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ABSTRACT: Annulations of ortho-phosphinoarenesulfonyl fluo-
rides with trimethylsilyl azide were developed to access an
unprecedented benzo-1,2,3-thiazaphosphole heterocycle. A corre-
sponding reaction mechanism was proposed and further elucidated
by experimental and computational studies. The reaction proceeds through a Staudinger-type iminophosphorane intermediate
followed by intramolecular trapping with sulfonyl fluoride.

Heterocyclic compounds are widely distributed in Nature
and play important roles in the biological world.1

Heterocyclic compounds also contribute substantially to
commercial drugs and drug candidates. Over 80% of top-
selling US FDA-approved drugs contain a heterocyclic
fragment, and 59% of marketed drugs contain one or more
nitrogen heterocycles.2 Aside from the heterocycles found in
Nature, synthetic heterocycles have recently drawn much
attention due to their metabolic stability and unique biological
profiles.3 In terms of structural diversity, it is highly desirable
to explore novel heterocyclic scaffolds. Replacement of carbon
with phosphorus represents an effective strategy to design
novel phosphorus heterocycles,4 since phosphorus is generally
regarded as a “carbon copy”5 but possesses some unique
properties.4,6 Herein, we report that the (benzo[d])-1,2,3-
thiazaphosphole (B-TAP) heterocycle, a newborn cousin of
(benzo[d])-isothiazole, can be effectively synthesized in one-
step annulation reactions (Scheme 1).
The original goal of this project was to seek a Staudinger-

type intermediate R3PNX7 with enhanced hydrolytic
stability. Preliminary computational results indicated that an
electron-withdrawing substituent on the nitrogen atom will

stabilize the PN double bond thermodynamically (Scheme
2). In addition, we speculated that a heterocycle like 2 or 3a
will further increase the stability of the PN double bond by
lowering the entropy term in the Gibbs free energy equation.
The designed (benzo[d])-1,2,3-thiazaphosphole (B-TAP)

3a was initially prepared by a lithiation−deprotection−
oxidation sequence (Scheme 3, top).8 However, harsh
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lithiation conditions (excessive n-BuLi) and unsatisfactory
yields (10−30% yield in 3 steps) disallowed us to access other
analogues using the same method.

A second route was proposed to streamline the synthesis of
3a and its analogues (Scheme 3, bottom). ortho-
Phosphinoarenesulfonyl fluoride 4a was selected as a model
substrate since it has been readily prepared on a multigram
scale by our protocol.9 The proposed annulation was thought
to be challenging due to the steric hindrance exerted by both
the −SO2F and −PPh2 groups. We speculated that the
formation of nitrogen gas and trimethyl fluoride might
compensate for the steric repulsion. Fortunately, preliminary
experiments identified that trimethylsilyl azide was a suitable
partner and the desired product was obtained. The azide group
acts as both an oxidant and a nitrogen source while the
trimethylsilyl group traps fluoride ions.
Further optimization suggested that there was a solvent

effect in the annulation (Table 1). Acetonitrile was the optimal
solvent in terms of rate and yield. Generally, either nonpolar
solvents or solvents with high polarity were detrimental to the

reaction. Although excessive trimethylsilyl azide was not
required for product formation (entries 11−14, Table 1), the
use of 10.0 equiv of TMSN3 suppressed the formation of side
products. The product 5a is relatively stable in water but
unstable on silica gel for an extended period. The hydrolytic
stability of 5a was tested in a 50% aqueous THF solution for
60 h, and only 10% 5a was hydrolyzed. Fortunately, repeated
precipitation afforded pure 5a which was fully characterized by
NMR and HRMS. Furthermore, the solid-state structure of 5a
was obtained by X-ray crystallography.
With the optimized conditions in hand, we evaluated the

substrate scope with various ortho-phosphinoarenesulfonyl
fluorides. As shown in Table 2, a set of substrates with diverse

substituents were well-tolerated and the corresponding hetero-
cycles were obtained in good to excellent yields. A marked
electronic effect has been observed.
Substrates bearing an electron-withdrawing substituent

required elevated temperature and a longer reaction time but
gave cleaner reactions. In contrast, electron-rich substrates
reacted faster but generated more side products. In addition,
the reaction is sensitive to steric hindrance around the
phosphorus atom. The substrates 4q and 4r remained intact
under our standard conditions. Moderate yields were obtained

Scheme 3. Synthetic Routes of B-TAP 3a

Table 1. Optimization of Reaction Conditionsa

entry change in condition from scheme yieldb (%)

1 none 82 (80)c

2 Toluene instead of CH3CN 52
3 MTBE instead of CH3CN 11
4 THF instead of CH3CN 58
5 DMF instead of CH3CN 73
6 DMSO instead of CH3CN 38
7 EtOAc instead of CH3CN 72
8 CHCl3 instead of CH3CN 80
9 30 °C instead of 60 °C 72
10 40 °C instead of 60 °C 73
11 1.0 equiv instead of 10.0 equiv of TMSN3 66
12 2.0 equiv instead of 10.0 equiv of TMSN3 76
13 3.0 equiv instead of 10.0 equiv of TMSN3 76
14 5.0 equiv instead of 10.0 equiv of TMSN3 79
15 0.05 M instead of 0.10 M 80
16 0.20 M instead of 0.10 M 81

aReactions were run on a 0.05 mmol scale in 0.5 mL of anhydrous
solvent under an N2 atmosphere for 12 h. bYields were determined by
31P NMR. cYield in parentheses was for the reactions in 2 h.

Table 2. Substrate Scope of Annulations with TMSN3
a

aReactions were run with ortho-phosphinoarenesulfonyl fluoride (1.0
mmol), TMSN3 (10.0 mmol), and anhydrous CH3CN (10 mL) under
a N2 atmosphere at 60 °C for 12 h. All yields were isolated yields.
bReaction was run on a 0.5 mmol scale. cReaction was run in 2.5 mL
of CH3CN at 70 °C for 48 h. dReaction was run in 10 mL of N,N-
dimethylformamide and 0.4 mL of dimethyl sulfoxide at 75 °C for 48
h. eReaction was run on a 0.5 mmol scale in 5.0 mL of dimethyl
sulfoxide at 75 °C for 48 h.
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when the reactions were conducted in more polar solvents at
75 °C.
To probe the possible reaction mechanism (Scheme 4), a

number of experiments with truncated fragments of 6a have

been conducted under our standard annulation conditions.
Pathway A was ruled out due to no formation of the expected
tosyl azide 7a (Scheme 5, eq 1). Moreover, the detection of

iminophosphorane 7b suggested that a Staudinger-type
intermediate was likely involved (Scheme 5, eq 2), which
supported pathway D.10 Additional evidence was brought from
a trapping experiment in which the product 7d was obtained
(Scheme 5, eq 3).
Computational studies have also been conducted to disclose

more mechanistic insights.11 Transition states involving
pathways A−C are generally 20 kcal/mol higher than pathway
D and thus less likely to be operative (Figure 1). The
formation of iminophosphorane Int-D was the rate-determin-
ing step while the cyclization step had a lower activation
energy. This can be understood by the fact that an ortho-
fluorosulfonyl group is able to destabilize the four-membered
ring TS-D1 both electronically and sterically. We have also
seen that Int-D and the final product are thermodynamically
quite stable and hence drive the annulation reaction to
completion. Although more complicated mechanisms cannot
be ruled out at this time, combined results suggested that
pathway D is plausible and the rate-determining step is the
formation of Int-D from Int-1.
In conclusion, we have reported a facile synthesis of the

novel (benzo[d])-1,2,3-thiazaphosphole heterocycle by the
annulation of ortho-phosphinoarenesulfonyl fluorides with
trimethylsilyl azide. Mechanistic studies suggest that the
formation of an iminophosphorane intermediate is likely the
rate-determining step for the annulation. Comprehensive

chemical properties and synthetic applications of (benzo[d])-
1,2,3-thiazaphosphole heterocycles will be investigated and
reported in due course.

■ EXPERIMENTAL SECTION
General Information. Acetonitrile was dried by refluxing over

CaH2 and then distilled before use. Other solvents were purified
according to standard procedures.12 Analytical thin-layer chromatog-
raphy was performed on 0.20 mm silica gel HSGF-254 plates
(Huanghai, China). Visualization was accomplished with UV light,
and/or potassium permanganate stain followed by heating. Flash
column chromatography was performed on 200−300 mesh silica gel
(Huanghai, China). Unless otherwise stated, all reagents were
purchased from commercial sources and used without further
purification. All reactions were conducted under an atmosphere of
nitrogen in oven-dried glassware unless otherwise noted. 2-
Iodoarenesulfonyl fluorides were prepared according to the literature
methods.13 Diarylphosphines were synthesized according to the
literature methods.14

Instrumentation. High-resolution mass spectra (HRMS) were
recorded on a Thermo Fisher Scientific’s Q Exactive UHMR Hybrid
Quadrupole-Orbitrap Mass Spectrometer LC/MS (ESI); melting
points were obtained with INESA WRS-3 apparatus; 1H, 19F, 31P, and
13C NMR spectra were recorded on a Bruker AVANCE III 400 MHz
spectrometer at 298 K and referenced to residual protium in the
NMR solvent (CHCl3, δ 7.26 in

1H NMR) and the carbon resonances
of the solvent (CDCl3, δ 77.16 in 13C NMR). Chemical shifts were
reported in parts per million (ppm, δ) downfield from tetramethylsi-
lane. NMR peaks are described as singlet (s), doublet (d), triplet (t),
multiplet (m), complex (comp), approximate (app), and broad (br).

General Procedures for Synthesis of 2-(Diarylphosphaneyl)-
arylsulfonyl Fluoride.9,15 Method A (for Compounds 6a, 6c, 4b−
4k, and 4p). Under a N2 atmosphere, a mixture of 2-
iodoarenesulfonyl fluoride (5.00 mmol), diarylphosphine (5.50
mmol), Pd(PPh3)4 (289.8 mg, 0.25 mmol), Xantphos (145 mg,
0.25 mmol), and potassium phosphate (1.58 g, 7.5 mmol) in
anhydrous toluene (10.0 mL) was stirred at 60 °C in an oil bath for
12 h. The reaction mixture was cooled to room temperature and
quenched with 3 M hydrochloric acid (20.0 mL). The resulting
mixture was extracted with dichloromethane (3 × 30.0 mL). The
organic layer was dried over anhydrous sodium sulfate, filtered, and
dried in vacuo. The crude product was purified by flash column
chromatography to afford the product as a white solid.

Method B (for Compounds 6c, 4a, 4n, and 4r). Under a N2
atmosphere, a mixture of 2-iodoarenesulfonyl fluoride (5.00 mmol),
diarylphosphine (5.50 mmol), PdCl2(dppf) (182.8 mg, 0.25 mmol),
and N,N-diisopropylethylamine (1.29 g, 10.0 mmol) in anhydrous
toluene (10 mL) was stirred at 60 °C in an oil bath for 12 h. The
reaction mixture was cooled to room temperature and quenched with
3 M hydrochloric acid (20.0 mL). The resulting mixture was extracted
with dichloromethane (3 × 30.0 mL). The organic layer was dried
over anhydrous sodium sulfate, filtered, and dried in vacuo. The crude
product was purified by flash column chromatography to afford the
product as a white solid.

