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ABSTRACT: We report the rapid oxidation of organic sulfides to sulfoxides by 0 9

means of microdroplet chemistry at room temperature using a spray solution s p 00 “

containing an organic sulfide dissolved in water/methanol, dilute (11%—14%) R1/ \R2 09 . /S\R
1

sodium hypochlorite (NaClO), and 5% chloroauric acid (HAuCl,). Ultrasonic

nebulization, easy ambient sonic-spray ionization, or electrosonic spray ionization

serves as the microdroplet source. High-resolution mass spectrometry was used as an online detector, and nuclear magnetic
resonance was used as an offline detector. We found that the sulfoxide yields vary between 66 and 95%, the highest rate of product
formation is 195 mg/min for benzyl phenyl sulfoxide, and the time required is a few minutes, which is much less than that required
for the conventional means of achieving this chemical transformation. We also applied this microdroplet method to protein
fingerprinting. We found that protein sequences containing methionine can be quickly oxidized, providing useful information for

protein structure determinations.

B INTRODUCTION

Sulfoxides are important intermediates for the synthesis of
many natural compounds' ~* and can be prepared by oxidizing
organic sulfides under various conditions."™'® In past work, the
oxidation has generally been achieved using hydrogen peroxide
(H,0,), molecular oxygen (O,), photocatalysis, and catalytic
metallic nanoparticles. This procedure is in contrast to special
conditions such as promoter ionic liquids or inorganic

11-22
salts.

Bulk reactions require a long reaction time, and
oxidation does not necessarily stop at the first step of
converting the sulfides to sulfoxides.”® Thus, there is a need
to produce sulfoxides more selectively. Sodium hypochlorite is
a cheap and convenient oxidizing reagent and can react with a
variety of functional groups. Commercial sodium hypochlorite
(11%—14%) in water is a strong oxidant, which oxidizes sulfide
compounds. When using sodium hypochlorite to oxidize
sulfides or disulfides in a bulk solution, a mixture of sulfones
and sulfoxides appears at the same time. We describe an
alternative approach for transforming sulfides into sulfoxides
using easy ambient sonic-spray ionization (EASI) of a solution
containing a sulfide, sodium hypochlorite, and chloroauric
acid.** As previously reported,”**° owing to the limit flow rate
of EAS]J, ultrasonic nebulization (UN) was developed as a new
method to scale up the synthesis of accelerated microdroplet
reactions. The reactant solution in the ultrasonic nebulization
cell can be immediately atomized to large amount of
microdroplets with an average diameter of 6.9 ym to form a
so-called “ultrasonic fountain”. Therefore, we scaled up the
accelerated synthesis of sulfoxides from sulfides in micro-
droplets using ultrasonic nebulization.
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B RESULTS AND DISCUSSION

We initially investigated how to optimize the oxidation of
thioanisole, which was synthesized with an isolated yield of
90%.”” The best conditions are using a spray solution of
methanol/water (1:1 v:v) containing thioanisole (10 mM) and
a commercial 11%—14% NaClO liquid (10 mM) with or
without a chloroauric acid catalyst via the EASI offline setup
(Figure Sla). The collection time was 2 min for each entry
given in Table 1. In the absence of a catalyst, the thioanisole
was completely converted to the corresponding sulfoxide and
sulfone but with poor chemoselectivity (57:43) (Table 1, entry
3). When 1% HAuCl,-3H,0 was added to the reaction system
while all other quantities were kept the same, the selectivity
increased slightly so that the sulfoxide to sulfone ratio became
66:34 (Table 1, entry 2). In the case of $% HAuCl,-3H,O, the
chemoselectivity was found to be 91:9 (Table 1, entry 1), and
the performance remained stable with increasing dosages of
the catalyst. However, when the same equivalent of Au(PPh,)
Cl was used in place of HAuCl,-3H,0O, the selectivity declined
to some degree (Table 1, entry 4). We also tested the effect of
temperature on this offline reaction progress. We found that it
was easier to form sulfone at a higher temperature (Table 1,
entry S). By contrast, under bulk solution-phase conditions the
reactant could not be fully consumed and the selectivity was
not good (Table 1, entry 6).
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Table 1. Optimization of Thioanisole Oxidation Using
Offline Collection

