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Graphene Oxide and Its Functionalized Derivatives as
Carbocatalysts in the Multicomponent Strecker Reaction of
Ketones
Ananya Sengupta, Chenliang Su, Chenlu Bao, Chang Tai Nai, and Kian Ping Loh*[a]
Functionalized graphene oxide derivatives are found to be efficient and reusable carbocatalysts for the one-pot multicomponent Strecker reaction of aldehydes and ketones under neat
and open-air conditions.

The development of synthetic methods that afford high yields
of the target products with a minimal environmental footprint
is a major goal in organic synthesis.[1, 2] The use of carbocatalysts is attractive owing to their low cost and high natural
abundance.[3–5] Carbocatalyts have been applied in the oxidative aromatization and preparation of heteroaromatic compounds such as pyridine, imidazole, and pyrimidine.[6] Recently,
graphene oxide (GO) has attracted interest as a new carbocatalyst in organic transformations.[7] The capability of GO to catalyze organic transformations is due to the presence of oxygencontaining functional groups on its aromatic scaffold, which
can act as soft acids or mild oxidants. For example, GO mediates the oxidation of various hydrocarbons, olefins, and sulfides and catalyzes Michael-type Friedel–Crafts reactions,[8] azaMichael additions,[9] the hydration of alkynes,[10] and ring-opening polymerization.[11] Its amphiphilic character allows it to act
as a phase-transfer reagent.[12] Sulfonated graphene (S-graphene) has shown promise for the hydrolysis of esters.[13]
One of the most important multicomponent reactions is the
Strecker reaction to synthesize a-amino acids through the formation of a-amino nitriles. It is the key step in the preparation
of various natural products such as saframycin A[14, 15] and ecteinascidin 743.[16] Conventional homogeneous and heterogeneous catalysis is generally performed with the use of harsh
Brønsted acids[17, 18] and toxic metal complexes.[19, 20]
The efficient, clean, three-component Strecker reaction of
ketones is challenging. A few heterogeneous catalysts have
been previously reported for the Strecker reaction of ketones.
These included zeolite Al-MCM-41,[21] solid-supported gallium
triflate,[22] tin-ion-exchanged montmorillonite,[23] supported
CoII–SBA-15,[24] and organometallic hollow spheres bearing
bis(N-heterocyclic carbene)–palladium.[19] These reactions typically require the use of toxic metals, long reaction times, and
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ized GOs in the Strecker reaction to correlate the efficiency of
the catalysts to the acidity of the differently treated GOs. We
show that S-graphene and GO, operating under solvent-free
and near-room-temperature conditions, provide much better
yields than conventional solid catalysts.
A wide range of functionalities can be introduced onto GO
through covalent reactions. For example, sulfonate groups can
be introduced to increase the acidity of GO. Herein, we abbreviate this as S-graphene (Figure 1). GO[25] and S-graphene[13]
were synthesized by using reported procedures, and in the
latter case, the sulfonate groups were covalently tethered onto
reduced GO. The functionalities in the various GO derivatives
were determined by FTIR spectroscopy (Figure 1 b), X-ray photoelectron spectroscopy (XPS), and thermogravimetric analysis
(TGA) (see the Supporting Information).
The amount of Brønsted acid groups in GO and S-graphene
was confirmed by acid–base titration.[26] The titration results revealed that the GO sample contained 0.0073 mmol mg 1 carboxylic acid groups, whereas the S-graphene sample contained
1.5 mmol g 1 acid groups. This value is considerably higher
than that of commercially available solid acid Nafion NR 50
(0.80 mmol g 1).[13] The pH values of dispersions containing the
same weight of S-graphene and GO were 2.6 and 4.2, respectively, at approximately 0.5 mg mL 1, which is consistent with
the expected trend that sulfonate is the most acidic group.
The various GO derivatives were examined for their catalytic
activities in the Strecker reaction. In a typical experiment, a mixture of the aldehyde or ketone, the amine, and trimethylsilyl
cyanide under neat conditions was allowed to react in the
presence of the catalyst (Figure 2). A good yield was obtained
within 1 h if the reaction was performed under neat conditions
at room temperature, whereas a small amount of diethyl acetal
