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ABSTRACT: Benzoic acid dissolved in water is electrosprayed (—4 kV) by using nitrogen gas at a pressure of 120 psi to form ~10
um diameter microdroplets. Analysis with mass spectrometry (MS) and tandem mass spectrometry (MS®) of the resulting
microdroplets shows the direct formation of phenol via decarboxylation without any catalyst or added reagents. This process
represents an ecofriendly, environmentally benign method for producing phenol and related aromatic alcohols from their
corresponding aromatic acids. The mechanism of this transformation was unambiguously characterized using mass spectrometry,

radical trapping, and '*O labeling.

henol and its substituted derivatives are found in many

natural products.'~* Aromatic alcohol-containing scaffolds
are widely used as synthetic intermediates in the gperfume
industry as well as in pharmaceuticals and textiles.”~'® For
example, phenol, itself, acts as an antiseptic and is used in
aerosol form to treat sore throats.'' Similarly, the penicillin
drug amoxicillin contains a phenol core, as do propofol, which
is used to induce general anesthesia, and tolcapone, which is
used to treat Parkinson’s disease.'”'® Many other bioactive
molecules—such as the flavoring agent vanillic acid and the
antioxidant gallic acid—also contain phenols."* Furthermore,
phenols are common moieties in dyes, as evinced by picric
acid, which is both a yellow dye and an important metal
etchant.”

Owing to their numerous applications, there is high
commercial demand for phenol derivatives. Historically,
phenol was extracted from coal tar, but at the present time
most phenol is derived from petroleum.'®'” Substituted
phenols can be prepared using a variety of multistep
transformations, such as diazotization of aniline to the
diazonium salt followed by hydrolysis. Several other methods
can be used to prepare phenols, but existing protocols require
expensive starting materials, harsh reaction conditions, or
naturally derived inputs.'*™*' In this study, we describe the
one-step decarboxylative hydroxylation of benzoic acid to
obtain phenol, which is achieved without the addition of
catalysts or other reagents. Advantages of this decarboxylative
method include the stability and wide availability of benzoic
acids; additionally, most benzoic acids are less expensive than
their corresponding phenols. In light of these advantages, the
direct synthesis of phenol from benzoic acid via decarbox-
ylation is a valuable transformation.

Until now, only a few methods were available to prepare
phenols from benzoic acids via decarboxylation.””™** In 2021,
Ritter et al. developed a copper-mediated decarboxylative
hydroxylation of benzoic acids to generate phenols under mild
conditions (at 35 °C; Figure 1a). The scope of the reaction
was further expanded to prepare other phenol derivatives from
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their corresponding aromatic acids. In 2022, Liu et al. reported
the decarboxylative oxidation of benzoic acid with an oxidizing
agent, such as m-CPBA followed by hydrolysis, which occurred
at room temperature and provided phenols in good yields
(Figure 1a). To our knowledge, no catalyst-free method for the
decarboxylative conversion of benzoic acid to phenol has been
previously disclosed.

Recently, our group and others have utilized microdroplet
chemistry to carry out various reactions and increase the rate of
these reactions manyfold.”>~** For example, we have utilized
microdroplet chemistry to prepare formic acid as well as
phenylacetic acid derivatives—including several pharmaceuti-
cally relevant drug molecules—in just a single step.’>’® We
have further utilized this chemistry to prepare other interesting
organic compounds in a single step;”””" in related work, the
Cooks group disclosed the late-stage functionalization of
bioactive molecules using water microdroplet accelerated
reactions.”” In a continued expansion of the utility of this
field, we disclose herein the catalyst-free, one-step decarbox-
ylative hydroxylation of benzoic acid to phenol in water
microdroplets at room temperature (Figure 1a). In our method
we can obtain the phenol and substituted phenol derivatives
without use of a metal catalyst or the addition of other
reagents. This is accomplished under mild conditions, and the
reaction rate via decarboxylation is much faster than that of
bulk reactions.

