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Hemin/graphene composite, prepared by mixing an
aqueous solution of graphene oxide (GO) with hemin and
sonicating the suspension for Sh at room temperature,
was investigated for olefination of aldehydes using ethyl
diazoacetate in the presence of triphenylphosphine.
Efficient olefination of aromatic aldehydes with high (E)-
selectivity was obtained, revealing that rGO/hemin is a
promising heterogeneous catalyst for olefination
reaction. The as-synthesized catalyst could easily be
recovered from the reaction mixture and was
subsequently used for several runs without any
significantly loss in activity and selectivity.

Introduction

Olefination or construction of C=C double bonds is one of
the most important transformations in synthetic organic
chemistry. The Wittig reaction' is the most commonly and
widely used approach for constructing carbon-carbon double
bonds for a variety of applications. To avoid the basic
conditions required for the generation of phosphorane
precursors, an alternative methodology using easily
accessible diazo compounds in the presence of metal
complexes as catalysts has received considerable interest in
recent decades.” Among the known metal complexes, iron
macrocyclic complexes particularly iron porphyrins,
phthalocyanines, and corroles displayed good -catalytic
activity for this olefination reaction.’ However, these
catalysts suffer from the obvious drawbacks of the
homogeneous catalysts such as difficult separation/recovery
as well as non- recycling ability of the catalyst.

Hemin, a well-known porphyrinato iron complex, regarded
as an active centre of various heam proteins such as
hemoglobin, myoglobin etc,® plays a vital key role in
biochemical reactions and electron-transport chain. In
addition, it has extensively been used as catalyst for various
potential applications mainly related to environment and
energy issues such as electrochemical reduction of nitrite,

45 nitric oxide, carbon dioxide, hydrogen peroxide and the
oxidation of peroxynitrite.” However, a serious drawback of
hemin is its high instability due to oxidative degradation. It
undergoes a self-oxidation into an inactive meso-
hydroxyporphyrin form.® Thus, a great number of efforts are

so being focused towards the structural modification of hemin
in order to prevent its self-degradation.” Although these
modifications increase its activity and stability, they
concurrently enhance synthetic difficulties and cost which
make their utility limited for large scale applications.

ss Alternatively, immobilization of hemin molecules to support
materials constitutes a logical and promising approach to
prevent their self-degradation. Furthermore, covalent or
strong interaction of metalloporphyrin molecules to the
support is advantageous as it prevents leaching and makes
¢ the catalyst more stable.
Graphene, a two dimensional single layered structure
consisting of sp>-bonded carbon atoms has several
distinctive properties such as extremely high electronic
conductivity, superior mechanical strength, large surface
esarea and highly conjugated structure.® Owing to
extraordinary physicochemical and structural properties, it
has extensively been used as support for immobilizing
organic and inorganic catalysts. The potential of graphene
and reduced graphene oxide (rGO) to support organic
molecules such as hemin and other porphyrin species
through w7 stacking interactions has widely been
investigated for electrocatalytic applications.” However,
their use as heterogeneous catalyst for organic
transformations are rarely known.
s In continuation of our on-going studies towards
developing graphene-based hybrid catalysts for organic
transformations, herein we report hemin functionalized
reduced graphene oxide (rGO/hemin) hybrid material as an
effective catalyst for olefination of aldehydes using ethyl
diazoacetate (EDA) in presence of triphenylphosphine (TPP)
as a reducing agent (Scheme 1). The developed
heterogenized catalyst displayed comparable catalytic
activity to the homogeneous iron porphyrin catalyst with the
additional benefits of facile recovery and recycling (Table 1,

ss entry 12).
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Scheme 1: Olefination of aldehydes

s Results and discussion
Synthesis and characterization of the catalyst

Hemin (metalloporphyrin) being a flat molecule can readily

be immobilized on the surface of rGO through n—x stacking

and H-bonding interactions.'® The structure of rGO/hemin
10 catalyst is illustrated in Scheme 2.

Scheme 2: Schematic illustration of rGO/hemin catalyst.