Method C (for Compounds 4l and 4m). Under a N2 atmosphere,
a mixture of Pd(OAc)2 (112.2 mg, 0.50 mmol) and dppb (213.2 mg,
0.50 mmol) in anhydrous toluene (10.0 mL) was stirred at room
temperature for 20 min followed by the addition of diarylphosphine
(5.50 mmol), 2-iodoarenesulfonyl fluoride (5.00 mmol), and
potassium carbonate (1.04 g, 7.50 mmol). The reaction mixture
was stirred at 60 °C in an oil bath for 12 h, then was cooled to room
temperature, and quenched with 3 M hydrochloric acid (20.0 mL).
The resulting mixture was extracted with dichloromethane (3 × 30.0
mL). The organic layer was dried over anhydrous sodium sulfate,
filtered and dried in vacuo. The crude product was purified by flash
column chromatography to afford the product as a white solid.

Method D (for Compounds 4o and 4q). Under a N2 atmosphere,
a solution of 2-iodoarenesulfonyl fluoride (10.0 mmol) in anhydrous
tetrahydrofuran (40.0 mL) was cooled to −40 °C. To the stirred

Scheme 4. Proposed Reaction Pathways

Scheme 5. Control Experiments Mechanistic Probes
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solution was added a solution of isopropylmagnesium chloride lithium
chloride complex (9.20 mL, 12.0 mmol, 1.3 M) dropwise via syringe.
The mixture was stirred at −20 °C for 1 h followed by the slow
addition of a solution of chlorodiphenylphosphine (2.42 g, 11.0
mmol) in anhydrous tetrahydrofuran (10.0 mL) over 10 min. The
reaction mixture was allowed to warm to room temperature and
stirred for 8 h. After completion, the reaction was quenched by the
careful addition of saturated aqueous ammonium chloride solution
(20.0 mL). The upper layer was separated, and the aqueous layer was
extracted with diethyl ether (40.0 mL). The organic layer was dried
over anhydrous sodium sulfate, filtered, and dried in vacuo. The crude
product was purified by flash column chromatography to afford the
product as a white solid.
2-(Diphenylphosphaneyl)benzenesulfonyl Fluoride (6a). Com-

pound 6a was synthesized according to method A. Appearance: white
solid (82%, 1.41 g), Rf = 0.55 (n-hexane/ethyl acetate, 10:1 v/v), mp
95−97 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ 8.18
(ddd, J = 7.7, 3.3, 1.6 Hz, 1H), 7.66−7.51 (comp, 2H), 7.42−7.30
(comp, 6H), 7.33−7.22 (comp, 5H). 13C{1H} NMR (101 MHz,
CDCl3) δ 140.2 (d, JC−P = 33.6 Hz), 138.1 (dd, JC−P+C−F = 26.2, 22.3
Hz), 136.8, 135.3 (d, JC−P = 11.4 Hz, 2C), 134.8, 133.9 (d, JC−P = 20.7
Hz, 4C), 130.9 (d, JC−P = 3.3 Hz), 129.5, 129.3 (2C), 128.8 (d, JC−P =
6.8 Hz, 4C). 19F NMR (377 MHz, CDCl3) δ 64.63 (d, JF−P = 39.4
Hz). 31P NMR (162 MHz, CDCl3) δ −8.69 (d, JP−F = 39.5 Hz).
HRMS (ESI) m/z: [M + H]+ Calcd for C18H15FO2PS 345.0514;
Found 345.0507.
2-(Bis(4-methoxyphenyl)phosphaneyl)benzenesulfonyl Fluoride

(6b). Compound 6b was synthesized according to method B.
Appearance: white solid (75%, 1.15 g), Rf = 0.28 (n-hexane/ethyl
acetate, 10:1 v/v), mp 98 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 8.16 (ddd, J = 7.9, 3.4, 1.4 Hz, 1H), 7.62−7.56 (m,

1H), 7.53 (app t, J = 7.6 Hz, 1H), 7.28−7.23 (m, 1H), 7.25−7.15 (m,
4H), 6.89 (d, J = 8.5 Hz, 4H), 3.80 (s, 6H). 13C{1H} NMR (101
MHz, CDCl3) δ 160.6 (2C), 141.5 (d, JC−P = 34.3 Hz), 137.6 (dd,
JC−P+C−F = 25.2, 22.4 Hz), 136.3, 135.4 (d, JC−P = 22.2 Hz, 4C), 134.6,
130.9, 129.1, 126.3 (d, JC−P = 8.3 Hz), 114.5 (d, JC−P = 8.1 Hz, 4C),
55.2 (2C). 19F NMR (377 MHz, CDCl3) δ 64.50 (d, JF−P = 37.6 Hz).
31P NMR (162 MHz, CDCl3) δ −11.28 (d, JP−F = 37.4 Hz). HRMS
(ESI) m/z: [M + H]+ Calcd for C20H19FO4PS 405.0726; Found
405.0716.

2-(Di([1,1′-biphenyl]-4-yl)phosphaneyl)benzenesulfonyl Fluoride
(6c). Compound 6c was synthesized according to method A.
Appearance: white solid (46%, 1.17 g), Rf = 0.45 (n-hexane/ethyl
acetate, 10:1 v/v), mp 149−150 °C (dichloromethane); 1H NMR
(400 MHz, CDCl3) δ 8.22 (dd, J = 8.4, 3.3 Hz, 1H), 7.73−7.50
(comp, 10H), 7.44 (app t, J = 7.5 Hz, 4H), 7.41−7.31 (comp, 7H).
13C{1H} NMR (101 MHz, CDCl3) δ 142.1 (2C), 140.3 (2C), 140.2
(d, JC−P = 33.7 Hz), 138.2 (dd, JC−P+C−F = 26.9, 21.4 Hz), 136.9,
134.9, 134.3 (d, JC−P = 20.8 Hz, 4C), 134.2 (d, JC−P = 10.7 Hz, 2C),
130.9 (d, JC−P = 3.4 Hz), 129.6, 128.9 (4C), 127.8 (2C), 127.5 (d,
JC−P = 7.2 Hz, 4C), 127.1 (4C). 19F NMR (377 MHz, CDCl3) δ 64.67
(d, JF−P = 39.7 Hz). 31P NMR (162 MHz, CDCl3) δ −9.98 (d, JP−F =
39.9 Hz). HRMS (ESI) m/z: [M + H]+ Calcd for C30H23FO2PS
497.1140; Found 497.1122.

2-(Bis(4-methoxyphenyl)phosphaneyl)-5-methylbenzenesulfonyl
Fluoride (4a). Compound 4a was synthesized according to method B.
Appearance: white solid (80%, 2.01 g), Rf = 0.26 (n-hexane/ethyl
acetate, 10:1 v/v), mp 124 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 7.97 (app s, 1H), 7.38 (app d, J = 7.6 Hz, 1H), 7.24−
7.14 (m, 4H), 7.13 (dd, JH−H+H−P = 7.8, 3.0 Hz, 1H), 6.88 (d, J = 8.0
Hz, 4H), 3.80 (s, 6H), 2.43 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 160.5 (2C), 139.9, 137.7 (d, JC−P = 32.7 Hz), 137.4 (dd,

Figure 1. Calculated reaction pathways.
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JC−P+C−F = 25.8, 21.8 Hz), 136.4, 135.4, 135.3 (d, JC−P = 22.0 Hz, 4C),
131.3 (d, JC−P = 3.1 Hz), 126.7 (d, JC−P = 8.3 Hz, 2C), 114.4 (d, JC−P
= 8.0 Hz, 4C), 55.2 (2C), 21.0. 19F NMR (377 MHz, CDCl3) δ 64.62
(d, JF−P = 38.2 Hz). 31P NMR (162 MHz, CDCl3) δ −12.52 (d, JP−F =
38.3 Hz). HRMS (ESI) m/z: [M + H]+ Calcd for C21H21FO4PS
419.0882; Found 419.0872.
2-(Diphenylphosphaneyl)-5-methylbenzenesulfonyl Fluoride

(4b). Compound 4b was synthesized according to method A.
Appearance: white solid (85%, 1.52 g), Rf = 0.59 (n-hexane/ethyl
acetate, 10:1 v/v), mp 132−133 °C (dichloromethane); 1H NMR
(400 MHz, CDCl3) δ 8.00 (app s, 1H), 7.39 (app d, J = 8.1 Hz, 1H),
7.38−7.29 (comp, 6H), 7.30−7.21 (m, 4H), 7.14 (dd, JH−H+H−P = 7.9,
2.9 Hz, 1H), 2.44 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ
140.3, 137.9 (dd, JC−P+C−F = 26.9, 21.9 Hz), 136.9, 136.4 (d, JC−P =
32.0 Hz), 135.7 (d, JC−P = 11.4 Hz, 2C), 135.5, 133.8 (d, JC−P = 20.6
Hz, 4C), 131.3 (d, JC−P = 3.3 Hz), 129.2 (2C), 128.7 (d, JC−P = 7.0
Hz, 4C), 21.1. 19F NMR (377 MHz, CDCl3) δ 64.73 (d, JF−P = 40.1
Hz). 31P NMR (162 MHz, CDCl3) δ −9.95 (d, JP−F = 40.0 Hz).
HRMS (ESI) m/z: [M + H]+ Calcd for C19H17FO2PS 359.0671;
Found 359.0664.
2-(Bis(3-methoxyphenyl)phosphaneyl)-5-methylbenzenesulfonyl

Fluoride (4c). Compound 4c was synthesized according to method A.
Appearance: white solid (80%, 1.67 g), Rf = 0.35 (n-hexane/ethyl
acetate, 10:1 v/v), mp 82 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 8.00 (app s, 1H), 7.40 (app d, J = 7.6 Hz, 1H), 7.31−
7.22 (m, 2H), 7.16 (dd, JH−H+H−P = 7.8, 2.9 Hz, 1H), 6.93−6.86 (m,
2H), 6.86−6.77 (comp, 4H), 3.73 (s, 6H), 2.44 (s, 3H). 13C{1H}
NMR (101 MHz, CDCl3) δ 159.6 (d, JC−P = 8.8 Hz, 2C), 140.4,
137.9 (dd, JC−P+C−F = 26.8, 21.7 Hz), 137.1 (d, JC−P = 11.9 Hz, 2C),
136.9, 136.0 (d, JC−P = 31.7 Hz), 135.5, 131.3 (d, JC−P = 3.3 Hz),
129.7 (d, JC−P = 7.7 Hz, 2C), 126.0 (d, JC−P = 19.6 Hz, 2C), 119.2 (d,
JC−P = 23.0 Hz, 2C), 114.6 (2C), 55.2 (2C), 21.1.19F NMR (377
MHz, CDCl3) δ 64.90 (d, JF−P = 39.7 Hz). 31P NMR (162 MHz,
CDCl3) δ −8.67 (d, JP−F = 39.8 Hz). HRMS (ESI) m/z: [M + H]+

