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An integrated microfluidic system for multiple reactions and sep-
arations of hazardous ethyl diazoacetate is presented. The inte-
grated techniques include: a droplet technique for liquid—-liquid
and/or gas-liquid separation and in situ generation of the toxic
reagent, a dual channel membrane technique based on a cheap
polymeric microseparator for liquid—liquid separation, and a capil-
lary microreactor for carrying out cascade reactions in a sequential
and continuous manner.

Developing safe and efficient routes for manipulating toxic,
explosive and hazardous chemicals is an ever present chal-
lenge in chemistry." Diazomethane and ethyl diazoacetate are
amongst the most common diazo-compounds, which remark-
ably, have attracted huge interest for fine chemical and
pharmaceutical production.” Despite their commercial avail-
ability, the storage, transportation, and reaction of diazo-
chemicals have raised significant safety concerns due to their
instability, high reactivity and explosive nature. Although in
most cases the diazo reagents are freshly prepared prior to use,
the potential for detonation of the chemical reagent inventory
cannot be fully ignored. Recently microreactors have attracted
much interest because they could resolve these safety concerns
owing to their miniaturised reaction volume, continuous flow
processing and fast heat and mass transfer ability."

In our earlier communication, we reported the generation
of diazomethane and the successive processes in PDMS dual
channels.* Despite controlling various parameters, only up to
63% of the total generated diazomethane could be separated
and utilized for further reactions. Thus, it was disadvanta-
geous that the safe manipulation of diazomethane was
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associated with a significant amount of hazardous waste.
Additionally, the durability and productivity of the microfluidic
device (~1 mmol per day) were quite low. We therefore set out
to develop a robust microfluidic set-up for advanced pro-
duction of fine chemicals and/or pharmaceuticals using
toxic, explosive and hazardous reagents (such as CH,N,,
N,CHCOOEL, organic azides, etc.) without compromising on
safety or waste hazard concerns.

The reactions of toxic, explosive and unstable reagents in a
microreactor alone only partially address the associated safety
concerns.” Hence in situ generation and subsequent reaction
of diazo-chemicals in microreactors appears to be the best way
to overcome the safety and hazard concerns.”® However for
multi-step reactions in flow it is crucial to separate or purify
the intermediate from the main stream, as the unreacted pre-
cursor, excess reagents, solvent and other impurities may
negatively affect or even prevent subsequent reaction of the
intermediate with other chemicals downstream. The use
of immobilized scavengers or packed bed columns to purify
the intermediate is certainly inappropriate because of the
necessity of periodically changing columns and deposition
of by-products on polymer supports. A liquid-liquid and/or
gas-liquid separation process using a simple microfluidic
system appears more attractive and reasonable.”

Presented in this communication is a microfluidic system
that is integrated to facilitate multiple reactions and multiple
separations involving hazardous materials. In the system, the
toxic and explosive reactant is synthesized in situ and then
reacted to produce a valuable intermediate for the synthesis of
fine chemicals and pharmaceuticals. Complete separation of
the product is made possible through the use of a droplet
microreactor in the system, in which the reactants and the
toxic product separate by themselves, ie., self-separation
without any input from outside such as heating or a polymer
support, which in turn decreases decomposition of the
product. The construction material for the subsequent separ-
ation and further reaction of the intermediate is such that the
throughput of the final product is two orders of magnitude
higher than that obtained earlier in the one-pot, non-
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Fig. 1 Schematic illustration of continuous generation, extraction, sep-
aration, and reaction of EDA in an integrated microfluidic system.

integrated system.” Ethyl diazoacetate (EDA) was taken as a
model hazardous and explosive reagent to illustrate the
concept. The integrated microfluidic system is shown in Fig. 1.
Our integrated system approach not only allows safer and
more efficient manipulation of hazardous chemicals but also
enables much improved productivity.

The reaction of nitrous acid with glycine ethyl ester hydro-
chloride was selected as the reaction of choice for the synthesis
of EDA since it produces a high yield of EDA under mild con-
ditions.® However, the reaction is very sensitive to temperature
and is usually carried out by cooling the reaction mixture in
a salt-ice bath. Additionally EDA, once synthesized, must be
quickly extracted as it starts to decompose in the acidic reac-
tion medium.®

Therefore, continuous reaction and extraction using droplet
microreactors could be quite promising for the synthesis of
EDA in a continuous flow system. Droplet microreactors have
emerged as a powerful synthetic tool due to their quick heat
dissipation and the enhanced convectional mixing that occurs
inside droplets.” Additionally they provide very a large surface
area per unit volume for efficient extraction of EDA from the
acidic reaction mixture which could help to minimize its
decomposition. Thus, a simple microfluidic system composed
of capillary and mixing units was assembled to generate drop-
lets of EDA precursors in organic solvents that can extract
EDA.