was found if ethanol was used as the solvent. Upon completion of the reaction, the catalyst was recovered by simple filtration. The good catalytic yield with aldehydes motivated us to
validate our protocol with ketones. Acetophenone, aniline, and
TMSCN were used as the reactants in a model reaction to produce a-amino nitrile. Interestingly, phenyl-2-phenylaminopropanenitrile was obtained in 94 % yield by using 40 wt % GO at
50 8C, and the yield was improved to 97 % by using 12 wt % Sgraphene at room temperature; all reactions were performed
under neat conditions. The control experiments, which were
performed in the absence of a catalyst, yielded no product
other than 2 % imine after 1 h.
In Figure 2, the catalytic activities of different GO derivatives
are compared with those of some typical solid acid catalysts. It
is clear that GO and S-graphene show the highest catalytic
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along with catalyst recyclability
were observed for GO and
S-graphene.
We tested the condensation
of a wide range of structurally
different aldehydes and ketones
with various types of amines
and TMSCN to produce the corresponding a-amino nitriles in
a one-pot reaction with GO and
S-graphene. The results are summarized in Table 1. In the case of
aldehydes, different types of
amines including aromatic and
heterocyclic units were readily
coupled. In general, this protocol
is effective regardless of the
electronic nature of the substituted carbonyl, and different
types of amines participated in
the reaction. For example, acidsensitive furfuraldehyde (Table 1,
entry 25 and 26) gave the prodFigure 1. a) Schematic representation of GO and functionalized GO. b) Normalized transmission infrared spectra of
uct in 93 and 95 % yield in the
GO, bGO, and S-graphene at room temperature. c) pH test of GO and S-graphene at approximately 0.5 mg mL 1.
presence of GO and S-graphene,
respectively. In the case of aliphatic ketones (Table 1, entry 7–
12), cyclohexanone reacted with aniline and benzylamine to
give excellent product yields of 90–95 %. In addition, differently
substituted aromatic ketones delivered moderate to excellent
yields of the products within a few hours. However, in the
presence of the electron-withdrawing nitro group in the para
position of acetophenone, the yield of the desired product decreased to 35–52 % (Table 1). Overall, the reactions were fast
and no side products were found. We were not able to detect
any cyanosilylated[27] or oxidized product of the carbonyl
group.[10]
To investigate the role of the active sites in catalysis, we intentionally transformed the carboxylic acid groups in GO into
carboxylate groups by treating GO with base. GO was stirred
with aqueous 0.1 n sodium hydroxide overnight at room temperature. The FTIR spectrum (Figure 1 a) of base-washed GO
(b-GO) showed that the band corresponding to the carboxylic
group was reduced, whereas the band assignable to the carboxylate group (COO ) increased in intensity. In addition, the
hydroxyl
region (ñ = 3000–3600 cm 1)[28] became weaker, possiFigure 2. Screening of solid acids in the one-pot, three-component Strecker
bly as a result of base reduction. After base neutralization of
reaction. Reaction conditions: PhCOCH3 (1 mmol), PhNH2 (1 mmol), TMSCN
(1.5 mmol), open to air, solvent-free conditions; catalyst 40 wt %, 50 8C, 1.5 h;
GO, it was found that the catalytic activity of GO in the Streckcatalyst 12 wt % for S-graphene at room temperature; GO-H = GO-Hummers
er reaction was completely suppressed. This confirmed that
method, AC = activated charcoal, and CB = carbon black.
the acidic groups in the GO derivatives are essential for catalytic action.
To test the recyclability of the catalyst, the GO catalyst was
recovered after filtration and washed (Figure 3). The recovered
yield for the Strecker reaction among all the catalysts tested.
catalyst was reused in consecutive reactions. S-graphene was
Commercially available carbon black and the ion-exchanger
found to have the highest recyclability, and no change in cataAmberlite did not show catalytic activity for the Strecker
lytic activity was observed after multiple cycles. However,
reaction. Industrially used porous H-beta and HY zeolites proa slight deactivation of the GO catalyst was noticed after a few
duced < 50 % yield of the desired product. Good conversions
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. One-pot, three-component Strecker reaction of carbonyl compounds by using GO-derived carbocatalysts.[a]