Calcd for C21H21FO4PS 419.0882; Found 419.0873.
2-(Di-p-tolylphosphaneyl)-5-methylbenzenesulfonyl Fluoride

(4d). Compound 4d was synthesized according to method A.
Appearance: white solid (80%, 1.54 g), Rf = 0.61 (n-hexane/ethyl
acetate, 10:1 v/v), mp 109−110 °C (dichloromethane); 1H NMR
(400 MHz, CDCl3) δ 7.98 (app s, 1H), 7.38 (app d, J = 7.6 Hz, 1H),
7.24−7.03 (comp, 9H), 2.43 (s, 3H), 2.35 (s, 6H). 13C{1H} NMR
(101 MHz, CDCl3) δ 140.0, 139.2 (2C), 137.8 (dd, JC−P+C−F = 26.5,
21.8 Hz), 137.1 (d, JC−P = 32.5 Hz), 136.7, 135.4, 133.8 (d, JC−P =
20.9 Hz, 4C), 132.3 (d, JC−P = 10.0 Hz, 2C), 131.2 (d, JC−P = 3.4 Hz),
129.5 (d, JC−P = 7.2 Hz, 4C), 21.3 (2C), 21.0. 19F NMR (377 MHz,
CDCl3) δ 64.62 (d, JF−P = 39.9 Hz). 31P NMR (162 MHz, CDCl3) δ
−11.37 (d, JP−F = 40.0 Hz). HRMS (ESI) m/z: [M + H]+ Calcd for
C21H21FO2PS 387.0984; Found 387.0975.
2-(Bis(4-(tert-butyl)phenyl)phosphaneyl)-5-methylbenzene-

sulfonyl Fluoride (4e). Compound 4e was synthesized according to
method A. Appearance: white solid (80%, 0.94 g), Rf = 0.69 (n-
hexane/ethyl acetate, 10:1 v/v), mp 220−221 °C (dichloromethane);
1H NMR (400 MHz, CDCl3) δ 7.98 (app s, 1H), 7.40 (app d, J = 7.8
Hz, 1H), 7.35 (d, J = 7.2 Hz, 4H), 7.22−7.11 (comp, 5H), 2.43 (s,
3H), 1.30 (s, 18H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.2 (2C),
140.0, 137.9 (d, JC−P+C−F = 26.9, 21.6 Hz), 137.2 (d, JC−P = 32.3 Hz),
136.9, 135.4, 133.5 (d, JC−P = 20.6 Hz, 4C), 132.3 (d, JC−P = 10.0 Hz,
2C), 131.1 (d, JC−P = 3.5 Hz), 125.7 (d, JC−P = 7.1 Hz, 4C), 34.7
(2C), 31.2 (6C), 21.0. 19F NMR (377 MHz, CDCl3) δ 64.70 (d, JF−P
= 41.8 Hz). 31P NMR (162 MHz, CDCl3) δ −12.22 (d, JP−F = 41.8
Hz). HRMS (ESI) m/z: [M + H]+ Calcd for C27H33FO2PS 471.1923;
Found 471.1917.
2-(Di([1,1′-biphenyl]-4-yl)phosphaneyl)-5-methylbenzene-

sulfonyl Fluoride (4f). Compound 4f was synthesized according to
method A. Appearance: white solid (69%, 1.74 g), Rf = 0.54 (n-
hexane/ethyl acetate, 10:1 v/v), mp 110−112 °C (dichloromethane);
1H NMR (400 MHz, CDCl3) δ 8.03 (app s, 1H), 7.59 (app d, J = 7.6
Hz, 8H), 7.47−7.41 (comp, 5H), 7.39−7.32 (comp, 6H), 7.27 (dd,
JH−H+H−P = 7.9, 3.0 Hz, 1H), 2.46 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 142.0 (2C), 140.5, 140.3 (2C), 138.0 (dd, JC−P+C−F = 26.9,

21.6 Hz), 137.0, 136.3 (d, JC−P = 31.9 Hz), 135.7, 134.5 (d, JC−P =
11.4 Hz, 2C), 134.2 (d, JC−P = 20.7 Hz, 4C), 131.4 (d, JC−P = 3.9 Hz),
128.9 (4C), 127.7 (2C), 127.4 (d, JC−P = 7.2 Hz, 4C), 127.1 (4C),
21.1. 19F NMR (377 MHz, CDCl3) δ 64.80 (d, JF−P = 40.3 Hz). 31P
NMR (162 MHz, CDCl3) δ −11.23 (d, JP−F = 40.2 Hz). HRMS (ESI)
m/z: [M + H]+ Calcd for C31H25FO2PS 511.1297; Found 511.1275.

2-(Bis(3,5-dimethylphenyl)phosphaneyl)-5-methylbenzene-
sulfonyl Fluoride (4g). Compound 4g was synthesized according to
method A. Appearance: white solid (85%, 1.75 g), Rf = 0.63 (n-
hexane/ethyl acetate, 10:1 v/v), mp 162−165 °C (dichloromethane);
1H NMR (400 MHz, CDCl3) δ 7.99 (app s, 1H), 7.39 (app d, J = 7.8
Hz, 1H), 7.18 (dd, JH−H+H−P = 7.9, 2.9 Hz, 1H), 6.98 (s, 2H), 6.85 (d,
JH−P = 8.3 Hz, 4H), 2.44 (s, 3H), 2.25 (s, 12H). 13C{1H} NMR (101
MHz, CDCl3) δ 140.0, 138.0 (d, JC−P = 7.4 Hz, 4C), 138.0 (dd,
JC−P+C−F = 26.5, 22.1 Hz), 137.1, 136.9 (d, JC−P = 32.4 Hz), 135.5 (d,
JC−P = 10.9 Hz, 2C), 135.5, 131.4 (d, JC−P = 20.7 Hz, 4C), 131.1 (d,
JC−P = 3.4 Hz), 130.9 (2C), 21.3 (4C), 21.1. 19F NMR (377 MHz,
CDCl3) δ 64.64 (d, JF−P = 41.4 Hz). 31P NMR (162 MHz, CDCl3) δ
−9.92 (d, JP−F = 41.4 Hz). HRMS (ESI) m/z: [M + H]+ Calcd for
C23H25FO2PS 415.1297; Found 415.1289.

2-(Bis(3,5-ditert-butylphenyl)phosphaneyl)-5-methylbenzene-
sulfonyl Fluoride (4h). Compound 4h was synthesized according to
method A. Appearance: white solid (72%, 2.10 g), Rf = 0.40 (n-
hexane/ethyl acetate, 40:1 v/v), mp 160−162 °C (dichloromethane);
1H NMR (400 MHz, CDCl3) δ 7.99 (app s, 1H), 7.42−7.36 (comp,
3H), 7.13 (dd, JH−H+H−P = 7.9, 2.8 Hz, 1H), 7.08 (dd, JH−H+H−P = 8.4,
1.6 Hz, 4H), 2.44 (s, 3H), 1.22 (s, 36H). 13C{1H} NMR (101 MHz,
CDCl3) δ 150.7 (d, JC−P = 6.7 Hz, 4C), 139.7, 138.0 (d, JC−P = 33.6
Hz), 137.8 (dd, JC−P+C−F = 25.8, 21.6 Hz), 136.6, 135.1, 134.9 (d, JC−P
= 10.2 Hz, 2C), 131.1 (d, JC−P = 3.4 Hz), 128.1 (d, JC−P = 21.0 Hz,
4C), 122.9 (2C), 34.9 (4C), 31.4 (12C), 21.0. 19F NMR (377 MHz,
CDCl3) δ 65.33 (d, JF−P = 39.3 Hz). 31P NMR (162 MHz, CDCl3) δ
−7.03 (d, JP−F = 39.2 Hz). HRMS (ESI) m/z: [M + H]+ Calcd for
C35H49FO2PS 583.3175; Found 583.3166.

2-(Bis(3,5-dimethoxyphenyl)phosphaneyl)-5-methylbenzene-
sulfonyl Fluoride (4i). Compound 4i was synthesized according to
method A. Appearance: white solid (71%, 1.69 g), Rf = 0.22 (n-
hexane/ethyl acetate, 10:1 v/v), mp 104−105 °C (dichloromethane);
1H NMR (400 MHz, CDCl3) δ 8.14−7.90 (m, 1H), 7.41 (app d, J =
7.9 Hz, 1H), 7.20 (dd, JH−H+H−P = 7.8, 3.0 Hz, 1H), 6.44 (t, J = 2.3
Hz, 2H), 6.40 (dd, JH−P+H−H = 8.4, 2.3 Hz, 4H), 3.72 (s, 12H), 2.45
(s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.0 (d, JC−P = 9.9 Hz,
4C), 140.5, 138.0 (dd, JC−P+C−F = 26.7, 21.8 Hz), 137.7 (d, JC−P = 11.8
Hz, 2C), 136.9, 135.6 (d, JC−P = 31.5 Hz), 135.6, 131.3 (d, JC−P = 3.6
Hz), 111.6 (d, JC−P = 22.3 Hz, 4C), 101.2 (2C), 55.3 (4C), 21.1. 19F
NMR (377 MHz, CDCl3) δ 65.07 (d, JF−P = 39.2 Hz). 31P NMR (162
MHz, CDCl3) δ −6.39 (d, JP−F = 39.3 Hz). HRMS (ESI) m/z: [M +
H]+ Calcd for C23H25FO6PS 479.1093; Found 479.1074.

2-(Bis(4-methoxy-3,5-dimethylphenyl)phosphaneyl)-5-methyl-
benzenesulfonyl Fluoride (4j). Compound 4j was synthesized
according to method A. Appearance: white solid (70%, 1.65 g), Rf
= 0.49 (n-hexane/ethyl acetate, 10:1 v/v), mp 184 °C (dichloro-
methane); 1H NMR (400 MHz, CDCl3) δ 7.98 (app s, 1H), 7.41
(app d, J = 7.8 Hz, 1H), 7.17 (dd, JH−H+H−P = 7.8, 2.9 Hz, 1H), 6.87
(d, JH−P = 7.9 Hz, 4H), 3.72 (s, 6H), 2.45 (s, 3H), 2.22 (s, 12H).
13C{1H} NMR (101 MHz, CDCl3) δ 157.9 (2C), 139.9, 137.8 (dd,
JC−P+C−F = 26.6, 21.4 Hz), 137.3 (d, JC−P = 32.5 Hz), 136.9, 135.4,
134.3 (d, JC−P = 21.7 Hz, 4C), 131.2 (d, JC−P = 8.2 Hz, 4C), 131.1 (d,
JC−P = 3.8 Hz), 130.4 (d, JC−P = 9.9 Hz, 2C), 59.6 (2C), 21.1, 16.2
(4C). 19F NMR (377 MHz, CDCl3) δ 64.58 (d, JF−P = 40.9 Hz). 31P
NMR (162 MHz, CDCl3) δ −11.64 (d, JP−F = 41.0 Hz). HRMS (ESI)
m/z: [M + H]+ Calcd for C25H29FO4PS 475.1508; Found 475.1503.

