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Introduction

In recent decades, the introduction of fluorine-containing
groups into organic compounds has received considerable
attention and has become an important synthetic approach in
labs and industries." Among various fluorine-containing
groups, trifluoromethylthio (CF;S) plays an important role in
organofluorine chemistry due to its high electronegativity,
hydrophobicity, metabolic activity and bioavailability. Some
compounds bearing fluoroalkylthio groups have been applied
in the field of agrochemicals and pharmaceuticals.”

On the other hand, carbonyl compounds constitute a large
family of interesting building blocks for organic synthesis, and
a wide range of bioactive and natural compounds possess a
carbonyl moiety.®> For example, the structure of p-keto
thioether is found in many bioactive molecules and some
B-keto thioethers have been used as useful intermediates in
organic synthesis,” and various synthetic methods for p-keto
arylthioethers have been developed.” Consequently, introdu-
cing the fluorine-containing group into carbonyl compounds
could be of great value for further applications, and the
a-functionalization of the carbonyl group appears to be a privi-
leged strategy.® Since the trifluoromethylthiolation of ethyl for-
mylacetate has been achieved in 1973,” a large number of elec-
trophilic trifluoromethylthiolation reagents have been devel-

“The Education Ministry Key Lab of Resource Chemistry and Shanghai Key
Laboratory of Rare Earth Functional Materials, Shanghai Normal University,
Shanghai 200234, China. E-mail: jtliu@sioc.ac.cn; Fax: +86-21-64166128;

Tel: +86 -21-54925188

bKey Laboratory of Organofluorine Chemistry, Shanghai Institute of Organic
Chemistry, Chinese Academy of Sciences, 345 Lingling Road, Shanghai 200032,
China

tElectronic supplementary information (ESI) available: Experimental pro-
cedures, characterization data, and NMR spectra. See DOI: https://doi.org/
10.1039/d30b01482g

9416 | Org. Biomol. Chem., 2023, 21, 9416-9421

perfluoroalkanesulfenic acids¥

*a,b

The perfluoroalkylthiolation/decarbonylation reactions of 1,3-dicarbonyl compounds with in situ formed
perfluoroalkanesulfenic acids were achieved. Using trifluoromethanesulfonic acid as an additive, a series
of a-perfluoroalkylthiolated arylethanones were obtained in moderate to good yields. A possible mecha-
nism was proposed based on the reaction results and control experiments.

oped and great success has been achieved in the trifluoro-
methylthiolation reactions of keto-esters, ketones and
aldehydes by different research groups.® However, the perfluor-
oalkylthiolation of carbonyl compounds has been less studied.
In 2016, Shibata et al.® reported the perfluoroalkylthiolation of
a-methylene-p-keto esters with perfluoroalkyl-DAST giving
a-perfluoroalkylthio-p-keto esters, but an electron-withdrawing
group at the f-position of the substrate was necessary.
Therefore, the development of practical methods for the per-
fluoroalkylthiolation of carbonyl compounds is of great
importance.

Results and discussion

Recently, our group has been working on the chemistry of per-
fluoroalkylsulfenic acids (RgSOH). These solution-stable per-
fluoroalkanesulfenic acids are highly reactive and versatile
fluorinated reagents due to the strong electron-withdrawing
effect of the perfluoroalkyl group.’® Previous studies have
shown that they could undergo addition reactions with some
unsaturated compounds, such as alkenes, alkynes and allenes,
to afford the corresponding perfluoroalkyl sulfoxides,'* and
electrophilic reactions with carbon nucleophiles, such as
indoles, activated benzenes and pyrroles to give perfluoroalk-
ylthiolated compounds.'? To explore the reaction with more
carbon nucleophiles and the synthetic applications of perfluor-
oalkanesulfenic acids, we further studied the reactions of per-
fluoroalkanesulfenic acids with carbonyl compounds. The
results are reported in this paper.

