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Abstract

By using PhS@F,H as the difluoromethylidene equivalent, a novelthud for

connecting aromatic aldehydes and arylboronic agidsconsecutive reactions was
developed to obtain structurally diverse 2,2-didryll-difluoroethenes. The key step
is the palladium-catalyzed dehydrosulfonylativessraoupling of tosylates that are
prepared from PhSQF,H, aromatic aldehydes and tosyl chloride. Mechanist
investigations showed that the reaction proceedslynahrough base-mediated
dehydrosulfonylation followed by palladium-catalgz€(sg)-C(sgf) cross-coupling

reaction.
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1. Introduction

1,1-Difluoroalkenes have attracted much attentionrganic synthesis as well
as in pharmaceutical and agrochemical resé4rdhe to their unique chemical and
biological properties.On one hand, 1,1-difluoroalkenes have been userastile
building blocks to deliver structurally diverse ttionalized molecules, most of
which are otherwise difficult to efficiently premar On the other hand, the
difluoromethylidene group (=GFis regarded as the bioisostere of carbonyl group
and has been applied in the improvement of enzyrhibitors® In these contexts,
many methods, including the difluoromethylidenatreactions, have been developed
to synthesize 1,1-difluoroalkenésHowever, the methods that can deliver
1,1-diaryl-2,2-difluoroethenes are rare and usualffer from limitations. The
Wittig-type gemdifluoroolefination of diaryl ketonésand Barton—Kellogg-type
gemdifluoroolefination diaryl thioketonés are of low efficiency and were
demonstrated with only very few examples. The Jkibaienski-type
gemdifluoroolefination of diaryl ketonésandgemdifluoroolefination of diaryl diazo
compound¥ are synthetically useful, but the availabilitytbé diaryl compounds can
impose restriction on their wide application. Thestat-catalyzed cross-coupling
reactions of 2,2-difluoro-1-arylvinylstannane reagé’ 2,2-difluoro-1-arylvinylzinc
reagents? o-halo S-difluorostyrene¥ and 2,2-difluoro-1-arylvinyl tosylatés,also
involve the use of not readily-available couplingrtpers. Furthermore, the recently
disclosed Rh(l)-catalyzed defluorinative cross-dmgp of trifluoromethylketone
N-tosylhydrazones and arylboronates affords 1,lydP-difluoroethenes in

moderate yield$?

In the past decade, a series of fluorinated su#fomave been developed as
general fluoroalkylation reagents and widely used the incorporation of various
fluoroalkyl groups into organic molecules by us asitiers®*>® Difluoromethyl
sulfones are among the most versatile fluorinatetforses and are capable of
incorporating difluoromethyl (-GH), difluoromethylene (-CF),
difluoromethylidene group (=GF; as well as difluoro(sulfinato)methyl (-€50O,M)
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groupsl.Sb'e The reaction of two molecules with difluoromethgulfones via
consecutive reactions is a unique synthetic metiwhd;h allows easy access to many
unsymmetricalgemdifluorinated compounds (Scheme 1a). This strategy been
used for the synthesis of difluoromethylene-contgrcompounds (Scheme 1a, path
a);® however, the synthesis of difluoromethylidienetedming compounds, namely,
1,1-difluoroalkenes, by using similar strategy t8l sinderdeveloped (Scheme 1a,

path b).

a) Synthesis of gem-difluorinated compounds with ArSO,CF,H

b) Dehydrosulfonylation of PhSO,CF,-benzyl benzoates

OBz LiIHMDS BzO F
Ar” CF,SO,Ph THF,0°C A.-"

c¢) Coupling reaction with gem-difluorovinyl tosylates

TsO F Ar'B(OH), [PdJ/ligand Ar F
>_< + of —
Ar F Ar'SnBuj Ar F

d) Coupling reaction with PhSO,CF,-benzyl tosylates (This work)

OTs [Pd/ligand ~ Ar\ F
+  ArB(OH), >=<
Ar CF,SO,Ph base Ar F

L ArCHO + PhSO,CF,H + TsCl

Schemel. The transformation of difluoromethyl sulfones d@hd synthesis of

1,1-difluoroalkenes.

Inspired by our previous work on the preparation2¢?-difluoro-1-arylvinyl

benzoates fromu-[difluoro(phenylsulfonyl)methyllbenzyl benzoateScheme 18)



and Jeong’s work on the Suzuki- and Stille-type ssrooupling reactions of
2,2-difluoro-1-arylvinyl ~ tosylates (Scheme 18), we envisioned that
o-[difluoro(phenylsulfonyl)methyl]lbenzyl tosylatesowld be used as alternative
precursors of 2,2-difluoro-1-arylvinyl tosylates to prepare

2,2-diaryl-1,1-difluoroethenes. Herein, we report @alladium-catalyzed
dehydrosulfonylative cross-coupling reaction of diga available

o-[difluoro(phenylsulfonyl)methyllbenzyl tosylatesitv arylboronic acids (Scheme
1d). Since the base-mediated dehydrosulfonylatilireation reaction and the
subsequent palladium-catalyzed cross-coupling aateed smoothly in one pot
without the isolation of the 2,2-difluoro-1-arylyin tosylate intermediates, this
synthetic method provides a very convenient apprdacobtain structurally diverse

2,2-diaryl-1,1-difluoroethenes.