Figure 1b shows the setup of a typical microdroplet
experiment. Benzoic acid (20 gM) is dissolved in water. The
solution is injected into a fused silica capillary (i.d. 70 ym, o.d.
350 pm) by a syringe pump with an injection speed of S uL/
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Figure 1. (a) Synthesis of phenol from benzoic acid via decarboxylation. (b) Schematic diagram of the experimental setup. (c) Mass spectra of
microdroplets containing benzoic acid at different reaction distances from S to 20 mm.

min. N, (99.999% purity, 120 psi) is used as the nebulizing gas
to generate benzoic acid-containing water microdroplets. A
negative voltage (—4 kV) is applied to the microdroplet
sprayer. Our previous study has shown that hydroxyl radicals
can form without any external voltage.”> The purpose of
applying a high voltage is to obtain a higher electric field at the
water—gas surface for accelerating the reaction (Figure S1).
The chemical components of the water microdroplets were
directly detected with a high-resolution mass spectrometer
(Orbitrap Velos Pro, Thermo Fisher Scientific, Waltham, MA).
In the water microdroplet experiment, the distance between
the sprayer and MS inlet is considered as the reaction distance.
Figure 1lc shows the mass spectra of water microdroplets
containing benzoic acid with different reaction distances from
S to 20 mm, recorded in negative mode. In the spectra, the
peak at m/z 121.0302 represents deprotonated benzoic acid,
whose molecular formula is [C,H;0,]7, and the peak at m/z
93.0352 represents deprotonated phenol, whose molecular
formula is [C¢HsO]™. Results show that when we spray
microdroplets containing benzoic acid into the mass
spectrometer, phenol can be detected, which demonstrates
that phenol can form in water microdroplets from benzoic acid.
Our previous experiment has shown that the jet velocity of the
microdroplets generated by the sprayer is about 83 m/s while
the nebulizing gas pressure is 120 psi.”’ Therefore, by changing
the reaction distance, we can modulate the reaction time
between 60 and 240 ps. As shown in Figure Ic, as the reaction
time increases from 60 to 180 us, we obtain increasing signal
intensities of deprotonated phenol (C¢H;O7). When the
reaction time is increased to 240 us, the signal intensity tends
to be stable. This result indicates that phenol can be obtained
from benzoic acid in water microdroplets in less than 200 us,
which may not be achieved by other approaches.

Based on the product formation, the conversion of phenol
from benzoic acid was identified from the mass spectral peak
intensities of the starting material and the product. The
conversion rate of phenol from 20 yM benzoic acid is about
30% at a reaction time of 180 us at a reaction distance of 15

mm. Based on the standard addition method, the yield of
phenol is calculated to be about 4.7% (Figure S2).

Figure 2a shows the proposed mechanism of the formation
of phenol from benzoic acid in water microdroplets, which was
determined by using mass spectrometry. First, water is ionized
at the air—water interface because of the strong electric field
and contact electrification”' ~* (eq 1), followed by the
formation of hydroxyl and hydrogen radicals (eq 2). Also,
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Figure 2. (a) Proposed mechanism for the formation of phenol from
benzoic acid in water microdroplets. (b) Mass spectrum of the phenyl
cation intermediate in sprayed water microdroplets containing
benzoic acid. (c) Mass spectrum of chemical components in H,"$O
microdroplets containing benzoic acid.
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Figure 3. Formation of multiple molecules with a phenol core from reagents containing an aryl-COOH group in water microdroplets. Mass spectra
of the microdroplets containing (a) 4-bromobenzoic acid, (b) 4-nitrobenzoic acid, (c) nicotinic acid, and (d) 1,2,4-benzenetricarboxylic acid. (e)
MS? spectrum of the peak at m/z of 181.0138 shown in (d). (f) MS?* spectrum of the peak at m/z 153.0184 shown in (d).

