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Various CF,BrCF,-containing multisubstituted alkenes

ABSTRACT: Highly regio- and stereoselective transformation of commercially available 4-bromo-3,3,4,4-tetrafluoro-1-butene
into multisubstituted alkenes having a tetrafluoroethylene fragment through Heck reactions and/or Suzuki—Miyaura cross-
coupling reactions was established. Thus, the obtained alkenes underwent a smooth reductive coupling reaction with aldehydes
under the influence of MeLi/LiBr-free, affording structurally unprecedented fluorinated materials.

B INTRODUCTION

Significant interest has been expressed in organic molecules
incorporating fluorine and/or fluorine-containing functional
groups in the fields of materials, pharmaceutical, and medicinal
chemistry, since a fluorine can very often bring about a drastic
effect on the molecular characteristics owing to the unique
nature of a fluorine atom." There have been reported a large
number of fluorine-containing organic molecules so far, but
they have been still limited to the synthesis of molecules
containing typical F, CF;, and C,F,,,; (n > 4) groups. In order
to expand an availability of organofluorine compounds,
consequently, development of novel synthetic methods to
effectively prepare unprecedented fluorinated compounds still
remains a primary concern and an important subject in
materials chemistry as well as medicinal chemistry.”

To fulfill such demands, our group has focused on the
development of fluorinated substances with unprecedented
frameworks and on the exploitation of their novel molecular
properties.” Particularly, in recent years, we have devoted
significant effort to developing convenient and efficient
synthetic methods for the preparation of organic compounds
with a perfluoroalkylene group:* eg, a tetrafluoroethylene
(—CF,CF,—) fragment.’ This is because wholly new molecular
features can be imparted to the parent molecules through the
perfluoroalkylene fragment. In fact, Linclau et al. have reported
that the polar and hydrophobic character of tetrafluorinated
sugars, e.g. 1a,b, leads to a drastic improvement in the contacts
between a carbohydrate analogue and its host protein in a
significant manner: that is, the hydrophobic desolvation effect
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caused by the tetrafluoroethylene fragment plays a favorable
role in the molecular recognition processes (Figure 1).° Our
research group has also successfully developed some organic

molecules containing tetrafluoroethylene fragments (2a—c),
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Figure 1. Application examples of tetrafluorinated materials.
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Table 1. Investigation of the Reaction Conditions for the Heck Reaction of 3a with Phenyldiazonium Salt

Fa ® 0 Pd . Ho F
(OAC), (0.5 mol%) 2
e r MeOH, 40 °C, Time ! '(:32 Br S = 16.1 Hz
3a (1.0 equiv.) (X equiv.) a
4a
entry X/equiv time/h yield of 4a“/%
1 1 0.25 64
2 1 1 84 (71)
3 1 2 82
4 2 1 79
“Determined by '’F NMR. The value in parentheses is the isolated yield.
Table 2. Heck Reactions of 3a with Various Types of Aryldiazonium Tetrafluoroborates
Fa Fa
® 0 Pd(OAC), (0.5 mol%) 1
e CB * OR-NBR, Tweon e int | 20 OB
Fa Fa
3a (1.0 equiv) (1.0 equiv) 4
Entry Product Yield"/% Entry Product Yield"/%
MeO
©v 52 \©\/ ¢
1 4a A~ Cogy 84 (71) 5 4e o Cop, 6
Fa Fo
Me\<)v Cl
¢ \©\/ c
2 4b ~c-Copy 56 (54) 6 4f ~c-Copy quant. (88)
Fa Fo
EtO,C
PG P :
3 dc e /\E/C\Br 48 (37) 7 4g ~o-Ceg,  quant. (88)
2 Fa
Fa O,N ]
4 4d ~cCopy 45 (36) 8 4h _~n-Co quant. (87)
Me Fa 192 B

“Determined by '’F NMR. Values in parentheses are the isolated yields.

and we have proved that such tricyclic molecules exhibit a large
negative dielectric anisotropy by a significant enhancement of
the molecular dipole in a minor axis induced from the
—CF,CF,— component, which is an unprecedented structural
motif for promising negative-type liquid crystals employed in
VA-mode LC display devices (Figure 1).”