Initially, phenyl acetone was chosen as the substrate. Based
on our previous work,'* a mixture of phenyl acetone, 4.0
equivalents of i-propyl perfluorobutyl sulfoxide (1a) and 2.0
equivalents of trifluoromethanesulfonic acid (TfOH) was
directly stirred at 100 °C. However, '’F NMR monitoring
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showed that the reaction was complicated and no perfluoro-
alkylthiolated product was isolated (Scheme 1, eqn (1)).
Considering the higher nucleophilicity of 1,3-diketone, we pre-
pared 1,3-diphenylpropane-1,3-dione (2a) and studied its reac-
tion with perfluorobutanesulfenic acid generated in situ from
i-propyl perfluorobutyl sulfoxide (1a). Interestingly, the reac-
tion occurred readily and a-perfluorobutylthio acetophenone
(3a) was formed as the major product, whereas the expected
product, 2-perfluorobutylthio-1,3-diphenyl-1,3-propanedione
was not obtained (Scheme 1, eqn (2)). Furthermore, benzoic
acid was also isolated from the reaction system. It is obvious
that a perfluorobutylthiolation/decarbonylation process was
involved in this reaction.

Inspired by these results, we screened different conditions
to find a suitable protocol for the selective formation of 3a. It
was found that decreasing the temperature led to a lower yield
of 3a and a longer reaction time (entries 2 and 3). Investigating
the ratio of reactants indicated that increasing the amount of
1a or additive was beneficial for the perfluoroalkylthiolation/
decarbonylation reaction (entries 4-7). With a ratio of 1:4:6
(2a/1a/TfOH), the yield of 3a could be improved to 85% (entry
7). Control experiments showed that TfOH was important for
the reaction (entry 8). Other organic acids such as trifluoroace-
tic acid and acetic acid failed to promote this reaction with full
recovery of 2a (entries 9 and 10). We also studied the solvent
effect. It was found that the reaction hardly occurred in N,N-di-
methylformamide (DMF), acetonitrile or tetrahydrofuran
(entries 11-13), and much lower yields were obtained in di-
chloromethane or n-hexane (entries 14 and 15). Thus, the
optimal conditions were set to 4.0 equivalents of perfluoroalkyl
sulfoxide and 6.0 equivalents of TfOH in toluene at 100 °C
(Table 1).

With the optimized reaction conditions in hand, we then
examined the reactions of other perfluoroalkyl sulfoxides with
2a. As shown in Scheme 2, the reactions of 2a with in situ
formed n-C¢F,3SOH, n-CgF,,SOH, n-C;F,SOH or CF;SOH also
took place smoothly to give the corresponding products 3b-3e
in moderate to good yields. Furthermore, a range of 1,3-diaryl-
propane-1,3-diones 2 with different substituents in the phenyl
group reacted readily with 1a, giving the expected products in
moderate to good yields. 1,3-Diketones containing both elec-
tron-rich and electron-deficient phenyl groups were compati-
ble with the reaction conditions. For example, the reactions of
diketones bearing methyl or methoxy groups gave the corres-

q 0
1] o) .
TfOH (2.0 equiv)

S5 . SCF
PrC4F * Ph)J\ toluene, 100 °C * Ph)l\/ o ()
1a (4.0 equiv)
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8 . j\j’\ TOH (2.0 equiv) Ph)lvsc‘.Fg @
N _Prevequy) |
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Scheme 1 The reaction of carbonyl compounds with in situ generated
perfluorobutanesulfenic acid.
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Table 1 Optimization of the reaction conditions

Q 0o o TOH o
1 + - = >
iPr/S\C4Fg Ph)J\/U\Ph solvent, temp, time Ph)k/S\C‘th

1a 2a 3a
Entry® 2a/1a/TfOH  Temp. (°C) Time (h) Solvent 3a® (%)
1 1:4:2 100 1 Toluene 66
2 1:4:2 80 4 Toluene 60
3 1:4:2 60 6 Toluene 56
4 1:1:2 100 1 Toluene 38
5 1:3:2 100 1 Toluene 53
6 1:4:4 100 1 Toluene 77
7 1:4:6 100 1 Toluene 85
8 1:4:0 100 1 Toluene NR
9¢ 1:4:6 100 4 Toluene NR
107 1:4:6 100 4 Toluene  NR
11 1:4:6 100 1 DMF Trace
12 1:4:6 100 1 CH;CN Trace
13 1:4:6 100 1 THF Trace
14 1:4:6 100 1 DCM 28
15 1:4:6 100 1 n-Hexane 25

