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ABSTRACT: A new green, environmentally friendly and economically feasible method for the
oxygenation of benzaldehyde, cinnamaldehyde, 4-chlorobenzaldehyde and 4-bromobenzaldehyde
to the corresponding carboxylic acids using air in the presence of hemoglobin as a water-soluble
catalyst in aqueous media at room temperature is illustrated. The resulting products were obtained
with (77-100%) conversion and 100% selectivity within a reasonable amount of time. In addition,

the first direct characterization of a high-valent iron intermediate (HbFe

V*=0) measured using Mass

Spectroscopy (MS) and UV-vis spectroscopy proved that the major route for oxidation of aldehydes

is (HbFeY*=0) production.
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INTRODUCTION

The global market for catalyst manufacture exceeds
14 billion dollars, and it can be estimated that catalysts
induce an end-user business of over 7,500 billion dol-
lars yearly [1]. Mammalian hemoglobin (Hb) is best
known for its oxygen-carrying capacity, which facilitates
oxygen delivery from the lungs to respiring tissues [2].
Many studies have found that Hb only has oxygen car-
rier properties but recently Minning et al. have discov-
ered enzymatic activity of a heme-thiol-NO redox triad,
and have shown that Ascaris hemoglobin functions to
detoxify oxygen [3]. In the United States, the rendering
industry collects and processes approximately 54 bil-
lion pounds per year of animal by-products and on-farm
mortalities. These animal by-products, which include fat
trim, meat, viscera, bone, blood and feathers are also col-
lected and processed by the rendering industry. 4226.5
million pounds/year of poultry blood is produced, which
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in turn broadens the potential to use this waste product
as an efficient and fine material catalyst [4]. On the other
hand, oxidation is one of the most fundamental reactions
in synthetic organic chemistry and a variety of oxidants
have been developed. The oxidation of aldehydes to car-
boxylic acids has been a long-standing interest in syn-
thetic organic chemistry [5]. The popular conventional
method is the use of the Jones reagent [6]. This is a stoi-
chiometric reaction using highly acidic conditions, which
may not be tolerated by acid-sensitive functionalities in
the substrate. Moreover, the generation of Cr-based side
products may be viewed as a potential environmental
hazard. Other efficient reagents that have been reported
in the literature to achieve such transformation include
oxone [7] calcium hypochlorite [8] and 2-hydroper-
oxyhexafluoro-2-propanol [9]. Some interesting meth-
odologies involving metal-mediated transformation of
the aldehyde functionality to carboxylic acid have also
been recently reported [10]. In our previous studies, an
efficient system for porphyrin-sensitized aerobic oxida-
tion of alcohols, aldehydes, and alkenes was developed in
the presence of visible light [11]. In continuation of our
studies on porphyrins and aerobic oxidation of organic
compounds, in this work, we describe the enzymatic
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Scheme 1. Oxidation of aldehydes to carboxylic acids with
heme as an active site of blood

oxidation of aldehydes to carboxylic acids using air
(1 atm) in the presence of sheep Hb and water as a sol-
vent (Scheme 1). The reactions proceeded smoothly
under these conditions, with 77-100% conversion and
100% selectivity.

EXPERIMENTAL

General procedure for the synthesis
of carboxylic acids

In the absence of light, 0.5 mmol liquid aldehyde
was added to 0.565 g/dL sheep Hb in pH = 7.0. Air
(1 atm) was bubbled throughout the solution for 7-
150 h. Plasma was separated from blood by centri-
fuging at 6000 rpm for 15 mins. In the light reaction,
0.5 mmol benzaldehyde, 0.565 g/dL sheep Hb and air
(1 atm) were irradiated under visible light (288 power
LED lamps, 1 W, 2.3 V (59660 LUX) for 7 h. After
oxidation of the aldehydes, the solvent was removed
under vacuum and the residue was separated by column
chromatography (silica gel, n-hexane/EtOAc, 13:1) to
obtain the corresponding carboxylic acids (Table 1).
The product structures from entries 1, 8, 9 and 10 in
Table 1 were confirmed by the melting points and by 'H
NMR spectra. The yield and selectivity of the products
were determined by 'H NMR.

