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ABSTRACT: Herein we report an efficient synthetic method for the electrophilic trifluoromethylthiolation of aromatic compounds. 
The key is to use triptycenyl sulfide (Trip-SMe) and TfOH to enhance the electrophilicity of SCF3 fragment through the formation of 
sulfonium intermediates. This method enables direct installation of an SCF3 group onto unactivated aromatics at room temperature 
adopting a commercially available saccharin-based reagent. Preliminary DFT calculation was carried out to investigate the substitu-
tion effect on the catalytic activity. 

Over the past few decades, the characteristic effect of incor-
porating fluorine and fluorinated substituents within the organic 
compounds has been highlighted in various research fields. In 
particular, strategic synthesis of functional molecules bearing 
trifluoromethylthio (SCF3) group has recently attracted signifi-
cant attention.1 A notable feature of SCF3 functionality is an ex-
tremely high lipophilicity parameter (Hansch constant 1.44, as 
being the highest among common functional groups),2 which is 
valuable for the design and development of new medicines and 
agrochemicals. Indeed, several trifluoromethylthiolated com-
pounds3 with potent pharmacological activity have already been 
marketed, involving cefazaflur,4 tiflorex,5 toltrazuril,6 etc. 

An attractive synthetic method for installing SCF3 groups to 
the interested molecule is the direct functionalization of C–H 
bonds using electrophilic reagents (Scheme 1)7. 
Scheme 1. Representative Examples of Electrophilic SCF3 Re-
agents 
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In the early stage of this approach, Cl-SCF3 and CF3CO2-

SCF3 have been utilized as the SCF3 source. 8 These classical 
reagents have been superseded by readily available, shelf-stable, 
and user-friendly alternatives because of their toxicity and han-
dling difficulty. The rapid progress in this direction has been 
achieved in virtue of pioneering researchers and recent contrib-
utors such as Haas,9 Munavalli,10 Billard and Langlois,11 Lu and 

Shen,12 Shibata,13 Buchwald,14 Zhang,15 Procter,16 Iskra,17 and 
others by introducing a series of new electrophilic SCF3 transfer 
agents. These reagents are generally used in combination with 
Brønsted or Lewis acids to enhance the electrophilicity of SCF3 
fragment.18 The direct substitution of aromatic compounds are, 
however, generally limited to highly nucleophilic (activated) ar-
omatics like phenols, anilines, pyrroles, and indoles, whereas 
reactions involving unactivated substrates have been 
scarce.16,17,18,19,20 In order to meet the growing demand for ac-
complishing late stage functionalization of complex molecules, 
development of an efficient trifluoromethylthiolation strategy is 
still a challenging and urgent task. 
Scheme 2. Trip-SMe Catalyst for Aromatic Electrophilic Sub-
stitution Reactions 
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Recently, we developed a triptycene-based Lewis base cata-

lyst Trip-SMe for electrophilic aromatic halogenation using N-
halosuccinimides under mild reaction conditions (Scheme 2a).21 
Trip-SMe forms a relevant sulfonium complex [Trip-S(Me)Br]+ 
as an active species, whose charge-separated character contrib-
utes the significantly high catalytic activity. As part of our con-
tinuous research interest in this field, we envisioned utilizing 



 

this catalytic system for the activation of electrophilic SCF3 re-
agents.22 Herein, we report a Trip-SMe-catalyzed direct electro-
philic trifluoromethylthiolation of unactivated aromatic com-
pounds adopting commercially available starting materials 
(Scheme 2b). Preliminary DFT calculations suggested that the 
inductive effect of the triptycene moiety considerably increases 
the electrophilicity of SCF3 fragment within the sulfonium in-
termediate. 