“Reaction conditions: 2a (0.2 mmol), i-propyl perfluorobutyl sulfoxide
1a (1.0-4.0 equiv.), TFOH (0-6.0 equiv.), toluene. ® Determined by '°F
NMR spectroscopy using PhCF; as the internal standard.
° Trifluoroacetic acid was used instead of TfOH. ¢ Acetic acid was used
instead of TfOH.

o]

q o o TfOH (6.0 equiv) o
S< + — >
alkyl”" "Ry ArMAr toluene, 100°C, 1h Ar)K/S\Rf
1 (4.0 equiv) 2 3
1a, Ry = C4Fy,  alkyl = j-propyl
1b, R¢ = CgFy3, alkyl = i-propyl
1c, Ry = CgF47, alkyl = i-propyl
1d, R = C3F;,  alkyl = cyclohexyl
1e, Ry = CF3, alkyl = cyclohexyl
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Scheme 2 Scope of the

reaction.

Org. Biomol. Chem., 2023, 21, 9416-9421 | 9417


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ob01482g

Open Access Article. Published on 15 November 2023. Downloaded on 8/14/2025 4:11:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ponding products 3f and 3g in good yields. Diketones contain-
ing a halide or trifluoromethyl substituent also reacted well to
give products 3h-k in moderate yields. It was found that the
yield of 3g with a methoxy substituent was higher than those
of a-perfluoroalkylthio-p-ketones bearing electron-withdrawing
groups, indicating that the electronic effect of the substituent
had some influence on the reaction. Diketones bearing
dichloro or dimethyl substituents were also used and the
corresponding products 31 and 3m were obtained in reason-
able yields. A similar result was obtained with 1,3-bis(2-
naphthyl)-1,3-propanedione (2n). However, 1,3-diketone 20
containing a cyano substituent in both phenyl groups failed to
give the desired product 30 due to the weak nucleophilicity of
1,3-diketone 20. Furthermore, the perfluoroalkylthiolation/dec-
arbonylation reaction didn’t occur when ethyl benzoylacetate,
pentane-2,4-dione or 1,3-cyclohexanedione was used as the
substrate with full recovery of starting materials 2.

We also studied the reaction of 1a with 1,3-diketones 2p-s
containing different phenyls. As shown in Table 2, both pro-
ducts were obtained in the cases of 1,3-diketones containing
methyl, methoxy or chlorine-substituted phenyls, but only
product 3g was obtained when compound 2s bearing a meth-
oxyl and a cyano substituent was used as the substrate.

In order to investigate the effect of substituents at the
methylene position on the reaction, we synthesized 2-ethyl-1,3-
diphenyl-1,3-propanedione (2t) and studied its reaction with
1a under standard conditions. '°’F NMR monitoring showed
that a small amount of perfluoroalkylthiolated product was
formed. After separation by column chromatography, 3a and 5
were isolated in 2% and 8% yield, respectively (Scheme 3). It is
interesting to find that heating the solution of 2t in the pres-
ence of trifluoromethanesulfonic acid at 100 °C for 1 hour
gave the decarbonylation product 5 in 26% yield, while 2t

Table 2 The perfluoroalkylthiolation/decarbonylation reaction of 1,3-
diketones containing different phenyls

o]