2. Resultsand discussion

Our investigation began with the preparation of
a-[difluoro(phenylsulfonyl)methyl]lbenzyl tosylateld) by an aldol-type reaction of
commercially available PhSOFH and benzaldehyde followed by treatment with
tosyl chloride (Scheme 2). As previously describfethe addition of PhS{ERH to
benzaldehyde could readily take place in THF in theesence of lithium

hexamethyldisilazide (LIHMDS) as the base and hesthgiphosphoric triamide
(HMPA) as an additive at78 °C. We found that the further addition of toslyloride

to the reaction mixture at the same temperaturddcafford the desired benzyl
tosylatela in 85% yield. The same procedures are also afgpidar the preparation
of other tosylates1p-1i) from the corresponding aromatic aldehydes in gtod
excellent isolated yields (Table 1). The electramidure and steric hindrance of the
aryl substituent possess little influence on trectien. Note that all the so-obtained
tosylates are crystalline solids and thus can b&lye@solated and purified by

recrystallization. Compared with our previous olagon that the reaction of



o-[fluorobis(phenylsulfonyl)methyllbenzyl alcoholatevith tosyl chloride failed to

give the desired tosylatés,  the ready tosylation of
a-[difluoro(phenylsulfonyl)methyl]benzyl alcoholatdsy tosyl chloride should be

attributed to their lower steric hindrance and ligthermal stability.

1) LIHMDS (1.5 equiv), THF/HMPA
(10:1, viv), - 78°C, 2 h

CF,SO,Ph
OTs

CHO
©/ +  PhSO,CF,H
2) TsCl (1.5 equiv), — 78 °C, 1 h

(1.5 equiv) (1.0 equiv) 1a,85%
(after recrystallization)

Scheme 2. Development of one-pot procedures for the syighas

a-[difluoro(phenylsulfonyl)methyl]benzyl tosylatea.

Table1l Preparation ofi-[difluoro(phenylsulfonyl)methyllbenzyl tosylatds’,

1) PhSO,CF,H (1.0 equiv), LIHMDS (1.5 equiv) CF,SO2Ph
©/CHO THF/HMPA (10:1, viv), =78 °C, 2 h @)\OTS
R-+ > Ry
Z 2) TsCl (1.5 equiv), =78 °C, 1 h =
(1.5 equiv) 1
CF,S0,Ph CF,S0,Ph CF,S0,Ph
©)\OTS OTs ©/k0Ts
1a, 85% 1b, 82% 1c, 91%
CF,S0,Ph CF,S0,Ph CF,S0,Ph
/O)\OTS OTs /©)\OTS
ipr Bu MeO
1d, 86% 1e, 83% 1f, 87%
CF2802Ph CF2802Ph CF2802Ph
o N esa
FsC F4CO
19, 74% 1h, 83% 1i, 83%

|solated yields after recrystallization.



With a-[difluoro(phenylsulfonyl)methyllbenzyl tosylatesl in hand, we
investigated their dehydrosulfonylative cross-coupleaction with arylboronic acids
under palladium catalysis to prepare 2,2-diarykdiflloroethenes. The reaction
between tosylatda and phenylboronic acid2§) was chosen as a model reaction to
test and then optimize the coupling reactidable 2). Typically, the reaction was
carried out with a loading of 4 mol% Rdba) at 80°C for 8 hours, a base was added
to promote the formation of the intermediate, 2Affi4dro-1-phenylvinyl tosylate, and
the molar ratio ofla, 2a, and the base was 1.5/1.0/3.0. Whep3Ts was used as the
base and PBf{dbal was used as the -catalyst, the reaction conducted i
1,2-dimethoxyethane (DME) afforded the desiredptiog product3a in 68% vyield
(by *F NMR). Screening of solvents showed that othevestub are inferior to DME
(Table 1, entries 2-5). The base effect is alsaiognt: K;CO; andt-BuOLi were
found to be less effective due to their weakerdigsihan CsCO;s, thus retarding the
dehydrosulfonylative elimination ota (Table 1, entries 6 and 7). The reaction
temperature also showed some influence on theioeacthe yield of 3a was
decreased to some extent when running the reaatidd00°C or 60°C (Table 1,
entries 8 and 9). Importantly, it was found that tise of a phosphine ligand could
further improve the reaction, with éol); giving 3a in the highest yield (75%)
(Table 1, entries 10 and 11). Eventually, screemhthe reactant ratio and catalyst
loading established the optimal reaction conditiassfollows: 1.2 equiv ola, 1.0
equiv of2a, 3.0 equiv of C&0;, 4 mol% Pd(dba) catalyst, 8 mol% R¥tol)s ligand,
DME solvent, 80 °C reaction temperature, and 8dctien time under Natmosphere

(Table 1, entry 12).



Table2 Screening of cross-coupling conditichs

GF2S0:Ph B(OH),  Pd,(dba); (4 mol%)/Ligand fiF2
OTs + ©/ : O
Base (3 equiv), Solvent
Temp, 8 h
1a 2a 3a
Entry Ligand (mol%) Base Solvent TemfC] Yield (%)
1 — CsCGO; DME 80 68
2 — CsCO, DMF 80 34
3 — CsCO, DMSO 80 —b
4 — CsCGO; 1,4-dioxane 80 16
5 — CsCGO; NMP 80 19
6 — Ko,COs DME 80 8
7 — t-BuOLi DME 80 0
8 — CsCO, DME 100 60
9 — CsCO, DME 60 48
10 Po-tol); (18) CsCO, DME 80 75
11 sPhos (18) GEO; DME 80 70
1 P(o-tol); (8) CsCO;, DME 80 75 (72)

& Unless otherwise noted, all reactions were cormtlieccording to the following conditionta (0.3 mmol),2a

(0.2 mmol), base (0.6 mmol), Fdba) (0.008 mmol), ligand (0.036 mmol) in solvent (2nQ) at 60, 80, or 100
°C for 8 h. Yields were determined BYF NMR spectroscopy analysis with Ph&B,H as an internal standard.
Isolated yield was given in the parentheses.
® Intractable mixture.

