (d, J = 1.9 Hz, 18H), 1.62
(s, 3H), 2.28–2.44 (m, 2H), 4.38 (d, J = 6.6 Hz, 2H), 6.79 (br s, 1H) ppm; chiral HPLC analysis: Chiralcel
IA column, Hexane/EtOH 98:02, flow rate = 1 mL/min, λ = 210 nm, retention times: 21.0 and 24.2 min.
(R)-Di-tert-butyl 1-(1-acetyl-2-oxocyclopentyl)hydrazine-1,2-dicarboxylate (13c) [35]: Colorless oil; [α]D 28 =
+16.99 (c = 1.1, CHCl3 , 43% ee); 1 H-NMR (300 MHz, CDCl3 ) δH = 1.45 (d, J = 7.2 Hz, 18H), 1.56–2.09 (m,
3H), 2.51–2.18 (m, 5H), 2.84–2.51 (m, 1H), 6.48 (br s, 1H) ppm; chiral HPLC analysis: Chiralcel AD-H
column, Hexane/EtOH 98:02, flow rate = 1 mL/min, λ = 210 nm, retention times: 12.2 and 17.3 min.
(R)-Di-tert-butyl
1-[2-(methoxycarbonyl)-1-oxo-2,3-dihydro-1H-inden-2-yl]hydrazine-1,2-dicarboxylate
(13f) [24]: Slightly yellow oil; [α]D 28 = −57.19 (c = 1.0, CHCl3 , 60% ee); 1 H-NMR (300 MHz, CDCl3 )
δH = 0.78–1.89 (m, 18H), 3.45–4.39 (m, 5H), 6.34–6.84 (m, 1H), 7.36 (t, J = 7.4 Hz, 1H), 7.49 (d, J = 7.2 Hz,
1H), 7.63 (t, J = 7.2 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H) ppm; chiral HPLC analysis: Chiralcel IA column,
Hexane/iPrOH 90:10, flow rate = 1 mL/min, λ = 240 nm, retention times: 16.1 and 22.1 min.
(R)-Di-tert-butyl
1-[2-(ethoxycarbonyl)-1-oxo-2,3-dihydro-1H-inden-2-yl]hydrazine-1,2-dicarboxylate
(13g) [35]: Colorless sticky oil; [α]D 28 = −42.40 (c = 1.4, CHCl3 , 55% ee); 1 H-NMR (300 MHz, CDCl3 )
δH = 1.14–1.55 (m, 21H), 3.82 (d, J = 16.6 Hz, 1H), 3.96–4.32 (m, 3H), 6.31–6.83 (bs, 1H), 7.36 (t, J = 7.3 Hz,
1H), 7.49 (d, J = 6.9 Hz, 1H), 7.62 (t, J = 7.2 Hz, 1H), 7.76 (d, J = 9.4 Hz, 1H) ppm; chiral HPLC analysis:
Chiralcel IA column, Hexane/iPrOH 90:10, flow rate = 1 mL/min, λ = 240 nm, retention times: 12.5
and 14.4 min.
(R)-Di-tert-butyl 1-(2-(isopropoxycarbonyl)-1-oxo-2,3-dihydro-1H-inden-2-yl)hydrazine-1,2-dicarboxylate
(13h) [29]: Colorless oil; [α]D 28 = −6.46, (c = 1.4, CHCl3 29% ee); 1 H-NMR (300 MHz, CDCl3 )
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δH = 1.12–1.52 (m, 24H), 3.71 (dd, J = 69.4, 16.6 Hz, 1H), 4.16 (m, 1H), 5.03 (dt, J = 12.4, 6.1 Hz,