1t o) o) TfOH (6.0 equiv) 0 o
Sveire t s AN, , Ttoluene, 100°C, 1h Hoso v Hise
ProTCFy  prt Ar? ’ ’ Ar! C4Fg AR C4Fq
1a (4.0 equiv) 2p-s
Entry Substrate Products
1 o o o} 0
< N
4-MeoceH4MceH4Me4 4»MeOCSH4)K/S CqFo 4-MeCsH«)K/ C4Fs
2p 39, 73% 3f, 26%
N N
4»MeocaH4McsH40M 4-MeOCgHy CdFs 4-CI05H4)I\/S CaFs
2q 3g, 26% 3h, 46%
3 o o0 [o} [0}
4-MeCgHy CgH4Cl-4 4-MeCsH4)l\/ S‘ch 4-C[CEH4)k/ S\CAFg
xr 3, 37% 3h, 45%
4 o o 9 o
s.,
4-MeocsH4McsH40N-4 4:MeOCqH; CFo a.-CNCeH S C,F,

2s 3g, 58% 30, 0%

Reaction conditions: 2 (0.2 mmol), 1 (4.0 equiv.), TfOH (6.0 equiv.),
toluene, 100 °C, isolated yield.
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1a (4.0 equiv) (o) o

TfOH (2.0 equiv
N0 _ o A S, + o ()
toluene, 100°C, 1 h

3a, 2% 5,8%

o o

TfOH (2.0 equiv) o
Ph Ph —f————————— PN ()
toluene, 100°C, 1h  Ph
2t 5,26%
NR ()]

- .
toluene, 100 °C, 5 h

Scheme 3 Reactions of 2t.

remained unchanged in the absence of TfOH under similar
conditions. According to the literature, the decarbonylation of
p-substituted diketones occurs under basic conditions.'* We
hypothesized that 2-perfluoroalkylthiodiketone might be
formed as an intermediate under the reaction conditions,
which then underwent decarbonylation to give compound 3.
Therefore, we prepared 2-trifluoromethylthio-1,3-diphenylpro-
pane-1,3-dione (6a) by the reaction of 2a with CF;SOCI and
studied its reaction under standard conditions (Scheme 4).
After being treated with TfOH in toluene at 100 °C, 6a was
fully converted to 3e.

Based on the experimental results and the related literature,
a plausible mechanism was proposed for the above reactions
as shown in Scheme 5. In the presence of trifluoromethane-
sulfonic acid, the sulfur atom in perfluoroalkanesulfenic acid
becomes more electrophilic and is easily attacked by nucleo-
philic 1,3-diketone 2 to give intermediate 6. Subsequently, the
decarbonylation of 6 takes place rapidly to give the final
product 3 under the reaction conditions (Scheme 5).

o 0 CF3SOCI (2.0 equiv) 79
3 .0 equiv,
SN, ————— PhMPh )
Ph Ph  toluene, 110 °C, 12h
SCF,
2a 6a, 8%

TfOH (2.0 equiv) Q
Ph ph ——————— I _scr,
SCF, toluene, 100 °C, 1h Ph (2)

6a 3e

Scheme 4 Preparation and transformation of 6.
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Scheme 5 The proposed mechanism.
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Conclusions

In conclusion, we have demonstrated the reaction of perfluor-
oalkanesulfenic acids with 1,3-diketones. In the presence of
trifluoromethanesulfonic acid, various 1,3-diarylpropane-1,3-
diones reacted readily with perfluoroalkanesulfenic acids
formed in situ from perfluoroalkyl sulfoxides to give the corres-
ponding a-perfluoroalkylthio-p-ketone products in moderate to
good yields. Mechanism studies indicated that 2-perfluoroalk-
ylthiodiketone might be formed as the intermediate in the
reaction system. Having advantages including cheap reagents,
easy-to-handle and transition metal-free conditions, this proto-
col is expected to find applications in organic synthesis.

