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Abstract The rise in global demand for green chemistry and sustainable development have driven immense research in the
fundamental science of catalysis. Metal-free catalysis, serves as an ideal industrial technology, has emerged as a new frontier
and hot point in modern catalysis science due to its green and sustainable properties. As a new carbonaceous material, gra-
phene exhibits high surface area, excellent stability, unique mechanical and electronic properties. Its physical and chemical
properties can be further modulated by modification and functionalization. Graphene derivatives have been successfully em-
ployed in a variety of chemical transformations recently, showing them to be promising metal-free organocatalysts. This re-
view highlights the recent advancements of graphene-derived materials as metal-free carbocatalysts and their application in
organic reactions, such as oxidation, reduction or hydrogenation, coupling, substitution, efc. The possible struc-
ture-performance relationships of graphene-based carbocatalysts and metal-free organocatalytic mechanisms are also empha-

sized.
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Figure 1 (a) Doping of graphene with heteroatoms; (b) periodic table
and the corresponding elements which can be doped into graphene
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Figure 2 (a) Structure model of GO proposed by Lerf-Klinowski*!; (b)
schematic showing active catalytic sites in the graphene based
materials'’!
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Table 1 Preparation method, composition of graphene-based carbocatalysts and their applications in organic reactions

Catalyst Preparation method Functional groups or dopants Reaction
GOl Hummers method O-containing groups
abGOL8 GO was treated with sequential base and acid O-containing groups
NG-T!! GO annealed under NH; flow Doped N atoms Oxidation of alcohol
BG!™ GO annealed with boric acid Doped B atoms (2.9%)
G1000t"! Pyrolysis of the sulfate lignin Doped S and O atoms
CCcGh Chemical reduction of GO n-system of graphene Oxidation of benzene
GOl Modified Hummers method O-containing groups Oxidation of cyclohexane
NGO! Modified Hummers method O-containing groups Oxidation of alkyl-substituted
LC-NI™ CVD method with acetonitrile as N source Doped N atoms (8.9%) arenes
NG Arc-discharge exfoliation and subsequently annealed Doped N atoms (0.42%) Oxidation of olefin

with NH;
rGOU¢ GO reduction (modified Wallace's method) The zigzag edges of rtGO
NG Hydrothermgl treatment of GO-urea mixture and subse- Doped N atoms (2.03%)

quent anncaling Reduction of nitroaromatics
NHG" Hydrothermal treatment of GO-NH;-H,O, mixture Doped N atoms(9.77%)
NPGI™! Pyrolysis of a microwave-exfoliated graphite and hexa- Doped N and P atoms

chlorocyclotriphosphazene
Graphene!®! Pyrolysis of alginate Lewis acid-base pairs Selective acetylene hydrogenation
GOl Modified Hummers method O-containing groups Cross-counli .
GO o O-containing groups ross-coupling reaction
Grgphlte Modified Hummers method O-containing groups
oxide!®
ba-GOY GO was treated with base and acid O-containing groups Oxidative coupling of amines
PG!! Annealing of triphenylphosphine Doped P atoms
BNHG!® Annealing of of dicyandiamide, glucose and boric acid Doped B and N atoms
GOl Modified Hummers method O-containing groups
GO®7 Modified Hummers method O-containing groups Friedel-Crafts alkylation
GOBs Hummers method O-containing groups
Graphitel®! — — Friedel-Crafts acylation
GR-SO;H™ rGO reacts with sodium nitrite and sulfanilic acid at Denzenesulfonic acid groups Transesterification

room temperature
GO-SP! Modified Hummers method Sulfomc. ac id groups and Esterification

O-containing groups
Grgphlte Hummers method — Claisen-Schmidt condensation
oxide™
GO-DETAM GO modification with tricthylamine Primary, secor%dz.iry amino and Mich'ael reaction and Knoevenagel
Oxygen-containing groups reaction

GOoP4 Modified Hummers method Oxygen-containing groups Hydrolysis reaction
GO — O-containing groups N-formylation reaction
GO — O-containing groups Dehydrogenation reaction
GOV — O-containing groups Todization reaction
S;ff:[l;;? Hummers method O-containing groups Dehydration reaction
Graphitel®! — —

K2 TR S IR A AR LA LSS T (A S

Table 2 Graphene-based carbocatalysts for organic reactions and their probable active sites

