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Abstract A green and scalable oxidation of 2-ethyl-3-methylpyrazine (EMP) by fert-butylhydroperoxide was investigated
with a catalytic system of cobalt(II) and N-containing ligand. The effects of catalyst, ligand, solvent and temperature were
compared, and the catalysis system of cobalt(Il) acetylacetonate and 2,2-bipyridine gave the highest selectivity. Mechanistic
study of this catalysis system suggested that the oxidation of EMP followed a free radical oxidation pathway, and a
homogeneous reaction kinetics model was established to calculate the reaction rate constant and activation energy. The
scale-up of the oxidation system was performed to check the scalability of the oxidation reaction, and the temperature control
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of the system was the key part of the process.
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1 Introduction

Pyrazine and its derivatives usually have excellent aro-
ma characteristics and are widely used in food flavoring
and medical industry. To obtain the pyrazine compounds
by extraction from their natural sources is not feasible due
to their low abundance, and chemical synthesis is the in-
dustrial approach to access these materials.

2-Acetyl-3-methylpyrazine (AMP) is a typical kind of

* Corresponding authors. E-mail: 1187562077@qq.com

pyrazine fragrance. So far, there are two methods reported
about the production of AMP by 2-ethyl-3-methylpyrazine
(EMP). Mookherjee and Klaiber'"! reported a method for
producing acetyl substituted pyrazine by oxidation of the
corresponding a-bromide in 1972. In this method, a-bro-
mide was obtained by the reaction of hydrocarbyl-subs-
tituted pyrazine with N-bromosuccinimide (NBS), and al-
kali metal and 2-propanenitronate were used to obtain a
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high yield of AMP (about 66%) in short reaction time
(Scheme 1a). However, significant safety concerns with
the handling of a large amount of alkali metal and danger-
ous oxidizing agent necessary for this conversion present
challenges to the application of this method.

CHjy

Sodium
[ NBS 2 propanenltronate CHj
[ or pyridine-N-oxide [

(b) Oxidation using sodium dichromate

N (o

[ j\/\CH3 Na,Cr,07, 80 °C, 1 h
N/ CHs AcOH
EMP

Scheme 1 Summary of major synthetic method of acetylpyra-
zine

a) Oxidation of a~bromide

[ ﬁCHs

CH3

Direct oxidation of N-containing heterocycles has gain-
ed significant attention in the synthetic community recent-
1y.273 Wolt® reported the direct oxidation of EMP with
an acetic acid (AcOH) solution of sodium dichromate as
the oxidizing agent in 1975, and it is now the main indus-
trial process for production of AMP (Scheme 1b). This
reaction could achieve AMP with yield of 44% within 1 h,
but the use of chromium reagent produces large quantities
of toxic waste, which limits its applications from an eco-
nomic and environmental perspective.

Exploration of direct C—H bond oxidation using mo-
lecular oxygen or other environment-friendly oxidants is
an important objective for construction of carbonyl com-
pounds in academic and industrial communities due to
their economical and environmentally benign features.!” '
The transition metals, such as ruthenium, copper, iron,
vanadium and cobalt, are suitable for the allylic oxidation
with high selectivity to the carbonyl,''* while molecular
oxygen or tert-butyl hydroperoxide (‘BuOOH) is used as a
green oxidant."> "> However, the low-reactivity of the
aliphatic methylene group under oxidation conditions and
catalytic poisoning by coordination of N-heterocycle with
transition metal are two significant limitations to the reac-
tion.") For example, the chelation of cobalt with the
formed product will inhibit the Co-catalyzed oxidation.!'”

To address the two key limitations that may arise during
the oxidation of EMP to AMP, the addition of AcOH and
ligands was envisioned.!"* **! The conversion of the imine
substrates to the enamine can be promoted by the addition
of AcOH, which increases the acidity of the hydrogen at-
oms of the methylene group in ethyl-pyrazine compounds
thereby activating the C—H bond. Further, the ligands are
added to form a coordination compound with the transition
metal catalyst, which could reduce the complexation be-
tween the transition metal and the product.

In this work, the direct oxidation of EMP to AMP is car-
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ried out with the transition metal catalysts and ‘BuOOH as
oxidant. The different catalysis systems were compared,
and the effects of catalyst, ligand, solvent and reaction
temperature were investigated. The oxidation mechanism
was proved by radial inhibition study and KIE experi-
ments. The scale-up of the reaction system is also per-
formed. With this study, a more economical and environ-
mentally friendly process is presented with prospects for
industrial application.