The detailed characterization of the synthesized material was

is reported in our previous report.'' The incorporation of
hemin onto rGO surface was confirmed by FTIR
measurements (Fig. 1). The FTIR spectrum of hemin (Fig.
la) showed characteristic absorption peaks at 1580-1600
em’' (benzenoid ring stretch) and 1100-1200 cm™ (pyrrole

20 vibration). The appearance of these characteristic bands in
the FTIR spectrum of rGO/hemin clearly indicated that
hemin molecules were successfully integrated to the rGO
support.'?

——a) Hemin
—— b) rGO/Hemin

% Transmittance

a)

—— 7
3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

25 Fig. 1: FTIR spectra of a) hemin and b) rGO/hemin.

The morphology of the synthesized rGO/hemin catalyst was
investigated using FE-SEM (Fig. 2). The appearance of

crumpled and erupted structure in the SEM image suggested

30 the presence of reduced graphene oxide in rGO/hemin
catalyst (Fig. 2a). EDX pattern of the synthesized composite
confirmed the presence of iron (Fig. 2b). Further elemental
mapping indicated the homogeneous distribution of iron
throughout the catalyst (Fig. 2c, 2d).

Elements W% At%

28+ cK 85.71 | 90.05
oK 11.73 | 0925
AIK 0037 | 0018
oK 0024 | 00.09
19 4 FeK 0194 | 00.44

KCnt
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CIK FeK
AlK FeK

12.00 16.00

8.00
Energy - keV

35
Fig. 2: rGO/hemin catalyst a) FE-SEM image, b) EDX pattern, and
elemental mapping for (c) C, and d) Fe atoms.

The UV/Vis absorption spectra of hemin and rGO/hemin
hybrid are displayed in Fig. 3. The spectrum of hemin in
40 DMF shows characteristic absorption peaks i.e a strong
absorption peak at 398 nm attributed to the Soret band and a
broad hump between 450 and 650 nm corresponding to the
Q-bands. The UV/Vis spectrum of rGO/hemin hybrid
dispersed in DMF exhibits a broad absorption peak below
ss and above 400 nm due to the ring n-n* transitions of the
Soret band of incorporated hemin. The changes observed in
the Soret band in rGO/hemin hybrid confirmed the
incorporation of hemin molecules within the rGO network."

a) Hemin
/\ b) rGO/Hemin
E /
£
§ / S a)
38
5
I\
\\
m
300 400 500 600 700 800
Wavelength (nm)
50 Fig. 3: UV-Vis spectra of a) hemin and b) rGO/hemin

Thermal stability of the synthesized materials was examined
by thermogravimetric analysis (TGA) (Fig. 4). The TGA
profile of rGO showed initial weight loss between 100-150
°C probably due to the evaporation of adsorbed water and
ss solvent molecules. A very small weight loss between 400-
600 °C was observed due to the loss of residual oxygen
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carrying functionalities (Fig. 4a). In case of free hemin, a
sharp weight loss occurred in the temperature range of 350-
380 °C probably due to the degradation of the porphyrin ring
structure (Fig. 4b). In contrast rGO/hemin hybrid exhibited
s two major weight losses; the first in the range of 100-150 °C
due to adsorbed water molecules and another at 350 °C due
to the degradation of the macrocyclic ring structure of the
hemin (Fig. 4c)."
The iron content in the synthesized hybrid was found to be
10 6.8 wt % or 1.21 mmol/g cat as determined by ICP-AES
analysis.

100 .

Derivative Weight (%/min)

200 400 600 800
Temperature (°C)