2-(Di(naphthalen-2-yl)phosphaneyl)-5-methylbenzenesulfonyl
Fluoride (4k). Compound 4k was synthesized according to method A.
Appearance: white solid (79%, 1.80 g), Rf = 0.57 (n-hexane/ethyl
acetate, 10:1 v/v), mp 201−202 °C (dichloromethane); 1H NMR
(400 MHz, CDCl3) δ 8.04 (app s, 1H), 7.87−7.80 (comp, 4H), 7.77
(d, JH−P = 8.5 Hz, 2H), 7.72 (d, J = 7.9 Hz, 2H), 7.55−7.43 (comp,
4H), 7.41−7.33 (comp, 3H), 7.28−7.24 (m, 1H), 2.50 (s, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 140.5, 138.2 (dd, JC−P+C−F =
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27.0, 22.0 Hz), 137.2, 136.1 (d, JC−P = 31.7 Hz), 135.6, 134.5 (d, JC−P
= 21.9 Hz, 2C), 133.5 (2C), 133.3 (d, JC−P = 7.8 Hz, 2C), 133.1 (d,
JC−P = 11.5 Hz, 2C), 131.4 (d, JC−P = 3.6 Hz), 129.8 (d, JC−P = 20.0
Hz, 2C), 128.3 (d, JC−P = 7.5 Hz, 2C), 128.2 (2C), 127.8(2C),
127.0(2C), 126.5(2C), 21.1. 19F NMR (377 MHz, CDCl3) δ 64.94
(d, JF−P = 40.2 Hz). 31P NMR (162 MHz, CDCl3) δ −9.02 (d, JP−F =
40.1 Hz). HRMS (ESI) m/z: [M + H]+ Calcd for C27H21FO2PS
459.0984; Found 459.0975.
2-(Bis(4-fluorophenyl)phosphaneyl)-5-methylbenzenesulfonyl

Fluoride (4l). Compound 4l was synthesized according to method C.
Appearance: white solid (70%, 1.33 g), Rf = 0.57 (n-hexane/ethyl
acetate, 10:1 v/v), mp 103 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 8.01 (app s, 1H), 7.43 (app d, J = 7.7 Hz, 1H), 7.34−
7.16 (m, 4H), 7.17−6.93 (comp, 5H), 2.46 (s, 3H). 13C{1H} NMR
(101 MHz, CDCl3) δ 163.6 (d, JC−F = 250.2 Hz, 2C), 140.6, 137.7
(dd, JC−P+C−F = 31.7, 21.8 Hz), 136.3, 136.1(d, JC−P = 32.1 Hz), 135.7
(dd, JC−P+C−F = 21.4, 9.4 Hz, 4C), 135.7, 131.6 (d, JC−P = 3.1 Hz),
131.0 (dd JC−P+C−F = 11.2, 3.4 Hz, 2C), 116.1 (dd, JC−P+C−F = 21.1,
7.9 Hz, 4C), 21.1. 19F NMR (377 MHz, CDCl3) δ 68.93 (d, JF−P =
38.0 Hz), −106.97 (d, JF−P = 4.7 Hz). 31P NMR (162 MHz, CDCl3) δ
−7.82 (dt, JP−F = 37.8, 4.6 Hz). HRMS (ESI) m/z: [M + H]+ Calcd
for C19H15F3O2PS 394.0404; Found 395.0475.
2-(Bis(4-chlorophenyl)phosphaneyl)-5-methylbenzenesulfonyl

Fluoride (4m). Compound 4m was synthesized according to method
C. Appearance: white solid (69%, 1.47 g), Rf = 0.62 (n-hexane/ethyl
acetate, 10:1 v/v), mp 118 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 8.01 (app s, 1H), 7.43 (app d, J = 7.8 Hz, 1H), 7.37−
7.29 (m, 4H), 7.22−7.12 (m, 4H), 7.09 (dd, JH−H+H−P = 7.8, 3.0 Hz,
1H), 2.46 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 140.9, 137.9
(dd, JC−P+C−F = 26.9, 22.2 Hz), 136.5, 135.9 (2C), 135.8, 135.4, 135.0
(d, JC−P = 21.4 Hz, 4C), 133.9 (d, JC−P = 12.5 Hz, 2C), 131.6 (d, JC−P
= 3.3 Hz), 129.1 (d, JC−P = 7.7 Hz, 4C), 21.1. 19F NMR (377 MHz,
CDCl3) δ 64.75 (d, JF−P = 38.6 Hz). 31P NMR (162 MHz, CDCl3) δ
−11.74 (d, JP−F = 38.6 Hz). HRMS (ESI) m/z: [M + H]+ Calcd for
C19H15Cl2FO2PS 426.9891 (35Cl), 428.9862 (37Cl); Found 426.9883
(35Cl), 428.9855 (37Cl).
2-(Diphenylphosphaneyl)-5-methoxybenzenesulfonyl Fluoride

(4n). Compound 4n was synthesized according to method B.
Appearance: white solid (75%, 1.40 g), Rf = 0.49 (n-hexane/ethyl
acetate, 10:1 v/v), mp 127−129 °C (dichloromethane); 1H NMR
(400 MHz, CDCl3) δ 7.69 (app t, J = 2.7 Hz, 1H), 7.41−7.30 (comp,
6H), 7.29−7.21 (m, 4H), 7.18 (dd, JH−H+H−P = 8.6, 2.7 Hz, 1H), 7.11
(dd, J = 8.6, 2.7 Hz, 1H), 3.87 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 160.2, 139.4 (dd, JC−P+C−F = 28.5, 22.4 Hz), 138.5, 136.0
(d, JC−P = 11.5 Hz, 2C), 133.6 (d, JC−P = 20.5 Hz, 4C), 129.8 (d, JC−P
= 30.6 Hz), 129.1 (2C), 128.7 (d, JC−P = 6.9 Hz, 4C), 120.7, 116.0 (d,
JC−P = 3.2 Hz), 55.9. 19F NMR (377 MHz, CDCl3) δ 64.32 (d, JF−P =
43.3 Hz). 31P NMR (162 MHz, CDCl3) δ −11.24 (d, JP−F = 43.2 Hz).
HRMS (ESI) m/z: [M + H]+ Calcd for C19H17FO3PS 375.0620;
Found 375.0612.
4-Chloro-2-(diphenylphosphaneyl)-5-methylbenzenesulfonyl

Fluoride (4o). Compound 4o was synthesized according to method
D. Appearance: white solid (67%, 2.64 g), Rf = 0.71 (n-hexane/ethyl
acetate, 10:1 v/v), mp 153−154 °C (dichloromethane); 1H NMR
(400 MHz, CDCl3) δ 8.04 (d, JH−P = 3.2 Hz, 1H), 7.43−7.32 (comp,
6H), 7.31−7.22 (m, 4H), 7.14 (app s, 1H), 2.45 (s, 3H). 13C{1H}
NMR (101 MHz, CDCl3) δ 142.1 (d, JC−P = 2.6 Hz), 139.2 (d, JC−P =
36.7 Hz), 138.4, 136.9, 135.9 (dd, JC−P+C−F = 26.1, 22.8 Hz), 134.9 (d,
JC−P = 11.4 Hz, 2C), 133.8 (d, JC−P = 20.9 Hz, 4C), 133.1 (d, JC−P =
3.2 Hz), 129.5 (2C), 128.9 (d, JC−P = 7.1 Hz, 4C), 19.9. 19F NMR
(377 MHz, CDCl3) δ 65.38 (d, JF−P = 38.0 Hz). 31P NMR (162 MHz,
CDCl3) δ −9.33 (d, JP−F = 37.7 Hz). HRMS (ESI) m/z: [M + H]+

Calcd for C19H16ClFO2PS 393.0281 (35Cl), 395.0252 (37Cl); Found
393.0261 (35Cl), 395.0230 (37Cl).
2-(Di(thiophen-2-yl)phosphaneyl)-5-methylbenzenesulfonyl Flu-

oride (4p). Compound 4p was synthesized according to method A.
Appearance: white solid (42%, 0.78 g), Rf = 0.53 (n-hexane/ethyl
acetate, 10:1 v/v), mp 83−84 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 7.95 (app d, J = 3.6 Hz, 1H), 7.61 (app d, J = 4.9 Hz,
2H), 7.53−7.38 (comp, 2H), 7.30 (ddd, JH−H+H−P = 5.8, 3.5, 1.1 Hz,

2H), 7.13 (ddd, JH−H+H−P = 4.9, 3.5, 1.4 Hz, 2H), 2.45 (s, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 140.7, 137.3 (d, JC−P = 28.4
Hz), 136.4 (d, JC−P = 23.7 Hz, 2C), 136.4 (dd, JC−P+C−F = 25.2, 24.0
Hz), 136.3 (d, JC−P = 27.0 Hz, 2C), 135.7, 135.3, 132.4 (d, JC−P = 1.6
Hz, 2C), 131.4 (d, JC−P = 3.4 Hz), 128.4 (d, JC−P = 8.1 Hz, 2C), 21.1.
19F NMR (377 MHz, CDCl3) δ 65.47 (d, JF−P = 36.0 Hz). 31P NMR
(162 MHz, CDCl3) δ −37.72 (d, JP−F = 36.1 Hz). HRMS (ESI) m/z:
[M + H]+ Calcd for C15H13FO2PS3 370.9799; Found 370.9779.

2-(Di-o-tolylphosphaneyl)-5-methylbenzenesulfonyl Fluoride
(4q). Compound 4q was synthesized according to method D.
Appearance: white solid (60%, 2.30 g), Rf = 0.62 (n-hexane/ethyl
acetate, 10:1 v/v), mp 180−181 °C (dichloromethane); 1H NMR
(400 MHz, CDCl3) δ 8.02 (app s, 1H), 7.41 (app d, J = 7.7 Hz, 1H),
7.31−7.17 (comp, 4H), 7.16−7.05 (comp, 3H), 6.67 (dd, J = 7.4, 4.2
Hz, 2H), 2.49 (s, 3H), 2.40 (s, 6H). 13C{1H} NMR (101 MHz,
CDCl3) δ 142.5 (d, JC−P = 27.6 Hz, 2C), 140.3, 138.4 (dd, JC−P+C−F =
28.1, 21.5 Hz), 137.2, 135.5, 135.5 (d, JC−P = 30.6 Hz), 133.9 (d, JC−P
= 11.8 Hz, 2C), 133.0 (2C), 131.4 (d, JC−P = 3.0 Hz), 130.4 (d, JC−P =
4.8 Hz, 2C), 129.2 (2C), 126.2 (2C), 21.3, 21.1 (d, JC−P = 2.6 Hz,
2C). 19F NMR (377 MHz, CDCl3) δ 63.39 (d, JF−P = 41.9 Hz). 31P
NMR (162 MHz, CDCl3) δ −24.66 (d, JP−F = 42.0 Hz). HRMS (ESI)
m/z: [M + H]+ Calcd for C21H21FO2PS 387.0984; Found 387.0961.