At first, we conducted an optimization study adopting p-xy-
lene (1a) as a model substrate for the catalytic trifluoromethyl-
thiolation with SCF3-saccharin VII (Table 1). This reagent is 
commercially available as a stable crystalline solid. 
Table 1. Optimization Study a 
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entry catalyst additive yield b 
1 Trip-SMe TfOH (10 mol %) 21% 
2 Trip-SMe TfOH (50 mol %) >95% 
3 -- TfOH (50 mol %) n.d. 
4 Trip-SMe -- n.d. 
5 c Trip-SMe TfOH (50 mol %) n.d. 
6 n-Oct-SMe TfOH (50 mol %) n.d. 
7 1-Ad-SMe TfOH (50 mol %) n.d. 
8 S=PPh3 TfOH (50 mol %) n.d. 
9 (4-OMe-C6H4)2Se TfOH (50 mol %) trace 
10 d Trip-SeMe TfOH (50 mol %) trace 

a Standard conditions: 1a (0.2 mmol), VII (0.24 mmol), catalyst 
(5.0 mol %), additive, DCE (1.0 mL), RT, 3 h. b Determined by GC 
analysis. c SCF3-phthalimide VI (see Scheme 1) was used as the 
SCF3 source. d Conducted at 0.1 mmol scale. n.d. = not detected. 

The desired product 2a was obtained in 21% yield in the pres-
ence of Trip-SMe catalyst (5.0 mol %) and TfOH additive (10 
mol %) at room temperature in DCE solvent (entry 1). This re-
action was significantly accelerated with an increased amount 
of TfOH (50 mol %) to afford 2a quantitatively (entry 2). Both 
Trip-SMe and TfOH were essential to trigger the reaction, indi-
cating the occurrence of a sulfonium salt consists of Trip-
S(Me)SCF3 and OTf counter anion as an active species (entries 
3,4). In contrast, SCF3-phthalimide VI was not a suitable rea-
gent for this transformation (entry 5). Other Brønsted acids 
(CF3CO2H, MeSO3H, TfNH2, and HBF4·OEt2), Lewis acids 
(TMSOTf, Zn(OTf)2, Sc(OTf)3, and In(OTf)3), and AgSbF6 
were not effective activators (see the Supporting Information). 
Interestingly, replacement of the triptycenyl group with an alkyl 
group (n-octyl or 1-adamantyl) resulted in the loss of its cata-
lytic activity (entries 6 and 7). Triphenylphosphine sulfide was 
also not an active catalyst (entry 8). A selenide catalyst, which 
was adopted for aromatic sulfenylation by Gustafson,20 yielded 
a negligible amount of the product (entry 9). Moreover, Trip-
SeMe failed to trigger the reaction under the identical condi-
tions (entry 1). These results clearly highlight the exceptional 
activity of the Trip-SMe catalyst for the electrophilic trifluoro-
methylthiolation. 
 

Scheme 3. Substrate Scope a 
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With the optimized combination of Trip-SMe and TfOH in 
hand, we examined the scope of aromatic substrates (Scheme 
3). The reaction of mesitylene gave 2b quantitatively. Less re-
active mono-alkylbenzenes 1c and 1d were also smoothly con-
verted to the corresponding products with high para-selectivity. 
The reaction of biphenyl (1e) preferentially produced a mono-
substituted compound 2e, and double substitution was not ob-
served even with an excess amount of the reagent VII. This is 
probably because of the strong negative inductive effect of 
SCF3 group. In contrast, tetralin (1f) afforded a mixture of iso-
mers in almost 1:1 ratio. For the reaction of di- and tri-substi-
tuted haloarenes (1g–1j), the corresponding products were ob-
tained as single isomers in 54–84% yield, respectively. Naph-
thalene and naphthol derivatives (1k–1r) underwent selective 
mono-substitution at the most nucleophilic position. The reac-
tion of 1k could be conducted in 1.0 mmol scale to afford 2k in 
87% yield. Benzo[b]thiophene (1s) and 5-bromobenzo[b]thio-
phene (1t) were also applicable to this protocol. Similarly, the 
reaction of anthracene (1u), phenanthrene (1v), and pyrene (1w) 
resulted in the formation of single regioisomers in high yield. 
Double substitution was possible for p-terphenyl to give the 



 

4,4”-substituted isomer 2x as a major product. [2.2]Paracyclo-
phane was converted to 2y in 74% yield. Unfortunately, the pre-
sent method was not readily applicable to aromatic compounds 
bearing strong electron withdrawing (ester, nitrile, pyridine ring, 
etc.) and acid-sensitive (terminal epoxide, Boc, furan deriva-
tives, etc.) functional groups (not shown). 