Consequently, a tetrafluoroethylene fragment included in a
molecular structure can often significantly enhance the potent
properties or impart novel and intriguing molecular character-
istics. Therefore, much attention has been paid to the
development of novel synthetic methods for tetrafluoroethylen-
ated organic molecules as well as the investigation of their
molecular characteristics. However, the design and synthesis of
such substances still remains an underdeveloped area, and
turther studies on the development of completely new synthetic
methods for their preparation are highly desirable.”

1619

In this article are disclosed in detail novel synthetic methods
for various multisubstituted alkenes with a tetrafluoroethylene
fragment in a highly stereoselective manner from commercially
available 4-bromo-3,3,4,4-tetrafluoro-1-butene.

B RESULTS AND DISCUSSION

Highly Stereoselective Synthesis of 1,2-Disubstituted
Alkenes via Heck Reaction of 4-Bromo-3,3,4,4-tetra-
fluoro-1-butene. Initially, we addressed a synthetic trans-
formation of an alkene moiety in the commercially available 4-
bromo-3,3,4,4-tetrafluoro-1-butene (3a) as an effective ap-
proach to various organofluorine compounds: we attempted a
palladium-catalyzed Heck reaction’ with phenyldiazonium
tetrafluoroborate.'”"" As shown in entry 1 (Table 1), on
treatment of 1.0 equiv of 3a with 1.0 equiv of the diazonium
salt under the influence of 0.5 mol % of Pd(OAc), in MeOH at
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Table 3. Investigation of the Reaction Conditions for the Second Heck Reaction of 4a with a Tetrafluoroethylene Fragment

Fa
©\/ Fa ® 0 Catalyst (X mol%) O C'C\Br
/\E'C\Br * @Nz BF4 Solvent, 40 °C, Time Fe
4a (1.0 equziv) (Y equiv) O
5a
entry catalyst, X/mol % Y/equiv solvent time/h yield of 5a“/% recovery of 4a“/%

1 Pd(OAc),, § 12 MeOH 2 8 86

2 Pd(PPh,),, S 12 MeOH 2 2 96

3 Pd,(dba)s, 2.5 12 MeOH 2 4 96

4 Pd,(dba)yCHCL,, 2.5 12 MeOH 2 4 96

5 [Pd,(dba),-CHCL] + 4PPh,, 2.5 12 MeOH 2 3 97

6 [Pd,(dba);-CHCL,] + 2dppe, 2.5 12 MeOH 2 2 98

7 [Pd,(dba);-CHCL,] + 4P(o-Tol)s, 2.5 12 MeOH 2 19 81

8 [Pd,(dba);-CHCL,] + 4P(0-Tol), 2.5 12 THF 2 0 quant
9 [Pd,(dba);-CHCL] + 4P(0-Tol), 2.5 12 1,4-dioxane 2 0 quant
10 [Pd,(dba); HCL,] + 4P(0-Tol),, 2.5 12 EtOH 2 3 97

11 [Pd,(dba),-CHCL] + 4P(0-Tol)s, 2.5 12 MeOH 24 25 73

12 [Pd,(dba),-CHCL,] + 4P(o0-Tol),, 2.5 12 MeOH 48 24 64
13 [Pd,(dba),-CHCL] + 4P(0-Tol), 10 12 MeOH 24 40 59
14 [Pd,(dba)y-CHCL] + 4P(0-Tol)s, 10 33 MeOH 24 88 (73) 8

15 [Pd,(dba),-CHCL] + 4P(0-Tol),, 10 55 MeOH 24 94 6

16 [Pd,(dba),-CHCL] + 4P(0-Tol)s, 10 33 MeOH 168 91 8

“Determined by '’F NMR. The value in parentheses is the isolated yield.