Experimental
General information

Unless otherwise mentioned, solvents and reagents were pur-
chased from commercial sources and used as received.
Solvents were freshly distilled using a standard procedure
prior to use. Melting points were measured on RY-I apparatus
and uncorrected. 'H NMR spectra were recorded in CDCl; on a
Bruker AM 400 spectrometer (400 MHz) with TMS as the
internal standard. '°’F NMR spectra were recorded on a Bruker
AM 400 (376 MHz) spectrometer with CFCl; as the external
standard. "*C NMR spectra were recorded in CDCI; on a Varian
AM-400 spectrometer (100 MHz) or an Agilent AM-400
(100 MHz) spectrometer with TMS as the internal standard.
For compounds 3, the peaks for fluorine-containing carbon
atoms in perfluoroalkyl groups are difficult to find in *C NMR
spectra because of their multiplicity. High Resolution Mass
Spectra (HRMS) were obtained with a Waters Micromass GCT
(EI) or an IonSpec FT-ICR mass spectrometer (FI).

General procedure for the perfluoroalkylthiolation/
decarbonylation reaction

To a sealed tube containing a solution of 1,3-diketones 2
(0.2 mmol) and sulfoxide 1 (0.8 mmol) in dry toluene (2.0 mL)
was added TfOH (1.2 mmol). The mixture was stirred at 100 °C
for 1 hour. After the completion of the reaction, solvent was
removed under reduced pressure and the resulting crude
product was purified by column chromatography on silica gel
to give the corresponding product 3 (PE : EA = 30/1, v/v).
Compound 3a: brown liquid, 85% yield, 63 mg. 'H NMR
(400 MHz, CDCl;) § 7.95 (d, J = 8.0 Hz, 2H), 7.63 (t, J = 8.0 Hz,
1H), 7.50 (t, J = 8.0 Hz, 2H), 4.55 (s, 2H) ppm; '°F NMR
(376 MHz, CDCl;) § —81.01 (t, J = 8.0 Hz, 3F), —87.41 to —81.49
(m, 2F), —121.54 to —120.63 (m, 2F), —125.54 to —125.62 (m,
2F) ppm; *C NMR (101 MHz, CDCl;) § 191.86, 134.74, 134.29,
128.99, 128.39, 37.11 ppm; MS (EI) m/z (%): 370 (1) [M]', 135
(3), 119 (3), 105 (100), 91 (6), 77 (60), 69 (5), 51 (8); HRMS (FI)
caled for C;,H,F,0S [M]" requires 370.0068, found 370.0063.
Compound 3b: yellow solid, m.p. 32-34 °C, 86% yield,
80 mg; "H NMR (400 MHz, CDCl;) 6 7.95 (d, J = 8.0 Hz, 2H),
7.63 (t, J = 8.0 Hz, 1H), 7.50 (t, J = 8.0 Hz, 2H), 4.55 (s, 2H)
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ppm; "°F NMR (376 MHz, CDCl;) § —80.90 (t, J = 10.2 Hz, 3F),
-86.95 to —87.67 (m, 2F), —119.76 (s, 2F), —121.51 (s, 2F),
—122.89 (s, 2F), —126.22 to —126.34 (m, 2F) ppm; *C NMR
(101 MHz, CDCl;) § 191.87, 134.74, 134.30, 129.00, 128.40,
37.17 ppm; MS (EI) m/z (%): 470 (3) [M]", 365 (40), 135 (20),
105 (100), 91 (86), 77 (98), 65 (30), 51 (90); HRMS (EI) caled for
C,4H,F50S [M]" requires 470.0005, found 470.0011.

Compound 3c: yellow solid, m.p. 63-65 °C, 86% yield,
98 mg; "H NMR (400 MHz, CDCl;) § 7.95 (d, J = 8.0 Hz, 2H),
7.63 (t, J = 8.0 Hz, 1H), 7.50 (t, J = 8.0 Hz, 2H), 4.55 (s, 2H)
ppm; "°F NMR (376 MHz, CDCl;) § —80.90 (t, J = 11.2 Hz, 3F),
-87.21 to —87.29 (m, 2F), —119.67 (s, 2F), —121.26 (s, 2F),
-121.82 to —122.34 (m, 4F), —-122.87 (s, 2F), —126.19 to
-126.28 (m, 2F) ppm; >C NMR (101 MHz, CDCl;) § 191.87,
134.74, 134.28, 128.98, 128.39, 37.13 ppm; MS (EI) m/z (%):
570 (2) [M]', 551 (8), 465 (10), 179 (15), 105 (100), 91 (56), 77
(85), 51 (50); HRMS (FI) caled for Cy¢H,F;,0S [M]" requires
569.9941, found 569.9947.