2 Results and discussion

2.1 Optimization of the catalysis system

Initially, the allylic oxidation reaction employing
'BuOOH as oxidant was mostly catalyzed by ruthenium
compounds or a ruthenium complex, which are highly ex-
pensive for industrialization. To avoid these challenges, we
were drawn to cobalt and iron catalysts with less expense.
A selection of transition metal compounds and ligands
were investigated (Table 1) experimentally. The oxidation
reaction was carried out using different iron salts (FeCls,
FeCl, and Fe(OTf);) in combination with two ligands.
These experiments revealed that the iron catalysts exhibit-
ed different catalytic effects in combination with different
ligands (Table 1, Entries 1~6). Compared with 2,2'-bi-
pyridine (3), the iron complex formed with 1,10-phenan-
throline (4) has better catalytic activity and yield. FeCls
delivered the highest yield (47%) among all iron com-
pounds tested and Fe(OTf); delivered the lowest yield
(22%, Table 1, Entries 2, 4, 6). The cobalt catalytic sys-
tems were also investigated, and it is found that the con-
versions obtained in all cobalt-ligand systems (Table 1,
Entries 8 ~ 11) are significantly higher than that in
no-ligand system (Table 1, Entry 12), while no obvious
change in selectivity was observed. This could indicate that
the addition of ligands to complex with cobalt salts af-
forded the reduced coordination between the product and
the catalyst. The cobalt and 2,2'-bipyridine (3) complex
(Table 1, Entry 7) displayed better catalytic activity than
the other ligands 1,10-phenanthroline (4), triphenylphos-
phine (5), xantphos (6) or sphos (7). Besides, the conver-
sions achieved with the cobalt catalysts are generally high-
er than those with the iron catalysts, while there is no sig-
nificant difference observed in the selectivity.

The effects of solvent and temperature on the oxidation
were investigated with the cobalt and 2,2'-bipyridine cata-
lyst system (Table 2). Significant decrease in the conver-
sion is observed with all four tested solvents (Table 2, En-
tries 1~5). Given the reaction response in several sol-
vents, it can be inferred that the ~BuOOH aqueous solu-
tion itself is acting as a solvent, and the addition of extra
solvent only leads to the dilution of reactant, which de-
creases the reaction rate. The effects of the reaction tem-
perature on the conversion present as a “volcano” shape: as
the temperature increases, the conversion increases at first
and then decreases after the top at 75 ‘C (Table 2, Entries
5~9). This is due to the fact that at higher reaction tem-
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Table 1 Effects of the transition metal catalyst and ligands

Metal (2 mol%), Ligand (2 mol%)

Table 2  Effects of solvent and temperature on the oxidation

Co(acac), (2 mol%)

ENI\CHS 4 equiv. -BuOOH [ f‘\CHg N 2,2-Bipyridine (2 mol%) o
N cH 1 equiv. AcOH, 75 °C, 24 h oH [ j\/\CH3 4 equiv. £BUOOH Nar” “cH
3 3 — i [ °
N" >cH 1 equiv. AcOH -
11 mmol 3 3 mL solvent, 24 h N~ “CHj
1 1 mmol 2
Entry Metal Ligand Conv./% Select./% Yield/%
1 FeCl; 3 38.9 91.6 36.4 Entry  Solvent Temp./C Conv./% Select./% Yield/%
2 FeCly 4 48.8 95.9 46.7 1 MeCN 75 253 81.3 20.6
3 FeCl 3 284 91.3 259 2 Pyridine 75 40.6 92.7 376
4 FeCl 4 332 89.8 29.8 3 EtOAc 75 18.7 87.0 16.2
> Fe(OTh; 3 249 87.9 219 4  AcOH 75 249 772 192
11 Co(acac), 7 52.1 94.7 493
12 Co(acac), — 31.2 91.7 28.6 fect (KIE) study. The deuteration of EMP with D,O under

ass CQ}%Q

e

6 7

peratures, the decomposition of ~BuOOH accelerates to
release oxygen, and the added /~BuOOH is not fully in-
volved in catalytic oxidation. Finally, the optimization of
other reaction parameters afforded the oxidation product
(2) in 54% yield in 24 h with the use of 2 mol% Co(acac),
and 2 mol% 2,2'-bipyridine at 75 C.

2.2 Mechanism research experiment

Having optimized the reaction, the control experiments
to gain preliminary insight into its mechanism was carried
out. As reported in Ref. [18], the oxidation of +-BuOOH
catalyzed by Co(acac), usually follows the radical mecha-
nism. For further proof, a radical scavenger, 2,2,6,6-tet-
ramethyl-1-piperidinyloxy (TEMPO), was added into the
reaction system. The experiments show that the addition of
TEMPO into the reaction mixture under the standard con-
ditions (Scheme 2a) could inhibit the reaction completely
and yields no AMP product. The TEMPO adduct (8) was
detected by the LC-MS, and m/z value of 278 was ob-
served, which was formed by the interaction between EMP
and TEMPO. The structure of 8 was further confirmed by
'H NMR spectroscopy after the isolation. All the results
suggest the involvement of a radical mechanism.