¢ 1a(0.24 mmol) and R{tol); (0.016 mmol) were used.

With the optimized conditions in hand, we first eMaed the substrate scope by

reacting tosylatda with different arylboronic acidg (Table 3). For ease of isolation

of the desired product, all reactions were perfatroa 0.5-mmol scale. Generally,

both electron-rich and electron-deficient arylbacoacids reacted smoothly to give

gemdifluoroolefins 3a-3i in moderate to good isolated yields (50-76%). The

oxidative homo-coupling was the major side reactibarylboronic acids. Besides, it

was found that vigorous stirring was needed to tenthe formation of produc®

due to the low solubility of GEO; in DME.



Table3 Scope of arylboronic acids

CF,S0,Ph Pdy(dba)s (4 mol%), P(o-tol); CF,
(8 mol%), Cs,CO3 (3.0 equiv)
OTs +  Ar—B(OH), Ar
DME, 80 °C, 8 h
1a 2 3
CF, CF, CF,
3a, 72% 3b, 76% 3c, 61%
CF, CF, CF,
SAGE
OMe SMe
3d, 64% 3e, 58% 3f, 55%
CF, CF, CF,
‘ ' CF; OCF3
39, 50% 3h, 64% 3i, 70%

& Reaction conditionsta (0.6 mmol),2 (0.5 mmol), CgCO; (1.5 mmol), Pg(dba); (0.02 mmol), R¢-tol); (0.04
mmol) in DME (5.0 mL) at 86C for 8 h. Isolated yields.

We then examined the reactions of various tosylabesi with phenylboronic
acid @a). As shown in Table 4, the reaction is compatilith simple alkyl groups,
such as methyl, isopropyl, ardrt-butyl, trifluoromethyl group, trifluoromethoxy
group, even 2-naphthyl substituent. However, bbthdrene substitution pattern and
the electron-donating ability of the substituentuldo significantly influence the

formation of the coupling products. In the caseslk§l-substituted benzyl tosylates,



themeta andpara-substituted ones could smoothly undergo the readt afford the
coupling products in moderate vyields (Table 3t, 3k, and 3l), while the
ortho-substituted ones failed to participate in the tieacdue to the difficulty in
dehydrosulfonylation caused by the steric hindrafiedle 4,3j). In the case where
methoxy-substituted benzyl tosylate was used, tlessecoupling reaction was
unsuccessful (Table 8d). The failure of this reaction presumably arises ¥ the
strong electron-donating destabilization of thebearon of benzyl tosylatéf, which

renders the deprotonation 4f much more difficult.

Table4 Scope ot-[difluoro(phenylsulfonyl)methyl]benzyl tosylates.

Pdy(dba); (4 mol%), P(o-tol)3 CF,
CF,SO,Ph (8 mol%), Cs,CO3 (3.0 equiv) 1
T2 e Dsom .
Ar'” TOTs DME, 80°C, 8 h
1 2a 3
CF, CF, CF,
3a, 72% 3c, 71% 3j, trace®
CF, CF, CF,
Qs d MeOO
3k, 65% 31, 62% 3d, trace®
CF2 CF2 CF2
F5C” ‘ ‘ F3CO~ ‘ ‘g
3g, 73% 3h, 65% 3i, 73%

& Reaction conditionst (0.6 mmol),2a (0.5 mmol), CsCO; (1.5 mmol), Pg(dba), (0.02 mmol), Pg-tol); (0.04
mmol) in DME (5.0 mL) at 80C for 8 h. Isolated yields. Yields were determined byF NMR spectroscopy
analysis with PhOCFas an internal standard.



To gain further insights into this palladium-catsyg dehydrosulfonylative
cross-coupling reaction, we conducted the contxpleement in the absence of the
palladium and monitored the progress of the remstiafter 1 h with’®F NMR
spectroscopy (Scheme 3). In the absence efdBd)/P(o-tol)s, the consumption of
tosylatela led to the formation 2,2-difluoro-1-phenylvinylsigate éa) as the major
product (Scheme 3a); whereas in the presencedBak/P(0-tol)s, in addition to the
coupling product3a, the intermediatela was also observed in substantial amount
(Scheme 3b). Theses results suggested 4has a possible intermediate for the
generation of3a. Moreover, tosylatdla was consumed at the similar rate with or
without the catalyst, indicating that the dehydifmswlation of 1a to form 4a should
be a major pathway. In combination with previousdported coupling reaction of

isolated 2,2-difluoro-1-arylvinyl tosylateswith arylboronic acid$® a proposed

a) Dehydrosulfonylation of 1a to form 4a without palladium catalyst 2

CF,SO,Ph CF,
Cs,CO0; (3.0 equiv) P]
Ph™ "OTs + Ph-B(OH), Ph” “OTs
DME, 80°C, 1h
1a (0.6 mmol) 2a (0.5 mmol) 4a, 44%

(95% conv.)

b) Observation of intermediate 4a in the cross-coupling reaction 2

Pd,(dba)s (4 mol%)
CF,SO,Ph P(o-tol)3 (8 mol%) CF, CF,
Cs,C0O3 (3.0 equiv) +
Ph” ~OTs + Ph-B(OH), Ph™ "OTs Ph™ “Ph
DME, 80°C, 1h
1a (0.6 mmol) 2a (0.5 mmol) 4a, 34% 3a, 29%
(90% conv.)
¢) Proposed reaction pathway
Ar'B(OH),
OTs Cs,CO3 TsO . F Cs,CO; Ar'\/ . F
Ar” TCF,SO,Ph —PhSO.Cs  p¢ F [Pd])/ligand Ar F
1 (path a) 4 3
l A
! ArB(OH),/Cs,CO4 A 5
i [Pd]/ligand Cs,CO; |
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Scheme 3. Mechanism consideratiorfsConversions and yields were determined by

