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Abstract: Pyridazine derivatives are privileged structures
because of their potential biological and optical proper-
ties. Traditional synthetic methods usually require acid or
base as a catalyst under reflux conditions with reaction
times ranging from hours to a few days or require micro-
wave assistance to induce the reaction. Herein, this work
presents the accelerated synthesis of a pyridazine deriva-
tive, 2-phenyl-2,3-dihydrophthalazine-1,4-dione (PDHP), in
electrosprayed microdroplets containing an equimolar
mixture of phenyl hydrazine and phthalic anhydride or
phthalic acid. This reaction occurred on the submillisec-
ond timescale with good yield (over 90% with the choice
of solvent) without using an external catalyst at room
temperature. In sharp contrast to the bulk reaction of ob-
taining a mixture of two products, the reaction in con-
fined microdroplets yields only the important six-mem-
bered heterocyclic product PDHP. Results indicated that
surface reactions in microdroplets with low pH values
cause selectivity, acceleration, and high yields.

- /

Pyridazine derivatives, a fascinating class of six-membered het-
erocyclic compounds with two adjacent nitrogen atoms, have
been found to possess many biological properties, such as
anti-inflammatory,"” antibacterial,”’ anticancer,”’ cardiovascular
diseases,” and agrochemical activities.”) Owing to their biolog-
ical importance, these chemicals are favored by both synthetic
and medicinal chemists, among which, an important six-mem-
bered pyridazine derivative, 2-phenyl-2,3-dihydrophthalazine-
1,4-dione, was reported to have very significant biological ac-
tivities against osteosarcoma,® glioma,” hypolipidemic,” and
bacteria.® In addition, 2-phenyl-2,3-dihydrophthalazine-1,4-
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dione can be used as important optical intermediates.”’ Tradi-
tional methods for synthesizing these pyridazine derivatives re-
quire acid or base catalysts, and the reactions need to be per-
formed under solvent reflux from hours to days at high tem-
perature to obtain products with high yields."” Furthermore,
in most cases, a five-membered heterocyclic isomer byproduct
is simultaneously obtained, and it can be transformed to the
desired six-membered product catalyzed by base (typically
ethanolic sodium) or acid (such as concentrated H,SO, HCl/
H,O, ice acetate acid). It is well noted that, although micro-
wave-assisted methods can be applied for these reactions, the
same isomers as that of bulk reactions were obtained without
using catalysts."" Only when additional acid or base is used as
a catalyst in the microwave-assisted reaction could the single
six-membered heterocyclic product be generated.""?

Recently, micron-sized microdroplets have been shown as a
unique platform to investigate reaction products, mechanisms,
and kinetics." Chemical reactions in microdroplets exhibit
specific properties that are not observed in bulk solutions, es-
pecially dramatic acceleration of reaction rates, which are
often thousands to millions of times greater than that in the
bulk." Instead of showing remarkable reaction-rate accelera-
tion, some reactions in microdroplets show completely differ-
ent reaction routes, possibly owing to the significantly differ-
ent microenvironment in microdroplets. For example, our re-
search group found that the Diels-Alder reaction of 3,5-hexa-
dienyl acrylate ester in microdroplets could not provide the de-
sired Diels—Alder product in all cases even in the presence of
catalyst, but just generated instead the hydrolyzed product,
hexa-3,5-dien-1-0l." In contrast, the desired Diels-Alder prod-
uct can be easily obtained in aqueous media at high tempera-
ture using indium(lll) triflate as a catalyst in bulk-phase.® In
this work, we present the selective and high-yield synthesis of
an important pyridazine derivative, 2-phenyl-2,3-dihydrophthal-
azine-1,4-dione, from phenyl hydrazine and phthalic anhydride
or phthalic acid in microdroplets without a catalyst on the sub-
millisecond timescale at room temperature and atmospheric
pressure. In sharp contrast to bulk reaction, the reaction of
phenyl hydrazine and phthalic anhydride in microdroplets not
only caused dramatic acceleration but also showed excellent
selectivity to the target six-membered heterocyclic product.
For the reaction of phenyl hydrazine and phthalic acid, it
shows a striking reaction route in microdroplets without using
a catalyst to give the target product that cannot occur under
bulk conditions. Some insights how these reactions occur in
microdroplets are also put forward.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic diagrams of the experimental setups used in our study
for the reaction study of phenyl hydrazine with phthalic anhydride in micro-
droplets. Extent of reaction depends on the distance between the ESI tip
and MS inlet for direct spray or between the ESI tip and the collection sur-
face for offline spray. (A) Directly electrospray a solution containing two reac-
tants to the MS inlet. A +5 kV of voltage was applied to the syringe needle.
(B) Offline collection of the microdroplet using a glass vial with a syringe
pinhole on the cap. No voltage was applied.