1H), 6.32–6.83 (m, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 7.61 (t, J = 7.2 Hz, 1H), 7.74 (d,
J = 14.7 Hz, 1H) ppm; chiral HPLC analysis: Chiralcel AD-H column, Hexane/EtOH 96:04, flow rate =
1 mL/min, λ = 254 nm, retention times: 11.2 and 28.5 min.
(R)-Di-tert-butyl 1-(2-(tert-butoxycarbonyl)-1-oxo-2,3-dihydro-1H-inden-2-yl)hydrazine-1,2-dicarboxylate
(13i) [29]: Colorless oil; [α]D 28 = −3.20, (c = 1.0, CHCl3 , 21% ee); 1 H-NMR (300 MHz, CDCl3 )
δH = 1.55–1.21 (m, 27H), 3.22 (d, J = 17.2 Hz, 1H), 3.65 (d, J = 17.2 Hz, 1H), 6.62 (br s, 1H), 7.36
(d, J = 7.4 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.59–7.69 (m, 1H), 7.79 (d, J = 7.2 Hz, 1H); chiral HPLC
analysis: Chiralcel AD-H column, Hexane/EtOH 96:04, flow rate = 1 mL/min, λ = 254 nm, retention
times: 10.4 and 18.4 min.
Di-tert-butyl 1-(2-acetyl-1-oxo-2,3-dihydro-1H-inden-2-yl)hydrazine-1,2-dicarboxylate (13j) [35]: Slightly
yellow oil; [α]D 28 = +41.70, (c = 1.0, CHCl3 , 57% ee); 1 H-NMR (300 MHz, CDCl3 ) δH = 1.38 (br m, 18H),
2.35 (m, J = 39.1 Hz, 3H), 3.58 (m, 1H), 4.15 (m, 1H), 6.82 (br s, 1H), 7.34 (d, J = 6.7 Hz, 1H), 7.49 (d,
J = 7.0 Hz, 1H), 7.63 (m, 2H) ppm; chiral HPLC analysis: Chiralcel IA column, Hexane/iPrOH 90:10,
flow rate = 1 mL/min, λ = 240 nm, retention times: 19.3 and 24.3 min.
(S)-Di-tert-butyl 1-[2-(methoxycarbonyl)-1-oxo-2,3-dihydro-1H-tetralone-2-yl]hydrazine-1,2-dicarboxylate
(13k) [24]: Slightly yellow oil; [α]D 28 = +6.07 (c = 1.2, CHCl3 , 87% ee); 1 H-NMR (300 MHz, CDCl3 )
δH = 1.20–1.26 (m, 8H), 1.47 (s, 11H), 2.53–3.09 (m, 4H), 3.82 (s, 3H), 6.22 (br s, 1H), 7.36 (d, J = 6.0 Hz,
1H), 7.45 (d, J = 6.9 Hz, 1H), 7.69 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 7.3 Hz, 1H) ppm; chiral HPLC analysis:
Chiralcel OD-H column, Hexane/iPrOH 95:05, flow rate = 1 mL/min, λ = 240 nm, retention times:
15.8 and 17.7 min.
(R)-Di-tert-butyl 1-[2-(ethoxycarbonyl)-1-oxo-2,3-dihydro-1H-tetralone-2-yl]hydrazine-1,2-dicarboxylate
(13l) [35]: Slightly yellow sticky oil; [α]D 28 = −11.53 (c = 1.2, CHCl3 , 80% ee); 1 H-NMR (300 MHz,