% NMR spectroscopy analysis with PhQGE an internal standard.

mechanism of our present reaction is given in SeheBe, path a. First,
CsCOs-promoted dehydrosulfonylation of tosylategave 2,2-difluoro-1-arylvinyl
tosylate4. Second, the palladium-catalyzed cross-couplingwith arylboronic acids
affords  2,2-diaryl-1,1-difluoroethenes3.  Although the involvement of
palladium-catalyzed C(EpC(sp) coupling® of 1 with arylboronic acid® to give
intermediateb followed by dehydrosulfonylation (Scheme 3c, platltannot be fully
ruled out at this stage, this pathway should notthHee major one, if any, as we

observed that the dehydrosulfonylatioriiafwas faster than the formation 24.

3. Conclusions

In summary, we report a negemdifluoroolefination protocol for the synthesis of
2,2-diaryl-1,1-difluoroethenes from readily avalaPhSQCF,H, aromatic aldehydes,
and arylboronic acids. The key step is the pallmdaatalyzed dehydrosulfonylative
cross-coupling ob-[difluoro(phenylsulfonyl)methyl]benzyl tosylatekat are derived

from PhSQCF,H, aromatic aldehydes, and tosyl chloride. The detsulfonylation

and coupling reaction are operated in one pot withthe separation of the
intermediates, 2,2-difluoro-1-arylvinyl tosylateghis protocol not only represents a
novel synthetic application of PhgCRH,™ it also provides an efficient approach to
prepare a series of 2,2-diaryl-1,1-difluoroethewéh varying structures from simple

starting materials.

4. Experimental section
4.1. General
Unless otherwise mentioned, solvents and reageaits purchased from commercial
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sources and used as received. The solvents MeCIslifdwere distilled over Cajd
The solvents THF and toluene were distilled ovetiwm. Difluoromethyl phenyl
sulfone (PhS@CR:H) was either prepared according to reported proeedt or
purchased from J&K Scientific. All the melting ptsnwere uncorrectedH, °F and
3C NMR spectra were recorded on a Bruker AM-300 NN®&rjanMercury-300, or
Agilent MR-400 NMR spectrometerH NMR chemical shifts were determined
relative to internal (Ck)4Si (TMS) ato 0.0 or to the signal of a residual protonated
solvent CDC} at 6 7.26. F NMR chemical shifts were determined relative to
external CFG at ¢ 0.0. MS (EI-MS) were obtained on an Agilent 5975€s g
chromatography and HP5989A mass spectrometer. M&) ({izere obtained on an
AGILENT1100 mass spectrometer. High-resolution mdat were recorded on a

Thermo Scientific LTQ FTICR mass spectrometer i BSI mode.

4.2. Typical experimental procedures for the sysihe of «
-[difluoro(phenylsulfonyl)methyl]benzyl tosylates—1i

Into a 250-mL three-necked round bottom flask epegwith a magnetic stir bar
were added benzaldehyde (7.959 g, 75.0 mmol, Wubvedifluoromethyl phenyl
sulfone (9.61 g, 50.0 mmol, 1.0 equiv), hexamethgfgphoramide (HMPA) (12.0
mL), and THF (120.0 mL). The mixture was cooled-#8 °C with a dry ice-acetone
cold bath, and stirred at this temperature for 1. nA solution of lithium
bis(trimethylsilyl)amide (1.0 M in THF, 75.0 mL, mmol, 1.5 equiv) was added
dropwise at —78C. The mixture was stirred at —78 °C for 2 hourgerawhich
p-toluenesulfonyl chloride (14.3 g, 75.0 mmol, 1du®) was added and then the
mixture was stirred at =78 °C for another 1 houre Teaction was quenched by the
addition of a saturated aqueous solution of,8IH40 mL). Ethyl acetate (EtOAc) (50
mL) were added to the reaction and the organic @hess separated. The agueous
phase was extracted with EtOAcX50 mL) and the combined organic phases were
dried with MgSQ, filtered, and evaporated under vacuum. The residas purified

by recrystallization from petroleum ether (PE)/EtO& afford the desired produta
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as a white solid (19.194 g, 85% yield).

4.2.1. 2,2-Difluoro-1-phenyl-2-(phenylsulfonyl)dtdymethylbenzenesulfonatks]
Performed on 50-mmol scale, 19.194 g, 85% yieldit®\$plid, m.p. 112-112C; 'H
NMR (400 MHz, CDC}) § 7.90 (d,J = 7.8 Hz, 2H), 7.72 (] = 7.5 Hz, 1H), 7.62 (d,
J = 8.3 Hz, 2H), 7.56 () = 7.8 Hz, 2H), 7.34 — 7.32 (m, 3H), 7.27 — 7.23 8H),
7.16 (d,J = 8.1 Hz, 2H), 6.17 (ddl = 14.1, 9.5 Hz, 1H), 2.37 (s, 3HJC NMR (101
MHz, CDCh) & 145.16 (s), 135.53 (s), 133.20 (s), 132.94 (s). 2B (s), 130.27 (s),
129.51 (s), 129.29 (s), 129.01 (s), 128.46 (s),1128&s), 119.01 (dd] = 298.8, 290.0
Hz), 77.37 (dJ = 20.2 Hz), 77.47 — 77.20 (m), 77.24 {d= 7.3 Hz), 21.62 (s)'°F
NMR (376 MHz, CDC}) & —107.54 (ddJ = 240.9, 9.4 Hz, 1F), —110.38 (d#i=
240.9, 14.1 Hz, 1F); MS (ESI, m/z, %): 474.90 (M¥NED0.00); HRMS (ESI): Calcd.
For GiH1gF,0sS,Na’: 475.0456; Found: 475.0452.