Entry
[d]

1
2
3[e]
4[f]
5[e]
6[f]
7
8
9
10
11
12
13
14
15[e]
16[f]
17
18
19
20
21
22
23
24
25
26
27
28
29
30

R1

R2

R3

Cat.[b]

t [h]

Yield [%][c]

Ph

Me

Ph

4-ClC6H4

Me

Ph

4-FC6H4

Me

Ph

A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B

2
1.5
24
24
24
24
2
1
10
4
2
1
12
12
24
24
24
24
5
4
1
1
24
24
6
6
2
2
5
5

94
97
80
85
56
90
92
95
84
88
90
95
88
93
35
50
78
84
82
92
95
97
82
92
93
95
90
92
88
92

–(CH2)5–
Me

Ph
Me

–(CH2)5–

Ph
PhCH2

Ph

Me

4-ClC6H4

4-NO2C6H4

Me

Ph

2-furyl

Me

Ph

–(CH2)5–

1-phenylethyl

Ph

H

Ph

4-FC6H4

H

Ph

2-furyl

H

Ph

Ph

H

4-ClC6H4

Ph

H

PhCH2

[a] Reaction conditions: PhCOCH3 (1 mmol), PhNH2 (1 mmol), TMSCN
(1.5 mmol), catalyst, neat conditions. [b] Cat. A: GO 40 wt %, Cat. B: S-graphene 12 wt %. [c] Yield of isolated product. [d] Determined by 1H NMR
spectroscopy. [e] 100 wt % GO. [f] 25 wt % S-graphene.

runs. This is due to the gradual silylation of the hydroxyl and
carboxylic groups by the trimethylsilyl group. Evidence for silylation can be seen in the XPS and FTIR spectrum of the recovered catalyst, for which a band at ñ = 1495 cm 1 attributable to
the presence of the OSiMe3 group could be seen. To reactivate
the catalyst after the fourth run, the GO catalyst was stirred for
24 h at room temperature with tetra-n-butylammonium fluoride (TBAF). XPS analysis confirmed that the amount of silicon
(from the trimethylsilyl group) became negligible after washing
with TBAF. To our delight, it was found that the catalytic activity of TBAF-washed GO was recovered to the same level as that
of pristine GO in the first cycle.
The mechanism of the Strecker reaction involves attack of
the amino group of 2 at the carbonyl group of 1 by nucleo-

Figure 3. a) Recyclability of GO (black) and S-graphene (gray) in the Strecker
reaction. b) FTIR spectrum of GO after the first and fourth runs of GO and regenerated GO (after washing with TBAF). c) XPS of the Si 2s spectra of GO-Si
after reaction and regenerated GO after washing with TBAF. d) XPS of the
Si 2p spectra of GO-Si and regenerated GO.
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philic addition to form an amino alcohol.[18] In the presence of
an acid catalyst, the amino alcohol undergoes dehydration to
produce an imine or an iminium intermediate, and this is followed by nucleophilic attack of cyanide from TMSCN to form
an a-amino nitrile. To elucidate the mechanistic pathway, we
first studied the model reaction by only adding GO without
the use of TMSCN. After quenching the reaction with H2O, we
identified an imine intermediate (by 1H NMR spectroscopy : d =
2.20 ppm; see Figure S5 in the Supporting Information). However, no amino alcohol was isolated from the reaction mixture.
This could be due to the very fast dehydration step of the
amino alcohol in the presence of a high concentration of the
free hydroxyl and carboxylic acid groups in GO. Subsequently,
upon adding TMSCN to the reaction mixture, the cyanide nucleophile attacks the activated iminium intermediate (nucleophilic addition) in a concerted manner to produce the a-amino
nitrile (Figure 4). GO (as well as its derivatives) plays the role of
the acid catalyst and helps with the protonation of the carbonyl group to favor nucleophilic addition by the amine, as well as
the subsequent dehydration of the amino alcohol to facilitate
the formation of the imine.