Deuterate EMP was prepared for the kinetic isotope ef-

80 http://sioc-journal.cn/
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Bronsted acid-catalysis was based on the reported proce-
dure,” % and some of the reaction conditions were im-
proved to increase the deuteration rate (Scheme 2b). The
deuterate product was analyzed by 'H NMR spectroscopy.
Compared with the "H NMR of the starting material, the
NMR spectrum of the deuterated product overlaps with the
starting material only at the chemical shift of ¢ 1.28, and
the rest disappears, thereby inferring that the structure of
the obtained deuterated product (10) is as shown in
Scheme 2b.

Subsequently, intermolecular competition experiments
using EMP and deuterate EMP (10) were carried out to
obtain kinetic isotope effect (KIE) values by calculating
from the yield ratio of the two products (Scheme 2c). The
influence of the carbonyl group in the product shifts the
chemical shift of the methyl C—H bond, thereby distin-
guishing the product from the unreacted starting material.
In addition, there is no hydrogen on the ring of deuterated
EMP and corresponding products. So the ratio of products
2 and 11 can be obtained by integrating the chemical shift
of the methyl group present in the acetyl group (J 2.66).
The results of the KIE experiments indicate that the meth-
ylene C—H bond cleavage is involved in the rate-deter-
mining step, as a significant KIE (Ky/Kp=5) was observed
during this process.

Based on the experiment results and related literature
reports,””” ! a mechanism of the oxidation of EMP cata-
lyzed by cobalt and 2,2-bipyridine system was proposed
(Scheme 3). An initial acid-catalyzed imine-enamine tau-
tomerization transforms the substrate 1 into the enamine
tautomer I. The imine is rapidly converted to the enamine
as the acidity of the solvent increases. The intermediate I
then undergoes an alkoxy radical II mediated oxidation to
afford the alkyl radical III. In the catalytic system, cobalt
ions react with ‘BuOOH in a so-called Haber-Weiss cata-
lytic cycle. In brief, Co" ion is first oxidized by ‘BuOOH to
a Co"'—OH intermediate, which can be regenerated back

Chin. J. Org. Chem. 2020, 40, 78~83
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(a) Radial inhibition study

Co(acac), (2 mol%), 2,2-bipyridine (2 mol%)
[ I\CH?’ 4 equiv. t-BuOOH

1 equiv. AcOH, 3 equiv. TEMPO, 75°C, 24 h

CHj,
2 (O% yield)

_N
(L
CH3
8
(b) Bronsted acid-catalyzed deuteration of EMP

[ j\/\cH3 PhCOOH (40 mol%) I Iﬁ;m
120°C, 24 h CD;

CH3

c) KIE experiment
Co(acac), (2 mol%)

[ j\/\CH3 . I ﬁCHB 2,2-Bipyridine (2 mol%)
4 equiv. +-BuOOH

1 equiv. AcOH

75°C, 24 h

3 mmol 3 mmoI

Fedlvas

CH3 CD,

Scheme 2 Mechanism studies

to the starting Co" ion upon reaction with a second ‘BuO-
OH molecule, generating the peroxyl radical IV. The alkyl
radical III then reacts with peroxyl radical IV to form the
unstable oxygenated intermediate V, which would quickly
decompose into the desired product 2 and ‘BuOH.
2.3 Kinetic experiments

In addition, a kinetic study of the oxidation of EMP at
low conversion was carried out. The oxidation of EMP is
an irreversible homogeneous reaction, which could be de-

scribed as shown in Eq. (1).
The rate equation for the reaction can be expressed as

Eq. (2).

o - f Sl

CH3 ‘BUOH

(L iy —

CHs
HsC

[ j\)\CHB + H0 + 2H,c—OH (1)
CHs HyC

= _%:k[wp]x [' BuOOH]' @)

Where £ is the apparent rate constant, x and y are the orders
of EMP and '‘BuOOH, respectively. Since the amount of
‘BuOOH is excessive during the reaction, the concentration
of 'BuOOH can be assumed constant under low conversion
conditions, and the reaction order of ‘BuOOH is assumed
as y=2. Therefore, the simplified Eq. (2) can be rewritten
as Eq. (3).

= _%: kK[EMPT'[' BuOOHT* 3)

Substitution of Arrhenius equation into gives Eq. (4).