Reaction Catalyst Substrate Product Probable active site
GOleel Alcohol Ketone/aldehyde Epoxide groups
abGO!*¥! Benzylic alcohol Benzaldehyde Phenol hydroxyl groups
Oxidation of alcohol NG-T!*) Benzylic alcohol Benzaldehyde Graphitic sp*-N sites
BGI™ Benzylic alcohol Benzaldehyde B doping species (BCs)
G1000""! Benzylic alcohol Benzaldehyde Doped S and O atoms
Oxidation of benzene CCGBs! Benzene Phenol m-system (.)f graphene and
O-containing groups
Cyclohexanol
Oxidation of cyclohexane GO Cyclohexane Cyclohexanone Carboxylic acid groups
Adipic acid
Oxidation of alkyl- NGO Toluene Benzoic acid —
substituted arenes LC-NU4 Ethylbenzene Acetophenone C atoms adjacent to N atoms
Oxidation of olefin NG Olefin Alkylene oxide Graphite N
Reduction of nitroaromatics rGOl®! Nitrobenzene Aniline Edge sites
NG!77 Nitroaromatics Aromatic amine Graphitic N
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Reaction Catalyst Substrate Product Probable active site
NHG!®! Nitroaromatics Aromatic amine Doped N atoms
NPG!™! Nitroaromatics Aromatic amine Doped N and P atoms
. . Acetylene Ethylene L .
[80] _
Selective hydrogenation Graphene! Ethylene Ethane Lewis acid-base pairs
GOl lodobenzene Biaryl compounds O-containing groups
. . Benzene
Cross-coupling reaction O-containing group, n-conjugated
GOl 1,3,5-Trimethoxy-benzene ~ Biaryl compounds & Srotb, U
system and unpaired electrons
Gr.aphlte Benzylamine N-Benzylidene aniline —
Oxidative coupling of oxide™]
amines © coupling o ba-GO®4! Benzylamine N-Benzylidene aniline The edge sites carboxyl
PG Benzylamine N-Benzylidene aniline Doped of P atoms
BNHG!* Benzylamine N-Benzylidene aniline Doped B and N atoms
Aromatics
GOl Styrene Diarylalkane O-containing groups
Alcohol
Friedel-Crafts alkylation GOl Aldehydes Bis(indolyl)methanes O-containing groups
Indoles
Indole -
(8] " _
GO Ethers 3,3'-Bisindolylmethane
Friedel-Crafts acylation Graphite!®! Aromatic compounds Acylated products —
Transesterification GR-SO;HPY Palm oil Biodiesel Benzenesulfonic acid groups
Esterification GO-SPP1 Oleic acid Biodiesel Su}fomc acid groups and carboxylic
acid groups
Claisen—Schmidt Graphite Phenylacetylene o
Condensation oxidel® Benzyl alcohol Chalcone
Michael reaction Benzaldehyde Benzylidenemalononitrile Primary, secondary amino and
Knoevenagel reaction GO-DETAP  Malononitrile 2-(3-0x0-1,3-diphenylpropyl) carb ;y’l B} vy
oevenage! reactio (£)-Chalcone malononitrile OXyl groups
Hydrolysis reaction GOM¥4 Cellulose Glucose Hydroxyl and carboxyl groups
N-formylation reaction GOl Tetrahydroisoquinoline Formamide Carboxylic acid group
Dehydrogenation reaction GOl Tetrahydroisoquinoline Dehydrogenation products O-containing groups
Iodization reaction Gov" Benzothiazole Iodination product Unpaired electrons
hit .
. . OG;?;[;; Benzyl alcohol Poly(phenylene methylene) O-containing groups
Dehydration reaction Ethanol
Graphitel®! Silver cyanide —

Silver nitrate

PG, B, RN REARE TS GO KM
SR TR R AT IR R N AR B, AR JE R ALK,
B AE AR A SMEH T IKE 450, TERCE L
EEAEREIE 3 FiR). #E—P RS A e R A
g BT LG GO B YERE, Zhu 55088 IS 1 4L
(KR A AR A HE R A Bt GO (abGO), XA iR T
GO R AREMFTAIL, WinTmREER&E.
abGO AT LAE 28 H I S50 s B PRI AR, 2R FR R (1) 3k
FEERTIE 100%, P2RKEEE abGO 3T F) #2 Jk 1 Ha 1
IR IR TSR S, 3R O HL R T W R 2 ] R SN VS
L. VEFEMRYE Eley-Rideal HLEEARERE: GO KM
FERERE IR I AEL O) TERIG MRS, 1R AT L it
BORF g (a5 H 5 7R BOR B EE IR 0N HaO. 1%
WFN GO RIHE ReI PR Hl et T A 80k, 1
IR I VERE TSRt T EEHE A S

B TE A SR 0 5 4 AU -t T DABE iy H 2R
W 84 ST PR PEEA L 1 E. Long £51691 %% Bl i 46 O N
B0 2208 Fr (NG-T) o] DAL H R R S A S B, T8
Tk S AN [ L E T ) RE S R AT b, R B AR R