The developed catalytic system was highly useful for the tri-
fluoromethylthiolation of aryl ethers. Particular examples are 
showcased in Scheme 4. 
Scheme 4. Synthetic Application 
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A diaryl ether 3 was successfully converted to the corre-

sponding product 4 in 82% yield with high para-selectivity. 
This compound is a synthetic precursor of toltrazuril,23 a potent 
anticoccidial agent (Scheme 4a). Noteworthy, this reaction did 
not proceed in the absence of Trip-SMe catalyst even at 80 °C 
and resulted in ca. 30% decomposition of 3. A phenoxypiperi-
dine derivative 5 was also applicable to the reaction, giving 6 in 
70% yield. The para isomer can be used for the synthesis of a 
sulfur analogue of delamanid,24 which is a medicine for tuber-
culosis (Scheme 4b). In addition, the direct trifluoromethylthi-
olation gemfibrozil methyl ester produced 7 in 80% yield as a 
single isomer (Scheme 4c). These examples highlight a poten-
tial application of this protocol for the efficient screening of 
new SCF3-containig drug candidates. 

According to the literature,21,25,26 we propose a reaction mech-
anism as shown in Scheme 5. Initial protonation of the reagent 
VII with TfOH reinforces its electrophilicity, thus facilitating 
the formation of a catalytically active sulfonium complex. Con-
trolled NMR experiments support this SCF3 group transfer 
event (for detail, see the Supporting Information). 1H NMR 
spectra showed no obvious change when Trip-SMe was mixed 
with an equimolar amount of VII in DCM-d2 solvent. Addition 
of TfOH to this mixture resulted in immediate disappearance of 
a peak at 2.5 ppm (SMe), and broad signals at around 3.0 ppm 
appeared. A similar trend was observed in our previous study 
on sulfonium intermediates.17 Notably, in case the reagent VI is 
used instead of VII, such a spectral change was not observed 

upon treatment with TfOH. This is consistent with the result in 
Table 1 (entry 2 vs. 5). The reaction sequence then proceeds to 
an arenium ion intermediate via electrophilic addition of the 
SCF3 fragment. Subsequent deprotonation liberates the corre-
sponding product and regenerates TfOH. 
Scheme 5. A Proposed Reaction Mechanism 
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In order to elucidate the electrophilicity of SCF3 fragment of 

key intermediates, we conducted a computational study to ac-
quire a trifluoromethylthio cation donating ability (Tt+DA). 
This parameter has been introduced by Xue and Cheng as a 
quantitative descriptor for the reactivity of SCF3 transfer rea-
gents.27 This is a relative free energy value (ΔG) to that of a 
reference molecule CF3CO2SCF3 and, accordingly, lower 
Tt+DA values correspond to higher electrophilicity of reagents 
(Figure 1, top) (for detail, see the Supporting Information). The 
Tt+DA value of SCF3-saccharin VII was 17.0 kcal/mol in DCE 
solvent, whereas considerably lower value of -2.3 kcal/mol was 
obtained for its TfOH adduct.28 The proposed “active species” 
derived from Trip-SMe is suggested to be much more electro-
philic considering the value of -7.0 kcal/mol. In sharp contrast, 
replacement of the sulfur atom with selenium considerably re-
duced the donating ability to -1.1 kcal/mol. This is consistent 
with the result in Table 1 (entry 2 vs. 19). 
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Figure 1. Tt+DA values of electrophilic SCF3 species calculated at 
the M06-2X/6-311++G(2df,2p)/PCM(DCE) level. 

Subsequently, we have examined the donating ability of sev-
eral sulfonium complexes A~E to elucidate the effect of sub-
stituents on the sulfur atom (Figure 1, bottom). Here the OTf 
anion is omitted to clarify the effect.29 In accordance with the 
exceptionally high activity of the Trip-SMe catalyst, the lowest 
Tt+DA value was given to E (-17.1 kcal/mol). Additionally, 
NPA charges on the sulfur atom of SCF3 groups, which would 
directly reflect their electrophilic nature, considerably correlate 
to the Tt+DA values (see the Supporting Information). It is no-
table that a barrelene-based complex D exhibited a relatively 
lower value (-10.2 kcal/mol) than alkyl-substituted sulfonium 
salts A~C; however, no obvious spatial interaction was found 
between the sulfonium moiety and π bonds within D by an NBO 



 

analysis. We thus focused on the inductive effect of these sub-
stituents. 