As shown in Figure 1, we used two experimental setups to
perform the microdroplets reactions. One is the direct spray of
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the microdroplets into the inlet of a mass spectrometer for
real-time analysis of the reaction. Another is the offline collec-
tion of the microdroplets for further structural identification. In
both cases the microdroplets were generated by nebulization
of a solution containing phenyl hydrazine 1 (10 upm) and
phthalic anhydride 2 (10 um) in organic solvent with a high
pressure nebulizing gas (N,, 120 psi). We applied a positive
voltage to the spray source for online spraying. If instead we
applied a negative voltage to the spray source, no products
were observed. For offline collection, no voltage was applied.
Many reports have shown that the sizes of microdroplets
under these conditions range from 1 to 50 um. The travelling
distance of the microdroplets at atmospheric pressure was
constant (3 cm) before the microdroplets enter the mass spec-
trometer and the reaction stops. We estimate the reaction
time to be ~~300us on the basis of the droplet speed
(~80 ms").'"! The reaction products were measured by ESI-
MS in positive ion mode. As shown in Figure 2A, the main
product 3, 2-phenyl-2,3-dihydrophthalazine-1,4-dione, and a
small amount of product 4 were observed in the microdroplets
generated by the above two strategies. To determine the struc-
tures of product 3 and 4, we performed tandem mass spec-
trometry using collision-induced dissociation (CID) (see Fig-
ure S1 in the Supporting Information). In sharp contrast to the
behavior in microdroplets, in bulk only the open ring product
4 and residual reagent 1 were detected when reacted for
30 min in acetonitrile (ACN)/water (9/1, v/v) (Figure 2B). Many
studies have demonstrated that in order to obtain the product
3, acid or base should be used as a catalyst and the solution
should be refluxed at high temperature.['®'®

We further performed bulk-phase reactions in acetic acid
with reflux condition to compare with that reactions in micro-
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Figure 2. Mass spectra of the reaction at room temperature of phenyl hydrazine 1 with phthalic anhydride 2 in (A) microdroplets and (B) bulk-phase without
catalyst and without refluxing. (C) The microdroplet reaction led to significant product 3 formation with a small amount of product 4, whereas the bulk-
phase reaction of 1 and 2 with acetic acid as catalyst and reflux at high temperature led to product 3, but without catalyst at room temperature only form

product 4.
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droplets. The product are analyzed by NMR and high-resolu-
tion mass spectrometry. The results showed that the six-mem-
bered heterocyclic product 3 was generated, which is in ac-
cordance with the data in microdroplets (Figure S2 in Support-
ing Information). Figure 2 C shows the reaction between 1 and
2 at room temperature in microdroplets without using cata-
lysts and in bulk-phase with and without catalysts.