1.0 eq. NaCIO 0
o

Catalyst

r.t, MeOH:H,0=1:1
100 wLf/min, offline.60 psi

57
+ ©/ ™~

1 2 3
yield (%)“
entry catalyst 2 3
1 5% HAuCl,3H,0 91 9
2 1% HAuCl,-3H,0 66 34
3 57 43
4 5% Au(PPh,)Cl 76 24
sP 5% HAuCl,-3H,0 85 15
6 5% HAuCl,3H,0 35 10

“Yield (%) was determined by NMR (—CH;) from the crude reaction
mixture. “Heated at 85 °C. “The bulk reaction was carried out for 2
min at room temperature.

Additionally, we took advantage of online mass spectrometry
analysis to assess these reaction conditions using 1 mM 4-
methoxyphenyl sulfoxide, which had a similar ionization
efficiency as that of the internal standard we used. First, the
capillary temperature was varied from 50 to 250 °C, the travel
distance was fixed at 2 cm, and the solution sample was diluted
ten times to 1 mM. The droplets were generated using the
ESSI setup under 120 psi N, and high voltage (+3.0 kV). The
reaction occurred during the travel distance, and the yield was
calculated from I,/I,, where I, was the intensity of product and
I, was the intensity of the internal standard. The yield
decreased as the temperature increased, indicating that a lower
temperature was favorable for this reaction. Consequently,
offline collections were finished at room temperature. Second,
we found that the pH of the diluted NaClO had a marked
effect on this reaction. When the pH was 7 or lower, the
reaction performed poorly. The highest peak appeared near pH
12 in which the yield of product was 79%. When the distance
from the sprayer to the collection surface was varied from 0.2
to S cm under the conditions of S0 °C and pH 12 of the
diluent NaClO, we found that the best distance was 3.5 cm.
The variations with temperature, flight distance, and the
NaClO pH value are presented in Figures S2—S4, respectively.
For this setting, the yield was 87%. Because a velocity of 84 m/
s was reported for charged droplets under 120 psi, the time
scale was so short that a highly accelerated reaction in the
microdroplets must have been involved.”* " To verify this
idea, we investigated the first-order reaction kinetics of online
experiments and the reaction in the bulk solution and plotted
the In C,/C, function of the reaction time (Figure SS). For the
microdroplets, the reaction time was the distance divided by 84
m/s. For the bulk, the reaction time was controlled within
0.5—10 min. The rate acceleration factor was 10° for the two-
slopes ratio. Thus, we conclude that the reaction rate for
product formation is much faster in the microdroplets than in
the bulk.

Encouraged by this outcome, we continued to examine this
method using a variety of substituted thioanisoles (Table 2).
Based on the results obtained from the EASI experiments, we
applied the ultrasonic nebulizing setup to scale up the reaction
(Figure S1b). When using reactants with 1.0 equiv of NaClO
and a catalytic amount of HAuCl,-3H,0 (5%), the reactions
were conducted over 2 min with good isolated yields (2a—2g).
We attribute this performance to the effect of the electron-
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Table 2. Scope of Sulfide Oxidation Reactions”

s 5% HAuCl,*3H,0 9
R R - S.
! 2 NaClo R R,
r.t, MeOH:H,0=1:1
9 Q
o & o
= —
N s o
0
2a, 91% 2b, 93% 2c¢, 91%
90% 90% 92%
Q
. L0 ®
O .
o)
2d, 94% 2e, 97%
’ ’ 2f, 96%
92% 89% 95%
0 Q o
I S 1]
\/\/S\/\/ /@/ ~ S\
Br OZN/[ j
29, 969
s 3330//2 2h, 71% 2i, 75%
66% 68%
Br o o
S S
@[ - ~F
$
o)
2j, 70% 2k, 58% 21, 64%
67% 79% 87%
S\/\)k
7~
s OH
i NH,
2m, 51% 2n, 73%

70%
“Yield (%) in blue was determined by "H NMR on the liquid by EASI
within 2 min and yield (%) in black was the isolated yield of UN
reactions. 2h—2j was 2.0 equiv NaClO and 5% HAuCl,-3H,0O over 2
min. 2k—2m was 1.0 equiv NaClO and 5% HAuCl,-3H,0 over 10
min by UN reactions.

