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Tetrafluoroethylene Equivalent: Preparation of Tetrafluoroethyl-Substituted
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PhSCF,CF,SiMej; (1) was developed as a tandem anion and
radical tetrafluoroethylene equivalent for the introduction of
a CF,CF, moiety. Fluoride-initiated nucleophilic additions of
1 to carbonyl compounds provide the corresponding alcohol

adducts 2. Reduction of 2 gives tetafluoroethyl-containing
alcohols 3, whereas 6-exo radical cyclizations of allyl ethers
4 yield tetrafluorotetrahydropyrans 5.

Introduction

Fluoroorganic compounds display unique chemical, bio-
logical, and physical properties, which have proven useful
in agricultural and medicinal chemistry and in materials sci-
ence. In addition, the selective introduction of fluorine
atom(s) or fluorine-containing moieties into organic mole-
cules with the aim of positively influencing their biological
properties is a powerful strategy in drug design.!'! Conse-
quently, research into the development of new efficient reac-
tion systems for selective fluorination or fluoroalkylation
has been increasing.

In recent years, a number of novel methodologies have
been reported for the introduction of fluoroalkyl moieties
into organic molecules, and the introduction of perfluoro-
alkyl,?! difluoromethyl, and difluoromethylenel® groups
has been extensively studied. In addition, incorporation of
H(CF,),— and —(CF,),— groups, where n > 2, is straightfor-
ward by a nucleophilic or radical pathway, starting from
halogenated precursors H(CF,), X and X(CF,),X, respec-
tively. However, the introduction of tetrafluoroethyl
(-CF,CF,H) and tetrafluoroethylene (—-CF,CF,—) moieties
is much more challenging. For example, the introduction
of tetrafluoroethyl groups via tetrafluoroethyl radicals or
carbanions generated from HCF,CF,X (X = Br, I, SiMes)
is complicated by the lack of availability or high cost of
halotetrafluoroethane precursors. Obvious candidates for
the introduction of tetrafluoroethylene groups are 1,2-di-
halotetrafluoroethanes: in fact, the Hu and Chen groups
have reported successful radical chain reactions of 1,2-di-
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halotetrafluoroethanes with alkenes or alkynes.[’! Further-
more, Linclau and co-workers described the enantioselec-
tive synthesis of tetrafluorinated glucose and galactose de-
rivatives, starting with radical addition of bromoiodote-
trafluoroethane to an alkene.[! In addition, the same group
reported the enantioselective synthesis of several tetrafluo-
roethylene-containing monosaccharides, starting from com-
mercially available CH,=CHCF,CF,Br, which, after
double-bond functionalization, underwent lithiation with
MeLi and nucleophilic addition to the carbonyl group.!”
However, in contrast, organometallic species derived from
1,2-dihalotetrafluoroethanes suffer from facile B-halogen
elimination to give tetrafluoroethylene.[®!

Other approaches towards tetrafluoroethylene-contain-
ing compounds, such as reaction of 1,2-dicarbonyls with
SF4/HF, employ highly toxic reagents and high pressure re-
action conditions,®! whereas reactions using the less ag-
gressive Deoxofluor are limited to simple aromatic benzil
derivatives.'l Finally, the silylated derivatives Me;SiC-
F>CF,SiMes!'!l and PhMe,SiCF,CF,SiMe,Ph!'? undergo
elimination of R;SiF, thus acting as trifluorovinylation
rather than tetrafluoroethylenation reagents.