The distance between the electrospray source and the MS
inlet greatly influences the reaction conversion ratio. An in-
crease in distance provides more time for reaction and also
allows more microdroplets evaporation which further concen-
trates the reagents."” We varied the distance between the
spray source and the MS inlet from 1 cm to 7 cm, correspond-
ing to approximate flight times of 50 us to 350 us. ACN/water
(9/1, v/v) was used as the solvent for the online spray of micro-
droplets. As shown in Figure 3 A, the conversion ratio of prod-
uct 3 increased gradually from 10 to 30% as the distance in-
creased from 1 to 7 cm, as determined from the intensity of
product 3 relative to the sum of intensities of product 3 and
reagent 1, assuming the same ionization efficiency.
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Figure 3. (A) Conversion ratio of product 3 in microdroplets by direct spray-
ing the solution containing reactants 1 and 2 into the ESI source where the
ESI tip was moved from 1 to 7 cm. (B) The effects of different solvents on
the conversion ratio of product 3 in microdroplets generated by offline
spraying the reaction solution. The distance between the ESI tip and the
glass vial was kept at 3 cm.

However, the conversion ratio of product 3 was a little low.
We find that the choice of solvent greatly influences the reac-
tion conversion. We investigated the use of ACN, dimethyl-
formamide (DMF), DMF/ACN (1:1; v/v), and different volume
ratios of DMF to water. Because DMF has high viscosity, and
has strong ion suppression so that it is not recommended for
ESI-MS, we therefore used the offline spray setup without ap-
plying external voltage to collect the microdroplets and subse-
quently analyzed the collected droplets by ESI-MS after redis-
solving in ACN/water (9:1; v/v) to avoid the strong ion sup-
pression of DMF. The reaction efficiency in microdroplets is
found to be closely related to multiple properties of the micro-
droplet, such as evaporation, charge accumulation, droplet life-
time, solubility, polarity of the droplet, and so on. We observed
that the maximum reaction progress in the microdroplets
(about 90% vyield of product 3) was achieved using DMF as
the solvent (Figure 3B). DMF, with moderate high dielectric co-
efficient and solubilizing power is a clearly beneficial solvent
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for stabilizing the low pH environment, and dissolving hydro-
phobic compounds. In addition, due to its very low volatility (a
vapor pressure of 2.7 at 20 °C), the average droplet lifetime can
be kept longer to confine the reagent in highly charged micro-
droplets, which helps to improve the reaction efficiency.

On the contrary, when a DMF-water mixture was used as the
solvent, the conversion ratio of product 3 decreased with the
decreasing amount of DMF. Water is a high dielectric coeffi-
cient proton solvent, but its low solubility for common organic
substances may limit the yield. Moreover, when DMF/ACN (1:1;
v/v) was used as the solvent, a roughly similar conversion ratio
of product 3 was observed when compared with that using
DMF alone. The possible reason might be benefit from the
comparable stability of microdroplet lifetime with similar sur-
face-charge accumulation on the droplet surface and solubility
toward reagents, intermediate, and products between DMF
and DMF/ACN (1:1; v/v) as solvent. The efficiency of product
formation in ACN microdroplet is a bit low, about 20% of con-
version ratio. This behavior might be explained by high volatili-
ty (a vapor pressure of 72.8 torr at 20°C), which results in
short-lived droplets, causing insufficient time for the reaction
to occur to a greater extent. From the above results, DMF can
be used as the optimum solvent for the microdroplet reaction
and was used in the following experiments.

Because the microdroplets were generated through online
spray with a positive voltage applied on the spray source and
offline spray without voltage, we further investigated whether
voltage altered the reaction. As shown in Figure S3, Supporting
Information, voltage had nearly no effect on the conversion
ratio of product 3. From the online and offline spray results,
we also conclude that the reaction in microdroplets is marked-
ly accelerated when comparing to the bulk reaction, which
takes hours to days. The acceleration of this reaction rate can
be attributed to abundant positive charges in confined aque-
ous microdroplets, which has been demonstrated by Prof. Voth
previously.”™ This leads to high acidity, which helps to make
the reaction happen. This behavior is consistent with previous
reports that acid can promote the reaction.