40 °C for 15 min, the desired Heck product 4a was obtained in
64% yield. Prolonged reaction time brought about a significant
improvement in the chemical yield, the 4a being obtained in
84% yield (entry 2). Further prolonged reaction time, however,
did not result in further enhancement in the yield (entry 3).
Additionally, increasing the amount of the diazonium salt
caused a slight decrease in the yield (entry 4). In all cases, the
product 4a was solely obtained without forming any regio- and
stereoisomers as side products. A careful 'H NMR analysis of
4a revealed that the coupling constant between H, and H;, was
16.1 Hz, strongly indicating that the stereochemistry of the 4a
at the olefinic moiety was E.

Having the optimum reaction conditions for the Heck
reaction in hand, we next performed the Heck reaction with
various types of aryldiazonium salts. The results are
summarized in Table 2.

Introduction of an electron-donating group, such as a methyl
group, on the benzene ring of aryldiazonium salts significantly
retarded the coupling reaction, resulting in the formation of
products 4b—d in 45—56% yields. It was proved, however, that
the Heck reaction of 3b occurred without a large influence on
the position of the substituent on the benzene ring of
aryldiazonium salt (entries 2—4). In addition, the use of a
more strongly electron donating group, such as a methoxy
group, led to only 6% formation of the corresponding adduct
(entry S). In stark contrast, electron-withdrawing substituents,
such as chloro, ethoxycarbonyl, and nitro groups, on the
benzene ring of aryldiazonium salts drastically promoted the
Heck reaction, providing the corresponding adducts 4f~h in a
quantitative yield (entries 6—8). In all cases, E-configured Heck
products were exclusively obtained,'” and no Z isomers were
detected at all.

Stereoselective Synthesis of Trisubstituted Alkenes
via the Second Heck Reaction of the Heck Products 4. In
order to extend our stereoselective Heck reaction to a novel
and effective synthetic protocol for the preparation of
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trisubstituted alkenes with a tetrafluoroethylene fragment, our
next effort was directed toward the second Heck reaction of the
Heck product 4 obtained above. The results are collected in
Table 3.

We first attempted Heck reaction of 4a with phenyl-
diazonium tetrafluoroborate under almost the same reaction
conditions as employed in Table 2. Thus, treatment of 1.0
equiv of 4a with 1.2 equiv of phenyldiazonium tetrafluor-
oborate in the presence of 5 mol % of Pd(OAc), in MeOH at
40 °C for 2 h led to a slight formation of the corresponding
Heck product Sa, together with a large recovery of the starting
4a (entry 1). In order to exploit the optimum reaction
conditions for the second Heck reaction, various palladium
catalysts, as shown in entries 2—7, were thoroughly tested, and
it was revealed that a bulky P(o-Tol);-coordinated palladium
catalyst was found to be the catalyst of choice, leading to a
slight increase in the yield of Sa (entry 7). Switching the solvent
from MeOH to THF, 1,4-dioxane, and EtOH gave no
satisfactory results (entries 8—10). Prolonged reaction time
and increased catalyst loading was found to be slightly effective
for the second Heck reaction, resulting in a beneficial
improvement in the yield (entries 11—13). Finally, the use of
over 3.3 equiv of the diazonium salt led to satisfactory results,
affording the desired trisubstituted alkene Sa in up to 94% yield
(entries 14—16).

With the established viable reaction conditions (Table 3,
entry 14), the second Heck reaction was demonstrated to
obtain the trisubstituted alkenes using a variety of the first Heck
products 4 and aryldiazonium salts. The results are shown in
Table 4.