Considering the change in NPA charge distribution before 
and after the formation of sulfonium complexes A~E, the posi-
tive charge on the central sulfur atom is somewhat delocalized 
over the three substituents (for detail, see the Supporting Infor-
mation). Accordingly, three minor contributors can be consid-
ered as shown in Figure 2. 
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Figure 2. Schematic representation of possible contributors within 
the sulfonium complexes. 

If the substituent R is a 9-triptycenyl (Trip) group, high s-
character of the bridgehead carbon atom as well as the inductive 
effect of three benzene rings will relatively decrease the contri-
bution of the left two structures.30 Indeed, only Trip-SMe 
showed an elongation of the S–Me bond upon complexation 
with SCF3 cation, and the longest S–SCF3 bond length was 
given to E among the calculated structures. As a result, the cat-
ionic nature of the SCF3 fragment is considerably reinforced. In 
the actual reaction system, the triptycene substituent may in-
hibit side reactions which lead to the deactivation of the catalyst. 
The Trip–S bond is inherently inert toward substitution and 
elimination reactions. Additionally, the steric bulk of triptycene 
moiety would kinetically stabilize the central cationic sulfur 
within E, preventing nucleophilic attack on the sulfur atom. 

In summary, we have introduced a Trip-SMe/TfOH system 
for the electrophilic trifluoromethylthiolation of aromatic com-
pounds. This method enables direct installation of an SCF3 
group onto unactivated aromatics such as alkylbenzenes, 
haloanisoles, etc. at room temperature adopting commercially 
available reagents. Preliminary DFT calculations suggested that 
the inductive effect of the triptycene moiety considerably in-
creased the electrophilicity of SCF3 fragment within the sul-
fonium complex. 

ASSOCIATED CONTENT  

Supporting Information 
The Supporting Information is available free of charge on the ACS 
Publications website. 
• Detail experimental procedures, computational method, products 
identification data, and copy of NMR spectra (PDF) 
• Atomic coordinates of all calculated molecules (XYZ) 

AUTHOR INFORMATION 

Corresponding Author 
Masahiro Miura: miura@chem.eng.osaka-u.ac.jp 
Yuji Nishii: y_nishii@chem.eng.osaka-u.ac.jp 
Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT  
This work was supported by JSPS KAKENHI Grant No. JP 
19K15586 (Grant-in-Aid for Young Scientists) and the Foundation 

for the Promotion of Ion Engineering to Y.N. and JSPS KAKENHI 
Grant No. JP 17H06092 (Grant-in-Aid for Specially Promoted Re-
search) to M.M. 

REFERENCES 
(1) For recent reviews, see: (a) Xu, X.-H.; Matsuzaki, K.; Shibata, 

N. Synthetic Methods for Compounds Having CF3−S Units on Carbon 
by Trifluoromethylation, Trifluoromethylthiolation, Triflylation, and 
Related Reactions. Chem. Rev. 2015, 115, 731–764. (b) Zhang, K.; Xu, 
X.; Qing, F. Recent Advances of Direct Trifluoromethylthiolation. 
Chin. J. Org. Chem. 2015, 35, 556–569. (c) Xiong, H.-Y.; Pannecoucke, 
X.; Besset, T. Recent Advances in the Synthesis of SCF2H- and 
SCF2FG- Containing Molecules. Chem. - Eur. J. 2016, 22, 16734–
16749. (d) Zheng, H.; Huang, Y.; Weng, Z. Recent advances in trifluo-
romethylthiolation using nucleophilic trifluoromethylthiolating rea-
gents. Tetrahedron Lett. 2016, 57, 1397–1409. (e) Zhang, C. Advances 
in trifluoromethylation or trifluoromethylthiolation with copper CF3 or 
SCF3 complexes. J. Chem. Sci. 2017, 129, 1795–1805. (f) Zhang, P. Lu, 
L. Shen, Q. Recent Progress on Direct Trifluoromethylthiolating Rea-
gents and Methods Acta Chim. Sinica 2017, 75, 744–769. (g) Rossi, S.; 
Puglisi, A.; Raimondi, L.; Benaglia, M. Synthesis of Alpha-trifluoro-
methylthio Carbonyl Compounds: A Survey of the Methods for the Di-
rect Introduction of the SCF3 Group on to Organic Molecules. Chem-
CatChem 2018, 10, 2717–2733. (h) Zhang, F.-G.; Wang, X.-Q.; Zhou, 
Y.; Shi, H.-S.; Feng, Z.; Ma, J. A.; Marek, I. Remote Fluorination and 
Fluoroalkyl(thiol)ation Reactions. Chem. - Eur. J. 2020, 26, 15378–
15396. (i) Mampuys, P.; McElroy, C. R.; Clark, J. H.; Orru, R. V. A. 
Maes, B. U. W. Thiosulfonates as Emerging Reactants: Synthesis and 
Applications. Adv. Synth. Catal. 2020, 362, 3–64. (j) Yang, X.-H.; 
Chang, D.; Zhao, R.; Shi, L. Recent Advances and Uses of 
(Me4N)XCF3 (X=S, Se) in the Synthesis of Trifluoromethylthiolated 
and Trifluoromethylselenolated Compounds. Asian J. Org. Chem. 2021, 
10, 61–73. 