Fig. 4: DT-TGA thermograms of a) rGO, b) hemin and c)
rGO/hemin

15 Catalytic activity

The catalytic activity of the rGO/hemin composite was
investigated for the olefination of aldehydes using ethyl
diazoacetate (EDA) in the presence of triphenylphosphine
(PPh;). At first the olefination of benzaldehyde (1 eq) with
EDA (2 eq) in the presence of PPh; (1.1 eq) and rGO/hemin
(1 mol %) was performed in toluene at 80 °C for 12 h. The
reaction was found to occur efficiently and afforded
olefination product in 92 % isolated yield with good trans-
selectivity (Table 1, entry 4). In a control blank experiment,
no olefination product was obtained in the absence of the
catalyst (Table 1, entry 5). The presence of PPh; was found
to be vital and in its absence conversion of benzaldehyde
was not observed even after a prolonged reaction time
(Table 1, entry 6). We also investigated the effect of various
solvents such as toluene, dimethylformamide (DMF),
dichloroethane (DCE) and THF on the reaction efficiency
(Table 1, entries 1-4). Among all the solvents studied,
toluene was found to be optimum for this chemical
transformation. To establish the effect of catalyst amount on
the product yield, we performed olefination of benzaldehyde
under identical conditions by varying the catalyst amount
from 1 to 5 mol % (Table 1, entries 4, 7-8). With increasing
the amount of the catalyst, there was a slight increase in the
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yield while the selectivity of the product remained
40 unchanged. The reaction was found to be very slow at room
temperature (Table 1, entry 9); the best results were obtained
using toluene as solvent at 80 °C (entry 4). Further increase
of the temperature to 100 °C did not show any significant
enhancement in the conversion as well as selectivity (entry
10). Moreover, no reaction occurred when rGO was used as
catalyst under described experimental conditions (Table 1,
entry 11).

4

o

Table 1: Olefination of benzaldehyde under different reaction

conditions™.

. _ COOCHs _
COOC,Hs
@ + EDA + Pph, _GO/hemin (cat), 80°C d/ . d\
12h, N,
50 Toluene trans- cis-
Entry| Solvent Catalyst | Temperature| Yield |E/Z ratio®
amount (°C) (%)°
(mol%)
1 THF 1 70 61
2 DMF 1 80 80 :
3 DCE 1 80 78 2.5:1
4 Toluene 1 80 92 4:1
5 Toluene 1 80 K -
6 Toluene 1 80 - -
7 Toluene 2 80 93 4:1
8 Toluene 5 80 93 4:1
9 Toluene 1 25 52 4:1
10 Toluene 1 100 94 4:1
11 | Toluene 1 80 B -
12 Toluene 1 80 938 4:1

"Reaction condition: benzaldehyde (1 mmol), EDA (1.2 mmol);

PPh; (1.1 mmol) under N, atmosphere; "Isolated yield; “determined

by 'H NMR; ‘in the absence of catalyst; ‘in the absence of PPhs;

fusing GO as catalyst; using homogeneous iron(Il) porphyrin as
ss catalyst.

To explore the scope of this reaction, a number of aldehydes
were subjected to olefination under described reaction
conditions (Table 2). As shown, all the substituted aldehydes
reacted smoothly and gave the corresponding olefination
products in moderate to high yields with high trans-
selectivity. In general, among all the tested aryl aldehydes
those containing electron-donating groups (Table 2, entries
2-5) were found to be comparatively more reactive and gave
the desired olefin in high yields (85-94 %). Furthermore, the
65 steric hindrance at ortho-position of aryl aldehydes (Table 2,
entry 4) lowered the yield as well as trans-selectivity of the
product. Interestingly, in case of benzaldehydes having
electron withdrawing substituents the selectivity pattern of
the product was found to be reversed and cis-olefins were
70 formed predominantly (Table 2, entries 6-8). The exact
reason for reversed regioselectivity in case of electron
withdrawing substrates is not clear at this stage. A literature
report by Shindo et al.'> suggested that the E/Z selectivity in
the olefination reaction is strongly dependent on the
75 electronic nature of the para-substituents. An increase of
electron density on the phenyl substituents tends to increase
the E-selectivity. However, the electron withdrawing
substituents (particularly —-NO, group) tend to give Z-olefins
predominantly.
so Highly hindered substrate like 2,4,6-trimethylbenzaldehyde
did not give any product under the described reaction
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conditions (Table 2, entry 9). Similarly, under the same
reaction conditions, 4-dimethylamino benzaldehyde gave
poor product yield (Table 2, entry 10). This lower yield
might be due to the axial coordination of the amino group in

s 4-dimethylamino benzaldehyde. Alicyclic aldehyde such as
cyclohexane aldehyde reacted efficiently and gave higher
yield of the desired olefin (Table 2, entry 11).

Table 2: rGO/hemin catalyzed olefination of aldehydes.”