4.2.2. 2,2-Difluoro-2-(phenylsulfonyl)-1-(m-tolyiig! 4-methylbenzenesulfonafid)
Performed on 50-mmol scale, 19.246 g, 82% yieldit®\$plid, m.p. 115-118C; 'H
NMR (400 MHz, CDCJ) 6 7.90 (d,J = 7.9 Hz, 2H), 7.72 (t) = 7.9 Hz, 1H), 7.61 —
7.54 (m, 4H), 7.16 — 7.11 (m, 5H), 7.04 (s, 1HL,26(dd,J = 14.6, 9.1 Hz, 1H), 2.37
(s, 3H), 2.22 (s, 3H)*C NMR (101 MHz, CDGJ) & 145.20 (s), 138.21 (s), 135.64 (s),
133.26 (s), 132.94 (s), 131.06 (s), 130.70 (s),.829s), 129.46 (s), 129.34 (s),
129.18 (s), 128.39 (s), 128.09 (s), 126.28 (s),119dd,J = 298.7, 289.6 Hz), 77.52
(dd, J = 28.0, 20.3 Hz). 21.53 (s), 21.10 (§F NMR (376 MHz, CDGCJ) § —107.28
(dd,J = 241.3, 9.1 Hz, 1F), —-110.66 (dt= 241.3, 14.6 Hz, 1F); MS (ESI, m/z, %):
488.90 (M+N4, 100.00); HRMS (ESI): Calcd. For ;0F0sS,Na": 489.0612;
Found: 489.0619.

4.2.3. 2,2-Difluoro-2-(phenylsulfonyl)-1-(o-tolythg/l 4-methylbenzenesulfonafies)
Performed on 50-mmol scale, 21.255 g, 91% vyielditeolid, m.p. 138-138C. 'H
NMR (400 MHz, CDC}) § 7.94 (d,J = 7.9 Hz, 2H), 7.73 (] = 7.5 Hz, 1H), 7.57 (1)
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= 7.9 Hz, 4H), 7.25 (d] = 6.6 Hz, 1H), 7.21 — 7.10 (m, 4H), 6.99J& 7.6 Hz, 1H),
6.53 (dd,J = 16.5, 6.9 Hz, 1H), 2.44 (s, 2H), 2.36 (s, 2 NMR (101 MHz,
CDCly) § 145.17 (s), 137.42 (s), 135.63 (s), 133.24 (s2.83(s), 130.79 (s), 130.54
(s), 130.06 (s), 129.48 (s), 129.36 (s), 129.01X2B.09 (s), 127.98 (s), 126.20 (s),
119.36 (dd,) = 299.9, 287.5 Hz), 73.12 (dd= 24.6, 15.1 Hz), 21.59 (s), 19.28 (S);
19 NMR (376 MHz, CDGJ) § —106.89 (d,J = 247.2 Hz, 1F), —111.72 (d,= 244.1
Hz, 1F) ; MS (ESI, m/z, %): 488.95 (M+Kal00.00); HRMS (ESI): Calcd. For
CaaH10F20sS:Na": 489.0612; Found: 489.0617.

4.2.4. 2,2-Difluoro-1-(4-isopropylphenyl)-2-(pheswyifonyl)ethyl
4-methylbenzenesulfonatkdy

Performed on 20-mmol scale, 8.482 g, 86% yield. t&vbolid, m.p. 130-13C; 'H
NMR (400 MHz, CDC4) 6 7.90 (d,J = 7.7 Hz, 2H), 7.71 (dd] = 10.7, 4.3 Hz, 1H),
7.55 (t,J = 8.0 Hz, 4H), 7.19 (d] = 8.1 Hz, 2H), 7.11 (d] = 8.3 Hz, 2H), 7.05 (d] =
8.2 Hz, 2H), 6.14 (dd] = 14.6, 9.3 Hz, 1H), 2.84 (hept= 7.0 Hz, 1H), 2.34 (s, 3H),
1.19 (d,J = 6.9 Hz, 6H);™*C NMR (101 MHz, CDGJ)) & 151.29 (s), 144.94 (s),
135.58 (s), 133.38 (s), 133.00 (s), 130.70 (s),42%s), 129.31 (s), 129.11 (s), 128.07
(s), 126.51 (s), 119.16 (dd= 298.8, 289.5 Hz), 77.8 — 77.32 (m), 33.87 (8)82 (s),
23.78 (s), 21.55 (s)’F NMR (376 MHz, CDGCJ) § —107.31 (dd, = 241.3, 9.3 Hz,
1F), —110.64 (dd] = 241.4, 14.5 Hz, 1F); MS (ESI, m/z, %): 516.95+N4&",
100.00); HRMS (ESI): Calcd. ForgH, 4F0sS,Na’": 517.0925; Found: 517.0920.