To further understand the possible mechanism of the micro-
droplet reaction, we investigated the reaction progress using
DMF as the solvent with different reaction times by changing
the offline spray distance between the spray tip and the glass
vial. As shown in Figures 4A-C, as the distance increased, the
product 3 ion intensity increased while the product 4 ion in-
tensity decreased. When the distance was 1, 4, and 7 cm, the
conversion ratio of product 3 was 67 %, 86 %, and 98 %, respec-
tively. Figure 4D shows the ratio of product 4 to product 3
with increasing offline spray distance. We interpret this behav-
ior to indicate that product 4 is an intermediate of this reac-
tion, which is converted in the microdroplet environment to 3.
The sharp differences between bulk-phase and microdroplets
reactions might be due to significantly different reaction
routes caused by distinctly different reaction environments. We
suggest the possible reaction mechanism shown in Figure 4E.
In the first step, both bulk reaction and microdroplets undergo
nucleophilic attack of reagent 2 toward reagent 1, forming the
common intermediate 4. As reported by Rai’s research group,

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. (A-C) Mass spectra of the microdroplets generated by offline spray with the reaction distance varied from 1 to 7 cm. (D) Ratio of product 4 to prod-
uct 3 with respect to distance increased from 1 to 7 cm. (E) The possible mechanism for the reaction of phenyl hydrazine 1 and phthalic anhydride 2 in micro-

droplets.

a similar intermediate could be formed at near neutral pH con-
dition.?" Then, under the condition of low pH in microdroplets
(not in bulk reaction), the intermediate 4 undergoes intramo-
lecular nucleophilic attack to give the six-membered product
3. This is the rate-limiting step with a high threshold, so it is
obvious that this reaction overcomes the high energy barrier
through proton catalysis on the microdroplet surface. Tradi-
tional bulk reactions of phenyl hydrazine and phthalic anhy-
dride without using acid or base catalysts form the five-mem-
bered heterocyclic product 2-(phenylamino)isoindoline-1,3-
dione along with 3. The same is true of microwave-assisted
synthesis methods. However, only the six-membered heterocy-
clic product 3 was formed in microdroplets. It is noted that
both NH groups can be treated as nucleophilic sites, but NH in
red color with number 1 (Figure 4) is close to the electronic-
withdrawing group C=0, which will lead to a weaker nucleo-
philic ability than the other NH in purple with number 2.
Therefore, the NH group in purple will be more likely to attack
the carbonyl to form the six-membered product 3. Further-
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more, the five-membered product was reported to be able to
transform into the six-membered product with acid as a cata-
lyst. The low-pH environment offered by microdroplets may
also increase the efficiency to transform the five-membered
product quickly into the six-membered product 3. Thus, this is
might be the reason why only the six-membered product 3
was observed in the microdroplet reaction without a catalyst.

We further investigated the relationship between the reac-
tants’ concentration and conversion ratio of product 3 using
the offline spray setup with the distance fixed at 3 cm. We
found that when the reactant concentrations increased from
10 um to 100 mm, the conversion ratio of product 3 decreased
from 76.0 to 18.4% (see Table S1, Supporting Information). Re-
cently reported data in our group showed that the chemicals
were fully occupied on the surface of the microdroplet when
the concentration was 10 um.”®! Therefore, this phenomenon
might be explained by surface saturation. This explanation
seems sensible if we assume that the major part of the reac-
tion takes place at or near the microdroplet surface.
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It is worth mentioning that when we electrosprayed a stan-
dard solution of phthalic anhydride to the mass spectrometer,
its own hydrogen or sodium adducts in the positive ion mode
or deprotonated product in the negative ion mode cannot be
detected. As shown in the mass spectra (see Figures S4A-S4D,
intense ion signals at m/z 165.0914 and m/z 179.0350 were ob-
served in negative-ion mode when methanol was used as sol-
vent, whereas only the main ion signal at m/z 165.0914 were
observed when ACN was used as solvent. We speculate that
m/z 165.0914 and m/z 179.0350 were phthalic acid and 2-(me-
thoxycarbonyl)benzoic acid separately according to their
tandem mass spectra. The results indicated that in microdrop-
lets phthalic anhydride also underwent chemical reaction with
methyl-containing solvent and water (see Figure S4E). Howev-
er, previous researches have demonstrated that the hydrolysis
of phthalic anhydride should be catalyzed by buffer bases.””
Compared with the reaction in bulk condition, the hydrolysis
of phthalic anhydride in microdroplets showed significantly dif-
ferent behavior.