(2) (a) Leo, A.; Hansch, C.; Elkins, D. Partition coefficients and their 
uses. Chem. Rev. 1971, 71, 525–616. (b) Hansch, C.; Leo, A.; Taft, R. 
W. A survey of Hammett substituent constants and resonance and field 
parameters. Chem. Rev. 1991, 91, 165–195. 

(3) (a) Leroux, F.; Jeschke, P.; Schlosser, M. α-Fluorinated Ethers, 
Thioethers, and Amines: Anomerically Biased Species. Chem. Rev. 
2005, 105, 827–856. (b) Gregory, L.; Armen, P.; Frederic, R. L. Tri-
fluoromethyl Ethers and Thioethers as Tools for Medicinal Chemistry 
and Drug Discovery. Curr. Top. Med. Chem. 2014, 14, 941–951.  

(4) DeMarinis, R. M.; Boehm. J. C.; Dunn, G. L.; Hoover, J. R. E.; 
Uri, J. V.; Guarini, J. R.; Phillips, L.; Actor, P.; Weisbach, J. A. Sem-
isynthetic cephalosporins. Synthesis and structure-activity relations of 
analogs with 7-acyl groups derived from 2-(cyanomethylthio)acetic 
acid or 2-[(2,2,2-trifluoroethyl)thio]acetic acid and their sulfoxides and 
sulfones. J. Med. Chem. 1977, 20, 30–35. 

(5) Silverstone, T.; Fincham, J.; Plumley, J. An evaluation of the 
anorectic activity in man of a sustained release formulation of tiflorex. 
Br. J. Clin. Pharmac. 1979, 7, 353–356.  

(6) Mehlhorn, H.; Schmahl, G.; Haberkorn, A. Toltrazuril effective 
against a broad spectrum of protozoan parasites. Parasitol. Res. 1988, 
75, 64–66. 

(7) For recent reviews, see: (a) Shao, X.; Xu, C.; Lu, L.; Shen, Q. 
Shelf-Stable Electrophilic Reagents for Trifluoromethylthiolation. Acc. 
Chem. Res. 2015, 48, 1227–1236. (b) Chachignon, H.; Cahard, D. 
State-of-the-Art in Electrophilic Trifluoromethylthiolation Reagents. 
Chin. J. Chem. 2016, 34, 445–454. (c) Hardy, M. A.; Chachignon, H.; 
Cahard, D. Advances in Asymmetric Di-and Trifluoromethylthiolation, 
and Diand Trifluoromethoxylation Reactions. Asian J. Org. Chem. 
2019, 8, 591–609. (d) Lin, Y.-M.; Jiang, L.-Q.; Yi, W.-B. Trifluoro-
methanesulfonyl-Based Reagents for Direct Trifluoromethylthiolation 
through Deoxygenative Reduction. Asian J. Org. Chem. 2019, 8, 627–
636. 