the hydroxyl radical formation from the hydroxide anion will
be accelerated at the surface of a corona bubble.** Hydrogen
atom abstraction from benzoic acid yields a benzoate radical
(eq 3). Liberation of —COO leads to the phenyl radical, which
can be intercepted by the hydroxyl radical to form phenol (eq
4). Alternatively, the phenyl radical can lose an electron to
form a phenyl carbocation, which can then be intercepted by
water and/or hydroxide. Figure 2b shows the mass spectrum of
the phenyl carbocation intermediate in sprayed water micro-
droplets containing benzoic acid. C¢Hg" at m/z = 77.0389 can
be clearly detected by MS under positive ion mode. In
addition, our previous research has shown that hydrogen
peroxide can form at the air—water interface.”” In this study,
we confirmed this result again. The phenyl radical and/or
phenyl cation can react with -OOH or OOH™ in water
microdroplets to form phenyl hydroperoxide (C;H;OOH) (eq
5). Based on our experimental results, we also considered a
Hofmann-like rearrangement mechanism, but we did not
detect any of the required benzoyl hydroperoxide or benzoyl
peroxide intermediates, so this is ruled out. The deprotonated
product at m/z of 109.0293 can be observed from the mass
spectrum of water microdroplets containing benzoic acid
(Figure S3). The source of the hydroxyl group was
unambiguously identified through a '®O-labeling experiment.
When a solution of benzoic acid in H, 0 (97%) was
electrosprayed, we observed the formation of '*O-labeled
phenolate anion at m/z of 95.0396 in negative ion mode
(Figure 2c). This result clearly explains that the source of
hydroxyl group oxygen is from water, not from benzoic acid.
To verify the mechanism, we added 2,2,6,6-tetramethyl-
piperidine 1-oxyl (TEMPO), a common radical trap, to a
benzoic acid solution. With the addition of 3 equiv of TEMPO,

phenol formation was clearly suppressed (Figure S4), which
indicated the involvement of radical intermediates in this
reaction.

Based on the mechanism above, we hypothesized that other
compounds containing an aryl-COOH group could be reactive
in water microdroplets and generate the corresponding
molecules with a phenol core via a similar pathway. To verify
this hypothesis, we prepared 20 uM solutions of 4-
bromobenzoic acid, 4-nitrobenzoic acid, and nicotinic acid in
water. These solutions were used to generate microdroplets
using the same methods described above. When the three
solutions were sprayed into the mass spectrometer, we
observed the corresponding phenol derivatives from these
starting materials (Figure 3a—c). The product of 4-
bromophenol has two isotope peaks (C¢H,O”Br~ and
C¢H,O%Br™), whose m/z values are 170.9450 and 172.9429
(Figure 3a). The ratio of these two peaks exactly matches with
the isotopic ratio of bromine. This result further verified the
formation of the corresponding aromatic alcohol products in
water microdroplets. Figure S5 shows the MS? spectrum of the
peak at m/z of 172.9429 shown in Figure 3a. We observed the
peak at the m/z of 80.9170, which is *'Br”, a fragment from the
collision-induced dissociation (CID) of C4H,O”’Br™. Interest-
ingly, the heterocyclic compound pyridinecarboxylic acid
formed the corresponding alcohol compound, which is
observed at m/z of 94.0298.

Similarly, we added 1,2,4-benzenetricarboxylic acid to water
and made a solution of 20 M concentration. By spraying the
water microdroplets containing 1,2,4-benzenetricarboxylic acid
to the mass spectrometer, the reaction of polybasic acid was
studied. Figure 3d shows the mass spectrum of the generated
water microdroplets, in which the peak at m/z of 209.0083
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represents the deprotonated starting material (CoH;Og™). The
peaks at m/z of 181.0038, 153.0184, and 125.0237 represent
the three decarboxylated products CgH;Os~, C;H;O,~, and
Ce¢H;O;3™, respectively. We were able to observe all three
decarboxylation products, which indicates the mild nature of
water microdroplets (Figure 3d). Figure 3e shows the MS?
spectrum of the peak at a m/z of 181.0138. As shown, we can
observe the peaks at m/z of 137.0240 and 93.0352, which are
C,H;O0;” and CH;O7, fragments from the CID of the
monodecarboxylated product. Also, Figure 3f shows the MS*
spectrum of the peak at a m/z of 153.0184, the double
decarboxylated product of 1,2,4-benzenetricarboxylic acid. The
peak at m/z = 109.0287 represents the CID fragment of
C,H;0O,”. We also performed experiments on 4-fluorobenzoic
acid, 4-chlorobenzoic acid, 4-iodobenzoic acid, p-toluic acid, 4-
methoxybenzoic acid, and 2-naphthoic acid under similar
conditions. The corresponding alcoholic products were
observed in the water microdroplets. Mass spectra of water
microdroplets containing these molecules are shown in Figures
S6—S11.