Because of these limitations, there are currently no gene-
ral methods available for the direct introduction of tetra-
fluoroethyl or tetrafluoroethylene moieties. Here we report
our findings on the development of trimethyl(1,1,2,2-tetra-
fluoro-2-phenylsulfanylethyl)silane (PhSCF,CF,SiMes, 1)
as a tandem anion and radical tetrafluoroethylene synthon.
Compound 1 features two types of difluoromethylene
groups: a CF, center, which can be obtained by activation
of the silane (e.g., using fluoride ions), and a CF," center,
which can be formed by homolytic cleavage of the C-S
bond under free radical conditions. This design should cir-
cumvent the above-mentioned B-fluoride elimination prob-
lem, enabling preparation of selectively substituted tetra-
fluoroethylene-containing compounds through the orthogo-
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nal reactivities of fluorinated carbanion and radical centers.
Compound 1 can be viewed as an extension of
PhSCF,SiMes;, which was successfully used as a nucleo-
philic (phenylthio)difluoromethylenation reagent of carb-
onyl compounds!!3! or difluoromethylene radical anion
equivalent, through nucleophilic addition to sulfinyl
imines!'¥ or cyclic imides,!'3! followed by radical cycliza-
tions. In the present study, we addressed the proposed reac-
tivity of compound 1 by investigating nucleophilic addition
to carbonyl compounds, followed by either reductive cleav-
age of the phenylsulfanyl group, to give a tetrafluoroethyl-
containing alcohol, or radical cyclization to yield a tetra-
fluorotetrahydropyran: neither compound has been pre-
viously reported [except for compound 3a (vide supra)]. 6-
exo-Cyclizations of tetrafluoro-6-heptenyl ether radicals to
tetrafluorotetrahydropyrans should be feasible and fast. A
systematic study by Dolbier Jr. and co-workers demon-
strated that fluorine substitution at the radical center is as-
sociated with a remarkable rate enhancement effect in 5-
exo, 6-exo, and 6-endo cyclizations (Table 1).1' For exam-
ple, 6-exo cyclizations of tetra- and octafluoroheptenyl radi-
cals occur with rate constants that are three orders of mag-
nitude larger than those observed for their hydrocarbon an-
alogues.

Table 1. Cyclization reactivities of hydrocarbon and hydrofluoro-
carbon radicals at 25 °C.l'¢

CF,
CF2 CFz

FZC

FZC
U UFQ éFz

ksew [s7]  2.7x10° 1.2x107 4.5 x 107
Keero [$7'] 54x10° 1.4 %107 2.0 x 10’
Ksendo[s'] 5.0 x 10° 5.6 x 10°

Results and Discussion

Silane 1 was prepared in excellent yield as described pre-
viously!!”! by using a two-step reaction starting from thio-
phenol and 1,2-dibromotetrafluoroethane!'®! (Scheme 1).
The use of compound 1 was previously reported for the
preparation of sulfonyl fluorides and lithium sulfonates,
which have potential applications as electrolytes in lithium
batteries.!”]

1. NaH, DMF Mg, TMSCI
PhSH ——————— PhSCF,CF,Br PhSCF,CF,SiMes
2. BTCcmFzBr
-50°Ctorit. 90% —78°Ctorit. 1,92%

Scheme 1. Synthesis of compound 1 from 1,2-dibromotetrafluoro-
ethane.

Nucleophilic addition of 1 to aldehydes and ketones was
investigated (Table 2). Reaction with benzaldehyde pro-
ceeded smoothly in the presence of a twofold excess of 1
and catalytic amounts of fluoride initiator (TBATU'Y/THF
or CsF/DMF) at ambient temperature, giving the adduct as
a TMS-ether, which after silyl group removal using aqueous
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hydrochloric acid gave 2a in excellent yield (Table 2, En-
try 1). The TBAT/THF system was preferred for other sub-
strates because of easier product isolation, whereas the use
of an excess amount of 1 improved product conversion
(PhSCF,CF,H was identified as a byproduct). Aromatic al-
dehydes with either electron-withdrawing or electron-donat-
ing groups worked equally well, whereas good yields of ad-
ducts 2 were also obtained starting from aliphatic alde-
hydes. In contrast, the reactivity of simple ketones was sig-
nificantly reduced. For example, acetophenone gave only
36% of the corresponding 2h (Table 2, Entry 8). Efforts to
increase the product yield, by employing other, less steri-
cally demanding initiators (CsF, nBuyNF, Mey,NF), were
not successful. Furthermore, only trace amounts of the
product were formed from cyclohexanone, (Table 2, En-
try 9). Interestingly, the use of trifluoroacetophenone re-
sulted in the formation of a TMS-ether adduct that is resist-
ant to HCI cleavage; however, aqueous HF gave 2j in excel-
lent yield (Table 2, Entry 10), suggesting that the lack of
reactivity of simple ketones is due to their low electrophilic-
ity rather than steric reasons.