1364 http://sioc-journal.cn

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

B3 SHWAIEMLEER GO AR B AL SR S e iR, &
NI, d), HE b, e)Ffim&(c, DBRIIILIE T, GO Mkl
S _ERRIE TR RN 75% (a~c)BR 12.5% (d~)¢7)

Figure 3 Optimized atomic structures for the initial (a, d), intermediate
(b, e) and final (c, f) steps of benzyl alcohol oxidation over GO with the
initial coverage of epoxy and hydroxyl groups, in which 75% (a~c) or
12.5% (d~1) of the carbon atoms are on the material’s basal plane!®”)
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Figure 4 (a) Relationship between initial reaction rate and graphitic N
species; (b) proposed reaction pathway for benzyl alcohol oxidation cata-
lyzed by NG-T!*%); potential energy profiles of benzyl alcohol oxidation to
benzaldehyde over S and O co-doped graphene (c) and graphene (d)
models by DFT calculations!’!!

Acta Chim. Sinica 2021, 79, 1360—1371

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

B T LR R S R B A A, SRR
AL T B S FH AT 0 R 25 05 1 43 1 I S8 AL S B . Ma
SEISSHRGE T AR SR 45 1A BRI (CCG) T DAL XL
AUKAMN TN ZEE. CCG MIniL i gt M 7E ) b 78 24
H,O0, HEALAL 5, H2RYS CCG Z 1Al m-m A E AT F 4
e F NN QR | S e el P A P i S b B A
Pt/SiO>+ Mn/CCG. GO Z AL M RE, 1E# RIL CCG
X HaO 3 B AITEAL AR . BT BRI B B 1 DA B84
SNE AT ) Ty 4, LT DU S K — P
NFF. BT R E R, o TR N R A
HIRERERER, AL, 2 S L 3 b R Ff it — b
e AT I7 R, BT B R T L SR AR 5 A
R RA. Xiao FPHRIE T GO HEALIF ke AL &
W OE R B, GO MBS M v 55 4 i Ah 7 i 56
YEH X GO BEATHRILALACTE, B AL TR A I GO
RIS RE R IR o, MR B R (W Sa o),
R W GO KIAMFAREE T LA S S AT, NI 4
P 5b i, FREL &SR N 135 A7 5, O, JB It AUk 5
FRILM EAE AL 0>, SR)G 0> AT LL5| i [ h 5%
AN, FEER Ok H AR O3t AL A (CHHP),
1M CHHP £ GO [ sp® 2804k R bl i, HEF
Fi . IR ORI R, A SRS JE B AR vT LUKy R 2 25
R BE AR 5 S8 A A B [ PR IR, Heidari B 3L [A] 507304
T T 9K B A BIE T (NGO AL 8 A — 2 50 R
MR FRIR, —HIRMFEALRTT LA R 70%, P45t
IR R R B T LUK E] 99%.

b

R TN ”
.\ (9,) o__%ou % Q_O
-0y y “.‘.wmpose O=O

I N\ .( - ‘COOH

[ Ccoon

%

ot &

Bl5 (a) REEEXI LRI, (b) GO MEALAALIA ST
AepLEEr

Figure 5 (a) The effect of carboxyl acid group content on cyclohexane
oxidation; (b) a possible mechanism of the cyclohexane oxidation with
GO as the catalyst!™
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Figure 6 (a) XPS spectra of N 1s of NG at different temperatures; (b)
the reaction mechanism for the epoxidation of trans-stilbene on NG cata-
Lyst!™!
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Figure 7 (a) Photograph of the five common organic dyes (4-NP, MO,
CR, RhB and MB) in aqueous solution; time-dependent absorption spec-
tra showing the hydrogenation of 4-NP (b), MO (c), CR (d), RhB (e) and
MB (f) using NHG as metal-free catalyst in the presence of NaBHs,, insets
are structural formula of the corresponding dye molecules. The inset of
Fig. 7b is the photograph of the reduced 4-NP solution!®!
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Figure 8 (a) Time-dependent UV-vis spectra recording the catalytic
conversion of 4-NP to 4-AP using NPG as the carbocatalyst; (b) proposed
reaction pathway of 4-NP reduction on NPG. Analog structure of (c, d)
two NPG models and their charge densities. (e, f) Total electron density
distribution mapping of the two NPG models ")
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Figure 9 Mechanism for the GO-catalyzed arylation reaction®'’
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Figure 11 (a) GO-Catalyzed Friedel-Crafts alkylation reaction; (b)
mechanism for the GO-catalyzed alkylation of arenes!®®)
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