Benzoic acid (1): Colorless crystal, mp >120-123 °C.
'H NMR (300 MHz, CDCl,) & 12.88 (brs, 1H, OH), 8.15
(d, J=17.5 Hz, 2H), 7.47-7.65 (m, 3H) ppm.

Cinnamic acid (8): Colorless crystal, mp >133-
135°C. 'H NMR (300.13 MHz, CDCl,) & 10.80 (brs, 1H,
OH), 7.78 (d, J = 16.0 Hz, 1H), 7.37-7.59 (m, 5H), 6.44
(d, J=16.0 Hz, 1H) ppm.

4-chlorobenzoic acid (9): Colorless crystal, mp>238—
241. '"H NMR (300.13 MHz, CDCl,) & 10.28 (brs, 1H,
OH), 8.03 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 8.3 Hz,
2H) ppm.

4-Bromobenzoic acid (10): Colorless crystal, mp>
253-255. '"H NMR (300.13 MHz, CDCl;) 6 8.03 (d, J =
7.94 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H) ppm, OH not
observed.

The consumption of the starting aldehydes and the for-
mation of the corresponding carboxylic acids monitored
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by a Bruker AMX 300 MHz spectrometer using TMS as
internal standard. Spectral changes were monitored with
a Shimadzu UV-2100 spectrophotometer. Also, Mass
spectra of Hb were carried out by a Bruker autoflex III
smartbeam mass spectrometer.

General procedure for the synthesis of iron(II)-tetrakis-
(4-sulfonatophenyl)porphyrin (Fe™TPPS): Fe™TPPS was
synthesized according to the literature [12].

RESULTS AND DISCUSSION

To check the generality of this method, oxidation
of different aldehydes was accomplished by air in the
presence of sheep Hb and water solvent (Table 1). The
reactions were performed in a tube without any par-
ticular precautions. Under these conditions, aldehydes
(Table 1, entries 1-10) were oxidized to the correspond-
ing acids with 77-100% yield. The results of the oxida-
tion reactions in the absence of blood plasma were as
good as those of the reactions in the presence of blood
plasma (Table 1, entry 2). Also, the yield of benzalde-
hyde oxidation in the presence of human blood was as
good as those of the reaction in the presence of sheep
blood (Table 1, entry 3). On the other hand, the reaction
didn’t provide efficient yield in the presence of light,
which is the key factor in photooxygenation reactions
[13] (Table 1, entry 4). In addition, in the presence of N*",
which is a well-known singlet oxygen scavenger [14],
benzaldehyde was completely converted to benzoic acid
(Table 1, entry 5). These results confirmed that Hb did
not act as a metalloporphyrin to produce singlet oxygen.
It is important to note that oxidation of the substrate does
not continue in the absence of blood or when bubbling of
air is interrupted (Table 1, entries 6 and 7). Therefore, the
presence of blood and O, are essential for the conversion
of benzaldehyde to benzoic acid.

In the presence of aldehydes with nitrogen or oxygen
atoms on the benzyl substituent, the oxidation process of
aldehydes was blocked (Table 1, entries 11 and 12). This
might be due to strict hindrance of Hb, and it revealed
that the oxidation of different aldehydes was selected
by Hb. Our suggestion for Hbs selectivity is based on
its ring size which is related directly to the size of the
aldehyde to approach the complicated Hb structure.
Throughout aldehyde oxidation, the modified Hb con-
centration was also studied, and high conversion was
observed in 0.565 g/dl sheep Hb (Table 2, entries 1-4).
The rate of benzaldehyde oxidation in neutral conditions
was similar to that in acidic and alkaline pH (Table 2,
entry 2, 5 and 6 ).