Table 2. Preparation of adducts 2 by fluoride-initiated nucleophilic
addition of 1 to carbonyl compounds.[®

1. PhSCF,CF,SiMe;

0 TBAT (cat), THF,rt.  HOQ_CF,CF,SPh
R'TR® 2 Hel, Hy0, rit. - R , R?

Entry R! R? 2, Yield [%o]t®!
1 Ph H 2a, 91
2 4-CIC H, H 2b, 93
3 4-MeOCH, H 2¢, 86
4 I-naphthyl H 2d, 80
5 2-naphthyl H 2e, 75
6 n-CgH 3 H 2f, 72
7 PhCH,CH, H 2g, 86
8 Ph Me 2h, 36
9 —(CH,)s- 2i, trace
10 Ph CF; 2j, 91

[a] Reactions were performed with carbonyl compound (2 mmol), 1
(4 mmol, 2.0 equiv.), and TBAT (1 mol-%) in THF (8 mL) at room
temperature for 1 h, followed by addition of HCI (3 mL, 1 m) at
room temperature for 1 h. [b] Isolated yield. [c] HF (4 mL, 1 m) was
used instead of HCl.

Following synthesis of adducts 2, reductive cleavage of
the phenylsulfanyl (PhS) group was investigated. The PhS
group was readily substituted with hydrogen by using an
excess amount of nBusSnH and a catalytic amount of
AIBN in refluxing toluene, giving the corresponding tetra-
fluoroethyl-containing secondary or tertiary alcohols in
good to high yields (Table 3).

Next, we investigated intramolecular trapping of the tet-
rafluoroethyl radical intermediate, generated by carbon-
sulfur bond cleavage by an unsaturated functional moiety.
For this purpose, allyl ether 4a was synthesized. Using reac-
tion conditions similar to those employed for the formation
of compounds 3, allyl ether 4a was subjected to 6-exo radi-
cal cyclization to give tetrafluorotetrahydropyran 5a in
moderate yield (Table 4, Entry 1).
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Table 3. Preparation of alcohols 3 by reductive cleavage of adducts
2 [al

HQ_CF,CF,SPh  n-BusSnH, AIBN (cat.) HOXCFzCFzH
R "R? toluene, reflux T RTR?
2 3
Entry 2 R! R? 3, Yield [Yo]®!

1 2a Ph H 3a, 77
2 2b 4-CIC¢Hy H 3b, 98
3 2¢ 4-MeOC¢H, H 3¢, 80
4 2d 1-naphthyl H 3d, 65
5 2e 2-naphthyl H 3e, 84
6 2f n-CgHys H 3f, 92
7 2g PhCH,CH, H 3g, 92
8 2h Ph Me 3h, 89

[a] Reactions were conducted using 2 (1 mmol), nBu;SnH
(1.75 mmol, 1.75 equiv.), and AIBN (0.15 mol, 0.15 equiv.) in tolu-
ene (8 mL) under reflux for 4 h. [b] Isolated yield. [c] Reaction time
was 15 h.

Formation of side product 6a was suppressed by slow
addition of nBusSnH and AIBN. Compound 5a was
formed as a mixture of trans and cis isomers in an 82:12
ratio. A single trans-5a was obtained by crystallization from
n-hexane, and its relative stereochemistry was determined
by X-ray crystallography (Figure 1).1?%1 A series of tetrafluo-
rotetrahydropyran derivatives 5b-k was synthesized as a
mixtures of isomers in moderate to good yields by radical
cyclization of adducts 4b—k. Based on X-ray crystallo-
graphic analysis of the major trans-isomer of 5a and com-
parison of the '"F NMR spectra of trans-5a and cis-5a, we
established that the frans isomers of Sb—g were the major
isomers, and that the trans/cis ratio ranged from 76:24 to
89:11 (determined by 'H NMR spectroscopy and con-
firmed by !'"F NMR spectroscopy). Benzyl-substituted
product of cyclization 5k was formed in a 79:21 ratio, which
was determined by GC-MS analysis rather than NMR
spectroscopy, as both the mixture of isomers of Sk and the

pure major isomer obtained by crystallization from n-hex-
ane displayed identical NMR spectra (see Supporting Infor-
mation for GC-MS and NMR spectroscopic data). The
major isomer of 5k was thus presumed to be a trans isomer
by analogy.

