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Microfluidic synthesis of o.-ketoesters via oxidative coupling
of acetophenones with alcohols under metal-free conditions

We develop a novel method for the synthesis of a.-ketoesters
employing a microfluidic chip reactor. In this process, the use
of microfluidics affords higher product yields in shorter reaction
times, uses a lower dosage of iodine, and is effective, safe and
controllable.
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An efficient and novel method for the synthesis of a-ketoesters has been developed via oxidative coupling
of acetophenones with alcohols under TBHP/I,/DBU conditions in a microfluidic chip reactor, which has a
wide substrate scope, uses a lower dosage of iodine and affords higher product yields in only a few sec-

onds. Moreover, a scale-up continuous flow system is also feasible and the plausible reaction mechanism

rsc.li/reaction-engineering

Introduction

Microfluidics, the technology that processes or manipulates
small (10° to 107® litres) amounts of fluids using channels
with dimensions of tens to hundreds of micrometres, has be-
come increasingly popular.’ Microfluidic reactors have a num-
ber of advantages over conventional chemical laboratory
batch synthesis, such as a shorter molecular diffusion dis-
tance, a larger specific surface area, and higher mass and
heat transfer capacity, which will be expected to promote
highly effective chemical reactions.” In addition, microfluidic
reactors could also provide precise control over different reac-
tion parameters and allow for simple screening and optimiza-
tion of reaction conditions. The development of microfluidic
reactors is not only of great significance for optimizing syn-
thetic procedures, but also helpful for improving related
chemical industry processes.’

o-Ketoesters as double functional compounds exhibit a
broad range of biological and pharmaceutical activities.* Fur-
thermore, a-ketoesters have been widely applied as useful
precursors for functional group transformations in organic
synthesis and drug development, such as the synthesis of var-
ious enzyme inhibitors and the cholesterol-lowering drug
Cystatin C.”> Consequently, research on novel and efficient
methods for the synthesis of a-ketoesters has become a hot
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has been proposed based on a series of control experiments.

topic in organic synthesis. Traditionally, the methods for the
synthesis of a-ketoesters used to be the esterification of
a-ketoacyl halides and o-ketoacids,® oxidation of a-hydroxy
esters” and double carbopalladative esterification.® In recent
years, Cu-catalyzed aerobic oxidative esterification of alcohols
with 1,3-diones,’ a-carbonyl aldehydes'® or methyl ketones"*
to obtain o-ketoesters has been developed successfully. Be-
sides, some other methods under metal-free conditions have
also been reported.'> Non-metal catalytic oxidation systems
have received more and more attention in organic synthesis
because they can overcome the drawbacks of the expensive,
poisonous and air-sensitive properties of metals or organo-
metallics. For example, Wu and co-workers developed various
I,-mediated methods that functionalized the sp® C-H bond
in aryl methyl ketones.”® Jiang and co-workers reported a
TBHP (tert-butylhydroperoxide)/I,-mediated domino oxidative
cyclization for the one-pot synthesis of polysubstituted oxa-
zoles in 2010."* Wang and co-workers successfully developed
a TBHP/I,-promoted oxidative coupling of acetophenones
with amines for the synthesis of o-ketoamides."”
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Scheme 1 The oxidative coupling of acetophenones with alcohols
leading to a-ketoesters in a microfluidic chip reactor.

This journal is © The Royal Society of Chemistry 2017
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In 2013, Yoshida and co-workers developed reactions of
organolithiums with dialkyl oxalates for the synthesis of func-
tionalized a-ketoesters using a two-step flow microreactor.®
As part of our ongoing research on the preparation of
o-ketoesters and microfluidic technology, herein, we develop
a TBHP/I-promoted oxidative coupling of acetophenones
with alcohols leading to a-ketoesters in a microfluidic chip
reactor, which is efficient, safe and of great practical worth
(Scheme 1). This methodology which utilizes a microfluidic
reactor has many prominent advantages: (1) employs cheap
and readily available starting materials with good atom econ-
omy; (2) greatly improves the reaction efficiency of iodine
and product yields; (3) shortens the reaction time from hours
to several seconds with a broad substrate scope; and (4) the
system is efficient, tunable, safe and easy to scale up under
metal-free conditions.