donating groups that make sulfides more readily oxidized. The
highest rate of product formation was 48 mg/min (2e).
However, in the case of electron-withdrawing groups (2h—2j),
the oxidation process was reduced, and the amount of
oxidizing reagent had to be doubled for the same reaction
time to obtain a higher yield. The yields reached moderate
levels with single sulfoxides products. We also investigated the
condition where sulfur connects to more than one aromatic
group. Instead of doubling the oxidant, we prolonged the
reaction time to 10 min under the same conditions to obtain
the appropriate yields (2k—2m). Finally, we tested the sulfur-
containing amino acid methionine (Met), which could prevent
oxygen radical damage in living organisms. We found that Met
could be converted to sulfoxide by 1 equiv of NaClO and 5%
HAuCl,-3H,0 within 2 min, which provided a relative yield of
73%. All the products in Table 2 were characterized by NMR
spectroscopy and MS. We also tested this reaction on a
millimolar scale with a substrate of benzyl phenyl sulfide. The
parallel device of the ultrasonic nebulization system made up
of four similar reaction cells and used in this step under the
same concentration of reactant, obtaining the final sulfoxide
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(2e) at a rate of 195 mg/min. To further evaluate the oxidation
method, we designed a protein fingerprinting experiment to
achieve a specific modification of the adrenocorticotropic
hormone (ACTH, human 1—24). There are many strategies to
modify protein structure, such as post-translational modifica-
tion and interactions, and chemical modification. The fast
photochemical oxidation of proteins was developed by Chance
and co-worker using synchrotron radiolysis to produce
hydroxyl radicals that could label a protein on the millisecond
or shorter time scale.”’ ~*° The use of MS for proteomics and
metabolomics is in full swing, and electrosonic spray ionization
(ESSI) technology provides more efficient desolvation and
makes droplets more abundantly charged, both of which
enhance the MS sensitivity and increase the resolution.””*
Recently, our group had developed a technology for the
ultrafast enzymatic digestion of proteins using trypsin, and we
have applied this to digest ACTH within 0.24 ms and obtain
nearly 100% sequence coverage.39

In this step, we sprayed a room-temperature sample solution
that consisted of 10 #M human ACTH and a 10 uM NaCIO
dilution with or without adding trypsin. Microdroplets were
generated using our homemade ESSI sprayer setup under a
+3.0 kV voltage, a flow rate of 20 4L/min, and a N, pressure of
120 psi. Initially when fixing the distance to inlet at 20 mm and
keeping the stream spraying for 1 min, we observed that the
oxidized fragment peak at m/z 738.7 (z = 4) increased as the
flight distance of the microdroplets increased, corresponding to
longer reaction times. When comparing the MS/MS fragments
with the control experiment, we observed peaks at m/z 675.6
(z=4), m/z871.5 (z = 3), and m/z 900.5 (z = 3) (Figure la),
which corresponded to adding one O atom to the peaks at m/z
671.6 (z=4),m/z866.2 (z =3), and m/z 895.2 (z = 3) found
in the control experiment (Figure 1b).

900.5050
z=3
@ 722.1550
- 762.4833 871.4944
z=4 =3
75,6305 738.6559 £ 7=3
: 779.4681 879.1723
. 7133250 | .- 8224822 g5 1614
I z=2 =3 =3 3 23
e | Il - I . 1, Illl. 1
650 700 750 800 850 900
895.1728
(b)
z=3
866.1622
671.6317 7053270 734.6568 762.4828779.4677 822.4819 s
~—
7=4 =2 7=4 z=2 7=3 z=3
NP T N T S T N |
650 700 750 800 850 900
m/z

Figure 1. MS/MS spectra of ACTH for m/z 738.559 (z = 4) and
734.6568 (z = 4) showing (a) the oxidized fragmentation pattern and
(b) the unmodified fragmentation pattern.

To determine where the location of the oxidation point is on
the peptide, S mM ammonium bicarbonate containing 5 ug/
mL trypsin was added to the prepared mixture. We found the
m/z 1072 peak increased markedly after adding one oxygen
compared to the fragment at m/z 1056. Moreover, we used the
energy of CID (23—30 eV) to confirm the MS MS fragments
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after online digestion. The masses of the fragments had an
added value 16 Da compared to the corresponding fragments
before oxidation (Table S1).