Inspired by this result, we investigated the microdroplet re-
action of phenyl hydrazine and phthalic acid using the offline
spray setup. As expected, a strong ion signal of product 3 was
observed (see Figure 5). Note that there appears to be no pre-
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Figure 5. (A) Phenyl hydrazine reacted with phthalic acid to form product 3
in microdroplets. (B) Mass spectrum of the microdroplets generated by off-
line spraying the mixture of phenyl hydrazine and phthalic acid.

vious report of the reaction of phenyl hydrazine with phthalic
acid to yield product 3, although Igbal and co-workers do find
that derivatives of phthalic acid and phenyl hydrazine react
but under harsh conditions.”” This results indicated that reac-
tion of phenyl hydrazine and phthalic acid undergoes a dis-
tinctly different reaction route between microdroplets and
bulk-phase. Once again, the formation of product 3 in micro-
droplets might be attributed to the accumulation of catalytic
protons near the droplet surfaces.

In summary, we have synthesized product 3 by the reaction
of phenyl hydrazine with phthalic anhydride or phthalic acid
via intermediate 4 in microdroplets at room temperature with
high yields without using additional acidic or basic catalysts.
DMF was demonstrated to be the best solvent for this micro-
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droplet reaction, with a yield of product 3 up to 98% when
the distance between the spray tip to the glass vial extended
to 7 cm, corresponding to a reaction time of about 350 ps. In
sharp contrast to bulk reactions, the microdroplet reactions oc-
curred on a submillisecond timescale, indicating a remarkable
acceleration of the reaction rate. Moreover, this reaction in mi-
crodroplets shows excellent selectivity yielding only the impor-
tant six-membered heterocyclic product 3. This behavior indi-
cates an extremely different reaction pathway in the confined
microdroplets. We suggest that the enhancement of the reac-
tion rate and selectivity may be attributed to a surface reaction
in the confined microdroplets having low pH values, which is
enhanced by the positive charging of the microdroplets.

Experimental Section
Online analysis of electrospray microdroplets

The aqueous solution of phthalic anhydride and phenyl hydrazine
was injected at the flow rate of 5 uLmin~" by a mechanical pump
through a syringe to the fused-silica capillary directing toward a
mass spectrometer inlet. A coaxial sheath gas ( N, at 120 psi) flow
around the capillary results in nebulization to help the formation
of microdroplets. The distance between the spray source and the
mass spectrometer inlet was varied from 1 to 7 cm to monitor the
progress of reaction. A voltage of + 5 kV of was applied to the sy-
ringe needle. The temperature of the heated capillary inlet was
maintained at approximately 275°C and capillary voltage at 44 V.
To confirm the structures of reactants, intermediates, and products,
tandem mass spectrometry was conducted by collision-induced
dissociation (CID). Mass spectra were all detected by a high-resolu-
tion Orbitrap mass spectrometer (LTQ Orbitrap XL Hybrid lon Trap-
Orbitrap; Thermo Scientific).

Offline collection of electrospray microdroplets

For the offline collection setup, no voltage was applied to the sy-
ringe, and the generated microdroplets were collected using a
glass vial with a cap on the top for further mass spectrometry (MS)
detection. Exhaust gas was pumped out from a syringe pinhole of
the cap, avoiding loss of products. The spray distance between the
outlet of the spray tip and bottom of the vial was varied from 1 to
7 cm to investigate its influence on the reaction yield. Upon com-
pletion of the reaction, the structures of the collected products
were measured using mass spectrometry.

Bulk-phase reactions

Bulk-phase reactions at two different conditions were carried out
to compare with those occurring in the microdroplets. One reac-
tion was performed at room temperature without using a catalyst
for 30 min, and another was using acetic acid as the catalyst and
reflux at 125°C for 4 h. The concentrations of both reactants were
10 mm.
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