4.2.5. 1-(4-(tert-Butyl)phenyl)-2,2-difluoro-2-(phdsulfonyl)ethyl
4-methylbenzenesulfonatke)

Performed on 20-mmol scale, 8.397 g, 83% vyield. t&/bolid, m.p. 151-15%C; 'H
NMR (400 MHz, CDC}) 6 7.91 (d,J = 7.6 Hz, 2H), 7.73 — 7.69 (m, 1H), 7.57 — 7.53
(m, 4H), 7.19 (s, 4H), 7.10 (d,= 8.1 Hz, 2H), 6.14 (dd} = 14.8, 9.1 Hz, 1H), 2.34 (s,
3H), 1.26 (s, 9H)*C NMR (101 MHz, CDCJ) § 153.51 (s), 144.85 (s), 135.55 (s),
133.42 (s), 133.03 (s), 130.72 (s), 129.39 (s),.3@9s), 128.83 (s), 128.08 (s),
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125.35 (s), 119.16 (dd,= 298.8, 289.2 Hz), 77.77 — 77.29 (m), 34.67 38)17 (s),
21.57 (s)°F NMR (376 MHz, CDGJ) § —107.12 (ddJ = 241.6, 9.1 Hz, 1F), -110.82
(dd, J = 241.7, 14.8 Hz, 1F); MS (ESI, m/z, %): 530.95+N\&", 100.00); HRMS
(ESI): Calcd. For gH,eF,0sS,Na'": 531.1082; Found: 531.1079.

4.2.6. 2,2-Difluoro-1-(4-methoxyphenyl)-2-(pheniftsoyl)ethyl
4-methylbenzenesulfonatH)

Performed on 20-mmol scale, 8.403 g, 87% vyield. te/kblid, m.p. 95-98C; 'H
NMR (400 MHz, CDC}) 6 7.96 (d,J = 7.7 Hz, 2H), 7.72 — 7.70 (m, 1H), 7.66 — 7.64
(m, 2H), 7.59 — 7.55 (m, 2H), 7.31 — 7.24 (m, 25 (d,J = 8.1 Hz, 2H), 6.83 —
6.77 (m, 3H), 3.83 (s, 3H), 2.36 (s, 3¢ NMR (101 MHz, CDGJ) & 145.06 (s),
135.45 (s), 133.19 (s), 133.03 (s), 131.40 (s),.8Bqs), 129.63 (s), 129.33 (s),
129.25 (s), 128.22 (s), 120.62 (s), 119.22 (dd,298.8, 288.6 Hz), 118.38 (s), 110.70
(s), 70.29 (ddJ = 29.8, 20.2 Hz), 55.83 (s), 21.59 (§F NMR (376 MHz, CDGJ) 5
—107.09 (dd,) = 243.2, 7.3 Hz, 1F), —-111.54 (diz 243.2, 16.1 Hz, 1F) ; MS (ESI,
m/z, %): 504.95 (M+Nj 100.00); HRMS (ESI): Calcd. For »8,0F.0sS;Na’":
505.0562; Found: 505.0526.

4.2.7. 2,2-Difluoro-2-(phenylsulfonyl)-1-(4-(tritwomethyl)phenyl)ethyl
4-methylbenzenesulfonatkgy

Performed on 20-mmol scale, 7.721 g, 74% vyield. t&/bolid, m.p. 140-14%C; 'H
NMR (400 MHz, CDC}) 6 7.91 (d,J = 7.6 Hz, 2H), 7.77 — 7.73 (m, 1H), 7.62 — 7.57
(m, 4H), 7.48 (g, = 8.4 Hz, 4H), 7.16 (d] = 8.1 Hz, 2H), 6.21 (dd} = 13.7, 9.4 Hz,
1H), 2.37 (s, 3H)**C NMR (101 MHz, CDG)) & 145.63 (s), 135.78 (s), 133.55 (s),
132.86 (s), 132.83 (g} = 32.89 Hz), 132.61 (s), 130.80 (s), 129.62 (8D.47 (s),
129.41 (s), 128.18 (s), 125.39 (g 3.7 Hz), 123.56 (q] = 272.4 Hz), 118.75 (dd,

= 299.3, 290.3 Hz), 76.39 (dd,= 27.6, 20.9 Hz), 21.53 (s)F NMR (376 MHz,
CDCl;) § —63.06 (s, 3F), —107.85 (ddi= 241.7, 9.4 Hz, 1F), —-110.39 (dbiz 241.7,
13.7 Hz, 1F) ; MS (ESI, m/z, %): 542.90 (M+400.00); HRMS (ESI): Calcd. For
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szH17F50582Na+: 543.0330; Found: 543.0342.

4.2.8. 2,2-Difluoro-2-(phenylsulfonyl)-1-(4-(tritwomethoxy)phenyl)ethyl
4-methylbenzenesulfonatkhj

Performed on 20-mmol scale, 8.797 g, 83% vyield. t&/bolid, m.p. 105-108C; 'H
NMR (400 MHz, CDC}) § 7.91 (d,J = 7.6 Hz, 2H), 7.75 (] = 7.5 Hz, 1H), 7.58 (1]

= 8.1 Hz, 4H), 7.36 (d] = 8.6 Hz, 2H), 7.16 (d] = 8.0 Hz, 2H), 7.08 (d] = 8.1 Hz,
2H), 6.18 (ddJ = 13.6, 9.7 Hz, 1H), 2.36 (s, 3HY)C NMR (101 MHz, CDGJ) 5
150.48 (s), 145.55 (s), 135.73 (s), 133.05 (s),.ABZs), 130.78 (s), 130.71 (s),
129.57 (s), 129.38 (s), 128.23 (M= 2.1 Hz), 128.11 (s), 120.74 (s), 120.26 X
258.0 Hz), 118.82 (ddl = 298.6, 290.5 Hz), 76.42 (ddi= 27.5, 20.7 Hz), 21.50 (s);
% NMR (376 MHz, CDGCJ) § —58.34 (s, 3F), —108.54 (ddi= 241.2, 9.6 Hz, 1F), —
110.88 (ddJ = 241.4, 13.6 Hz, 1F) ; MS (ESI, m/z, %): 558.80+Na’, 100.00);
HRMS (ESI): Calcd. For £H17Fs06S,Na": 559.0279; Found: 559.0264.