In summary, we report the decarboxylative hydroxylation of
benzoic acids to phenol using water microdroplets. Notably,
this transformation occurs under mild conditions and without
a catalyst and can be applied to a variety of aromatic acids. The
products were analyzed and further confirmed with literature
data. We investigated the mechanism of this reaction using
MS? analysis and used this tool to confirm the presence of all
proposed intermediates; '°O-labeling and radical trapping
experiments further validated our mechanistic hypotheses.
Furthermore, we were able to trap phenyl hydroperoxide,
consistent with our previous work on the formation of
hydrogen peroxide in water microdroplets. In conclusion,
this study further highlights the unique features of water
microdroplets and sheds light on the mechanisms of other
microdroplet-promoted reactions. Work to scale up this
transformation and expand its scope is currently underway in
our laboratories.

B ASSOCIATED CONTENT

Data Availability Statement

Data are available from the corresponding authors upon
reasonable requests.

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c08638.

Yield calculation; capture radicals with TEMPO;
detection of multiple products; MS? spectra of products
(PDF)

B AUTHOR INFORMATION

Corresponding Authors
Richard N. Zare — Department of Chemistry, Stanford
University, Stanford, California 94305, United States;
orcid.org/0000-0001-5266-4253; Email: zare@
stanford.edu
Elumalai Gnanamani — Department of Chemistry, Indian
Institute of Technology Roorkee, Roorkee 247667, India;
orcid.org/0000-0003-3699-3350; Email: gnanam@
cy.ditr.ac.in

Author

Yifan Meng — Department of Chemistry, Stanford University,
Stanford, California 94305, United States; © orcid.org/
0000-0001-6897-3595

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3c08638

Author Contributions
Experiments were performed by Y.M. and E.G. The manu-
script was written by all authors.

Funding

This work is supported by the Air Force Office of Scientific
Research through the Multidisciplinary University Research
Initiative (MURI) program (AFOSR FA9550-21-1-0170). E.G.
thanks the SERB, India (SRG/2021/0019070) and IIT-
Roorkee faculty initiation grant.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Bodoira, R; Maestri, D. Phenolic Compounds from Nuts:
Extraction, Chemical Profiles, and Bioactivity. J. Agric. Food Chem.
2020, 68 (4), 927—942.

(2) Molloy, S. Phenol and the phyllosphere. Nature Reviews
Microbiology 2006, 4 (12), 880—881.

(3) Shan, B;; Cai, Y. Z.; Sun, M.; Corke, H. Antioxidant Capacity of
26 Spice Extracts and Characterization of Their Phenolic Con-
stituents. J. Agric. Food Chem. 2008, 53 (20), 7749—7759.

(4) Owen, R. W.; Giacosa, A.; Hull, W. E.; Haubner, R;
Spiegelhalder, B.; Bartsch, H. The antioxidant/anticancer potential
of phenolic compounds isolated from olive oil. Eur. J. Cancer 2000, 36
(10), 1235—1247.

(5) Rappoport, Z. The Chemistry of Phenols; John Wiley & Sons:
2004.

(6) Spencer, J. P. E; Abd El Mohsen, M. M.; Minihane, A.-M,;
Mathers, J. C. Biomarkers of the intake of dietary polyphenols:
strengths, limitations and application in nutrition research. Br. J. Nutr.
2008, 99 (1), 12—-22.