CDCl3 ) δH = 1.26–1.47 (br m, 21H), 2.67 (dd, J = 16.3, 6.5 Hz, 1H), 2.95 (d, J = 17.4 Hz, 2H), 3.44 (br s,
1H), 4.23–4.35 (m, 2H), 6.21 (m, 1H), 7.26 (d, J = 8.1 Hz, 2H), 7.45 (t, J = 7.2 Hz, 1H), 7.89 (d, J = 7.6 Hz,
1H) ppm; chiral HPLC analysis: Chiralcel AD-H column, Hexane/iPrOH 85:15, flow rate = 1 mL/min,
λ = 240 nm, retention times: 8.6 and 11.4 min.
(R)-Di-tert-butyl 1-(2-acetyl-1-oxo-1,2,3,4-tetrahydronaphthalen-2-yl)hydrazine-1,2-dicarboxylate (13m) [35]:
Dark brown oil; [α]D 28 = −8.23, (c = 1.1, CHCl3 , 27% ee); 1 H-NMR (300 MHz, CDCl3 ) δH = 1.52–1.43
(m, 18H), 2.41 (m, 3H), 2.70 (br s, 2H), 3.13–2.85 (m, 2H), 6.21 (s, 1H), 7.19 (d, J = 7.8 Hz, 1H), 7.30 (d,
J = 3.7 Hz, 1H), 7.46 (t, J = 7.4 Hz, 1H), 7.97 (d, J = 7.7 Hz, 1H) ppm; chiral HPLC analysis: Chiralcel IA
column, Hexane/iPrOH 90:10, flow rate = 1 mL/min, λ = 240 nm, retention times: 19.5 and 22.6 min.
Di-tert-butyl 1-(1-ethoxy-2-methyl-1,3-dioxo-3-phenylpropan-2-yl)hydrazine-1,2dicarboxylate (13n) [38]: Not
isolated; 1 H-NMR (300 MHz, CDCl3 ) δH = 1.71–1.19 (m, 24H), 4.33 (dd, J = 7.0, 3.1 Hz, 2H), 6.51–5.92
(br s, 1H), 7.56–7.43 (m, 3H), 8.53 (m, 2H) ppm; chiral HPLC analysis: Chiralcel AD-H column,
Hexane/iPrOH 90:10, flow rate = 1 mL/min, λ = 210 nm, retention times: = 8.5 and 17.9 min.
4. Conclusions
In summary, in this work we have described the synthesis and application of new chiral guanidines
derived from benzimidazoles as organocatalysts for the asymmetric electrophilic α-amination of
1,3-dicarbonyl compounds employing di-t-butylazodicarboxylate as aminating agent. In general,
the new catalysts are synthesized in good yields in a straightforward one-step reaction. In addition,
the amination products were obtained in good yields and enantioselectivities varying from moderate
to high when 10 mol % of catalysts 1 and 3 were employed. Although a more comprehensive study
about the reaction mechanism is necessary, a bifunctional role of the catalyst is postulated.
Supplementary Materials: General remarks and NMR copies of representative catalysts as well as 1 H-NMR and
HPLC charts of amination compounds are provided.