Entry| Substrate Product Yield| E/Z
(%)™ | ratiol
1 —/CO0CHs 92 | 71

o
I
o

60000%

<

2 —/£00CHs =cooc 94 4:1
CHO §:/< . §:§ =

o
I
o

—_ COOC,H, N

@ )ﬁ\f S 93 5:1

4 g N 87 | 31
oo . @jcoocms

@i

5 CO0C:Hs _ 93 5:1
MeoOCHo 6 . @j COOC,Hs
MeG Med
6 —_ CO0C:Hs 85 1:4
Br
7 C00CHs 84 1:3
m{ >7CHO d Qj COOC;Hs
8 £00C:Hs 0o 65 1:4
OzN@CHO @J @j Hs
O,N
9 OMe
MeOQCHO _ _ _
OMe
10 COOCHs 28 3:1
:N4< >*CHO Q_/ 6COOCZH5
N
11 CHO __ COOC;Hs 92 51

Oi

<:chooczr-cs

“Reaction conditions: aldehyde (1 mmol), EDA (1.2 mmol), PhsP

o (1.1 mmol), catalyst (1 mol%, 0.01 mmol), toluene (5 ml) at 80 °C
under N, atmosphere; *Isolated yields; °E/Z ratio calculated by 'H
NMR.

Reusability of the solid catalyst is one of the most important
criteria to make it viable at an industrial scale. To study the
reusability of the heterogeneous rGO/hemin catalyst, the
olefination of benzaldehyde was studied under optimized
reaction conditions. After completion of the reaction, the
catalyst was separated by simple filtration and the recovered
catalyst was used for subsequent five cycles using
benzaldehyde as model substrate. In all cases, the product
yield as well as trans-selectivity of the product remained
almost the same (Fig. 5). These results confirmed that the
developed catalyst was highly stable and can be reused for
several runs without any significant change in its catalytic
s activity. Moreover, the iron content in the recovered catalyst

after five runs was found to be almost similar (6.5 wt%) to

that of fresh catalyst (6.8 wt%). Furthermore, to ascertain the

leaching, a toluene solution of the catalyst was refluxed for

12 h. After separating the catalyst, the obtained filtrate was

@

S

30

55

charged with substrates i.e. benzaldehyde (1 mmol), Ph;P
(1.1 mmol) and EDA (1.2 mmol) and continued the reaction
under refluxing condition for 12 h. No conversion of
benzladehyde was observed, which indicated that the
developed catalyst was quite stable and did not show any
leaching. These findings further establish the truly
heterogeneous nature of the rGO/hemin catalyst.

100

70 T T T T T
1 2 3 4 5

Recycling run

Fig. 5: Recycling experiments.

To investigate the structural and chemical changes of the
rGO/hemin catalyst after catalysis, the recovered catalyst
after the fifth recycling run was characterized with FTIR,
SEM, UV and TGA (Fig. 6). FTIR spectrum of the recycled
catalyst showed similar bands like the freshly synthesized
catalyst (Fig. 6a). Similarly, the crumpled and erupted
structure of the recycled catalyst suggested that the
morphology of catalyst remained intact after the catalytic
reactions (Fig. 6b). Also no obvious changes were observed
in the UV-visible spectrum of the recycled catalyst as
compared to that of fresh catalyst (Fig. 6¢). Finally, TGA
analysis of recycled catalyst (Fig. 6d) suggested that the
recycled catalyst was thermally stable and showed similar
degradation pattern as freshly synthesized catalyst.

a)

i) rGO/Hemin fresh catalyst
i) After five recycling

RO B

T T T T T v
3500 3000 2500 2000 1500 1000
Wavenumbers (cm’”)

<) \ ©i) rGOfHemin fresh catalyst 100 o
R cn) After five recycling . _\
\ "

% Transmittance

Fa

60| ~_|

300 400 500 600 700 800
Wavelength (nm)

Temperature (°C)
Fig. 6: a) FTIR spectra of rGO/hemin i) fresh catalyst, ii) after five
recycling experiments, b) FE-SEM image of recovered rGO/hemin,
¢) UV-Vis spectra of rGO/hemin: i) fresh catalyst, ii) after five

recycling experiments, d) TGA thermograms: i) fresh rGO/hemin,
ii) after five recycling experiments.
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Although the exact mechanism of the reaction is not clear at
this stage, in analogy to the existing report by Woo et al.,**'®
it is assumed that the reaction involves the transfer of
carbene generated from ethyldiazoacetate to phosphorous to
give phosphazene in the presence of hemin. In the
subsequent step, the phosphazene reacts with aldehyde to
yield the corresponding olefin in a similar way to Wittig
reaction (Scheme 3).