For safer and more efficient handling of the hazardous
chemical, a chemically, thermally and mechanically robust
microfluidic device was required. The PDMS dual channel
system has a well known swelling problem in most non-polar
organic solvents.'® We, therefore, decided to use a polyimide
(PT) film microseparator because of its easy fabrication and
excellent mechanical, thermal and chemical stability."" A dual
channel type of microseparator was fabricated using a com-
mercially available polyimide film and PTFE membrane.
Briefly, two laser ablated PI films and the PTFE membrane
were mechanically bonded in a sandwich manner (for details
of fabrication, see ESIf). The droplet microreactor was then
connected to this PI dual channel separation device, which in
turn was connected with a PFA capillary microreactor for the
cascade reactions (Fig. 1).

To accomplish simultaneous in situ droplet synthesis,
extraction and separation of EDA, solutions of glycine ethyl
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Table 1 Optimization of the EDA synthesis in the droplet microreactor?

(0] (0]
HQN\)J\O A~ NaOAc, NaNO»/HCI Ny Ql\o/\
_HCI
Entry Res. time” (min) Extracting solvent Yield of EDA® (%)
1 4.0 Toluene 99
2 2.7 Toluene 98
3 2.0 Toluene 99
4 1.3 Toluene 87
5 2.0 CH,Cl, 75
6 2.0 Et,0 80

“Composition of EDA precursors: 1.50 M EtOOCCH,NH,-HCI in
acetate buffer (acetate conc. 2.0 M, pH 3.5), 1.51 M NaNO, in water;
experiments were carried out at room temperature; flow rate ratio of
aqueous solutions and extracting solution was 1:1:1. ”Residence
time for both droplet reaction and extraction in PFA capillary (id =
800 pm, length = 120 cm, internal volume = 600 pL), (50 + 50 + 50) pL
min~" for 4 min, (100 + 100 + 100) pL min~" for 2 min of the residence
time. ¢ Determined by GC-MS using anisole as an internal standard.

ester hydrochloride in acetate buffer (pH 3.5), aqueous NaNO,
and extracting solvent were introduced into the droplet micro-
reactor. Initially we attempted to mix the aqueous solutions of
glycine and NaNO, and then disperse the mixture into toluene
using two T-junctions (for details, see ESIt). However, there
was a significant loss of EDA when two T-junctions were used,
although cooling of the reaction mixture into ice bath did
diminish degradation. We, therefore, decided to use an X-junc-
tion (see Fig. 1) for mixing the two aqueous solutions and
instant dispersion of the mixture into the extracting solvent to
minimize the decomposition of EDA in the acidic medium.
Aqueous solutions of glycine ester and NaNO, were allowed
to merge at the X-junction and disperse into the continuous
toluene phase. The hydrophobic PFA capillaries (id = 800 pm)
are quite suitable for forming aqueous droplets in toluene,
which give superior yields of EDA compared to that obtained
using other extracting solvents such as diethyl ether or
dichloromethane (Table 1). The experiments were performed
at ambient temperature and at various flow rates of the
aqueous reactants and the organic extracting solvent. It was
observed that a flow rate ratio of 1:1:1 (aq. glycine ester,
ag. NaNO, and toluene) led to well dispersed aqueous droplets
in toluene using the PFA capillary. It is noteworthy that real
time extraction of the synthesized EDA, from the aqueous
droplets into the toluene medium, was efficiently conducted
because of their tiny volume and large surface to volume ratio.
Thus the possibility of decomposition of the synthesized EDA
in the acidic reaction mixture was minimized. A residence
time of 2 min was enough for the droplet reaction, extraction
and separation of EDA, resulting in 99% yields of EDA. Lower
residence times (<2 min) resulted in lower yields of EDA. It is
noteworthy that contrary to batch reactions, nitrosation of
glycine ester in a droplet reaction could be performed at room
temperature without external cooling, revealing the energy
saving characteristics of the microfluidic device. The sub-
sequent continuous separation of the aqueous and organic
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mixture was realized in a microseparator where a PTFE mem-
brane was sandwiched between the PI dual channels. The thin
fluoropolymer membrane with a pore size of 0.45 pm was pre-
ferentially wetted by the organic solvent which allowed
passage through the membrane holes, while the non-wetting
aqueous phase did not penetrate the membrane. Complete
separation of the aqueous (waste) and organic phases (EDA)
was achieved at high flow rates (up to 300 pL min™") without
any problems, by regulating the back pressures of aqueous
and organic outlets. It should be pointed out that the reaction
and successive double separation steps were performed in
a simple microfluidic set up that produced virtually no
hazardous waste. The daily output of EDA was calculated to be
213.84 mmol (for the calculation in detail, see ESIY}).