Results and discussion

On the basis of previous works on oxidative coupling of
acetophenones with amines to produce o-ketoamides, we ini-
tially focused on the study of TBHP/I,/base promoted oxida-
tive esterification of acetophenone 1a with 2-phenylethanol
2a to obtain a-ketoesters. Obviously, the nucleophilicity of al-
cohols was worse than that of amines. Thus, the base plays
an important role in this transformation. Preliminary optimi-
zation of the reaction conditions for the synthesis of
o-ketoesters was carried out in batch to screen a variety of io-
dine source promoters, oxidants, bases and some other pa-
rameters (the experimental details are listed in the ESIT). Al-
though the I,/TBHP/DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene)
system was determined to be the best reaction conditions, all
of the attempts produced less than 60% yield of the target
product 3aa in batch. Besides, the dosage of iodine was very
large probably because of sublimation or evaporation of io-
dine when the reaction was carried out in a high temperature
batch reactor. On the other hand, DBU may interfere with the
oxidation cycle of I,/TBHP in this reaction, especially in the
one-pot batch reactor where all reactants always keep
reacting in the sealed tube. The reaction in the presence of
DBU and TBHP is strongly exothermic, causing more side re-
actions which restrict its scale-up in batch.

In order to overcome the problems above and improve the
yields of a-ketoester products, we continued optimizing the
TBHP/I,/DBU reaction conditions using a microfluidic chip
reactor. As shown in Scheme 2, the microfluidic chip reactor
is composed of syringe pumps (A and B), a controller (C) and
a start unit (D). The reaction volume of the chip is only 10
pL, which leads to a high surface-to-volume ratio, as well as
efficient mass transfer and heat transfer. The reaction time is
modulated by changing the flow rate of the syringes. And the
temperature of the chip fixed on the start unit (D) was con-
trolled by the controller (C). Particularly, in this reaction, the
reagents were divided into two parts of the syringes: (a) 2.0
mmol acetophenone 1a, 8.0 mmol 2-phenylethanol 2a, iodine
and 3.0 mmol DBU in DMF; and (b) 8.0 mmol TBHP in DMF.

This journal is © The Royal Society of Chemistry 2017
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Entry I, (equiv.) Temp (C) Time (s)b Yield (%)°
1 0.2 90 30 35
2 0.3 90 30 51
3 0.4 90 30 64
4 0.6 90 30 63
5 0.8 90 30 62
6 1.0 90 30 62
7 0.4 90 10 24
8 0.4 90 20 50
9 0.4 90 40 71
10 0.4 €0 50 ©3
11 0.4 90 60 58
12 0.4 70 40 60
13 0.4 80 40 65
14 0.4 100 40 77
15 0.4 110 40 86
16 0.4 120 40 84

Scheme 2 Optimization of reaction conditions to a-ketoesters in the
microfluidic chip reactor.? ? Reaction conditions: solution A: 2.0 mmol
1a, 8.0 mmol 2a, iodine and 3.0 mmol DBU in 3 mL DMF; solution B:
8 mmol TBHP in 3 mL DMF; ® volume of chip reactor = 10 plL, flow
rate, = flow rate, (UL min™); € isolated yield.

The results are summarized in Scheme 2. First of all, the dos-
age of iodine was examined (Scheme 2, entries 1-6). To our
delight, even if the dosage of iodine was reduced to 0.4
equiv., 64% yield of product 3aa could be obtained in 30 s at
90 °C (Scheme 2, entry 3). And the results clearly demon-
strate that iodine in the chip has a higher reaction efficiency
than that in batch as shown in Fig. 1. On this basis, the resi-
dence time was adjusted from 10 s to 60 s (Scheme 2, entries
7-11), and the corresponding flow rates were from 30 pL
min~' to 6.0 uL min~* (flow rate, = flow ratep,). A better yield
of 71% 3aa was obtained at 40 s (Scheme 2, entry 9). How-
ever, further extending the reaction time reduced the product
yield, which is a reasonable phenomenon in a continuous-
flow system, since a longer residence time results in a
smaller average velocity in a fixed reactor and leads to weaker