www.chemcatchem.org
added dropwise. The white precipitate was filtered off after 1 h
and was washed with a small amount of deionized water. Then,
the diazonium salt (see Figure S4) was added to reduced graphene
(60 mg) in a water/ethanol mixture (1:1, 40 mL). Subsequently,
H3PO2 (50 wt %, 20 mL) was added, and the temperature was 0–
2 8C. After 30 min, again more H3PO2 (50 wt %, 20 mL) was added,
and the mixture was stirred for another 2 h. It was then washed
and dried.

Preparation of base-washed graphene oxide (b-GO)
GO (100 mg) was dispersed in deionized water (1 mg mL 1,
100 mL) by sonication. 0.3 n NaOH (50 mL) was added to the GO
solution. The mixture was stirred overnight. Subsequently, basetreated GO was filtered and washed with deionized water and
acetone.

Three-component Strecker reaction
Representative procedure: Functionalized graphene catalyst
(12 wt % S-graphene or 40 wt % GO) was added to a mixture of the
carbonyl compound (0.25 mmol), amine (0.25 mmol), and TMSCN
(0.375 mmol), and the resulting mixture was stirred at room temperature (S-graphene) or at 50 8C (GO) in open air for the required
time under solvent-free conditions. The catalyst was recovered by
filtration and washed with dichloromethane. The solvent was removed under reduced pressure to obtain the a-amino nitrile.

Regeneration of the catalyst by using TBAF
Tetra-n-butylammonium fluoride (250 mg) was added to a solution
of recovered GO (100 mg) in water (5 mL), and the mixture was
stirred for 24 h at room temperature. After washing with water, the
GO was stirred in 3 n HCl for 2 h. The final regenerated GO was
washed with water and acetone.

Keywords: carbocatalyst · graphene · heterogeneous
catalysis · multicomponent reactions · solid acid
Figure 4. Proposed mechanism for the GO-catalyzed three-component
Strecker reaction.

In summary, we demonstrated that functionalized GO derivatives were able to catalyze the one-pot Strecker reaction of
carbonyls, amines, and trimethylsilyl cyanide efficiently to produce a-amino nitriles. The catalytic activities are due to acidic
groups in the GO derivatives. The catalyst showed good recyclability under solvent-free conditions in open air without the
formation of side products.

Experimental Section
Preparation of S-graphene
A suspension of GO (1 mg mL 1) was reduced with hydrazine hydrate at 100 8C for 24 h followed by washing several times with deionized water to afford reduced graphene oxide. 4-Benzenediazonium sulfonate was prepared by diazotization of sulfanilic acid. Sulfanilic acid (0.01 mol) was dispersed in 1 m HCl (100 mL). The temperature was 2–3 8C. Then, a 10 % excess amount of 1 m NaNO2 was
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