4.2.9. 2,2-Difluoro-1-(naphthalen-2-yl)-2-(phenyfsamyl)ethyl
4-methylbenzenesulfonatd)(

Performed on 20-mmol scale, 8.332 g, 83% yield. t&vbolid, m.p. 145-14%C; 'H
NMR (400 MHz, CDC}) § 7.90 (d,J = 7.5 Hz, 2H), 7.80 — 7.64 (m, 5H), 7.60 — 7.46
(m, 6H), 7.37 (d,J = 8.6 Hz, 1H), 6.99 (d] = 8.2 Hz, 2H), 6.32 (dd] = 14.1, 9.6 Hz,
1H), 2.18 (s, 3H)*C NMR (101 MHz, CDGJ) § 145.24 (s), 135.56 (s), 133.89 (s),
133.21 (s), 132.91 (s), 132.47 (s), 130.76 (s),.829s), 129.38 (s), 129.28 (s),
128.48 (s), 128.35 (s), 128.10 (s), 127.64 (s),427s), 126.64 (s), 125.01 (s), 119.23
(dd,J = 298.8, 290.2 Hz), 77.68 (d= 20.4, 7.2 Hz), 21.39 (s)%F NMR (376 MHz,
CDCl) § —107.51 (dd,) = 241.2, 9.6 Hz, 1F), —110.19 (diz 241.2, 14.1 Hz, 1F) ;
MS (ESI, m/z, %): 524.90 (M+Na 100.00); HRMS (ESI): Calcd. For
CasH10F20sS,Na": 525.0612; Found: 525.0603.

4.3. Typical experimental procedures for the sysithe of
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2,2-diaryl-1,1-difluoroethene3a-3I

Under the N atmosphere, DME (5.0 mL) was added into an ovésdd20-mL
Schlenk tube containing tosylata (270.2 mg, 0.6 mmol, 1.0 equiv), phenylboronic
acid @a) (60.9 mg, 0.5 mmol, 1.0 equiv), tris(dibenzyliganetone)dipalladium(0)
(Pdx(dba}) (18.4 mg, 0.02 mmol, 4 mol%), toitolyl)phosphine (12.2 mg, 0.04
mmol, 8 mol%), C&££0O; (489.0 mg, 1.5 mmol, 3.0 equiv) and a magnetidosti. The
mixture were heated to 8€ and stirred vigorously for 8 hours. After the iida of
petroleum ether (PE) (10 mL), the mixture was fdtk through Celite layer. The
filtrate was concentrated under vacuand purified by flash column chromatography
(silica gel; petroleum ether/diethyl ether, 5:1y)wo give the desired produBa as

colorless oil (77.6 mg, 72% yield).

4.3.1. (2,2-Difluoroethene-1,1-diyl)dibenzeBa)(

Prepared fronia (0.6 mmol) and phenylboronic aciga) (0.5 mmol), 77.6 mg, 72%
yield. Colorless oil*H NMR (400 MHz, CDCJ) & 7.39 — 7.26 (m, 9H)!*F NMR
(376 MHz, CDC}) & —87.80 (s, 2F); MS (ESI, m/z, %): 238.95 (M+N&00.00). The

characterization data are in consistence with presreport:?

4.3.2. 1-(2,2-Difluoro-1-phenylvinyl)-4-methylbeneg3b)

Prepared fronia (0.6 mmol) ang-tolylboronic acid 2b) (0.5 mmol), 74.5 mg, 76%
yield. Colorless oil'H NMR (400 MHz, CDGJ) § 7.39 — 7.22 (m, 9H), 7.15 (s, 4H),
2.36 (s, 3H)°F NMR (376 MHz, CDGJ) § —88.10 (d,J = 34.0 Hz, 1F), —-88.30 (d,

= 34.1 Hz, 1F); MS (ESI, m/z, %): 253.00 (M+Nd00.00). The characterization

data are in consistence with previous repbrt.

4.3.3. 1-(2,2-Difluoro-1-phenylvinyl)-3-methylbeneg3c)

Method A, prepared froma (0.6 mmol) andn-tolylboronic acid 2c) (0.5 mmol),
53.7 mg, 61% vyield; Method B, prepared fram (0.6 mmol) and phenylboronic acid
(2a) (0.5 mmol), 62.5 mg, 71% vyield. Colorless d#§ NMR (400 MHz, CDC}) &

18



7.39 — 7.19 (m, 6H), 7.15 — 7.03 (m, 3H), 2.33(); *°F NMR (376 MHz, CDGJ) &
—87.79 (dJ = 32.9 Hz, 1F), -88.14 (d, = 32.8 Hz, 1F); MS (ESI, m/z, %): 253.0

(M+Na*, 100.00). The characterization data are in cazrsist with previous repot.

4.3.4. 1-(2,2-Difluoro-1-phenylvinyl)-4-methoxybene 8d)

Prepared fromla (0.6 mmol) and 4-methoxyphenylboronic acik) (0.5 mmaol),
67.8 mg, 64% vyield. Colorless ottf NMR (400 MHz, CDGJ) § 7.41 — 7.22 (m, 5H),
7.18 (d,J = 8.4 Hz, 2H), 6.88 (d] = 8.7 Hz, 2H), 3.81 (s, 1H), 3.81 (s, 3 NMR
(376 MHz, CDC}) 6 —88.73 (dJ = 34.9 Hz, 1F), -88.91 (d, = 34.9 Hz, 1F); MS
(ESI, m/z, %): 269.0 (M+Na 100.00). The characterization data are in coEsist

with previous report?