2-(Di(naphthalen-1-yl)phosphaneyl)-5-methylbenzenesulfonyl
Fluoride (4r). Compound 4r was synthesized according to method B.
Appearance: white solid (70%, 1.60 g), Rf = 0.49 (n-hexane/ethyl
acetate, 10:1 v/v), mp 213 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 8.42 (dd, JH−H+H−P = 8.2, 4.5 Hz, 2H), 8.07 (app s,
1H), 7.91−7.81 (comp, 4H), 7.53−7.39 (comp, 4H), 7.33−7.23
(comp, 3H), 7.06 (dd, JH−H+H−P = 7.8, 3.0 Hz, 1H), 6.88 (ddd,
JH−H+H−P = 7.0, 4.6, 1.2 Hz, 2H), 2.42 (s, 3H). 13C{1H} NMR (101
MHz, CDCl3) δ 140.6, 138.2 (dd, JC−P+C−F = 27.9, 22.0 Hz), 137.9,
135.7, 135.3 (d, JC−P = 24.4 Hz, 2C), 134.8 (d, JC−P = 28.5 Hz), 133.6
(d, JC−P = 4.8 Hz, 2C), 133.0 (2C), 132.3 (d, JC−P = 12.7 Hz, 2C),
131.6 (d, JC−P = 4.1 Hz), 130.1 (2C), 128.7 (d, JC−P = 2.1 Hz, 2C),
126.6 (d, JC−P = 2.5 Hz, 2C), 126.2 (2C), 126.2 (d, JC−P = 28.1 Hz,
2C), 125.6 (2C), 21.1. 19F NMR (377 MHz, CDCl3) δ 63.91 (d, JF−P
= 41.8 Hz). 31P NMR (162 MHz, CDCl3) δ −26.25 (d, JP−F = 42.0
Hz). HRMS (ESI) m/z: [M + H]+ Calcd for C27H21FO2PS 459.0984;
Found 459.0958.

General Procedures for Synthesis of 3,3-Diaryl-3λ5-aryl
Benzo[2,3-d][1,2,3]thiazaphosphole 1,1-Dioxide (Caution: A
safety shield is required since the reaction accumulates
pressure when conducted in a sealed vessel). Method A (for
Compounds 3a−c, 5a−p). To a solution of ortho-phosphinoarene-
sulfonyl fluoride (1.00 mmol) in anhydrous acetonitrile (10.0 mL)
was added trimethylsilyl azide (1.15 g, 10.0 mmol). The reaction
mixture was stirred at 60 °C in an aluminum heating block for 12 h.
Then, the solvent was evaporated in vacuo. Repeated precipitation
with ethyl acetate and petroleum ether afforded the product.

Method B (for Compound 5q and 5r). To a solution of ortho-
phosphinoarenesulfonyl fluoride (1.00 mmol) in anhydrous N,N-
dimethylformamide (10.0 mL) and dimethyl sulfoxide (0.4 mL) was
added trimethylsilyl azide (1.15 g, 10.0 mmol). The reaction mixture
was stirred at 75 °C in an aluminum heating block for 48 h and then
concentrated in vacuo. The reaction mixture was diluted with
dichloromethane (50 mL) and washed with half-saturated brine (20
mL × 5). The organic layer was dried over anhydrous sodium sulfate
and concentrated in vacuo. The crude product was purified by flash
column chromatography over silica gel (eluent: 1:1:1 petroleum
ether/dichloromethane/ethyl acetate) to afford the product.

3,3-Diphenyl-3λ5-benzo[d][1,2,3]thiazaphosphole 1,1-Dioxide
(3a). Compound 3a was synthesized according to method A.
Appearance: white solid (82%, 277.6 mg), Rf = 0.62 (n-hexane/
dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp 256−257 °C
(dichloromethane); 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J =
7.8 Hz, 1H), 7.88−7.75 (comp, 5H), 7.74−7.63 (comp, 4H), 7.60−
7.51 (m, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 150.5 (d, JC−P =
11.7 Hz), 134.3 (d, JC−P = 2.7 Hz), 134.2 (d, JC−P = 2.9 Hz, 2C),
132.5 (d, JC−P = 11.7 Hz, 4C), 132.2 (d, JC−P = 10.1 Hz), 129.5 (d,
JC−P = 13.7 Hz, 4C), 128.2 (d, JC−P = 6.4 Hz), 125.1 (d, JC−P = 78.9
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Hz), 124.9 (d, JC−P = 109.1 Hz, 2C), 123.6 (d, JC−P = 14.5 Hz). 31P
NMR (162 MHz, CDCl3) δ 25.71. HRMS (ESI) m/z: [M + Na]+

Calcd for C18H14NNaO2PS 362.0381; Found 362.0373.
3,3-Bis(4-methoxyphenyl)-3λ5-benzo[d][1,2,3]thiazaphosphole

1,1-Dioxide (3b). Compound 3b was synthesized according to
method A. Appearance: white solid (68%, 270.0 mg), Rf = 0.25 (n-
hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp 183−184
°C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J =
7.8 Hz, 1H), 7.80−7.75 (m, 1H), 7.71 (dd, JH−P+H−H = 13.3, 8.8 Hz,
4H), 7.66−7.59 (comp, 2H), 7.02 (dd, JH−H+H−P = 8.9, 2.7 Hz, 4H),
3.86 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 164.2 (d, JC−P =
2.9 Hz, 2C), 150.3 (d, JC−P = 11.8 Hz), 134.7 (d, JC−P = 13.3 Hz, 4C),
133.9 (d, JC−P = 2.5 Hz), 132.0 (d, JC−P = 10.1 Hz), 128.0 (d, JC−P =
6.5 Hz), 126.4 (d, JC−P = 80.4 Hz), 123.4 (d, JC−P = 14.5 Hz), 115.5
(d, JC−P = 116.7 Hz, 2C), 115.1 (d, JC−P = 15.2 Hz, 4C), 55.6 (2C).
31P NMR (162 MHz, CDCl3) δ 25.31. HRMS (ESI) m/z: [M + Na]+

Calcd for C20H18NNaO4PS 422.0592; Found 422.0582.
3,3-Di([1,1′-biphenyl]-4-yl)-3λ5-benzo[d][1,2,3]thiazaphosphole

1,1-Dioxide (3c). Compound 3c was synthesized according to method
A. Appearance: white solid (82%, 405.0 mg), Rf = 0.42 (n-hexane/
dichloromethane/ethyl acetate, 2:2:1 v/v/v), mp 201−203 °C
(dichloromethane); 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J =
7.8 Hz, 1H), 7.91 (dd, JH−P+H−H = 13.6, 8.4 Hz, 4H), 7.88−7.79 (m,
1H), 7.80−7.73 (comp, 5H), 7.75−7.66 (m, 1H), 7.63−7.56 (m,
4H), 7.53−7.38 (comp, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ
150.5 (d, JC−P = 11.9 Hz), 147.2 (d, JC−P = 3.0 Hz, 2C), 139.1 (2C),
134.3 (d, JC−P = 2.9 Hz), 133.1 (d, JC−P = 12.1 Hz, 4C), 132.2 (d, JC−P
= 10.2 Hz), 129.2 (4C), 128.8 (2C), 128.2 (d, JC−P = 6.7 Hz), 128.2
(d, JC−P = 14.0 Hz, 4C), 127.4 (4C), 125.4 (d, JC−P = 79.4 Hz), 123.7
(d, JC−P = 14.6 Hz), 123.2 (d, JC−P = 111.2 Hz, 2C). 31P NMR (162
MHz, CDCl3) δ 25.66. HRMS (ESI) m/z: [M + Na]+ Calcd for
C30H22NNaO2PS 514.1007; Found 514.0993.
3,3-Bis(4-methoxyphenyl)-6-methyl-3λ5-benzo[d][1,2,3]thiaza-

phosphole 1,1-Dioxide (5a). Compound 5a was synthesized
according to method A. Appearance: white solid (73%, 300.6 mg),
Rf = 0.35 (n-hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp
188−189 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ
7.88 (s, 1H), 7.69 (dd, JH−P+H−H = 13.2, 8.8 Hz, 4H), 7.55−7.48 (m,
1H), 7.43 (dd, JH−H+H−P = 7.6, 3.7 Hz, 1H), 7.00 (dd, JH−H+H−P = 8.9,
2.7 Hz, 4H), 3.85 (s, 6H), 2.49 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 164.1 (d, JC−P = 2.8 Hz, 2C), 150.6 (d, JC−P = 12.2 Hz),
145.5 (d, JC−P = 2.7 Hz), 134.6 (d, JC−P = 13.3 Hz, 4C), 133.0 (d, JC−P
= 10.7 Hz), 127.8 (d, JC−P = 6.8 Hz), 123.7 (d, JC−P = 14.9 Hz), 123.1
(d, JC−P = 82.7 Hz), 115.9 (d, JC−P = 116.7 Hz, 2C), 115.1 (d, JC−P =
14.9 Hz, 4C), 55.6 (2C), 21.7. 31P NMR (162 MHz, CDCl3) δ 25.31.
HRMS (ESI) m/z: [M + Na]+ Calcd for C21H20NNaO4PS 436.0748;
Found 436.0741.
6-Methyl-3,3-diphenyl-3λ5-benzo[d][1,2,3]thiazaphosphole 1,1-

Dioxide (5b). Compound 5b was synthesized according to method
A. Appearance: white solid (76%, 210.0 mg), Rf = 0.53 (n-hexane/
dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp 297−298 °C
(dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.92 (s, 1H),
7.79 (dd, JH−H+H−P = 14.0, 7.4 Hz, 4H), 7.72−7.62 (m, 2H), 7.61−
7.50 (comp, 5H), 7.47 (dd, JH−H+H−P = 7.5, 3.7 Hz, 1H), 2.51 (s, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 150.8 (d, JC−P = 12.1 Hz), 145.9
(d, JC−P = 2.7 Hz), 134.0 (d, JC−P = 2.9 Hz, 2C), 133.2 (d, JC−P = 10.6
Hz), 132.5 (d, JC−P = 11.7 Hz, 4C), 129.5 (d, JC−P = 13.7 Hz, 4C),
127.9 (d, JC−P = 6.8 Hz), 125.2 (d, JC−P = 109.0 Hz, 2C), 124.0 (d,
JC−P = 14.9 Hz), 121.9 (d, JC−P = 81.3 Hz), 21.8. 31P NMR (162
MHz, CDCl3) δ 25.72. HRMS (ESI) m/z: [M + Na]+ Calcd for
C19H16NNaO2PS 376.0537; Found 376.0530.
3,3-Bis(3-methoxyphenyl)-6-methyl-3λ5-benzo[d][1,2,3]thiaza-

phosphole 1,1-Dioxide (5c). Compound 5c was synthesized
according to method A. Appearance: white solid (78%, 321.2 mg),
Rf = 0.44 (n-hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp
185−186 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ
7.91 (s, 1H), 7.59 (app t, J = 8.3 Hz, 1H), 7.51−7.39 (comp, 3H),
7.37−7.27 (comp, 4H), 7.16 (d, J = 8.4 Hz, 2H), 3.80 (s, 6H), 2.51
(s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 160.1 (d, JC−P = 17.1
Hz, 2C), 150.7 (d, JC−P = 12.2 Hz), 145.9 (d, JC−P = 2.6 Hz), 133.2