I. T. Horvth, P. T. Anastas, Chem. Rev. 2007, 107, 2169 – 2173.
J. H. Clark, Acc. Chem. Res. 2002, 35, 791 – 797.
D. R. Dreyer, C. W. Bielawski, Chem. Sci. 2011, 2, 1233 – 1240.
D. S. Su, J. Zhang, B. Frank, A. Thomas, X. Wang, J. Paraknowitsch, R.
Schlçgl, ChemSusChem 2010, 3, 169 – 180.
Y. Wang, X. Wang, M. Antonietti, Angew. Chem. Int. Ed. 2012, 51, 68 – 89;
Angew. Chem. 2012, 124, 70 – 92.
M. Hayashi, Chem. Rec. 2008, 8, 252 – 267.
C. Su, K. P. Loh, Acc. Chem. Res. 2013, 46, 2275 – 2285.
A. Vijay Kumar, K. Rama Rao, Tetrahedron Lett. 2011, 52, 5188 – 5191.
S. Verma, H. P. Mungse, N. Kumar, S. Choudhary, S. L. Jain, B. Sain, O. P.
Khatri, Chem. Commun. 2011, 47, 12673 – 12675.
D. R. Dreyer, H.-P. Jia, C. W. Bielawski, Angew. Chem. Int. Ed. 2010, 49,
6813 – 6816; Angew. Chem. 2010, 122, 6965 – 6968.
D. R. Dreyer, K. A. Jarvis, P. J. Ferreira, C. W. Bielawski, Polym. Chem.
2012, 3, 757 – 766.
J. I. Paredes, S. Villar-Rodil, A. Martnez-Alonso, J. M. D. Tascn, Langmuir
2008, 24, 10560 – 10564.
J. Ji, G. Zhang, H. Chen, S. Wang, G. Zhang, F. Zhang, X. Fan, Chem. Sci.
2011, 2, 484 – 487.
E. J. Martinez, E. J. Corey, Org. Lett. 1999, 1, 75 – 78.
A. G. Myers, D. W. Kung, Org. Lett. 2000, 2, 3019 – 3022.
E. J. Martinez, T. Owa, S. L. Schreiber, E. J. Corey, Proc. Natl. Acad. Sci.
USA 1999, 96, 3496 – 3501.
S. P. Pathare, K. G. Akamanchi, Tetrahedron Lett. 2012, 53, 871 – 875.

ChemCatChem 2014, 6, 2507 – 2511

2510

CHEMCATCHEM
COMMUNICATIONS
[18] G.-W. Zhang, D.-H. Zheng, J. Nie, T. Wang, J.-A. Ma, Org. Biomol. Chem.
2010, 8, 1399 – 1405.
[19] J. Choi, H. Y. Yang, H. J. Kim, S. U. Son, Angew. Chem. Int. Ed. 2010, 49,
7718 – 7722; Angew. Chem. 2010, 122, 7884 – 7888.
[20] J. Jarusiewicz, Y. Choe, K. S. Yoo, C. P. Park, K. W. Jung, J. Org. Chem.
2009, 74, 2873 – 2876.
[21] K. Iwanami, H. Seo, J.-C. Choi, T. Sakakura, H. Yasuda, Tetrahedron 2010,
66, 1898 – 1901.
[22] C. Wiles, P. Watts, ChemSusChem 2012, 5, 332 – 338.
[23] J. Wang, Y. Masui, M. Onaka, Eur. J. Org. Chem. 2010, 1763 – 1771.
[24] F. Rajabi, S. Nourian, S. Ghiassian, A. M. Balu, M. R. Saidi, J. C. SerranoRuiz, R. Luque, Green Chem. 2011, 13, 3282 – 3289.

 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemcatchem.org
[25] C. Bao, L. Song, W. Xing, B. Yuan, C. A. Wilkie, J. Huang, Y. Guo, Y. Hu, J.
Mater. Chem. 2012, 22, 6088 – 6096.
[26] X. Yang, X. Zhang, Y. Ma, Y. Huang, Y. Wang, Y. Chen, J. Mater. Chem.
2009, 19, 2710 – 2714.
[27] B. Thirupathi, M. K. Patil, B. M. Reddy, Appl. Catal. A 2010, 384, 147 – 153.
[28] C. Su, M. Acik, K. Takai, J. Lu, S.-j. Hao, Y. Zheng, P. Wu, Q. Bao, T. Enoki,
Y. J. Chabal, K. P. Loh, Nat. Commun. 2012, 3, 1298 – 1306.

Received: April 18, 2014
Revised: May 13, 2014
Published online on July 18, 2014

ChemCatChem 2014, 6, 2507 – 2511

2511