(8) (a) Scribner, R. M. Some New Sulfonyl- and Trifluoromethyl-
thio-p-benzoquinones. Their Reactions, Polarographic Reduction Po-
tentials, and π Acid Strengths. J. Org. Chem. 1966, 31, 3671–3682. (b) 
Croft, T. S.; McBrady, J. J. Fluoroalkylthio five‐membered heteroaro-
matics. J. Heterocycl. Chem. 1975, 12, 845–849. 



 

(9) Haas, A.; Möller, G. Preparation and Reactivity of Tris- (trifluo-
romethylselany1)carbenium [(CF3Se)3C+] and Trifluoromethyl-
sulfanylacetic Acid Derivatives [(CF3S)3-nCXn(O)R]. Chem. Ber. 1996, 
129, 1383–1388. 

(10) Munavalli, S.; Rohrbaugh, D. K.; Rossman, D. I.; Berg, F. J.; 
Wagner, G. W.; Durst, H. D. Trifluoromethylsulfenylation of Masked 
Carbonyl Compounds. Synth. Commun. 2000, 30, 2847–2854. 

(11) (a) Ferry, A.; Billard, T.; Langlois, B. R.; Bacque, E. Synthesis 
of Trifluoromethanesulfinamidines and -sulfanylamides. J. Org. Chem. 
2008, 73, 9362–9365. (b) Alazet, S.; Zimmer, L.; Billard, T. Electro-
philic Trifluoromethylthiolation of Carbonyl Compounds. Chem. - Eur. 
J. 2014, 20, 8589–8593. (c) Alazet, S.; Billard, T. Electrophilic Aro-
matic Trifluoromethylthiolation with the Second Generation of Trifluo-
romethanesulfenamide. Synlett 2015, 26, 76–78. 

(12) (a) Shao, X.; Wang, X.; Yang, T.; Lu, L.; Shen, Q. An Electro-
philic Hypervalent Iodine Reagent for Trifluoromethylthiolation. An-
gew. Chem., Int. Ed. 2013, 52, 3457–3460. (b) Xu, C.; Ma, B.; Shen, 
Q. N-Trifluoromethylthiosaccharin: An Easily Accessible, Shelf-Sta-
ble, Broadly Applicable Trifluoromethylthiolating Reagent. Angew. 
Chem., Int. Ed. 2014, 53, 9316–9320. (c) Shao, X.; Xu, C.; Lu, L.; Shen, 
Q. Structure-Reactivity Relationship of Trifluoromethanesulfenates: 
Discovery of An Electrophilic Trifluoromethylthiolating Reagent. J. 
Org. Chem. 2015, 80, 3012–3021. (d) Zhang, P.; Li, M.; Xue, X.-S.; 
Xu, C.; Zhao, Q.; Liu, Y.; Wang, H.; Guo, Y.; Lu, L.; Shen, Q. N-Tri-
fluoromethylthio-Dibenzenesulfonimide: A Shelf-Stable, Broadly Ap-
plicable Electrophilic Trifluoromethylthiolating Reagent. J. Org. Chem. 
2016, 81, 7486–7509. (e) Zhang, H.; Leng, X.; Wan, X.; Shen, Q. (1S)-
(–)-N-Trifluoromethylthio-2,10-camphorsultam and its derivatives: 
easily available, optically pure reagents for asymmetric trifluorome-
thylthiolation. Org. Chem. Front. 2017, 4, 1051–1057. 

(13) (a) Yang, Y.-D.; Azuma, A.; Tokunaga, E.; Yamasaki, M.; 
Shiro, M.; Shibata, N. Trifluoromethanesulfonyl hypervalent iodonium 
ylide for copper-catalyzed trifluoromethylthiolation of enamines, in-
doles, and β-keto esters. J. Am. Chem. Soc. 2013, 135, 8782–8785. (b) 
Huang, Z.; Okuyama, K.; Wang, C.; Tokunaga, E.; Li, X.; Shibata, N. 
2-Diazo-1-phenyl-2-((trifluoromethyl)sulfonyl)ethan-1- one: another 
utility for electrophilic trifluoromethylthiolation reactions. Chemis-
tryOpen 2016, 5, 188–191. 

(14) Vinogradova, E. V.; Muller, P.; Buchwald, S. L. Structural 
Reevaluation of the Electrophilic Hypervalent Iodine Reagent for Tri-
fluoromethylthiolation Supported by the Crystalline Sponge Method 
for X‐ray Analysis. Angew. Chem., Int. Ed. 2014, 53, 3125–3128. 