(d, JC−P = 10.6 Hz), 130.7 (d, JC−P = 16.4 Hz, 2C), 128.0 (d, JC−P =
6.7 Hz), 126.4 (d, JC−P = 108.5 Hz, 2C), 124.4 (d, JC−P = 11.8 Hz,
2C), 123.9 (d, JC−P = 14.9 Hz), 121.8 (d, JC−P = 81.4 Hz), 120.0 (d,
JC−P = 2.8 Hz, 2C), 117.3 (d, JC−P = 12.9 Hz, 2C), 55.6 (2C), 21.8.
31P NMR (162 MHz, CDCl3) δ 25.98. HRMS (ESI) m/z: [M + Na]+

Calcd for C21H20NNaO4PS 436.0748; Found 436.0741.
6-Methyl-3,3-di-p-tolyl-3λ5-benzo[d][1,2,3]thiazaphosphole 1,1-

Dioxide (5d). Compound 5d was synthesized according to method A.
Appearance: white solid (81%, 309.0 mg), Rf = 0.59 (n-hexane/
dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp 222−223 °C
(dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.91 (s, 1H),
7.66 (dd, JH−P+H−H = 13.7, 8.1 Hz, 4H), 7.52 (app t, J = 8.3 Hz, 1H),
7.44 (dd, JH−H+H−P = 8.0, 3.6 Hz, 1H), 7.33 (dd, JH−H+H−P = 8.0, 3.2
Hz, 4H), 2.51 (s, 3H), 2.42 (s, 6H). 13C{1H} NMR (101 MHz,
CDCl3) δ 150.7 (d, JC−P = 12.0 Hz), 145.6 (d, JC−P = 2.6 Hz), 145.0
(d, JC−P = 2.9 Hz, 2C), 133.0 (d, JC−P = 10.6 Hz), 132.5 (d, JC−P =
12.1 Hz, 4C), 130.1 (d, JC−P = 14.2 Hz, 4C), 127.8 (d, JC−P = 6.7 Hz),
123.9 (d, JC−P = 14.8 Hz), 122.5 (d, JC−P = 81.5 Hz), 122.0 (d, JC−P =
111.6 Hz, 2C), 21.8 (2C), 21.7. 31P NMR (162 MHz, CDCl3) δ
25.82. HRMS (ESI) m/z: [M + Na]+ Calcd for C21H20NNaO2PS
404.0850; Found 404.0842.

3,3-Bis(4-(tert-butyl)phenyl)-6-methyl-3λ5-benzo[d][1,2,3]thiaza-
phosphole 1,1-Dioxide (5e). Compound 5e was synthesized
according to method A. Appearance: white solid (74%, 346.7 mg),
Rf = 0.80 (n-hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp
263 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.92 (s,
1H), 7.72 (dd, JH−P+H−H = 13.6, 8.4 Hz, 4H), 7.61−7.51 (comp, 5H),
7.45 (dd, JH−H+H−P = 7.5, 3.6 Hz, 1H), 2.51 (s, 3H), 1.32 (s, 18H).
13C{1H} NMR (101 MHz, CDCl3) δ 157.9 (d, JC−P = 3.0 Hz, 2C),
150.8 (d, JC−P = 12.0 Hz), 145.6 (d, JC−P = 2.7 Hz), 133.0 (d, JC−P =
10.6 Hz), 132.5 (d, JC−P = 12.1 Hz, 4C), 127.9 (d, JC−P = 6.8 Hz),
126.5 (d, JC−P = 13.9 Hz, 4C), 123.9 (d, JC−P = 14.8 Hz), 122.6 (d,
JC−P = 81.7 Hz), 121.9 (d, JC−P = 111.3 Hz, 2C), 35.3 (2C), 31.0
(6C), 21.7. 31P NMR (162 MHz, CDCl3) δ 25.42. HRMS (ESI) m/z:
[M + Na]+ Calcd for C27H32NNaO2PS 488.1789; Found 488.1780.

3,3-Di([1,1′-biphenyl]-4-yl)-6-methyl-3λ5-benzo[d][1,2,3]thiaza-
phosphole 1,1-Dioxide (5f). Compound 5f was synthesized according
to method A. Appearance: white solid (80%, 403.4 mg), Rf = 0.55 (n-
hexane/dichloromethane/ethyl acetate, 2:2:1 v/v/v), mp 198−201
°C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.97−7.83
(comp, 5H), 7.74 (dd, J H−H+H−P = 8.3, 3.2 Hz, 4H), 7.67 (app t, J =
8.4 Hz, 1H), 7.57 (d, J = 7.6 Hz, 4H), 7.53−7.37 (comp, 7H), 2.50 (s,
3H). 13C{1H} NMR (101 MHz, CDCl3) δ 150.8 (d, JC−P = 12.1 Hz),
147.0 (d, JC−P = 3.0 Hz, 2C), 145.9 (d, JC−P = 2.7 Hz), 139.1 (2C),
133.3 (d, JC−P = 10.7 Hz), 133.0 (d, JC−P = 12.1 Hz, 4C), 129.1 (4C),
128.8 (2C), 128.1 (d, JC−P = 14.0 Hz, 4C), 128.0 (d, JC−P = 7.0 Hz),
127.3 (4C), 123.9 (d, JC−P = 14.8 Hz), 123.5 (d, JC−P = 110.9 Hz,
2C), 122.1 (d, JC−P = 81.6 Hz), 21.8. 31P NMR (162 MHz, CDCl3) δ
25.66. HRMS (ESI) m/z: [M + Na]+ Calcd for C31H24NNaO2PS
528.1163; Found 528.1143.

3,3-Bis(3,5-dimethylphenyl)-6-methyl-3λ5-benzo[d][1,2,3]thiaza-
phosphole 1,1-Dioxide (5g). Compound 5g was synthesized
according to method A. Appearance: white solid (65%, 266.6 mg),
Rf = 0.70 (n-hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp
256−257 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ
7.90 (s, 1H), 7.59 (app t, J = 8.3 Hz, 1H), 7.48 (dd, JH−H+H−P = 7.6,
3.6 Hz, 1H), 7.36 (d, JH−P = 14.4 Hz, 4H), 7.26 (s, 2H), 2.50 (s, 3H),
2.33 (s, 12H). 13C{1H} NMR (101 MHz, CDCl3) δ 150.6 (d, JC−P =
12.0 Hz), 145.6 (d, JC−P = 2.7 Hz), 139.4 (d, JC−P = 14.5 Hz, 4C),
135.8 (d, JC−P = 3.0 Hz, 2C), 133.1 (d, JC−P = 10.6 Hz), 129.8 (d, JC−P
= 11.6 Hz, 4C), 128.1 (d, JC−P = 6.7 Hz), 125.1 (d, JC−P = 107.6 Hz,
2C), 123.8 (d, JC−P = 14.8 Hz), 122.2 (d, JC−P = 80.9 Hz), 21.7, 21.3
(4C). 31P NMR (162 MHz, CDCl3) δ 26.49. HRMS (ESI) m/z: [M
+ Na]+ Calcd for C23H24NNaO4PS 432.1163; Found 432.1143.

3,3-Bis(3,5-di-tert-butylphenyl)-6-methyl-3λ5-benzo[d][1,2,3]-
thiazaphosphole 1,1-Dioxide (5h). Compound 5h was synthesized
according to method A. Appearance: white solid (74%, 429.9 mg), Rf
= 0.45 (n-hexane/dichloromethane/ethyl acetate, 10:10:1 v/v/v), mp
259−261 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ
7.93 (s, 1H), 7.73−7.67(app q, J = 1.7 Hz, 2H), 7.60 (dd, JH−P+H−H =
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14.8, 1.7 Hz, 4H), 7.53 (app t, J = 8.2 Hz, 1H), 7.46 (dd, JH−H+H−P =
7.5, 3.7 Hz, 1H), 2.51 (s, 3H), 1.29 (s, 36H). 13C{1H} NMR (101
MHz, CDCl3) δ 152.2 (d, JC−P = 13.3 Hz, 4C), 150.7 (d, JC−P = 12.0
Hz), 145.4 (d, JC−P = 2.6 Hz), 132.9 (d, JC−P = 10.4 Hz), 128.2 (d,
JC−P = 2.9 Hz, 2C), 127.6 (d, JC−P = 6.7 Hz), 126.7 (d, JC−P = 12.4 Hz,
4C), 124.4 (d, JC−P = 107.4 Hz, 2C), 123.9 (d, JC−P = 14.6 Hz), 123.2
(d, JC−P = 80.4 Hz), 35.2 (4C), 31.2 (12C), 21.7. 31P NMR (162
MHz, CDCl3) δ 27.39. HRMS (ESI) m/z: [M + Na]+ Calcd for
C35H48NNaO2PS 600.3041; Found 600.3025.
3,3-Bis(3,5-dimethoxyphenyl)-6-methyl-3λ5-benzo[d][1,2,3]-

thiazaphosphole 1,1-Dioxide (5i). Compound 5i was synthesized
according to method A on a 0.50 mmol scale. Appearance: white solid
(82%, 390.1 mg), Rf = 0.47 (n-hexane/dichloromethane/ethyl acetate,
1:1:1 v/v/v), mp 239−240 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 7.91 (s, 1H), 7.58 (app t, J = 8.3 Hz, 1H), 7.47 (dd,
JH−H+H−P = 7.2, 3.7 Hz, 1H), 6.89 (dd, JH−P+H−H = 15.5, 1.8 Hz, 4H),
6.67 (app s, 2H), 3.78 (s, 12H), 2.51 (s, 3H). 13C{1H} NMR (101
MHz, CDCl3) δ 161.5 (d, JC−P = 20.5 Hz, 4C), 150.7 (d, JC−P = 12.1
Hz), 146.0 (d, JC−P = 2.7 Hz), 133.1 (d, J = 10.6 Hz), 128.0 (d, J = 6.6
Hz), 127.0 (d, JC−P = 109.2 Hz, 2C), 124.0 (d, JC−P = 14.9 Hz), 121.6
(d, JC−P = 81.6 Hz), 110.0 (d, JC−P = 13.1 Hz, 4C), 105.8 (d, JC−P =
2.4 Hz 2C), 55.8 (4C), 21.8. 31P NMR (162 MHz, CDCl3) δ 26.94.
HRMS (ESI) m/z: [M + Na]+ Calcd for C23H24NNaO6PS 496.0960;
Found 496.0951.
3,3-Bis(4-methoxy-3,5-dimethylphenyl)-6-methyl-3λ5-benzo[d]-