Compound 3d: yellow liquid, 84% yield, 54 mg; 'H NMR
(400 MHz, CDCl;) § 7.95 (d, J = 8.0 Hz, 2H), 7.63 (t, J = 8.0 Hz,
1H), 7.50 (t, ] = 8.0, 2H), 4.55 (s, 2H) ppm; "°F NMR (376 MHz,
CDCl3) § —80.08 (t, J = 11.2 Hz, 3F), —88.08 to —88.13 (m, 2F),
-124.02 (t, J = 3.7 Hz, 2F) ppm; *C NMR (101 MHz, CDCl;)
5 191.86, 134.73, 134.32, 129.01, 128.41, 37.04 ppm; MS (EI)
mlz (%): 320 (2) [M]", 215 (3), 169 (5), 105 (100), 91 (10), 77
(58), 69 (8), 51 (18); HRMS (FI) caled for C;;H,F,0S [M]*
requires 320.0100, found 320.0104.

Compound 3e: brown liquid, 61% yield, 27 mg; 'H NMR
(400 MHz, CDCl;) § 7.95 (d, J = 8.0 Hz, 2H), 7.63 (t, ] = 8.0 Hz,
1H), 7.50 (t,J = 8.0, 2H), 4.51 (s, 2H) ppm; "°F NMR (376 MHz,
CDCl;) 6 —41.46 (s, 3F) ppm; C NMR (101 MHz, CDCl,)
§192.00, 134.73, 134.26, 131.14 (q, J = 197 Hz), 128.99, 128.42,
38.39 (d,J = 2.0 Hz) ppm; MS (EI) m/z (%): 220 (2) [M]', 182 (5),
105 (100), 83 (3), 77 (45), 69 (3), 65 (2), 51 (5); HRMS (FI) caled
for CoH,F;0S [M]" requires 220.0164, found 220.0159. Some
unidentified impurities were hard to separate from the reac-
tion mixture. So, the clean "H NMR spectrum was not
obtained.

Compound 3f: white solid, m.p. 89-91 °C, 74% yield,
56 mg; "H NMR (400 MHz, CDCl;) § 7.84 (d, J = 8.0 Hz, 2H),
7.29 (d,J = 8.0 Hz, 2H), 4.52 (s, 2H), 2.42 (s, 3H) ppm; '°F NMR
(376 MHz, CDCl;) § —80.98 (t, / = 11.2 Hz, 3F), —87.39 to
—81.46 (m, 2F), —121.53 to —120.61 (m, 2F), —125.50 to
-125.61 (m, 2F) ppm; >C NMR (101 MHz, CDCl;) § 191.45,
145.45, 132.27, 129.67, 128.52, 37.07, 21.76 ppm; MS (EI) m/z
(%): 384 (1) [M]", 292 (22), 265 (5), 149 (3), 119 (100), 105 (7),
91 (60), 65 (20); HRMS (FI) caled for C,3HoF,0S [M]" requires
384.0225, found 384.0226.

Compound 3g: white solid, m.p. 69-71 °C, 89% yield,
71 mg; "H NMR (400 MHz, CDCl;) § 7.92 (d, J = 8.0 Hz, 2H),
6.95 (d, J = 8.0 Hz, 2H), 4.50 (s, 2H), 3.88 (s, 3H) ppm; '°F NMR
(376 MHz, CDCl;) § —80.99 (t, / = 11.2 Hz, 3F), —87.41 to
-81.48 (m, 2F), —121.54 to —120.61 (m, 2F), —125.54 to
-125.61 (m, 2F) ppm; >*C NMR (101 MHz, CDCl;) § 190.27,
164.44, 130.81, 127.73, 114.17, 55.59, 36.88 ppm; MS (EI) m/z
(%): 400 (2) [M]", 265 (3), 135 (100), 121 (5), 107 (7), 92 (9), 77
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(12), 69 (3); HRMS (FI) caled for Cy3HoF90,S [M]" requires
400.0174, found 400.0168.