(15) Yang, X.-G.; Zheng, K.; Zhang, C. Electrophilic Hypervalent 
Trifluoromethylthio-Iodine(III) Reagent. Org. Lett. 2020, 22, 2026–
2031. 

(16) Wang, D.; Carlton, C. G.; Tayu, M.; McDouall, J. J. W.; Perry, 
G. J. P.; Procter, D. J. Trifluoromethyl Sulfoxides: Reagents for Metal-
Free C–H Trifluoromethylthiolation. Angew. Chem., Int. Ed. 2020, 59, 
15918–15922. 

(17) Horvat, M.; Jereb, M.; Iskra, J. Diversification of Trifluorome-
thylthiolation of Aromatic Molecules with Derivatives of Trifluoro-
methanesulfenamide. Eur. J. Org. Chem. 2018, 3837–3843. 

(18) Milandou, L. J. C. B.; Carreyre, H.; Alazet, S.; Greco, G.; Mar-
tin-Mingot, A.; Loumpangou, C. N.; Ouamba, J.-M.; Bouazza, F.; 
Billard, T.; Thibaudeau, S. Superacid-Catalyzed Trifluoromethylthio-
lation of Aromatic Amines. Angew. Chem., Int. Ed. 2017, 56, 169–172. 

(19) Liu, J.; Zhao, X.; Jiang, L.; Yia, W. Tf2O-Promoted Trifluoro-
methythiolation of Various Arenes Using NaSO2CF3. Adv. Synth. Catal. 
2018, 360, 4012–4016. 

(20) Nalbandian, C. J.; Brown, Z. E.; Alvarez, E.; Gustafson, J. L. 
Lewis Base/Bronsted Acid Dual-Catalytic C–H Sulfenylation of Aro-
matics. Org. Lett. 2018, 20, 3211–3214. 

(21) Nishii, Y.; Ikeda, M.; Hayashi, Y.; Kawauchi, S.; Miura, M. 
Triptycenyl Sulfide: A Practical and Active Catalyst for Electrophilic 
Aromatic Halogenation using N-Halosuccinimides. J. Am. Chem. Soc. 
2020, 142, 1621–1629. 

(22) Recent examples for Lewis base activation of SCF3 reagents, 
see: (a) Luo, J.; Zhu, Z.; Liu, Y.; Zhao, X. Diaryl Selenide Catalyzed 
Vicinal Trifluoromethylthioamination of Alkenes. Org. Lett. 2015, 17, 

3620–3623. (b) Liu, X.; An, R.; Zhang, X.; Luo, J.; Zhao, X. Enanti-
oselective Trifluoromethylthiolating Lactonization Catalyzed by an In-
dane-Based Chiral Sulfide. Angew. Chem., Int. Ed. 2016, 55, 5846–
5850. (c) Luo, J.; Liu, Y.; Zhao, X. Chiral Selenide-Catalyzed Enanti-
oselective Construction of Saturated Trifluoromethylthiolated Azahet-
erocycles. Org. Lett. 2017, 19, 3434–3437. (d) Zhu, Z.; Luo, J.; Zhao, 
X. Combination of Lewis Basic Selenium Catalysis and Redox Sele-
nium Chemistry: Synthesis of Trifluoromethylthiolated Tertiary Alco-
hols with Alkenes. Org. Lett. 2017, 19, 4940–4943. (e) Nalbandian, C. 
J.; Miller, E. M.; Toenjes, S. T.; Gustafson, J. L. A conjugate Lewis 
base-Brønsted acid catalyst for the sulfenylation of nitrogen containing 
heterocycles under mild conditions. Chem. Commun. 2017, 53, 1494–
1497. (f) Luo, J.; Cao, Q.; Cao, X.; Zhao, X. Selenide-catalyzed enan-
tioselective synthesis of trifluoromethylthiolated tetrahydronaphtha-
lenes by merging desymmetrization and trifluoromethylthiolation. Nat. 
Commun. 2018, 9, 527. (g) Liu, X.; Liang, Y.; Ji, J.; Luo, J.; Zhao, X. 
Chiral Selenide-Catalyzed Enantioselective Allylic Reaction and Inter-
molecular Difunctionalization of Alkenes: Efficient Construction of 
C-SCF3 Stereogenic Molecules. J. Am. Chem. Soc. 2018, 140, 4782–
4786. 