—VIZ—M:

= Ae """ [EMPT['BUOOH]"  (4)

Where A4 is the pre-exponential factor; E, is the activation
energy, kJsmol'; T is temperature, K; and R is molar gas
constant, 8.3145 Jemol oK

Concentration-time curves were obtained by carrying
out the reactions at different temperatures (Figure 1) acc-
ording to the kinetic reaction model, and the experimental
data of different temperature conditions were fitted by least
squares method. The experimental data are in good agree-
ment with the fitted values, which confirms that the model
can accurately predict the concentration changes of the
components in the oxidation process (Figure 2). The order
of EMP x in the reaction is 3.5 according to the correlated
result, and the activation energy £, and the pre-exponential
factor A in the whole oxidation process are 25.376 kJe

mol ™" and 2.984 X 10* L**smol *3+h™", respectively.
fBuO .
o
F&, BUOH
C f
CHs
‘BuOOH
coll Co'"oH
fBu00H>_<fBuo .
1l
Scheme 3 Proposed reaction mechanism
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Figure 2 Comparison of experimental values and fitted values
at different temperatures

2.4 Scale-up experiments

Having evaluated the process on a small scale, the ap-
plicability of the method was tested on a multigram scale.
Some preliminary experiments were performed on a 30 g
scale of EMP with the conditions of Entry 5 in Table 2 at
75 ‘C. The preliminary experiment results show that the
temperature of the mixture in such scale is hard to control.
The temperature would increase rapidly during the reac-
tion, since the poor heat transfer in multigram scale hinders
the remove of reaction heat from the system. To slow
down the reaction rate and achieve a better temperature
control, the reaction conditions were optimized by reduc-
ing reaction temperature, increasing solvent amount and
changing the addition method of ‘BuOOH. The scale-up
experiments were finally carried out with ‘BuOOH (3
equiv.), AcOH (4 equiv.), Co(acac), (2 mol%) and 2,2'-
bipyridine (2 mol%) at 70 ‘C for 24 h, and the ‘BuOOH
was gradually added by 12 times (2.5 g each time) within 5
h.

The scalability of this reaction was demonstrated by
carrying it out at three scales from 30 g to 120 g of EMP
(total amount of the mixture from 173.4 g to 693.6 g). The
reactions were performed under the optimized conditions
and delivered the AMP product in 45.9% ~53.3% yields
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(Table 3). As the scale-up of the EMP feed, there are some
decreases in the yield of the target product AMP (8%),
compared with the small scale experiment (Table 1, Entry
7), which is acceptable in the industrial application. These
results indicate that the optimized reaction conditions are
robust for scalability and are promising prospects for large,
industrially relevant scales.

Table 3 Results of multigram scale experiments

EMP/ BuOOH/ AcOH/ Conv./ Select./ Yield/
g g g % % %
1 30.0 126.5 34.8 57.9 92.1 533
2 60.0 253.0 89.6 53.2 86.7 46.1
3 120.0 506.0 179.2 53.9 85.1 45.9

Entry

© 2020 Chinese Chemical Society & SIOC, CAS

3 Conclusions

In summary, this work discloses a green oxidation ap-
proach for the synthesis of AMP from EMP. The coordina-
tion effects of ligands and transition metals were com-
pared. The addition of ligands to complex with cobalt salts
afforded to reduce the coordination between the product
and the catalyst, and the highest AMP yield of 54.2% was
achieved with the cobalt catalyst and 2,2-bipyridine ligand.
The mechanism research proves that the oxidation of EMP
catalyzed by cobalt is a free radical reaction, and the Ha-
ber-Weiss catalytic cycle mechanism is proposed in this
process, which is responsible for the initiation of a radi-
cal-chain mechanism propagated via alkoxyl and peroxyl
radicals. A homogeneous kinetics model was set up, and
the kinetics parameters were obtained. The scale-up ex-
periments were carried out on the 30~120 g scale of EMP
(173.4~693.6 g of total mixture), and an industrially ac-
ceptable decrease of 8% in the AMP yield was observed,
indicating the promising prospects for the industrially rel-
evant scale. Further study on the optimization of the reac-
tion conditions, recovery of the cobalt catalyst, and con-
tinuous process of this method are currently in progress.

4 Experimental section

4.1 Materials and instruments

EMP (>99%) was supplied by Pucheng Yongfang Fra-
grance Technology Co., Ltd.; ‘BuOOH (mass fraction
70%) was supplied by Macklin Inc.; ferric chloride, ferrous
chloride, cobalt(Il) acetylacetonate, iron(IIl) trifluome-
thanesulfonate, cobalt(Il) acetate, 2,2'-bipyridine, 1,10-
phenanthroline and other chemicals were supplied by
Aladdin Inc. and were of analytical grade.