4.3.5. (4-(2,2-Difluoro-1-phenylvinyl)phenyl)(melfisulfane 8e)

Prepared fronia (0.6 mmol) and 4-(methylthio)phenylboronic ac)((0.5 mmol),
66.1 mg, 58% vyield. Colorless ottf NMR (400 MHz, CDGJ) § 7.36 — 7.21 (m, 7H),
7.17 (d,J = 8.4 Hz, 2H), 2.48 (s, 3H}’F NMR (376 MHz, CDCJ) § —87.67 (dJ =
32.4 Hz, 1F), -87.77 (d) = 32.4 Hz, 1F); MS (ESI, m/z, %): 284.95 (M+Na

100.00) . The characterization data are in consistevith previous repof?.

4.3.6. 1-(2,2-Difluoro-1-phenylvinyl)-3-methoxybene 3f)

Prepared froma (0.6 mmol) and 3-methoxyphenylboronic acfl) (0.5 mmol), 58.3
mg, 55% yield. Colorless oiftH NMR (400 MHz, CDC}) & 7.36 — 7.24 (m, 6H), 6.86
— 6.81 (m, 3H), 3.77 (s, 3H}F NMR (376 MHz, CDGJ) 6 —87.09 (dJ = 31.8 Hz,
1F), —87.56 (d,J = 31.7 Hz, 1F); MS (ESI, m/z, %): 268.95 (M+Na00.00). The

characterization data are in consistence with preieporf?

4.3.7. 1-(2,2-Difluoro-1-phenylvinyl)-4-(trifluoroethyl)benzene3()
Method A, prepared froma (0.6 mmol) and 4-(trifluoromethyl)phenylboroniciéc
(29) (0.5 mmol), 62.4 mg, 50% yield; Method B, preghfeom 1g (0.6 mmol) and
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phenylboronic acid2a) (0.5 mmol), 91.1 mg, 73% vield. Colorless ot NMR (400
MHz, CDCk) 6 7.59 (d,J = 8.1 Hz, 2H), 7.38 — 7.29 (m, 5H),7.23 (dd; 8.1, 7.0 Hz,
2H); F NMR (376 MHz, CDGJ) 6 —62.74 (s, 3F), —85.74 (d,= 28.1 Hz, 1F),
-86.47 (d,J = 28.1 Hz, 1F); MS (ESI, m/z, %): 322.95 (M+N\Na00.00). The

characterization data are in consistence with pressreport?

4.3.8. 1-(2,2-Difluoro-1-phenylvinyl)-4-(trifluorosthoxy)benzené&lq)

Method A, prepared froria (0.6 mmol) and 4-(trifluoromethoxy)phenylboronicich
(2h) (0.5 mmol), 85.1 mg, 64% vyield; Method B, premghfeom 1h (0.6 mmol) and
phenylboronic acid2a) (0.5 mmol), 86.2 mg, 65% yield. Colorless Ot NMR (400
MHz, CDCk) § 7.39 — 7.24 (m, 7H), 7.19 (d,= 8.1 Hz, 2H);"*F NMR (376 MHz,
CDCl) & -57.86 (s), —-86.88 (d, = 30.7 Hz, 1F), —87.33 (d, = 30.7 Hz, 1F); MS
(ESI, m/z, %): 322.95 (M+Na 100.00). The characterization data are in coEsist

with previous report®

4.3.9. 2-(2,2-Difluoro-1-phenylvinyl)naphthalergs)(

Method A, prepared frorfia (0.6 mmol) and 2-naphthylboronic acil)((0.5 mmol),
81.2 mg, 70% yield; Method B, prepared fradm(0.6 mmol) and phenylboronic acid
(2a) (0.5 mmol), 84.7 mg, 73% vyield. Colorless d#§ NMR (400 MHz, CDC}) &
7.83 — 7.72 (m, 4H), 7.48 — 7.46 (m, 2H), 7.34297(m, 6H);*°F NMR (376 MHz,
CDCly) § —87.35 (dJ = 31.5 Hz, 1F), —-87.56 (d,= 31.5 Hz, 1F); MS (ESI, m/z, %):
289.0 (M+N4d, 100.00). The characterization data are in cogisist with previous

report>?

4.3.10. 1-(2,2-Difluoro-1-phenylvinyl)-4-isopropegitizene 3k)

Prepared fronid (0.6 mmol) and phenylboronic aciga) (0.5 mmol), 83.8 mg, 65%
yield. Colorless oil'H NMR (400 MHz, CDC}) § 7.36 — 7.26 (m, 5H), 7.21 — 7.16
(m, 4H), 2.91 (hept) = 6.9 Hz, 1H), 1.26 (dJ = 6.9 Hz, 6H);"°F NMR (376 MHz,
CDCls) 6 —88.23 (dJ = 2.8 Hz, 2F); MS (ESI, m/z, %): 281.0 (M+Nd.00.00). The
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characterization data are in consistence with pressreport?

4.3.11. 1-(tert-Butyl)-4-(2,2-difluoro-1-phenylvijlyenzene3l)

Prepared fronie (0.6 mmol) and phenylboronic aciga) (0.5 mmol), 84.3 mg, 62%
yield. Colorless oil'H NMR (400 MHz, CDC}) § 7.36 — 7.32 (m, 4H), 7.30 — 7.26
(m, 3H), 7.19 (dJ = 8.1 Hz, 2H), 1.32 (s, 2H}*F NMR (376 MHz, CDGJ) 5 —88.02
(d, J = 33.4 Hz, 1F), —-88.20 (d,= 33.4 Hz, 1F); MS (ESI, m/z, %): 295.0 (M+Na

100.00). The characterization data are in congisterith previous reporff.
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