Molecules 2017, 22, 1333

10 of 11

Acknowledgments: Financial support from the University of Alicante (VIGROB-173, VIGROB-285, GRE12-03,
UAUSTI13-01, UAUSTI13-02), and Spanish Ministerio de Economía y Competitividad (CTQ2011-24151)
is acknowledged.
Author Contributions: A.B. conceived and designed the experiments; L.B., F.P., A.B. and M.G.-M. performed the
experiments and analyzed the data; A.B., L.B. and F.P. wrote the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References and Notes
1.
2.
3.

4.
5.
6.
7.
8.
9.

10.

11.

12.
13.
14.

15.
16.
17.
18.

19.

Ramón, D.J.; Yus, M. Enantioselective Synthesis of Oxygen-, Nitrogen- and Halogen-Substituted Quaternary
Carbon Centers. Curr. Org. Chem. 2004, 8, 149–183. [CrossRef]
Bella, M. Organocatalytic Formation of Quaternary Stereocenters. Synthesis 2009, 10, 1583–1614. [CrossRef]
Liu, Y.; Han, S.-J.; Liu, W.-B.; Stoltz, B.M. Catalytic Enantioselective Construction of Quaternary Stereocenters:
Assembly of Key Building Blocks for the Synthesis of Biologically Active Molecules. Acc. Chem. Res. 2015,
48, 740–751. [CrossRef] [PubMed]
Vilaivan, T.; Bhanthumnavin, W. Organocatalyzed Asymmetric α-Oxidation, α-Aminoxylation and
α-Amination of Carbonyl Compounds. Molecules 2010, 15, 917–958. [CrossRef] [PubMed]
Vallribera, A.; Sebastian, R.M.; Shafir, A. Azodicarboxylates as Electrophilic Aminating Reagents.
Curr. Org. Chem. 2011, 15, 1539–1577. [CrossRef]
Russo, A.; De Fusco, C.; Lattanzi, A. Enantioselective Organocatalytic α-Heterofunctionalization of Active
Methines. RSC Adv. 2012, 2, 385–397. [CrossRef]
Govender, T.; Arvidsson, P.I.; Maguire, G.E.M.; Kruger, H.G.; Naicker, T. Enantioselective Organocatalyzed
Transformations of β-Ketoesters. Chem. Rev. 2016, 116, 9375−9437. [CrossRef] [PubMed]
Marigo, M.; Juhl, K.; Jørgensen, K.A. Catalytic, Highly Enantioselective, Direct Amination of β-Ketoesters.
Angew. Chem. Int. Ed. 2003, 42, 1367–1369. [CrossRef] [PubMed]
Saaby, S.; Bella, M.; Jørgensen, K.A. Asymmetric Construction of Quaternary Stereocenters by Direct
Organocatalytic Amination of γ-Substituted γ-Cyanoacetates and β-Dicarbonyl Compounds. J. Am. Chem. Soc.
2004, 126, 8120–8121. [CrossRef] [PubMed]
Foltz, C.; Stecker, B.; Marconi, G.; Bellemin-Laponaz, S.; Wadepohl, H.; Gade, L.H. Exploiting C3-Symmetry in
the Dynamic Coordination of a Chiral Trisoxazoline to Copper(II): Improved Enantioselectivity, and Catalyst
Stability in Asymmetric Lewis Acid Catalysis. Chem. Commun. 2005, 40, 5115–5117. [CrossRef] [PubMed]
Mashiko, T.; Kumagai, N.; Shibasaki, M. Managing Highly Coordinative Substrates in Asymmetric Catalysis:
A Catalytic Asymmetric Amination with a Lanthanum-Based Ternary Catalyst. J. Am. Chem. Soc. 2009, 131,
14990–14999. [CrossRef] [PubMed]
Ghosh, S.; Nandakumar, M.V.; Krautscheid, H.; Schneider, C. Copper–Bipyridine-Catalyzed Enantioselective
α-Amination of β-Keto Esters. Tetrahedron Lett. 2010, 51, 1860–1862. [CrossRef]
Torres, M.; Maisse-François, A.; Bellemin-Laponaz, S. Highly Recyclable Self-Supported Chiral Catalysts for
the Enantioselective α-Hydrazination of β-Ketoesters. ChemCatChem 2013, 5, 3078–3085. [CrossRef]
Kumar, A.; Ghosh, S.K.; Gladysz, J.A. Tris (1,2-diphenylethylenediamine) cobalt(III) Complexes: Chiral
Hydrogen Bond Donor Catalysts for Enantioselective α-Aminationsof 1,3-Dicarbonyl Compounds. Org. Lett.
2016, 18, 760–763. [CrossRef] [PubMed]
Pihko, P.M.; Pohjakallio, A. Enantioselective Organocatalytic Diels Aminations: α-Aminations of Cyclic β-Keto
Esters and b-Keto Lactones with Cinchonidine and Cinchonine. Synlett 2004, 12, 2115–2118. [CrossRef]
Xiao, X.; Lin, L.; Lian, X.; Liu, X.; Feng, X. Catalytic Asymmetric α-Amination of β-Keto Esters and β-Keto
Amides with a Chiral N,N’-Dioxide–Copper(I) Complex. Org. Chem. Front. 2016, 3, 809–812. [CrossRef]
Liu, X.; Li, H.; Deng, L. Highly Enantioselective Amination of α-Substituted α-Cyanoacetates with Chiral
Catalysts Accessible from Both Quinine and Quinidine. Org. Lett. 2005, 7, 167–169. [CrossRef] [PubMed]
He, R.; Wang, X.; Hashimoto, T.; Maruoka, K. Binaphthyl-Modified Quaternary Phosphonium Salts as
Chiral Phase-Transfer Catalysts: Asymmetric Amination of β-Keto Esters. Angew. Chem. Int. Ed. 2008, 47,
9466–9468. [CrossRef] [PubMed]
He, R.; Maruoka, K. Binaphthyl-Modified Quaternary Phosphonium Salts as Chiral Phase Transfer Catalysts:
Application to Asymmetric Amination of β-Keto Esters. Synthesis 2009, 13, 2289–2292. [CrossRef]

Molecules 2017, 22, 1333

20.