C14

C13
C15

Figure 1. X-ray crystal structure of the major isomer of 5a. Hydro-
gen atoms are omitted for clarity and thermal ellipsoids are set at
50% probability.

The stereochemistry assumed by compounds 5 can be
rationalized as shown in Scheme 2, where radical-mediated
cyclization proceeds through a 6-exo-trig cyclization mode.
Transition state A, which leads to frans-5, should be ener-

F R3 F R3
s 0
Rug‘\/'r;?/ - Rw/
F F
ARG F F
3 .
j)\ R nBu;SnH A (favored) trans-5 (major)

R . CF,CF,SPh AIBN (cat.) RS R3
F\/J/ of
R&&\r‘/F = RW%:
F F
F
B cis-5 (minor)

Scheme 2. Proposed transition states for 6-exo radical cyclizations
of 4 to 5.

Table 4. Formation of allyl ethers 4 and radical cyclization to tetrafluorotetrahydropyrans 5.[°)

NaH

Pz nBuzSnH
oH R3X"p, OTNTTR? AIBN (cat) # O/\/\ R3
CF,CF,SPh  DMF, rt. R1NCF,CFSPh toluene W F o+ CFZCFZH
reflux
2 4 trans- 5 cis- 5 6, <5%

Entry 2 R! R3 4, Yield [Yo]l! 5, Yield [%] 5, trans/cis'
1 2a Ph H 4a, 90 5a, 53 82:18
2 2b 4-CIC4H,4 H 4b, 77 Sb, 60 86:14
3 2¢ 4-MeOCgH, H 4c, 81 Sc, 62 89:11
4 2e 2-naphthyl H 4e, 59 Se, 74 84:16
5 2f 1n-CeH 5 H 4f. 77 5f. 61 77:23
6 2g PhCH,CH, H 4g, 83 5g, 84 76:24
7 2a Ph Ph 4k, 91 5k, 67 79:21M1

[a] Reactions were conducted using 2 (1 mmol), NaH (2 mmol), and R3CH=CHCH,Br (3 mmol) in THF (5 mL) at room temperature
for 2 h. [b] Reactions were performed by addition of nBuzSnH (1.75 mmol) and AIBN (0.15 mmol) in toluene (5 mL) over 3 h (using a
syringe pump) to a refluxing solution of 4 (I mmol) in toluene (3 mL) followed by reflux for 1 h. [c] Isolated yield. [d] Determined by 'H
NMR spectroscopic analysis of the crude reaction mixture. [e] Reaction time was 4 h. [f] Determined by GC-MS analysis of the crude

reaction mixture.
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getically more favorable than transition state B for the cis-
5 because it does not involve unfavorable 1,3-diaxial inter-
actions between the fluorine atom and the CHR? group.

Conclusions

In conclusion, we have developed PhSCF,CF,SiMe; (1)
as a tandem anion and radical tetrafluoroethylene equiva-
lent for introduction of ~CF,CF,H and —-CF,CF,— moie-
ties. Compound 1 underwent fluoride-initiated nucleophilic
addition to aldehydes and activated ketones, providing (af-
ter hydrolysis of the intermediate TMS-ether) substituted
2,2,3,3-tetrafluoro-3-phenylsulfanylpropan-1-ols (2) in high
yields. Compounds 2 underwent reduction under free radi-
cal conditions to substituted 2,2,3,3-tetrafluoropropan-1-
ols (3) in moderate to high yields, demonstrating the appli-
cation of 1 as a tetrafluoroethyl carbanion equivalent.
Compounds 2 were converted into allyl ethers 4 and cy-
clized under free radical conditions to give substituted tet-
rafluorotetrahydrofurans 5 in a 76:24 to 89:11 trans/cis ratio
in moderate to good yields.

Supporting Information (see footnote on the first page of this arti-
cle): Full characterization and copies of the 'H, '3C, and '’"F NMR
spectra of compounds 3-5.
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