[1,2,3]thiazaphosphole 1,1-Dioxide (5j). Compound 5j was
synthesized according to method A. Appearance: white solid (67%,
313.6 mg), Rf = 0.61 (n-hexane/dichloromethane/ethyl acetate, 1:1:1
v/v/v), mp 218 °C (dichloromethane); 1H NMR (400 MHz, CDCl3)
δ 7.90 (s, 1H), 7.56 (app t, J = 8.3 Hz, 1H), 7.47 (dd, JH−P+H−H = 7.6,
3.6 Hz, 1H), 7.40 (d, JH−P = 13.9 Hz, 4H), 3.75 (s, 6H), 2.51 (s, 3H),
2.29 (s, 12H). 13C{1H} NMR (101 MHz, CDCl3) δ 162.0 (d, JC−P =
3.5 Hz, 2C), 150.6 (d, JC−P = 12.1 Hz), 145.6 (d, JC−P = 2.6 Hz),
133.1 (d, JC−P = 12.5 Hz, 4C), 133.1 (d, J = 10.3 Hz), 132.8 (d, JC−P =
15.2 Hz, 4C), 128.0 (d, JC−P = 6.7 Hz), 123.8 (d, JC−P = 14.8 Hz),
122.6 (d, JC−P = 81.6 Hz), 119.8 (d, JC−P = 111.1 Hz, 2C), 59.7 (2C),
21.7, 16.3 (4C). 31P NMR (162 MHz, CDCl3) δ 25.67. HRMS (ESI)
m/z: [M + Na]+ Calcd for C25H28NNaO4PS 492.1374; Found
492.1365.
6-Methyl-3,3-di(naphthalen-2-yl)-3λ5-benzo[d][1,2,3]thiaza-

phosphole 1,1-Dioxide (5k). Compound 5k was synthesized
according to method A. Appearance: white solid (72%, 326.1 mg),
Rf = 0.62 (n-hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp
276−277 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ
8.43 (d, JH−P = 16.1 Hz, 2H), 8.03−7.95 (comp, 3H), 7.91 (comp,
4H), 7.79−7.64 (comp, 5H), 7.60 (app t, J = 7.6 Hz, 2H), 7.49 (dd,
JH−H+H−P = 8.2, 3.8 Hz, 1H), 2.53 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 150.9 (d, JC−P = 11.9 Hz), 146.0 (d, JC−P = 2.9 Hz), 135.5
(d, JC−P = 2.9 Hz, 2C), 135.4 (d, JC−P = 11.2 Hz, 2C), 133.2 (d, JC−P =
10.7 Hz), 132.5 (d, JC−P = 15.1 Hz, 2C), 129.6 (d, JC−P = 13.8 Hz,
2C), 129.5 (2C), 129.2 (2C), 128.1 (d, d, JC−P = 5.3 Hz), 128.0 (2C),
127.8 (2C), 126.0 (d, JC−P = 12.6 Hz, 2C), 124.1 (d, JC−P = 14.9 Hz),
122.2 (d, JC−P = 109.8 Hz, 2C), 122.1 (d, JC−P = 81.5 Hz), 21.8. 31P
NMR (162 MHz, CDCl3) δ 26.29. HRMS (ESI) m/z: [M + Na]+

Calcd for C27H20NNaO2PS 476.0850; Found 476.0842.
3,3-Bis(4-fluorophenyl)-6-methyl-3λ5-benzo[d][1,2,3]thiaza-

phosphole 1,1-Dioxide (5l). Compound 5l was synthesized according
to method A. Appearance: white solid (68%, 263.2 mg), Rf = 0.55 (n-
hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp 263−267
°C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.91 (s, 1H),
7.88−7.71 (m, 4H), 7.64−7.55 (m, 1H), 7.51 (dd, JH−H+H−P = 7.6, 3.9
Hz, 1H), 7.30−7.20 (m, 4H), 2.53 (s, 3H). 13C{1H} NMR (101
MHz, CDCl3) δ 166.4 (dd, JC−P+C−F = 258.2, 3.4 Hz, 2C), 150.8 (d,
JC−P = 12.2 Hz), 146.3 (d, JC−P = 2.7 Hz), 135.2 (dd, JC−P+C−F = 13.5,
9.4 Hz, 4C), 133.5 (d, JC−P = 10.7 Hz), 127.8 (d, JC−P = 6.8 Hz),
124.1 (d, JC−P = 15.0 Hz), 121.5 (d, JC−P = 82.3 Hz), 121.0 (dd,
JC−P+C−F = 113.7, 3.6 Hz, 2C), 117.3 (dd, JC−P+C−F = 21.9, 15.2 Hz,
4C), 21.8. 19F NMR (377 MHz, CDCl3) δ −101.79 (d, JF−P = 1.5
Hz). 31P NMR (162 MHz, CDCl3) δ 24.50. HRMS (ESI) m/z: [M +
Na]+ Calcd for C19H14F2NNaO2PS 412.0349; Found 412.0341.

3,3-Bis(4-chlorophenyl)-6-methyl-3λ5-benzo[d][1,2,3]thiaza-
phosphole 1,1-Dioxide (5m). Compound 5m was synthesized
according to method A. Appearance: white solid (80%, 339.5 mg),
Rf = 0.68 (n-hexane/dichloromethane/ethyl acetate, 1:1:1 v:v:v), mp
240−241 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ
7.93 (s, 1H), 7.78−7.65 (m, 4H), 7.62−7.43 (comp, 6H), 2.53 (s,
3H). 13C{1H} NMR (101 MHz, CDCl3) δ 151.0 (d, JC−P = 12.2 Hz),
146.5 (d, JC−P = 2.5 Hz), 141.4 (d, JC−P = 3.6 Hz, 2C), 133.7 (d, JC−P
= 12.7 Hz, 4C), 133.5 (d, JC−P = 10.6 Hz), 130.1 (d, JC−P = 14.4 Hz,
4C), 127.7 (d, JC−P = 6.7 Hz), 124.2 (d, JC−P = 15.0 Hz), 123.4 (d,
JC−P = 111.8 Hz, 2C), 121.0 (d, JC−P = 82.3 Hz), 21.8. 31P NMR (162
MHz, CDCl3) δ 24.69. HRMS (ESI) m/z: [M + Na]+ Calcd for
C19H14Cl2NNaO2PS 443.9758 (35Cl), 445.9728 (37Cl); Found
443.9748 (35Cl), 445.9715 (37Cl).

6-Methoxy-3,3-diphenyl-3λ5-benzo[d][1,2,3]thiazaphosphole
1,1-Dioxide (5n). Compound 5n was synthesized according to
method A. Appearance: white solid (69%, 256.3 mg), Rf = 0.42 (n-
hexane/dichloromethane/ethyl acetate, 1:1:1 v/v/v), mp 227−228
°C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.84−7.73
(m, 4H), 7.71−7.62 (m, 2H), 7.59−7.49 (comp, 6H), 7.17 (ddd,
JH−H+H−P = 8.4, 3.3, 2.2 Hz, 1H), 3.92 (s, 3H). 13C{1H} NMR (101
MHz, CDCl3) δ 164.9 (d, JC−P = 2.6 Hz), 153.3 (d, JC−P = 13.2 Hz),
134.0 (d, JC−P = 3.0 Hz, 2C), 132.4 (d, JC−P = 11.7 Hz, 4C), 129.4 (d,
JC−P = 13.7 Hz, 4C), 129.1 (d, JC−P = 8.1 Hz), 125.4 (d, JC−P = 109.3
Hz, 2C), 120.8 (d, JC−P = 11.2 Hz), 115.2 (d, JC−P = 85.4 Hz), 106.8
(d, JC−P = 15.9 Hz), 56.2. 31P NMR (162 MHz, CDCl3) δ 25.57.
HRMS (ESI) m/z: [M + Na]+ Calcd for C19H16NNaO3PS 392.0486;
Found 392.0478.

5-Chloro-6-methyl-3,3-diphenyl-3λ5-benzo[d][1,2,3]thiaza-
phosphole 1,1-Dioxide (5o). Compound 5o was synthesized
according to method A. Appearance: white solid (70%, 272.6 mg),
Rf = 0.44 (n-hexane/dichloromethane/ethyl acetate, 2:2:1 v/v/v), mp
308−309 °C (dichloromethane); 1H NMR (400 MHz, CDCl3) δ
7.98 (s, 1H), 7.80 (dd, JH−P+H−H = 14.1, 7.7 Hz, 4H), 7.70 (t, J = 7.6
Hz, 2H), 7.66−7.53 (comp, 5H), 2.52 (s, 3H). 13C{1H} NMR (101
MHz, CDCl3) δ 148.9 (d, JC−P = 11.6 Hz), 143.8 (d, JC−P = 2.6 Hz),
138.9 (d, JC−P = 13.8 Hz), 134.4 (d, JC−P = 2.9 Hz, 2C), 132.5 (d, JC−P
= 11.8 Hz, 4C), 129.6 (d, JC−P = 13.8 Hz, 4C), 128.0 (d, JC−P = 7.6
Hz), 125.5 (d, JC−P = 15.9 Hz), 124.5 (d, JC−P = 79.4 Hz), 124.5 (d,
JC−P = 109.3 Hz, 2C), 20.9. 31P NMR (162 MHz, CDCl3) δ 24.35.
HRMS (ESI) m/z: [M + Na]+ Calcd for C19H15ClNNaO2PS
410.0147 (35Cl), 412.0118 (37Cl); Found 410.0128 (35Cl),
412.0092 (37Cl).

6-Methyl-3,3-di(thiophen-2-yl)-3λ5-benzo[d][1,2,3]thiaza-
phosphole 1,1-Dioxide (5p). Compound 5p was synthesized
according to method A except that the reaction was run in anhydrous
acetonitrile (2.5 mL) at 70 °C for 48 h. Appearance: white solid
(89%, 325.2 mg), Rf = 0.22 (n-hexane/dichloromethane/ethyl acetate,
2:2:1 v/v/v), mp 244−245 °C (dichloromethane); 1H NMR (400
MHz, CDCl3) δ 7.97−7.89 (comp, 3H), 7.84 (dd, JH−P+H−H = 8.8, 3.7
Hz, 2H), 7.60 (dd, JH−P+H−H = 10.6, 7.8 Hz, 1H), 7.49 (dd, JH−H+H−P
= 8.0, 4.1 Hz, 1H), 7.34−7.24 (m, 2H), 2.52 (s, 3H). 13C{1H} NMR
(101 MHz, CDCl3) δ 150.5 (d, JC−P = 13.6 Hz), 146.3 (d, JC−P = 2.9
Hz), 140.2 (d, JC−P = 12.4 Hz, 2C), 137.6 (d, JC−P = 6.6 Hz, 2C),
133.3 (d, JC−P = 11.6 Hz), 129.6 (d, JC−P = 16.6 Hz, 2C), 127.8 (d,
JC−P = 7.0 Hz), 125.6 (d, JC−P = 132.4 Hz, 2C), 123.8 (d, JC−P = 16.1
Hz), 122.9 (d, JC−P = 90.8 Hz), 21.8. 31P NMR (162 MHz, CDCl3) δ
10.34. HRMS (ESI) m/z: [M + Na]+ Calcd for C15H12NNaO2PS3
387.9665; Found 387.9652.