Next we focused on the cascade reactions using EDA gener-
ated in situ. Coupling of EDA with aldehydes is an attractive,
atom economical organic transformation for the synthesis
of fine chemicals and pharmaceuticals. Although the reaction
was originally known to be catalyzed by strong bases (e.g. butyl-
lithium, lithiumdiisopropylamide, sodium hydride, potassium
hydroxide), recently several mild organocatalytic approaches
have been developed.'” In this work, we attempted 1,8-diaza-
bicyclo[5.4.0]Jundec-7-ene (DBU) catalyzed coupling of benz-
aldehyde with EDA generated in situ in the microfluidic system
(Table 2).

A solution of benzaldehyde in toluene (3.0 M) containing
20 mol% DBU was allowed to mix with the stream from the
organic outlet of the PI dual channel separator (1.5 M EDA in
toluene) to allow the aldol reaction to occur. Flow rates of both
reactants were adjusted so that the EDA was a little in excess
compared to the benzaldehyde in the reaction mixture (stoichio-
metry of EDA to aldehyde = 1.25:1).

The reaction mixture was then introduced into a PFA capil-
lary (id = 800 pm, length = 5 m, internal volume = 2.5 mL) and
the reaction was quenched in saturated aq. NaHCO;. It was
observed that at room temperature the reaction of EDA with

Table 2 In situ generation, separation and reaction of EDA with
benzaldehyde®

OH 0O
DBU
PhCHO + NCHCOOEt ——— > Ph)\ﬂ)ko/\
1a N2
2
Entry Res. time (min) Temp (°C) Yield” (%)
1 36 rt 42
2 36 40 51
3 36 60 57
4 36 80 55
5¢ 36 40 80
6° 24 40 81
7¢ 18 40 72

“EDA was generated in situ as in Table 1. Flow rates of EDA and
benzaldehyde containing DBU: (50 + 20) uL min~" for 36 min, (75 + 30)
pL min~" for 24 min, (100 + 40) uL min~" for 18 min of the residence
time. ”TIsolated yield on 1 mmol scale. ¢Ultrasonication (power =
330 W, frequency = 40 kHz).
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benzaldehyde was incomplete after the 36 min residence time.
Better product yields were achieved at higher temperatures.
However, we were pleased to have achieved a high yield of the
desired product in 24 min of residence time using ultrasonic
irradiation at 40 °C (Table 2). It is, therefore, obvious that
ultrasonic irradiation of the reaction mixture greatly promoted
the reaction rate, presumably due to enhanced chaotic mixing
and the hot-spot effects caused by collapsed bubbles."? It is
notable that the productivity of the microfluidic set-up was sig-
nificantly higher (104.98 mmol per day; see ESIf for calcu-
lations) when compared to our earlier PDMS dual channel
system (~1 mmol per day),’ with an increase in the throughput
of two orders of magnitude.

Inspired by the successful cascade reaction of the EDA
generated in situ with benzaldehyde, we expanded the scope of
the reaction to a series of other aromatic, heteroaromatic and
aliphatic aldehydes. Since aliphatic aldehydes are prone to
undergo self aldol reactions in the presence of DBU, we did
not pre-mix the DBU with the aldehyde solution. Instead, we
kept the DBU and aldehyde in two separate syringes so that all
three components, DBU, aldehyde and EDA from PI dual
channel device, could be mixed together at the X-junction (for
a detailed schematic illustration, see ESIt). Using the opti-
mized protocol (40 °C, ultrasonication, 24 min of residence
time), we achieved high yields of aldehyde-EDA adducts
(Fig. 2). It is worth noting that our results for this DBU cata-
lyzed aldol reaction of EDA with aldehydes were comparable
to, or somewhat better than, the reported results obtained
using anhydrous solvent and inert atmospheric conditions.'*?
The use of ultrasonic agitation in the microreactor not only
decreased the reaction time but also increased the yield. The
microfluidic system provides sufficiently pure and anhydrous
EDA for DBU catalyzed aldol reactions. The automation,
simplicity, high safety, and excellent control over the reaction
parameters facilitates small scale laboratory research of EDA
reactions.