According to the literature, with a change in the oxi-
dation number of iron in none-heme enzymes from +2 or
+3 to +4, one blue shift at the Soret band of hemoglobin
occurs and the intensity of Q band is decreased [15]. The
existence of an axial ligand was confirmed by UV-vis
spectra in the oxidation of 4-bromobenzaldehyde
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Table 1. Oxidation of aldehydes in the presence of Hb*

Entry Aldehyde Acid Time (h) Yield % TON TOF
1 o\\_© HO}_Q 7 >99 1142 163.14
o
2° °\\_© HO 7 >99 1142 163.14
oW
3¢ 0\\_© HO, 7 >99 822 117.5
I
44 Q : HO, 3 7 90 1027 147
(o}
5¢ °\\_® HO}_Q 7 >99 1142 163.14
o
6f Q : HO, C 7 Trace — —
(o}
7¢ °\\_© HO 7 Trace — —
oW
8 W@ HO, \ 15 91 1039 69.26
RPN °>_\_®
9 A D o °>\ D o 150 77 879 5.8
HO
10 0\ 0 150 >99 1142 7.61
\—Q—Br Ho)—@—Br
11 Q/ 150 Trace — —
o\w+ 20 'O\WO\’(OH
0
12 150 Trace — —
OH OH

o
:\o

5 ©
:O

Br

w
S

25 x 10* mol liquid aldehyde, air (1 atm), 0.565 g/dL sheep Hb in the dark reaction condition,
°0.565 g/dl sheep Hb in the absence of blood plasma, €0.785 g/dl man Hb, ‘irradiated with
288 power LED lamps, 1 W, 2.3 V (59660 LUX), °in the presence of N* as a singlet oxygen
scavenger, 'in the presence of continues nitrogen bubbling, & without sheep Hb.

(Fig. 1). In this figure, the red and purple insets show
the spectra of solutions at the beginning of the oxidation
reaction with sheep and human blood, respectively. The
Soret band of the heme group at 418 nm disappeared
and the band at 385 nm increased, suggesting the for-
mation of the oxidant active species (HbFe'V**=0) in
the reaction medium after air bubbling. The mass spec-
trometric method was applied for the identification
of HbFeV**=0 (Scheme 2). Mass spectroscopy of the
green-colored intermediate (oxygenated Hb after reac-
tion with 4-bromobenzaldehyde), gave a peak at m/z =

Copyright © 2018 World Scientific Publishing Company

630.5, a value which correlated with molecular mass of
Fe=0 protoporphyrin IX* ion as an active site of hemo-
globin [16].

Interestingly, the degradation of blood Hb was depen-
dent on aldehyde oxidation and in the presence of non-
oxidable aldehydes, hemoglobin was also not degraded
(Fig. 2a). Also in the presence of water-soluble ferrous
porphyrin (Fe™TPPS) as a model of Hb, conversion of
benzaldehyde to benzoic acid (Table 2, entry 7) and deg-
radation of Fe™TPPS (Fig. 2b) were similar to benzalde-
hyde oxidation in the presence of Hb.
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Table 2. Effect of hemoglobin concentration, It seems that in the process of conversion of benz-
pH and catalyst on benzaldehyde oxidation® aldehyde to benzoic acid by Hb and air one reactive
Entry Yield of benzoic acid % oxygen species (ROS) such as H,O, or "OH was gener-

ated. The iodometric method, a very sensitive assay for
1 73 H,0, determination [17], did not show H,0O, genera-
tion in the oxidation ambient. In order to investigate

2 >99 the generation of hydroxyl radical as one of the most

3¢ >99 reactive ROS, o-tocopherol (vitamin E) was applied

in the benzaldehyde oxidation process. In the presence

4 >99 of o-tocopherol as a well-known *OH scavenger [18],

5 >99 the oxidation reaction was stopped and Hb was not
degraded (Fig. 3).

6 >99 Our proposal mechanism is based on iron changeable

7 599 oxide capacity that started by Hb autooxidation, in which

H,0 is the sixth ligand coordinated in Hb (Scheme 2).