(7) Bernardi, A.; Sattin, S. A phenol sandwich fights diabetes. Nat.
Chem. Biol. 2015, 11 (9), 635—636.

(8) Simon, R. C.; Busto, E.; Richter, N.; Resch, V.; Houk, K. N.;
Kroutil, W. Biocatalytic trifluoromethylation of unprotected phenols.
Nat. Commun. 2016, 7 (1), 13323.

(9) Abdallah, N. A.; Fathy, M. E,; Tolba, M. M.; El-Brashy, A. M,;
Ibrahim, F. A. A quality-by-design eco-friendly UV-HPLC method for
the determination of four drugs used to treat symptoms of common
cold and COVID-19. Sci. Rep. 2023, 13 (1), 1616.

(10) Qiu, Z; Li, C.-J. Transformations of Less-Activated Phenols
and Phenol Derivatives via C—O Cleavage. Chem. Rev. 2020, 120
(18), 10454—10515.

(11) https://sourcebooks.fordham.edu/mod/1867lister.asp (ac-
cessed 2023-08-21).

(12) Ni Mhuircheartaigh, R.; Warnaby, C.; Rogers, R; Jbabdi, S.;
Tracey, 1. Slow-Wave Activity Saturation and Thalamocortical
Isolation During Propofol Anesthesia in Humans. Sci. Transl. Med.
2013, 5 (208), 208ra148—208ral48.

(13) Sant’Anna, R; Gallego, P.; Robinson, L. Z.; Pereira-Henriques,
A,; Ferreira, N.; Pinheiro, F.; Esperante, S.; Pallares, L; Huertas, O;
Rosirio Almeida, M.; Reixach, N.; Insa, R.; Velazquez-Campoy, A,;
Reverter, D.; Reig, N.; Ventura, S. Repositioning tolcapone as a
potent inhibitor of transthyretin amyloidogenesis and associated
cellular toxicity. Nat. Commun. 2016, 7 (1), 10787.

(14) Lu, Z.; Nie, G.; Belton, P. S;; Tang, H.; Zhao, B. Structure—
activity relationship analysis of antioxidant ability and neuroprotective
effect of gallic acid derivatives. Neurochem. Int. 2006, 48 (4), 263—
274.

https://doi.org/10.1021/jacs.3c08638
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08638/suppl_file/ja3c08638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08638/suppl_file/ja3c08638_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08638?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08638/suppl_file/ja3c08638_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+N.+Zare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5266-4253
https://orcid.org/0000-0001-5266-4253
mailto:zare@stanford.edu
mailto:zare@stanford.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elumalai+Gnanamani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3699-3350
https://orcid.org/0000-0003-3699-3350
mailto:gnanam@cy.iitr.ac.in
mailto:gnanam@cy.iitr.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yifan+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6897-3595
https://orcid.org/0000-0001-6897-3595
https://pubs.acs.org/doi/10.1021/jacs.3c08638?ref=pdf
https://doi.org/10.1021/acs.jafc.9b07160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b07160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrmicro1565
https://doi.org/10.1021/jf051513y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf051513y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf051513y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0959-8049(00)00103-9
https://doi.org/10.1016/S0959-8049(00)00103-9
https://doi.org/10.1017/S0007114507798938
https://doi.org/10.1017/S0007114507798938
https://doi.org/10.1038/nchembio.1888
https://doi.org/10.1038/ncomms13323
https://doi.org/10.1038/s41598-023-28737-3
https://doi.org/10.1038/s41598-023-28737-3
https://doi.org/10.1038/s41598-023-28737-3
https://doi.org/10.1021/acs.chemrev.0c00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://sourcebooks.fordham.edu/mod/1867lister.asp
https://doi.org/10.1126/scitranslmed.3006007
https://doi.org/10.1126/scitranslmed.3006007
https://doi.org/10.1038/ncomms10787
https://doi.org/10.1038/ncomms10787
https://doi.org/10.1038/ncomms10787
https://doi.org/10.1016/j.neuint.2005.10.010
https://doi.org/10.1016/j.neuint.2005.10.010
https://doi.org/10.1016/j.neuint.2005.10.010
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c08638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

(15) Thackray, R; Palmiere, E. J.; Khalid, O. Novel Etching
Technique for Delineation of Prior-Austenite Grain Boundaries in
Low, Medium and High Carbon Steels. Materials 2020, 13 (15),
3296.