As shown in entries 2 and 3 of Table 4, the position of the
substituent on the benzene ring of the diazonium salt
significantly affected the reaction. Thus, meta and para
substitution on the benzene ring of the diazonium salts led to
moderate to high yields (entries 2 and 3), while ortho
substitution resulted in poor yield (entry 4). In addition, p-
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Table 4. Heck Reactions of 4 with Various Types of Aryldiazonium Tetrafluoroborates

Fy 0o [sz(g(ba!?-gH(%] (1(])/n)lol%) Fp
1 o-Tol mol% R2 _C.
AN e Copr + R2-N, BF, MeOH, io"c, 24h g B
F2 R1 2
4 (1.0 equiv.) (3.3 equiv) E-50r Z-5
Entry Major Product Yield/  Recovery® Entry Major Product Yield/  Recovery®
%[E:Z)° /% of4 % [E:Z]° /% of4
A5
oG 88 (73) 5 85(78)
1 Fa 6 1
O 5a [-] O g [96:4]
Me O EtO,C
Fa
.C.. 85(75) O . 86 (76)
2 g o 13 7 1
O E.5b [80:20] O ESg [99:1]
Q2 e
O 4034 78 (67
3 Me '(:32 Br ( ) 59 8 Br ( ) 3
O Epse  [83:17] O F.5h [99:1]
QO ¢
_C. 6 91 (90)
4 e " ) 93 9 O - 3
O E-5d [N.D.]] - [26:74]
MeO O
36 (23) 7
Br
5 [86:14] 61 2 5g [3:97] 26
E-5e
CO,Et

“Determined by '*F NMR. Values in parentheses are isolated yields. “Values in brackets are the ratios of E and Z isomers, which were determined by

YF NMR. “Not determined.

anisyldiazonium tetrafluoroborate also caused an unsatisfactory
result (entry S). In contrast, as shown in entries 6—8, the
second Heck reaction of 4 with aryldiazonium salts having an
electron-withdrawing group, such as chloro, ethoxycarbonyl,
and nitro substituents, on the benzene ring, proceeded very
smoothly to give the corresponding Heck adduct $ in high
yields as well as in a highly stereoselective manner. From these
results, we found that the second Heck reaction was drastically
influenced by the electron density of the aryldiazonium salt: the
use of electron-abundant aryldiazonium salts did not give a
complete consumption of the starting 4, though the electron-
deficient aryldiazonium salt led to full conversion of 4. In
addition, the electron density of the aryldiazonium salt also
affected the stereoselectivity of the Heck product: approx-
imately E:Z = 80:20 in the case of Sb—e coupled with electron-
abundant aryldiazonium salts, whereas almost exclusive E
selectivity was observed in Sf—h using electron-deficient
aryldiazonium salts.

1621

The reaction of 4b having a tolyl group with the
phenyldiazonium salt took place smoothly to afford the
corresponding product Sb in an excellent yield but in a
relatively lower stereoselective manner (entry 9). Switching the
substituent on the benzene ring in 4 from an electron-donating
methyl group to an electron-withdrawing ethoxycarbonyl group
caused suppression of the reaction, affording the desired
product 5g in 72% yield together with 26% recovery of the
starting 4g, while the isomeric ratio of the product 5g was very
high (entry 10).

To realize development of an environmentally benign
synthetic protocol for multisubstituted alkenes bearing
tetrafluoroethylene fragments, we attempted successive Heck
reactions in one pot without isolation of the first Heck product
4 (Scheme 1). Thus, treatment of the starting 3a with
aryldiazonium tetrafluoroborate with a chlorine atom in the
presence of palladium catalyst in MeOH at 40 °C for 1 h,
followed by the successive addition of phenyldiaznoium salt
and a suitable palladium catalyst under the optimum reaction

DOI: 10.1021/acs.joc.6b02793
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Scheme 1. One-Pot Synthesis of Trisubstituted Alkenes
Bearing a Tetrafluoroethylene Fragment