B CONCLUSIONS

In summary, we have used microdroplets containing sodium
hypochlorite and chloroauric acid to synthesize sulfoxides from
sulfides within 2 min, which is a very short time compared to
traditional bulk reactions. A series of substrates was
investigated by this method, and the yields were found to be
good. In addition, we demonstrated that this reaction can be
scaled up using an ultrasonic nebulizing system. We applied
this approach to protein fingerprinting to determine specific
methionine sites. This enables us to extend the ability to
perform protein sequencing by combining it with the
previously introduced method for the ultrafast enzymatic
digestion of proteins using microdroplet mass spectrometry.
The initial results appear to offer a new method for the
preparation of sulfoxides from sulfides and allow the oxidative
fingerprinting of proteins.

B EXPERIMENTAL SECTION

General Information. All mass spectrometry (MS) experiments
were performed using an LTQ Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific, San Jose, CA). The temperature of the MS
inlet capillary varied between 50 and 275 °C, the S-lens voltage was
set at 5§ V, and a high voltage (+3.0 kV) supplied from an external
high-voltage power source. A collision energy of 20—30 eV was
selected for tandem mass spectrometry (MS/MS). The easy ambient
sonic-spray ionization (EASI) and electrosonic spray ionization
(ESSI) instruments were constructed of an inner fused silica capillary
(0.d. 148 pm and i.d. 74 pm) and an outer capillary (o.d. 360 um and
i.d. 250 ym). Dry N, with a pressure of either 60 or 120 psi was used
as nebulization gas. An ultrasonic nebulizer (Model 402AI, Yuwell
Medical Equipment & Supply Corp., Suzhou, China) was used. The
sodium hypochlorite (NaClO, 11—14%) solution was purchased from
Energy Alfa Aesar Co., Inc,, and other reagents and solvents were
purchased from Adamas Reagent Co., Ltd. (Shanghai, China) and
used as received without further purification. '"H NMR spectra and
3C NMR spectra were recorded on a Bruker 400 MHz spectrometer
in CDCly; & values were given in ppm, and coupling constants (J)
were given in hertz (Hz). The high-resolution mass spectra (HRMS)
were recorded on a LTQ Orbitrap Elite mass spectrometer with a
FTMS.

General Procedure: Microdroplet Reactions by EASI. First,
100 uL of 100 mM methyl phenyl sulfide (also called thioanisole) in
methanol, 50 uL of 200 mM commercial 11—14% NaClO in water,
and S uL of 100 mM chloroauric acid in water were mixed, and an
extra 400 uL of methanol and 445 uL of water were added to the
system. The sprayed droplets were collected by a vial containing 100
uL of a saturated solution of Na,S,0; for 2 min under 60 psi N,. The
flow rate was 100 uL/min, and the reaction distance was 3.5 cm. After
collection, the mixture was extracted by 1 mL of ethyl acetate,
transferred into a new vial, dried for NMR analysis. The bulk reaction
was performed by mixing the same concentration of liquids at room
temperature for 2 min, followed by adding 100 uL of a saturated
solution of Na,S,0;. After extraction and drying, the collected sample
was prepared for NMR analysis. The relative yield was calculated by
the integration of the product of interest. Other sulfides were reacted
following the same steps as those for thioanisole.

Scaling-Up Reactions Using the UN System. First, 0.5 mmol
sulfides in § mL of methanol, 0.5 mmol commercial 11-14%NaClO
in 2.5 mL of water, and 250 L of 100 mM chloroauric acid in water
were added into the UN cell. To the cell were added 7.5 mL methanol
and 9.75 mL water to make a total volume of 25 mL. Nebulization
was maintained for 2 or 10 min, then 1 mL of a saturated solution of
Na,$,0; was added to quench the reaction. After extraction and
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drying with Na,SO,, the mixture was concentrated under vacuum,
and the residue was purified by flash column chromatography with
petroleum and ethyl acetate as the eluent to give the desired sulfoxide
products. All products were characterized by NMR spectroscopy and
high-resolution MS.