(16) Field, E.; Dempster, F. H.; Tilson, G. E. Phenolic Compounds
from Petroleum Sources. Ind. Eng. Chem. 1940, 32 (4), 489—496.

(17) Jiao, T.; Li, C; Zhuang, X,; Cao, S.; Chen, H.; Zhang, S. The
new liquid—liquid extraction method for separation of phenolic
compounds from coal tar. Chem. Eng. J. 2015, 266, 148—155.

(18) Le Vaillant, F.; Mateos Calbet, A,; Gonzilez-Pelayo, S.;
Reijerse, E. J; Ni, S.; Busch, J.; Cornella, J. Catalytic synthesis of
phenols with nitrous oxide. Nature 2022, 604 (7907), 677—683.

(19) Xie, J.; Li, X;; Guo, J.; Luo, L.; Delgado, J. J.; Martsinovich, N.;
Tang, J. Highly selective oxidation of benzene to phenol with air at
room temperature promoted by water. Nat. Commun. 2023, 14 (1),
4431.

(20) Xiong, F.; Lu, L; Sun, T.-Y.; Wy, Q.; Yan, D.; Chen, Y.; Zhang,
X.; Wei, W,; Ly, Y,; Sun, W.-Y,; Lj, J. J.; Zhao, J. A bioinspired and
biocompatible ortho-sulfiliminyl phenol synthesis. Nat. Commun.
2017, 8 (1), 15912.

(21) Tan, F.-F; He, X.-Y; Tian, W.-F; Li, Y. Visible-light
photoredox-catalyzed C—O bond cleavage of diaryl ethers by
acridinium photocatalysts at room temperature. Nat. Commun.
2020, 11 (1), 6126.

(22) Su, W,; Xu, P.; Ritter, T. Decarboxylative Hydroxylation of
Benzoic Acids. Angew. Chem., Int. Ed. 2021, 60 (45), 24012—24017.

(23) Xiong, W.; Shi, Q;; Liu, W. H. Simple and Practical Conversion
of Benzoic Acids to Phenols at Room Temperature. J. Am. Chem. Soc.
2022, 144 (34), 15894—15902.

(24) Makhlynets, O. V.; Das, P.; Taktak, S.; Flook, M.; Mas-Ballest§,
R.; Rybak-Akimova, E. V.; Que, L., Jr. Iron-Promoted ortho- and/or
ipso-Hydroxylation of Benzoic Acids with H,0,. Chem.—Eur. ]. 2009,
15 (47), 13171—13180.

(25) Banerjee, S.; Gnanamani, E.; Yan, X.; Zare, R. N. Can all bulk-
phase reactions be accelerated in microdroplets? Analyst 2017, 142
(9), 1399—1402.

(26) Basuri, P.; Gonzalez, L. E.; Morato, N. M.; Pradeep, T.; Cooks,
R. G. Accelerated microdroplet synthesis of benzimidazoles by
nucleophilic addition to protonated carboxylic acids. Chem. Sci. 2020,
11 (47), 12686—12694.

(27) Yan, X; Bain, R. M,; Cooks, R. G. Organic Reactions in
Microdroplets: Reaction Acceleration Revealed by Mass Spectrome-
try. Angew. Chem., Int. Ed. 2016, S (42), 12960—12972.

(28) Huang, K.-H.; Wei, Z.; Cooks, R. G. Accelerated reactions of
amines with carbon dioxide driven by superacid at the microdroplet
interface. Chem. Sci. 2021, 12 (6), 2242—2250.