21.
22.

23.
24.

25.
26.

27.

28.

29.
30.

31.

32.

33.
34.
35.
36.
37.
38.

11 of 11

Santacruz, L.; Niembro, S.; Santillana, A.; Shafir, A.; Vallribera, A. Gold Nanoparticles Decorated with a
Cinchonine Organocatalyst: Application in the Asymmetric α-Amination of β-Ketoesters. New J. Chem. 2014,
38, 636–640. [CrossRef]
Xu, X.; Yabuta, T.; Yuan, P.; Takemoto, Y. Organocatalytic Enantioselective Hydrazination of 1,3-Dicarbonyl
Compounds: Asymmetric Synthesis of α,α-Disubstituted α-Amino Acids. Synlett 2006, 1, 137–140. [CrossRef]
Terada, M.; Nakano, M.; Ube, H. Axially Chiral Guanidine as Highly Active and Enantioselective Catalyst
for Electrophilic Amination of Unsymmetrically Substituted 1,3-Dicarbonyl Compounds. J. Am. Chem. Soc.
2006, 128, 16044–16045. [CrossRef] [PubMed]
Jung, S.H.; Kim, D.Y. Catalytic Enantioselective Electrophilic α-Hydrazination of β-Ketoesters Using
Bifunctional Organocatalysts. Tetrahedron Lett. 2008, 49, 5527–5530. [CrossRef]
Konishi, H.; Lam, T.Y.; Malerich, J.P.; Rawal, V.H. Enantioselective α-Amination of 1,3-Dicarbonyl
Compounds Using Squaramide Derivatives as Hydrogen Bonding Catalysts. Org. Lett. 2010, 12, 2028–2031.
[CrossRef] [PubMed]
Han, X.; Zhong, F.; Lu, Y. Highly Enantioselective Amination Reactions of Fluorinated Keto Esters Catalyzed by
Novel Chiral Guanidines Derived from Cinchona Alkaloids. Adv. Synth. Catal. 2010, 352, 2778–2782. [CrossRef]
Inokuma, T.; Furukawa, M.; Uno, T.; Suzuki, Y.; Yoshida, K.; Yano, Y.; Matsuzaki, K.; Takemoto, Y.
Bifunctional Hydrogen-Bond Donors that Bear a Quinazoline or Benzothiadiazine Skeleton for Asymmetric
Organocatalysis. Chem. Eur. J. 2011, 17, 10470–10477. [CrossRef] [PubMed]
Kasaplar, P.; Ozkal, E.; Rodríguez-Escrich, C.; Pericàs, M.A. Enantioselective α-Amination of 1,3-Dicarbonyl
Compounds in Batch and Flow with Immobilized Thiourea Organocatalysts. Green Chem. 2015, 17, 3122–3129.
[CrossRef]
Gao, Y.; Liu, B.; Zhou, H.-B.; Wanga, W.; Dong, C. Recyclable BINOL–Quinine–Squaramide as a Highly
Efficient Organocatalyst for α-Amination of 1,3-Dicarbonyl Compounds and α-Cyanoacetates. RSC Adv.
2015, 5, 24392–24398. [CrossRef]
Odagi, M.; Yamamoto, Y.; Nagasawa, K. Asymmetric α-amination of β-keto esters using guanidine–bisurea
bifunctional organocatalyst. Beilstein J. Org. Chem. 2016, 12, 198–203. [CrossRef] [PubMed]
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