%5 % 10* mol benzaldehyde, air (I atm), 0.2825 g/dl This ligand leaves its position by oxygen bubbling and

sheep Hb, 0.565 g/dl sheep Hb, °1.13 g/dl sheep Hb, consequently produces the main species HbFe*~O-OH

42.26 g/dl sheep Hb. ¢0.565 g/dl sheep Hb in acetate to generate the reactive species, which should be the

buffer (0.2 M, pH = 4.0). 10.565 g/dl sheep Hb in iron (IV) oxo Hb radical cation (HbFeV**=0) observed

the carbonate buffer (0.2 M, pH = 10.0). 0.565 g/dl by the UV-vis method. Recent calculations also support

111 aQ 4 P 1 . . . . . .
Fe'TPPS as a model of Hb was applied. this formulation [19]. Finally, similar to the mechanism

B
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Fig. 1. Spectral changes (a) and mass spectra (b) of blood solution during the reaction of 4-bromobenzaldehyde (5 x 10 mol) and
air (1 atm) in the absence of light
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Fig. 2. UV-vis spectra of Hb degradation during the oxygenation of oxidable aldehyde (benzaldehyde) and non-oxidable aldehyde

(4-bromo-2- hydroxybenzaldehyde)

m

2 -

— After15h oxygenation
1.5 -

Abs 1 - = After15h oxygenation in the

presence of vitamin E

0.5
0 T T T ]
300 400 500 600 700

A (nm)

Fig. 3. Benzaldehyde oxidation process in the presence of
vitamin E (orange tube) and in the absence of vitamin E
(dark red)

of substrate oxidation by cytochrome P450 enzymes
[20], HbFe**=0 species abstracts a hydrogen atom
from a carbon molecule of the aldehyde and produces
HbFeV—OH species and a carbon radical. The Fe™V-OH
species, which can also be observed as a complex of
Fe*™ with a hydroxyl radical, then undergoes a recom-
bination step in which the hydroxyl radical equivalent
and carbon radical combine to produce the acid product.
Finally, aldehyde acts as an electron donor and regener-
ates HbFe*? from HbFe*? [21].

Copyright © 2018 World Scientific Publishing Company
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Scheme 2. Proposed mechanism for aldehyde oxidation by
hemoglobin in aqueous media

CONCLUSION

In this study, we found evidence that Hb can display
an oxidoreductase-like enzymatic function in addition to
its oxygen carrier properties. These combined features
could turn a food processing “waste material” of animal
origin into an environmentally friendly and renewable
catalyst for the oxidation of aldehydes as an important
component in industry, instead of applying costly or
hazardous oxidizing agents. On the other hand, it could
be speculated that the inevitable autoxidation of Hb to
the ferric form methemoglobin not only should be con-
sidered as a protein inactivation process. Instead, with
potential implications for medicine and pharmacology,

J. Porphyrins Phthalocyanines 2018; 22: 5-7
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such a reactivity might represent an additional native
function of Hb-metabolites related to the intracellular
degradation processes of organic compounds in the liver 10.
and other extra-hepatic tissues caused by hemoprotein
catalysts of the cytochrome P450 enzyme family.

9. Ganem B, Heggs RP, Biloski AJ and Schwartz DR.
Tetrahedron Lett. 1980; 21: 685-688.

(a) Yamada T, Rhode O, Takai T and Mukaiyama T.
Chem. Lett. 1991; 5-8; (b) Bhatia B, Punniyamur-
thy T and Igbal J. J. Org. Chem. 1993; 58: 5518-
5523; (c) Heaney HIJ. Top. Curr. Chem. 1993; 164:
1-125; (d) Kharata AN, Pendleton P, Badalyan A,
Abedini M and Amini M. J. Mol. Catal. A 2001;
175: 277-283; (e) Biella S, Prati L and Rossi M.
J. Mol. Catal. A 2003; 197: 207-212; (f) Grill JM,
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