To show that the integrated microfluidic system is adapt-
able enough to handle reactions involving separation of
gaseous products, we proceeded to study the synthesis of
2-keto esters from aldehydes. The reaction is catalysed by
Lewis acids and accompanied by evolution of nitrogen.'*
Handling of gas either as a reactant or a bi-product is quite

OH
©)\"/COOB /@)\"/COOB mCOOEt
a(81%) oH

2b (74%) 2 (62%) oH
/@)\"/COOEQ /@%rCOOEt hWCOOEt

d (81%) 2e (78%) 2f (75%
O%(COOB WCOOE( i\[(cooa Oin/oooa
N2
2g (72%) 2h (80%) 2i (68%) 2 (73%)

Fig. 2 Cascade generation, separation and reaction of EDA with various alde-
hydes (yields in the parentheses are of isolated product on a 5 mmol scale).
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Fig. 3 Cascade generation, extraction, separation and reaction of EDA
with adehydes to yield 2-keto esters with subsequent gas—liquid separation.

challenging in microreactors as it disturbs the flow rates and
makes control other reaction parameters difficult.

The reaction of EDA with hydrocinnamaldehyde catalyzed
by BF;-OEt, was taken as a model reaction for the synthesis of
2-keto esters. EDA was generated, extracted and separated as
aforementioned and the outgoing organic phase from the first
PI dual channel separator was connected to a T-junction where
it met with a solution of hydrocinnamaldehyde (3.0 M) con-
taining 5 mol% BF;-OEt,. The flow rates were adjusted in such
a way that the stoichiometric content of EDA was in slight
excess of hydrocinnamalaldehyde. Immediately after mixing
the two solutions (EDA and aldehyde), the reaction mixture
started generating nitrogen and the product stream was
pushed rapidly into the outside collector. Although the yield of
2-keto ester 3h was good (see Fig. 4), the propulsion of the
product stream could be a source of safety problems. There-
fore, to remove the generated nitrogen from the reaction
channel, another PI dual channel separator with a PTFE mem-
brane was added to the system as shown in Fig. 3.

The PFA capillary microreactor (id = 800 pm, length = 5 m,
internal volume = 2.5 mL) was then connected to a gas-liquid
microseparator (PI dual channel). The PI dual channel separa-
tor completely separated the gas-liquid mixture, which made
it possible to efficiently produce the desired 2-keto ester
without compromising safety. Using the same microfluidic
arrangement, we were able to synthesize a series of 2-keto
esters using various aldehydes. All the reactions were carried
out with the rates of 50 pL min~" (EDA) and 20 puL min~" (alde-
hyde). The yields were fairly good with aliphatic aldehydes but
only moderate with aromatic aldehydes such as benzaldehyde

(Fig. 4).

BF3.0OEt, 0 0
RCHO + N,CHCOOEt )J\/“\
R OEt
0o o
OEt
K/U\/U\OEt OEt
3h (85%) 3i (78%) 3j (81%)
o]

i i i i )J\/l?\
Ph\)J\)J\OEt Ph OFEt
3 OEt

3k (71%) 31 (79%) 3a (45%)

Fig. 4 Automated generation, separation and reaction of EDA with
aldehydes to yield 2-keto esters (yields in parentheses are of isolated
product on 5 mmol scale).
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The integrated microfluidic system has been proven to be
resilient and robust in handling hazardous reagents, even
when subjected to continuous operation of the system over
long periods of time. The durability can readily be attributed
to the chemical inertness of the materials used (PFA, PTFE
and PI). The integrated microfluidic system was repeatedly
used for multiple optimizations and reactions over several
months without any noticeable change in system performance.

Conclusions

In conclusion, we have demonstrated the continuous flow
process for reactions and separations of hazardous reagents,
using ethyl diazoacetate as a model reaction, in a safer and
more efficient manner using an integrated microfluidic
system. The integrated techniques include: a droplet technique
for liquid-liquid and/or gas-liquid separation and in situ gene-
ration of the toxic reagent, a dual channel membrane tech-
nique based on a cheap polymeric microseparator, and a
capillary microreactor for carrying out cascade reactions in a
sequential and continuous manner. The novel, safe, microflui-
dic droplet approach allows real time extraction of EDA, a
hazardous reagent chosen because of its importance in produ-
cing intermediates for fine chemicals and pharmaceuticals,
from its acidic reaction mixture. The generation and separa-
tion of EDA are so efficient with 99% yields of EDA that the
toxic hazardous waste produced is almost negligible. This inte-
grated microfluidic approach not only allows safer and more
efficient manipulation of hazardous and explosive EDA but
also allows much improved production of fine chemicals. In
addition, the integrated system can be adapted to accom-
modate different combinations of reactors and phase separa-
tors for the purpose of producing chemicals on demand.
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