6-Methyl-3,3-di-o-tolyl-3λ5-benzo[d][1,2,3]thiazaphosphole 1,1-
Dioxide (5q). Compound 5q was synthesized according to method B.
Appearance: white solid (65%, 247.9 mg), Rf = 0.38 (n-hexane/
dichloromethane/ethyl acetate, 2:2:1 v/v/v), mp 209−210 °C
(dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.96 (s, 1H),
7.76−7.58 (comp, 3H), 7.57−7.46 (comp, 3H), 7.38−7.24 (comp,
4H), 2.54 (s, 3H), 2.40 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ
151.1 (d, JC−P = 12.9 Hz), 145.8 (d, JC−P = 2.8 Hz), 142.9 (d, JC−P =
9.5 Hz, 2C), 133.9 (d, JC−P = 3.0 Hz, 2C), 133.0 (d, JC−P = 14.1 Hz,
2C), 132.9 (d, JC−P = 10.2 Hz), 132.6 (d, JC−P = 11.8 Hz, 2C), 128.6
(d, JC−P = 6.3 Hz), 126.6 (d, JC−P = 14.3 Hz, 2C), 124.5 (d, JC−P =
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14.7 Hz), 124.5 (d, JC−P = 106.2 Hz, 2C), 121.5 (d, JC−P = 79.5 Hz),
21.8 (d, JC−P = 4.8 Hz, 2C), 21.7. 31P NMR (162 MHz, CDCl3) δ
28.56. HRMS (ESI) m/z: [M + Na]+ Calcd for C21H20NNaO2PS
404.0850; Found 404.0825.
6-Methyl-3,3-di(naphthalen-1-yl)-3λ5-benzo[d][1,2,3]thiaza-

phosphole 1,1-Dioxide (5r). Compound 5r was synthesized
according to method B except that the reaction was run on a 0.50
mmol scale in anhydrous dimethyl sulfoxide (5.0 mL). Appearance:
white solid (60%,136.0 mg), Rf = 0.42 (n-hexane/dichloromethane/
ethyl acetate, 2:2:1 v/v/v), mp 302−304 °C (dichloromethane); 1H
NMR (400 MHz, CDCl3) δ 8.21 (d, J = 8.5 Hz, 2H), 8.19−8.09
(comp, 4H), 8.02 (s, 1H), 7.92 (app d, J = 8.2 Hz, 2H), 7.74 (app t, J
= 8.3 Hz, 1H), 7.63−7.47 (comp, 4H), 7.49−7.38 (comp, 3H), 2.51
(s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 150.6 (d, JC−P = 12.8
Hz), 146.1 (d, JC−P = 2.9 Hz), 135.3 (d, JC−P = 3.3 Hz, 2C), 134.4 (d,
JC−P = 12.6 Hz, 2C), 134.0 (d, JC−P = 10.4 Hz, 2C), 133.0 (d, JC−P =
10.5 Hz), 132.6 (d, JC−P = 10.0 Hz, 2C), 129.5 (d, JC−P = 1.8 Hz, 2C),
128.6 (d, JC−P = 6.4 Hz), 128.4 (2C), 127.1 (2C), 125.4 (d, JC−P = 6.3
Hz, 2C), 125.0 (d, JC−P = 16.0 Hz, 2C), 124.7 (d, JC−P = 15.0 Hz),
122.8 (d, JC−P = 106.6 Hz, 2C), 122.0 (d, JC−P = 80.8 Hz), 21.7. 31P
NMR (162 MHz, CDCl3) δ 28.05. HRMS (ESI) m/z: [M + Na]+

Calcd for C27H20NNaO2PS 476.0850; Found 476.0826.
Computational Details. The calculations were carried out with

the Gaussian 09 software package.11 The structures were optimized by
the density functional theory (DFT)16 with the B3LYP functional17

with basis set 6-31G(d)18 in the gas phase. Frequency analysis was
conducted at the same level of theory to verify the stationary points to
be real minima or saddle points and to obtain the thermodynamic
energy corrections at 298.15 K. Intrinsic reaction coordinate (IRC)19

calculations were performed to confirm the connection between two
correct minima for a transition state. More accurate electronic energy
results were refined by calculating the single-point energy at the
B3LYP-D3(BJ)20/6-311++G(2df, 2p)18 level of theory with the SMD
model21 (solvent = acetonitrile).

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.0c01309.

NMR spectra of 3a−c, 4a−r, 5a−r, and 6a−c, crystal
data and structure refinement for compound of 5a, and
geometries and energies for all chemical structures in
Figure 1 (PDF)

X-ray crystal structure for 5a (CCDC 1997095) (CIF)

■ AUTHOR INFORMATION

Corresponding Author
Le Li − PCFM Lab and GDHPRC Lab, School of Chemistry,
Sun Yat-sen University, Guangzhou 510275, P. R. China;
orcid.org/0000-0001-5550-2997; Email: lile26@

mail.sysu.edu.cn

Authors
Wenjun Luo − PCFM Lab and GDHPRC Lab, School of
Chemistry, Sun Yat-sen University, Guangzhou 510275, P. R.
China; orcid.org/0000-0003-2223-1013

Zhenguo Wang − PCFM Lab and GDHPRC Lab, School of
Chemistry, Sun Yat-sen University, Guangzhou 510275, P. R.
China

Xiaohui Cao − School of Pharmacy, Guangdong Pharmaceutical
University, Guangzhou 510006, P. R. China

Dacheng Liang − PCFM Lab and GDHPRC Lab, School of
Chemistry, Sun Yat-sen University, Guangzhou 510275, P. R.
China

Mingjie Wei − PCFM Lab and GDHPRC Lab, School of
Chemistry, Sun Yat-sen University, Guangzhou 510275, P. R.
China

Keshu Yin − PCFM Lab and GDHPRC Lab, School of
Chemistry, Sun Yat-sen University, Guangzhou 510275, P. R.
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.0c01309

Author Contributions
§W.L. and Z.W. contributed equally to this work.

Notes
The authors declare the following competing financial
interest(s): Sun Yat-sen University has filed a patent
application.

■ ACKNOWLEDGMENTS
Financial support from the National Natural Science
Foundation of China (No. 21502241) and the Natural Science
Foundation of Guangdong Province (No. 2016A030313290)
is gratefully acknowledged. The authors also thank Super-
computing Center in Shenzhen (Shenzhen Cloud Computer
Center) and Sun Yat-sen University for providing computing
resources. L.L. thanks Prof. Seth B. Herzon and Pyh Li for
helpful discussions and support. All authors thank Dr.
Christopher M. Plummer for proofreading.

■ REFERENCES
(1) (a) Eicher, T.; Hauptmann, S.; Speicher, A. The Chemistry of
Heterocycles, 3rd ed., Wiley-VCH: Weinheim, 2012. (b) Katritzky, A.
R.; Ramsden, C. A.; Joule, J. A.; Zhdankin, V. V. Handbook of
Heterocyclic Chemistry, 3rd ed.; Pergamon: Amsterdam, 2010.
(c) Joule, J. A.; Mills, K. Heterocyclic Chemistry, 4th ed.; Blackwell:
Oxford, 2000.
(2) (a) Zhang, T. Y. The Evolving Landscape of Heterocycles in
Drugs and Drug Candidates. Adv. Heterocycl. Chem. 2017, 121, 1.
(b) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
Structural Diversity, Substitution Patterns, and Frequency of Nitrogen
Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med.
Chem. 2014, 57, 10257. (c) Li, J. J. Heterocyclic Chemistry in Drug
Discovery; Wiley: Hoboken, 2013. (d) Gomtsyan, A. Heterocycles in
Drugs and Drug Discovery. Chem. Heterocycl. Compd. 2012, 48, 7.
(3) (a) Cabrele, C.; Reiser, O. The Modern Face of Synthetic
Heterocyclic Chemistry. J. Org. Chem. 2016, 81, 10109. (b) Garcia-
Castro, M.; Zimmermann, S.; Sankar, M. G.; Kumar, K. Scaffold
Diversity Synthesis and Its Application in Probe and Drug Discovery.
Angew. Chem., Int. Ed. 2016, 55, 7586. (c) St. Jean, D. J., Jr.; Fotsch,
C. Mitigating Heterocycle Metabolism in Drug Discovery. J. Med.
Chem. 2012, 55, 6002. (d) Dua, R.; Shrivastava, S.; Sonwane, S. K.;
Srivastava, S. K. Pharmacological Significance of Synthetic Hetero-
cycles Scaffold: A Review. Adv. Biol. Res. 2011, 5, 120.
(4) Iaroshenko, V. Organophosphorus Chemistry; Wiley-VCH:
Weinheim, 2019.
(5) Dillon, K. B.; Mathey, F.; Nixon, J. F. Phosphorus: The Carbon
Copy; Wiley: Chichester, 1998.
(6) (a) Rodriguez, J. B.; Gallo-Rodriguez, C. The Role of the
Phosphorus Atom in Drug Design. ChemMedChem 2018, 14, 190.
(b) Demkowicz, S.; Rachon, J.; Dasḱo, M.; Kozak, W. Selected
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The Journal of Organic Chemistry pubs.acs.org/joc Note

https://dx.doi.org/10.1021/acs.joc.0c01309
J. Org. Chem. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.joc.0c01309?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c01309/suppl_file/jo0c01309_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c01309/suppl_file/jo0c01309_si_002.cif
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5550-2997
http://orcid.org/0000-0001-5550-2997
mailto:lile26@mail.sysu.edu.cn
mailto:lile26@mail.sysu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjun+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2223-1013
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenguo+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohui+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dacheng+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingjie+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keshu+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01309?ref=pdf
https://dx.doi.org/10.1016/bs.aihch.2016.05.001
https://dx.doi.org/10.1016/bs.aihch.2016.05.001
https://dx.doi.org/10.1021/jm501100b
https://dx.doi.org/10.1021/jm501100b
https://dx.doi.org/10.1021/jm501100b
https://dx.doi.org/10.1007/s10593-012-0960-z
https://dx.doi.org/10.1007/s10593-012-0960-z
https://dx.doi.org/10.1021/acs.joc.6b02034
https://dx.doi.org/10.1021/acs.joc.6b02034
https://dx.doi.org/10.1002/anie.201508818
https://dx.doi.org/10.1002/anie.201508818
https://dx.doi.org/10.1021/jm300343m
https://dx.doi.org/10.1002/cmdc.201800693
https://dx.doi.org/10.1002/cmdc.201800693
https://dx.doi.org/10.1039/C5RA25446A
https://dx.doi.org/10.1039/C5RA25446A
https://dx.doi.org/10.1039/C5RA25446A
https://dx.doi.org/10.1126/science.2434996
https://dx.doi.org/10.1126/science.2434996
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c01309?ref=pdf
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