React. Chem. Eng., 2017, 2, 650-655 | 651
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Fig. 1 Effect of dosage of iodine in different reactors on the yields of
product 3aa. The reactions were carried out under the corresponding
optimized reaction conditions of batch and the microfluidic chip,

respectively.

mass transfer. For the purpose of further improving the prod-
uct yield, the reaction temperature of the chip was also inves-
tigated (Scheme 2, entries 12-16). To our delight, the chip at
110 °C afforded the highest yield of 86% 3aa, which led to
the optimized reaction conditions of the microfluidic synthe-
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With the optimized reaction conditions in hand, a library
of a-ketoesters 3 was synthesized from acetophenones 1 with
alcohols 2 using the microfluidic chip reactor. The results are
summarized in Table 1. Generally, acetophenones bearing
electron-withdrawing or electro-donating groups on different
positions of the benzene ring reacted smoothly with
2-phenylethanol 2a, and the corresponding o-ketoester prod-
ucts were obtained in moderate to good yields (Table 1, en-
tries 3aa-3ga). What's more, 2-acetylnaphthalene 3h and
2-acetylthiophene 3i were also tolerated and afforded prod-
ucts 3ha and 3ia in 84% and 73% yields, respectively. Ali-
phatic methyl ketones such as cyclohexanone, acetone and
2-butanone were also examined, however, they failed to trans-
form to the corresponding target products. Next, a variety of
alcohols were also studied under the optimized reaction con-
ditions in the microfluidic chip reactor. The results showed
that aromatic and aliphatic, primary and secondary, satu-
rated and unsaturated alcohols were all applicable substrates
in this microfluidic synthesis method to generate the corre-
sponding products in good yields (Table 1, entries 3ab-3am).
Notably, cholesterol that exists extensively in animal bodies
was also subjected to this reaction with acetophenone 1a.
And it was found that cholesterol could also undergo this oxi-

sis method (Scheme 2, entry 15). dative coupling reaction smoothly to afford the
Table 1 Substrate scope of acetophenones with alcohols®
L 2
G g &Y
I,/ TBHP/ DBU ()
1 DMF, 110°C 3
o R, = H, 3aa, 86%, (59%)” o

@J\ITOV\Q R; = p-NO,, 3ba, 90% OO | O\/\©
R 0 R, = p-F, 3ca, 89% o

R, = p-Cl, 3da, 87% 3ha, 84%

R; = p-OMe, 3ea, 82%

R, = p-Me, 3fa, 80%
R; = m-Me, 3ga, 79%

o [e]

3ia, 73%

o

3ag, 65%
o

O.
Poy
)

3ak, 80%

o]
SRR
o Me

3an, 70%

o = ]
O, X
| R
° 3
o
O.
| Et
o

3al, 73%, (36%)"

3an, 70%

R, = p-Cl, 3aa, 76%

R, = 0-Cl, 3ab, 78%

R, = p-Br, 3ad, 80%

R, = 0-Me, 3ae, 88%

R, = p-OMe, 3af, 89%

R; = H, 3ah, 84%, (50%)”
R; = p-Cl, 3aa, 76%

R; = p-Me, 3aa, 76%

O.
| Bu
o

3am, 76%

“ Reaction conditions: solution A: 2.0 mmol acetophenones 1, 8.0 mmol alcohols 2, 0.8 mmol iodine, and 3.0 mmol DBU in 3 mL DMF;
solution B: 8 mmol TBHP in 3 mL DMF; flow rate, = flow rate,= 7.5 pL min™", residence time = 40 s, T = 110 °C. Yields given for isolated
products after chromatography. ” Reaction conditions: 0.5 mmol 1, 2.0 mmol 2, 0.75 mmol iodine, 0.75 mmol DBU and 2 mmol TBHP in 3 mL
DMEF were heated for 10 h at 110 °C in sealed batch mode.
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Scheme 3 Scale-up assembled continuous flow reactor system.?