Compound 3h: brown liquid, 78% yield, 63 mg; 'H NMR
(400 MHz, CDCl;) 6 7.88 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz,
2H), 4.50 (s, 2H) ppm; "°F NMR (376 MHz, CDCl;) § —81.03 (t,
J = 11.2 Hz, 3F), —87.39 to —87.46 (m, 2F), —120.56 to —120.63
(m, 2F), —125.56 to —125.64 (m, 2F) ppm; ">C NMR (101 MHz,
CDCl;) 6 190.76, 140.97, 133.01, 129.78, 129.37, 36.89 ppm; MS
(ED) m/z (%): 404 (2) [M]', 265 (6), 139 (100), 125 (8), 111 (47),
89 (3), 75 (36), 50 (5); HRMS (FI) caled for C;,HCIF,0S [M]"
requires 403.9676, found 403.9682.

Compound 3i: white solid, m.p. 52-54 °C, 58% yield,
51 mg; "H NMR (400 MHz, CDCl;) § 7.81 (d, J = 8.0 Hz, 2H),
7.65 (d, J = 8.0 Hz, 2H), 4.49 (s, 2H) ppm; '°F NMR (376 MHz,
CDCl;) 6 —80.94 (t, J = 11.2 Hz, 3F), —87.33 to —87.41 (m, 2F),
—-121.50 to —120.58 (m, 2F), —125.49 to —125.57 (m, 2F) ppm;
3C NMR (101 MHz, CDCl3) § 190.95, 133.43, 132.40, 129.84,
129.75, 36.83 ppm; MS (EI) m/z (%): 448 (2) [M]", 350 (6), 265
(10), 185 (98), 183 (100), 157 (79), 155 (80), 76 (50); HRMS (FI)
caled for C;,HeBrF,0S [M]' requires 447.9174, found 447.9172.

Compound 3j: yellow solid, m.p. 26-28 °C, 82% yield,
64 mg; 'H NMR (400 MHz, CDCl;) & 8.19-7.79 (m, 2H),
7.19-7.14 (m, 2H), 4.51 (s, 2H) ppm; ’F NMR (376 MHz,
CDCl;) 6 —80.00 to —81.14 (m, 3F), —87.44 to —87.52 (m, 2F),
-100.04 to —107.02 (m, 1F), —120.58 to —120.66 (m, 2F),
-125.59 to —125.67 (m, 2F) ppm; *C NMR (101 MHz, CDCl;)
§190.34, 166.40 (d, J = 257.1 Hz), 131.12, 131.22, 116.24 (d, ] =
22.2 Hz), 36.90 ppm; MS (EI) m/z (%): 388 (2) [M]", 123 (100),
109 (10), 95 (41), 83 (3), 75 (15), 69 (12), 50 (2); HRMS (FI)
caled for C;,HgF;00S [M]' requires 387.9974, found 387.9969.

Compound 3k: yellow solid, m.p. 40-41 °C, 56% yield,
49 mg; "H NMR (400 MHz, CDCl;) 8.06 (d, J = 8.0 Hz, 2H), 7.77
(d, J = 8.0 Hz, 2H), 4.53 (s, 2H) ppm; '°F NMR (376 MHz,
CDCly) § —63.39 (s, 3F), —80.98 (td, J = 9.8, 2.7 Hz, 3F), —87.33
to —87.40 (m, 2F), —121.53 to —120.60 (m, 2F), —125.54 to
-125.59 (m, 2F) ppm; C NMR (101 MHz, CDCl;) § 191.08,
137.32, 135.55 (q, J = 33.3 Hz), 128.79, 126.11 (q, J = 3.1 Hz),
123.31 (d, J = 273.7 Hz), 36.92 ppm; MS (EI) m/z (%): 438 (2)
M]', 419 (20), 265 (10), 173 (100), 159 (20), 145 (85), 125 (9), 95
(10); HRMS (FI) calcd for Cy3HeF1,0S [M]" requires 437.9942,
found 437.9940.