To further test this method, we tested four parallel devices using
the same reactant concentration of benzyl phenyl sulfide (Figure S5).
After nebulizing for 2 min, the mixture was combined, and 4 mL of a
saturated solution of Na,S,0; was added to quench the reaction. After
extraction and drying by Na,SO,, the mixture was concentrated under
vacuum before the residue was purified by flash column
chromatography. The isolated yield was 90% with 389 mg of product,
which was similar to the one batch with a yield of 89%.

Oxidation of Adrenocorticotropic Hormone (ACTH). At room
temperature, 10 uM human ACTH (1—24) and 10 yM dilute NaClO
solution were mixed and sprayed for 1 min under +3.0 kV and 120 psi
N, The flow rate was 20 xL/min. For online digestion, a S pg/mL
trypsin solution was added to the spray solution. The control
experiments were done without a NaClO oxidant, which allowed us to
confirm the sequences either with or without the addition of an
oxygen (16 Da) atom in the tandem MS with CID 23-30 eV. Using
the same procedure, we scaled up the reactions to obtain products
2a—2m using the UN system.

Methyl Phenyl Sulfoxide (2a). Colorless oil, 90% yield (63 mg).
'"H NMR (400 MHz, CDCL,): § 7.69—7.66 (m, 2H), 7.60—7.51 (m,
3H), 2.76 (s, 3H). BC{1H} NMR (101 MHz, CDCL): § 145.7,
131.1, 1 29.4, 123.5, 44.0. HRMS (ESI): m/z [M + Na]* calcd for
C,HgNaOS* 163.0188, found 163.0189.

2-(Methylsulfinyl)pyridine (2b). Colorless oil, 90% yield (63
mg). '"H NMR (400 MHz, CDCLy): 6 8.64—8.59 (d, ] = 4.6, 1H),
8.04—7.99 (d, ] = 7.7, 1H), 7.94 (td, J = 7.7, 1.6 Hz, 1H), 7.41-7.35
(m, 1H), 2.84 (s, 3H). 3C{1H} NMR (101 MHz, CDCI3): § 165.9,
149.6, 138.2, 124.6, 119.3, 41.3. HRMS (ESI): m/z [M + H]" calcd
for C¢qHgNOS' 142.0321, found 142.0322.

4-Methoxypheny Methyl Sulfoxide (2c). Colorless oil, 92%
yield (78 mg). "H NMR (400 MHz, CDCL): & 7.61 (d, ] = 8.7 He,
2H), 7.05 (d, J = 8.7 Hz, 2H), 3.87 (s, 3H), 2.72 (s, 3H). *C{1H}
NMR (101 MHz, CDCL): § 162.0, 136.6, 125.5, 114.9, 55.5, 44.0.
HRMS (ESI): m/z [M + H]" caled for CgH;;0,S* 171.0474, found
171.0475.

2-(Methylsulfinyl)naphthalene (2d). White solid, 92% yield (88
mg). '"H NMR (400 MHz, CDCL,): § 8.11 (s, 1H), 7.84 (m, 3H),
7.59—7.41 (m, 3H), 2.70 (s, 3H). C{1H} NMR (101 MHz,
CDCly): 6142.7, 134.5,133.0, 129.6, 128.5, 128.1, 127.9, 127.4, 124.1,
119.5, 43.8. HRMS (ESI): m/z [M + H]* caled for C,;H,;,0S"
191.0525, found 191.0526.

Benzyl Phenyl Sulfoxide (2e). White solid, 89% yield (96 mg).
'H NMR (400 MHz, CDCL,): § 7.47—7.33 (m, 1H), 7.28—7.18 (m,
1H), 6.99—6.90 (m, 1H), 4.08 (d, J = 12.6 Hz, 1H), 3.97 (d, J = 12.6
Hz, 1H). BC{1H} NMR (101 MHz, CDCl,): §142.8, 131.2, 130.4
(2C), 129.2, 1289 (2C), 128.5 (2C), 128.3, 124.5 (2C), 63.60 (s).
HRMS (ESI): m/z [M + H]" caled for C;3H;;0S* 217.0682, found
217.0683.

Thiane-1-oxide (2f). Yellow liquid, 95% yield (56 mg). '"H NMR
(400 MHz, CDCl,): § 3.01—2.68 (m, 4H), 2.26 (m, 2H), 1.78—1.55
(m, 4H). BC{1H} NMR (101 MHz, CDCL): § 48.9 (2C), 24.6
(2C), 19.1. HRMS (ESI): m/z [M + K]* caled for CH,;,KOS*
157.0084, found 157.0098.