4.2 General procedures for oxidation of EMP

The oxidation reaction was performed in a Schlenk tube
equipped with a magnetic stirrer (for small scale) or a
three-neck flask equipped with a mechanical stirrer (for
multigram scale). The mixture of EMP (1 mmol, 0.12 g),
metal catalyst (0.02 mmol, 2 mol%), ligand (0.02 mmol, 2
mol%) and AcOH (1 mmol) was added in the tube and
kept in an oil bath at 75 ‘C. Then ‘BuOOH (4 mmol) was
added into the mixture to start the reaction. After 24 h of
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reaction, the reaction mixture was filtered, diluted with
ethanol (sample/ethanol, V' V=1 : 20), and analyzed by
GC or GC-MS. In the mechanism study, the reaction mix-
ture was concentrated by vacuum distillation, and the resi-
due was purified via column chromatography on silica gel
(petroleum ether/EtOAc, V' @ V=4 [ 1). The purified
product was then analyzed by "H NMR and LC-MS. AMP
(2): White solid; 'H NMR (400 MHz, CDCl;) d: 8.46 (s,
1H), 8.36 (s, 1H), 2.67 (s, 3H), 2.57 (s, 3H).

The radial inhibition study was performed in a dry
Schlenk tube equipped with a magnetic stirrer. The EMP
material (1 mmol), TEMPO (3 mmol), metal catalyst
Co(acac), (0.02 mmol, 2 mol%), 2,2'-bipyridine (0.02
mmol, 2 mol%) and AcOH (1 mmol) were added in the
tube and kept in an oil bath at 75 ‘C. Then ‘BuOOH (4
mmol) was added to start the reaction. After 24 h of reac-
tion, the mixture was concentrated by vacuum distillation.
The resulting crude residue was purified via column chro-
matographyon silica gel (petroleum ether/EtOAc, V' @ V=
4 1) to afford the intermediate with TEMPO (8). The
desired AMP product was not observed and the intermedi-
ate with TEMPO (8) could be detected by '"H NMR and
LC-MS. TEMPO (8): 'H NMR (400 MHz, DMSO) 6: 8.25
(s, 1H), 8.18 (s, 1H), 4.94 (s, 1H), 2.30 (s, 3H), 1.26 (s,
7H), 1.10 (s, 4H), 1.02 (s, 4H), 0.91 (s, 3H), 0.71 (s, 3H);
LC-MS caled for C;¢HysN;O (M+H"): 278.17, found
278.22.

The deuteration of EMP was performed in a schlenk
tube (50 mL) equipped with a magnetic stirrer. The EMP
material (1 mmol), p-toluenesulfonic acid (0.4 mmol) and
D,O (1 mL) were added into the tube, and the mixture was
stirred under 120 “C for 24 h. The deuterated product was
purified by vacuum distillation.

4.3 Analysis

GC analysis was performed on Shimadzu GC-2014
equipped with an FID detector and a capillary column
(Shimadzu InertCap 17, 30 m<0.25 mmX0.25 um). The
column temperature was programed as: 353 K hold 1 min;
heat at 10 K/min for 17 min; and 523 K hold 2 min. Nitro-
gen was used as the carrier gas. 2,5-Dimethylpyrazine was
selected as the internal standard substance of AMP and
EMP.

The conversion and selectivity were calculated based on
the GC analysis results as Eqgs. (5) and (6).

Conversion =—Mr0 VNP 540004 (5)
WEMP,O
M

Selectivity= M 1000 6)

Wemp,0~ Wemp VM EMP

Where w is the mass fraction by GC analysis, M is the rel-
ative molecular mass, and the subscript 0 represents the
initial concentration calculated by the feed amount of the
components. The yield is the product of conversion and
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selectivity.

Analytical thin-layer chromatography (TLC) was carried
out on Merck 60 F254 pre-coated silica gel plate (0.2 mm
thickness). Proton nuclear magnetic resonance (‘'H NMR)
spectra was recorded on a Ascend TM 400 (400 MHz)
spectrometer. Chemical shifts were recorded relative to
tetramethylsilane (0 0.00) or appropriate solvent (CHCl;, &
7.26) as internal standard. Mass spectral analysis (ESI-MS)
was performed on a Thermo Scientific LCQ Fleet Mass
Spectrometer.

Supporting Information LC-MS results of TEMPO
adduct, and '"H NMR results in the mechanism study. The
Supporting Information is available free of charge via the
Internet at http://sioc-journal.cn/.
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