(29) Gong, C; Li, D.; Li, X;; Zhang, D.; Xing, D.; Zhao, L.; Yuan, X;
Zhang, X. Spontaneous Reduction-Induced Degradation of Viologen
Compounds in Water Microdroplets and Its Inhibition by Host—
Guest Complexation. J. Am. Chem. Soc. 2022, 144 (8), 3510—3516.

(30) Nandy, A.; Kumar, A;; Mondal, S.; Koner, D.; Banerjee, S.
Spontaneous Generation of Aryl Carbocations from Phenols in
Aqueous Microdroplets: Aromatic Syl Reactions at the Air—Water
Interface. J. Am. Chem. Soc. 2023, 145 (29), 15674—15679.

(31) Ansu-Gyeabourh, E.; Amoah, E.; Ganesa, C.; Badu-Tawiah, A.
K. Monoacylation of Symmetrical Diamines in Charge Microdroplets.
J. Am. Soc. Mass Spectrom. 2021, 32 (2), 531—-536.

(32) Yuan, X; Zhang, D, Liang, C; Zhang, X. Spontaneous
Reduction of Transition Metal Ions by One Electron in Water
Microdroplets and the Atmospheric Implications. J. Am. Chem. Soc.
2023, 145 (5), 2800—280S.

(33) Chen, H; Wang, R; Xu, J; Yuan, X; Zhang, D.; Zhu, Z;
Marshall, M.; Bowen, K,; Zhang, X. Spontaneous Reduction by One
Electron on Water Microdroplets Facilitates Direct Carboxylation
with CO,. J. Am. Chem. Soc. 2023, 145 (4), 2647—2652.

(34) Jin, S;; Chen, H; Yuan, X; Xing, D.; Wang, R; Zhao, L,
Zhang, D.; Gong, C; Zhu, C; Gao, X;; Chen, Y.,; Zhang, X. The
Spontaneous Electron-Mediated Redox Processes on Sprayed Water
Microdroplets. JACS Au 2023, 3 (6), 1563—1571.

(35) Song, X.; Meng, Y.; Zare, R. N. Spraying Water Microdroplets
Containing 1,2,3-Triazole Converts Carbon Dioxide into Formic
Acid. J. Am. Chem. Soc. 2022, 144 (37), 16744—16748.

(36) Meng, Y.,; Gnanamani, E.; Zare, R. N. One-Step Formation of
Pharmaceuticals Having a Phenylacetic Acid Core Using Water
Microdroplets. J. Am. Chem. Soc. 2023, 145 (14), 7724—7728.

(37) Meng, Y.; Gnanamani, E.; Zare, R. N. Catalyst-Free
Decarboxylative Amination of Carboxylic Acids in Water Micro-
droplets. J. Am. Chem. Soc. 2023, 14S (1), 32—36.

(38) Meng, Y.; Gnanamani, E.; Zare, R. N. Direct C(sp*)—N Bond
Formation between Toluene and Amine in Water Microdroplets. J.
Am. Chem. Soc. 2022, 144 (43), 19709—19713.

(39) Huang, K.-H.; Morato, N. M,; Feng, Y.; Cooks, R. G. High-
Throughput Diversification of Complex Bioactive Molecules by
Accelerated Synthesis in Microdroplets. Angew. Chem., Int. Ed. 2023,
62 (22), No. €202300956.

(40) Lee, J. K; Kim, S.; Nam, H. G.; Zare, R. N. Microdroplet fusion
mass spectrometry for fast reaction kinetics. Proc. Natl. Acad. Sci. U. S.
A. 2015, 112 (13), 3898—3903.

(41) Chamberlayne, C. F.; Zare, R. N. Simple model for the electric
field and spatial distribution of ions in a microdroplet. J. Chem. Phys.
2020, 152 (18), 184702.

(42) Xiong, H.; Lee, J. K;; Zare, R. N.; Min, W. Strong Electric Field
Observed at the Interface of Aqueous Microdroplets. J. Phys. Chem.
Lett. 2020, 11 (17), 7423—7428.

(43) Hao, H,; Leven, 1; Head-Gordon, T. Can electric fields drive
chemistry for an aqueous microdroplet? Nat. Commun. 2022, 13 (1),
280.