1-(Butylsulfinyl)butane (2g). Yellow liquid, 91% yield (74 mg).
'H NMR (400 MHz, CDCL,): 5 2.67 (m, 4H), 1.77—1.73 (m, 4H),
1.51—-1.46 (m, 4H), 1.02—0.97 (t, ] = 4.0 Hz, 6H). *C{1H} NMR
(101 MHz, CDCly): § 52.1, 24.6, 22.1, 13.7. HRMS (ESI): m/z [M +
H]* caled for CgH,,0S* 163.1151, found 163.1153.

1-Bromo-4-(methylsulfinyl)benzene (2h). Yellow oil, 66%
yield (72 mg). '"H NMR (400 MHz, CDCL): & 7.77-7.62 (m,
2H), 7.62—7.49 (m, 2H), 2.74 (s, 3H). *C{1H} NMR (101 MHz,
CDCl,): § 144.8, 132.6, 125.5, 125.1, 43.9. HRMS (ESI): m/z [M +
H]* caled for C;HgBrOS* 218.9474, found 218.9476.

1-(Methylsulfinyl)-4-nitrobenzene (2i). White solid, 68% yield
(63 mg). '"H NMR (400 MHz, CDCl,): § 8.47—8.32 (m, 2H), 7.92—
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7.77 (m, 2H), 2.79 (s, 3H). *C{1H} NMR (101 MHz, CDCL): §
153.3, 149.5, 124.7 (2C), 124.5 (2C), 43.9. HRMS (ESI): m/z [M +
H]* caled for C,HgNO,S* 186.0219, found 186.0221.

1-Bromo-2-(methylsulfinyl)benzene (2j). Yellow oil, 67% yield
(73 mg). '"H NMR (400 MHz, CDCL,): § 7.97 (dd, ] = 7.8, 1.6 Hg,
1H), 7.68—7.55 (m, 2H), 7.39 (td, ] = 7.8, 1.6 Hz, 1H), 2.84 (s, 3H).
BC{1H} NMR (101 MHz, CDCL,): § 145.4, 132.9, 132.3, 128.8,
125.7, 118.4, 41.9. HRMS (ESI): m/z [M + H]* caled for C,HgBrOS*
218.9474, found 218.9476.

Sulfinyldibenzene (2k). Yellow oil, 79% yield (80 mg). '"H NMR
(400 MHz, CDClLy): 6 7.70-7.65 (m, 4H), 7.52—7.43 (m, 6H).
BC{1H} NMR (101 MHz, CDCl,): § 145.6 (2C), 131.1 (2C), 129.3
(4C), 124.8 (4C). HRMS (ESI): m/z [M + H]* calcd for C;,H;,;0S*
203.0525, found 203.0527.

(Vinylsulfinyl)benzene (2I). Yellow oil, 87% yield (66 mg). 'H
NMR (400 MHz, CDCl,): § 7.69—7.61 (m, 2H), 7.61—7.49 (m, 3H),
6.62 (dd, J = 16.5,9.6 Hz, 1H), 6.23 (d, ] = 16.5 Hz, 1H), 5.92 (d, ] =
9.6 Hz, 1H). *C{1H} NMR (101 MHz, CDCl,): § 143.3, 143.0,
131.3, 129.5, 124.7, 120.7. HRMS (ESI): m/z [M + H]" calcd for
CgH,0S" 153.0369, found 153.0370.

Dibenzo[b,dlthiophene 5-Oxide (2m). White solid, 70% yield
(70 mg). '"H NMR (400 MHz, CDCL,): § 8.02 (d, J = 7.6 Hz, 2H),
7.85 (d, ] = 7.6 Hz, 2H), 7.63 (td, ] = 7.6, 1.0 Hz, 2H), 7.53 (td, ] =
7.6, 1.0 Hz, 2H). C{1H} NMR (101 MHz, CDCL,): § 145.2, 137.1,
132,6, 129.6, 127.6, 121.9. HRMS (ESI): m/z [M + H]* calcd for
C,H,08" 201.0369, found 201.0371.
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