Scheme 3: Possible mechanism of olefination of aldehydes over
rGO/hemin.

Conclusion

In conclusion, an efficient and simple method has been
described for the synthesis of rGO/hemin hybrid by the
treatment of graphene oxide with hemin under
ultrasonication for 5 h. FTIR, UV-Vis and TGA
measurements confirmed GO reduction and hemin
incorporation to yield rGO/hemin hybrid material. The
resulting rGO/hemin was successfully used as a selective
catalyst for the olefination of various aldehydes. The
synthesized catalyst showed the property of both hemin as
well as of graphene. Graphene provided large surface area to
the substrate, supported hemin through n-n interactions, and
increased the active sites on the surface. Due to the
synergistic effect of both components, rGO/hemin hybrid
catalyst exhibited high and excellent yields of cinnamates
from the corresponding aldehydes as compared to the well
established homogeneous catalytic systems. Moreover, the
catalyst was very stable and can be reused several times
without any activity loss.

Experimental
Material

Graphite flakes, iron protoporphyrin IX (hemin) and
hydrazine monohydrate were purchased from Sigma-
Aldrich.  Dichloromethane, potassium permanganate
(99.0%), sodium nitrate (99%), concentrated sulphuric acid,
hydrogen peroxide (30%), hydrochloric acid (35%),
methanol, ethanol, dimethylformamide (DMF) and HPLC

40 grade water were purchased from MERCK India. All the
chemicals and solvents were of analytical grade and used as
received.

Characterization

45 Fourier Transform Infrared (FTIR) spectra were recorded on
a Perkin—Elmer spectrum RX-1 IR spectrophotometer using
potassium bromide window. UV-Visible absorption spectra
of hemin and rGO/hemin in DMF were collected on a Perkin
Elmer lambda-19 UV-VIS-NIR spectrophotometer using a

s0 10 mm quartz cell. Thermal stability of samples was

evaluated by thermogravimetric analyses (TGA) using a

thermal analyzer TA-SDT Q-600. Analysis was carried out

in the temperature range of 40 to 800 °C under nitrogen flow
with a heating rate of 10 °C/min. The iron content of the
hybrid rGO/hemin catalyst was measured on Inductively

Coupled Plasma Atomic Emission Spectrometer (ICP-AES,

DRE, PS-3000UV, Leeman Labs Inc, USA). For ICP-AES,

0.05 g of catalyst was leached out using Conc. HNO; and

final volume was made up to10 ml by adding distilled water.

[
b

s 2.2 Synthesis of rGO/hemin nanocomposite''

Hemin functionalized reduced graphene oxide (rGO/hemin)
hybrid was synthesized by following our previously reported
method."" Graphene oxide was synthesized by following the
modified Hummer’s method.” For the synthesis of

6s rGO/hemin/catalyst, 0.75 mL (10 mM) of hemin was
dissolved in DMF which was further added to a
homogeneous suspension of GO (0.75 mL, 0.5 mg mL™") in
distilled water and ultrasonicated at 130 kHz in a Fisher,
Loughborough, Leicester, UK  Transonic TI-H-10

70 ultrasonication bath for 5 h at 50 °C. The precipitate was
separated by centrifugation at 14000 rpm for 1 h, washed 3
times with water and dried in an oven at 60 °C for 6 h.

2.3 Typical experimental procedure for olefination of
aldehydes

75 Ina 10 mL Schlenk tube, placed in a preheated oil bath at
80 °C, was added aldehyde (1 mmol), ethyldiazoacetate (1.2
mmol), triphenylphosphine (1.2 mmol) and catalyst (1 mol
%) in toluene (5 mL) under a nitrogen atmosphere. The
resulting mixture was stirred as indicated in Table 2. After

s0 being cooled the mixture at room temperature, the catalyst
was recovered from the reaction mixture via centrifugation.
The obtained filtrate was concentrated under reduced
pressure and purified by column chromatography using
hexane/ethyl acetate (15:1) to give pure olefin. The yields of

ss the isolated products are given in Table 2. The
regioselectivity of the products was determined by 'H NMR.
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