2 Reaction conditions: solution A: 10.0 mmol 1a, 40.0 mmol 2a, 4.0
mmol I, and 15.0 mmol DBU in 25 mL DMF, flow rate = 1.0 mL min%;
solution B: 40 mmol TBHP in 25 mL DMF, flow rate = 1.0 mL min'%; T
= 110 °C, reaction time = 10 min.

corresponding o-ketoester 3ao in 76% yield, which may serve
as an important and practical method for the late-stage modi-
fication of bio-active molecules. In addition, some of the sub-
strates above were also examined in batch (3aa, 3ah and 3al),
although the corresponding yields were much lower than
those in the microfluidic chip reactor system. The reaction
time of the batch experiment was 12 h, which was much lon-
ger than 40 s in the chip.

In order to verify the practical value of this method, we
next designed a scale-up assembled continuous flow system,
which has greater flux, with 1.0 mm inner diameter (ID) and
a larger reaction volume, with a 20 mL coiled tube reactor.
To our delight, the reaction between acetophenone 1a and
2-phenylethanol 2a proceeded effectively under I,/TBHP/DBU
conditions in this assembled continuous flow reactor system,
affording a good yield of product 3aa, which implies its good
practical applied foreground (Scheme 3).

For the purpose of probing the mechanism of this reac-
tion, a series of control experiments were carried out as
shown in Scheme 4. First, almost no product 3aa was pro-
duced when I,, DBU or TBHP was removed from the opti-
mized conditions (Scheme 4, eqn (1)). This result indicated

0] (0]

Optimized conditions ©)S( O~pn
h—
Without I 0% o

Without DBU Trace Saa
Without TBHP Trace

Q o
) @ .+ HO_~_ _Optimized condiions _ ©)ﬁ(°\/\ph
Add TEMPO 13% ¢}
1a a Add BHT  Trace 3aa
Q o)
® w . HO_ .,  —Opimized condtons _ ©)‘\,(°wph
o
0
B 2a 89% 3aa
Q o
@ @*/O\/\Ph _Optimized conditions _ ©)\y(0\/\Ph
o
[ 86% 3aa

Scheme 4 Control experiments.
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Scheme 5 Plausible reaction mechanism.

that these reactants play an essential role in this reaction.
Furthermore, it also turned out that when 1.5 equiv. of the
radical inhibitor (TEMPO or BHT) was added into the reac-
tion system, the generation of product 3aa was hindered
badly, which suggested that a possible radical pathway was
involved in the mechanism (Scheme 4, eqn (2)). Finally, when
o-iodo acetophenone B or 2-phenethoxy-1-phenylethan-1-one
C was subjected to the optimized conditions with
2-phenylethanol 2a, excellent yields of the desired product
3aa could be obtained respectively, which implies the inter-
mediacy of compounds B and C in the oxidative coupling
transformations (Scheme 4, eqn (3) and (4)).

On the basis of the control experiments above and previ-
ous reports,"”” a plausible mechanism of this microfluidic
synthesis of o-ketoesters from acetophenones and alcohols
was proposed as shown in Scheme 5. Initially, o-iodo
acetophenone B was generated from iodination of acetophen-
one 1. Subsequently, the reaction due to nucleophilic attack
of alcohol on the carbonyl a-position was promoted by DBU
with the release of HI, forming the key intermediate C. Then,
the methylene of intermediate C underwent free radical sub-
stitution with the tert-butylperoxy free radical generated from
the reaction of tert-butylperoxy, OH and I, via homolytic
cleavage of tert-butyl hydroperoxide to generate intermediate
D,'® which underwent further oxidation by TBHP to produce
the target o-ketoester products 3.

Conclusions

In conclusion, we have developed a highly efficient and prac-
tical microfluidic synthetic method to produce o-ketoesters
using a microfluidic chip reactor. With this methodology, a
wide variety of a-ketoesters have been obtained in moderate
to good yields from acetophenones and alcohols under I,/
TBHP/DBU conditions. Moreover, higher yields and shorter
reaction times are achieved by means of microfluidic technol-
ogy, which is more convenient, moderate and safe. It also
clearly implies the major advantages of continuous systems
which allow chemical or reaction parameters to be indepen-
dently adjusted, hence providing a larger design space for de-
veloping chemical reactions or systems. Further studies on

React. Chem. Eng., 2017, 2, 650-655 | 653
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the scale-up experiment and application of this strategy are
ongoing in our laboratory.
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