(23) (a) Nordvall, G.; Forsell, P.; Sandin, J. Triazinetrione deriva-
tives and their use as modulators of neurotrophin receptor and receptor 
tyrosine kinases. Patent WO2018/115891 A1, June 28, 2018. 

(24) Sharma, S.; Anand, R.; Cham, P. S.; Raina, S.; Vishwakarma, 
R. A. Singh, P. P. A concise and sequential synthesis of the nitroimid-
azooxazole based drug, Delamanid and related compounds. RSC Adv. 
2020, 10, 17085–17093. 

(25) Denmark, S. E.; Beutner, G. L. Lewis Base Catalysis in Organic 
Synthesis. Angew. Chem., Int. Ed. 2008, 47, 1560–1638. 

(26) (a) Denmark, S. E.; Chi, H. M. Catalytic, Enantioselective, In-
tramolecular Carbosulfenylation of Olefins. Mechanistic Aspects: A 
Remarkable Case of Negative Catalysis. J. Am. Chem. Soc. 2014, 136, 
3655–3663. (b) Denmark, S. E.; Hartmann, E.; Kornfilt, D. J. P.; Wang, 
H. Mechanistic, crystallographic, and computational studies on the cat-
alytic, enantioselective sulfenofunctionalization of alkenes. Nat. Chem. 
2014, 6, 1056–1064. (c) Hartmann, E.; Denmark, S. E. Structural, 
Mechanistic, Spectroscopic, and Preparative Studies on the Lewis Base 
Catalyzed, Enantioselective Sulfenofunctionalization of Alkenes. Helv. 
Chim. Acta 2017, 100, e1700158. 

(27) (a) Li, M.; Guo, J.; Xue, X.-S.; Cheng, J.-P. Quantitative Scale 
for the Trifluoromethylthio Cation-Donating Ability of Electrophilic 
Trifluoromethylthiolating Reagents. Org. Lett. 2016, 18, 264–267. (b) 
Li, M.; Zheng, H.; Xue, X.-S.; Cheng, J.-P. Ordering the Relative 
Power of Electrophilic Fluorinating, Trifluoromethylating, and Trifluo-
romethylthiolating Reagents: A Summary of Recent Efforts. Tetrahe-
dron Lett. 2018, 59, 1278–1285. (c) Li, M.; Xue, X.-S.; Cheng, J.-P. 
Establishing Cation and Radical Donor Ability Scales of Electrophilic 
F, CF3, and SCF3 Transfer Reagents. Acc. Chem. Res. 2020, 53, 182–
197. (d) Kang, H.; Zhou, B.; Li, M.; Xue, X.-S.; Cheng, J.-P. Quantifi-
cation of the Activation Capabilities of Lewis/Brønsted Acid for Elec-
trophilic Trifluoromethylthiolating Reagents. Chin. J. Chem. 2020, 38, 
130–134. 

(28) A similar Tt+DA of 17.9 kcal/mol was reported for the reagent 
VII at the M06-2X/6-311++G(2df,2p)/SMD(DCM) level calculation 
(ref 23). Protonation of VII with TfOH is assumed to occur at the car-
bonyl oxygen atom in this study because the adduct gives 1.57 kcal/mol 
lower energy than the SO-protonated species (see the Supporting Infor-
mation). 

(29) These values are overestimated due to the omission of counter 
anion. Thus, comparison with other neutral species in not meaningful. 

(30) (a) Smith, W. B.; Shoulders, B. A. The Nuclear Magnetic Res-
onance Spectra of Some 9,10-Bridged 9,10-Dihydroanthracenes. J. 
Phys. Chem. 1965, 69, 2022–2026.  (b) Nogami, N.; Oki, M.; Sato, S.; 
Saito, Y. Implications of X-Ray Crystallographic Results of 1,2,3,4-
Tetrachloro-9-(2-oxopropyl)triptycene Rotamers. Bull. Chem. Soc. Jpn. 
1982, 55, 3580–3585. 

 
 



 

 

6 

 

  