(44) Chen, B,; Xia, Y.; He, R; Sang, H,; Zhang, W.; Li, J.; Chen, L,
Wang, P.; Guo, S; Yin, Y,; Hu, L,; Song, M,; Liang, Y.; Wang, Y,;
Jiang, G.; Zare, R. N. Water—solid contact electrification causes
hydrogen peroxide production from hydroxyl radical recombination in
sprayed microdroplets. Proc. Natl. Acad. Sci. U. S. A. 2022, 119 (32),
No. €2209056119.

(45) Colussi, A. J. Mechanism of Hydrogen Peroxide Formation on
Sprayed Water Microdroplets. J. Am. Chem. Soc. 2023, 145 (30),
16315—16317.

(46) Vogel, Y. B.; Evans, C. W.; Belotti, M.; Xu, L.; Russell, I. C.; Yu,
L.-J.; Fung, A. K. K;; Hill, N. S.; Darwish, N.; Gongales, V. R.; Coote,
M. L.; Swaminathan Iyer, K,; Ciampi, S. The corona of a surface
bubble promotes electrochemical reactions. Nat. Commun. 2020, 11
(1), 6323.

(47) Mehrgardi, M. A,; Mofidfar, M.; Zare, R. N. Sprayed Water
Microdroplets Are Able to Generate Hydrogen Peroxide Sponta-
neously. J. Am. Chem. Soc. 2022, 144 (17), 7606—7609.

https://doi.org/10.1021/jacs.3c08638
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.3390/ma13153296
https://doi.org/10.3390/ma13153296
https://doi.org/10.3390/ma13153296
https://doi.org/10.1021/ie50364a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie50364a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2014.12.071
https://doi.org/10.1016/j.cej.2014.12.071
https://doi.org/10.1016/j.cej.2014.12.071
https://doi.org/10.1038/s41586-022-04516-4
https://doi.org/10.1038/s41586-022-04516-4
https://doi.org/10.1038/s41467-023-40160-w
https://doi.org/10.1038/s41467-023-40160-w
https://doi.org/10.1038/ncomms15912
https://doi.org/10.1038/ncomms15912
https://doi.org/10.1038/s41467-020-19944-x
https://doi.org/10.1038/s41467-020-19944-x
https://doi.org/10.1038/s41467-020-19944-x
https://doi.org/10.1002/anie.202108971
https://doi.org/10.1002/anie.202108971
https://doi.org/10.1021/jacs.2c07529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c07529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200901296
https://doi.org/10.1002/chem.200901296
https://doi.org/10.1039/C6AN02225A
https://doi.org/10.1039/C6AN02225A
https://doi.org/10.1039/D0SC02467H
https://doi.org/10.1039/D0SC02467H
https://doi.org/10.1002/anie.201602270
https://doi.org/10.1002/anie.201602270
https://doi.org/10.1002/anie.201602270
https://doi.org/10.1039/D0SC05625A
https://doi.org/10.1039/D0SC05625A
https://doi.org/10.1039/D0SC05625A
https://doi.org/10.1021/jacs.1c12028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.0c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.3c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.3c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.3c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c07779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c07779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c07779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202300956
https://doi.org/10.1002/anie.202300956
https://doi.org/10.1002/anie.202300956
https://doi.org/10.1073/pnas.1503689112
https://doi.org/10.1073/pnas.1503689112
https://doi.org/10.1063/5.0006550
https://doi.org/10.1063/5.0006550
https://doi.org/10.1021/acs.jpclett.0c02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-27941-x
https://doi.org/10.1038/s41467-021-27941-x
https://doi.org/10.1073/pnas.2209056119
https://doi.org/10.1073/pnas.2209056119
https://doi.org/10.1073/pnas.2209056119
https://doi.org/10.1021/jacs.3c04643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-20186-0
https://doi.org/10.1038/s41467-020-20186-0
https://doi.org/10.1021/jacs.2c02890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c08638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