Compound 31: brown liquid,78% yield, 68 mg; 'H NMR
(400 MHz, CDCl;) 8.02 (d, J = 4.0 Hz, 1H), 7.77 (dd, J = 8.3, 2.1
Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 4.47 (s, 2H) ppm; "°F NMR
(376 MHz, CDCl;) § —80.93 (t, J = 7.5 Hz, 3F), —87.30 to —87.38
(m, 2F), —121.52 to —120.60 (m, 2F), —125.53 to —125.61 (m,
2F) ppm; *C NMR (101 MHz, CDCl;) § 189.86, 139.17, 134.15,
133.94, 131.17, 130.35, 127.33, 36.73 ppm; MS (EI) m/z (%):
438 (3) [M]", 175 (98), 173 (100), 159 (59), 145 (95), 138 (20),
109 (85), 75 (70); HRMS (FI) caled for C;,HsClL,F,0S [M]*
requires 437.9298, found 437.9286.

Compound 3m: brown liquid, 74% yield, 59 mg; '"H NMR
(400 MHz, CDCly) & 7.54 (s, 2H), 7.26 (s, 1H), 4.53 (s, 2H), 2.38
(s, 6H) ppm; "°F NMR (376 MHz, CDCl;) § —80.93 (t, ] = 7.5 Hz,
3F), —87.30 to —87.38 (m, 2F), —121.53 to —120.60 (m, 2F),
-125.50 to —125.62 (m, 2F) ppm; *C NMR (101 MHz, CDCl;)
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5 192.16, 138.77, 136.00, 134.82, 126.15, 37.36, 21.22 ppm; MS
(ED) m/z (%): 398 (2) [M]*, 265 (15), 133 (100), 119 (46), 105
(85), 91 (30), 77 (75), 69 (38); HRMS (FI) caled for Cy4H;,F50S
[M]" requires 398.0381, found 398.0378.

Compound 3n: light yellow solid, m.p. 69-71 °C, 77% yield,
65 mg; "H NMR (400 MHz, CDCI;) § 8.46 (s, 1H), 8.03-7.96 (m,
2H), 7.9-7.82 (m, 2H), 7.66-7.57 (m, 2H), 4.69 (s, 2H) ppm; *°F
NMR (376 MHz, CDCl;) 6 —80.88 to —80.95 (m, 3F), —87.26 to
-87.35 (m, 2F), —120.47 to —120.54 (m, 2F), —125.45 to
-125.56 (m, 2F) ppm; ">*C NMR (101 MHz, CDCl;) § 191.78,
136.04, 132.37, 132.07, 130.48, 129.70, 129.25, 129.03, 127.93,
127.28, 123.56, 37.23 ppm; MS (EI) m/z (%): 420 (8) [M]', 265
(3), 155 (100), 141 (10), 127 (50), 105 (5), 77 (8), 69 (7); HRMS
(FI) caled for C;6HoFo0S [M]" requires 420.0225, found
420.0223.

Compound 6a: yellow liquid, 8% yield, 5.2 mg; '"H NMR
(400 MHz, CDCI;) 6 7.99 (d, J = 8.0 Hz, 4H), 7.59 (t, = 8.0 Hz,
2H), 7.46 (t, J = 8.0 Hz, 4H), 6.40 (s, 1H) ppm; °F NMR
(376 MHz, CDCl;) § —40.09 (s, 1.5F), —46.53 (s, 1.5F) ppm. MS
(ED) m/z (%): 324 (28) [M]", 303 (5), 255 (8), 237 (9), 221 (5), 105
(100), 82 (8), 77 (36); HRMS (EI) caled for C;¢H;1F30,S [M]*
requires 324.0426, found 324.0425.
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