F Pd(OAc), (0.5 mol%) Cl
P 0 P-CICH NoBF 4 (1.0 equiv.) \©v F,
/\g Br MeOH, 40°C, 1 h ~c-Copr
2 F2
3a (1.0 equiv) af
S P-
[Pd(dba)5*CHCl3] (10 mol%) C.
P(0-Tol)3 (40 mol%) C” "Br
PhN,BF, (3.3 equiv.) Fs

MeOH, 40 °C, 24 h

cl
5f
(52%, E:Z=19:81)

conditions, successfully afforded the corresponding trisubsti-
tuted alkene 5f in an acceptable yield in two steps, though with
a slight decrease in the stereoselectivity.

The stereochemistry of the major isomer of 5f in entry 6 of
Table 4 was unambiguously determined as E, on the basis of
the result from X-ray crystallographic analysis of E-5f, as shown
in Figure 2. The stereochemical determination of the other

v

Figure 2. X-ray crystallographic analysis of E-5f.

products was made on the basis of the reaction mechanism, as
described in the next section, in addition to the X-ray
crystallographic analysis of E-Sf.

Reaction Mechanism. The above results allow us to draw
the reaction mechanism as shown in Scheme 2. Thus, oxidative
addition of an aryldiazonium salt to Pd(0)" leads to the
corresponding arylpalladium complex Int-A. Then coordination
of 3a (R' = H in cycle A) to the palladium metal center of Int-
A and subsequent insertion into the R*—Pd bond provides the
palladium complex Int-B. Carbon—carbon bond rotation in
Int-B can easily proceed to form Int-C, which undergoes
elimination to afford the Heck product 4 and Int-D. Finally,
reductive elimination of Int-D regenerates Pd(0), together with
HBE,.

The second Heck reaction (R' = aryl in cycle A) also
proceeds in the same manner as the first Heck reaction to
produce the second Heck adduct 5 and Int-D. As a reason for
the slight decrease of the stereoselectivity of S, we suggest that
another catalytic cycle (cycle B) may exist to form an opposite
stereoisomer. Thus, it is highly possible that Int-D may partially
coordinate with the formed §, followed by insertion into the
H-Pd bond, affording the corresponding palladium complex
Int-E in cycle B.'* Subsequently, Int-E can be easily converted
into Int-F through carbon—carbon bond rotation, followed by
immediate f elimination, giving rise to the opposite stereo-
isomer S-isomer.'”'® When either R! or R? is an electron-
deficient aromatic substituent with an electron-withdrawing
group, the electron density at the double bond of 5 may be
somewhat decreased, which retards the coordination of § to
Int-D. Accordingly, the isomerization process does not occur
very often, resulting in high stereoselectivity when the Heck
product S contains an electron-deficient aromatic ring, whereas
a slight decrease in stereoselectivity was observed when
obtaining § with an electron-donating substituent on the
aromatic ring.

Convenient Synthesis of 1,1-Disubstituted Alkenes
with a Tetrafluoroethylene Fragment. At this point, we
attempted to synthesize a different type of tetrafluoroethylen-
ated alkene: namely, a 1,1-disubstitituted alkene with both an

Scheme 2. Plausible Reaction Mechanism

®0
2
R R2N,BF, N,
R?  CF,CF,Br
5
® o
o HBF, Pd(0) R2—Pd(I) BF, R!
Int-A \
© BFa CF,CF,Br
Pd(l) H 3aor4
R2°7 ~\"H Cycle B Cycle A
R!'  CF,CF,Br
Int-E
® €] $2 o
H—Pd(Il) BF 4 Opy(ilyBF
R2 R1 = 4
R1 Int-D H
=\
1
R2  CF,CFBr RT  CF,CFBr CF,CF,Br
. 4 (R'=H)or5
o 5-isomer
®BF4 o
Pd(ll)---H ® BF4 ©
H H-——Pd(ll) ® BFs
R2 "CF,CF,Br R2 Pd(ll)
R1 H 2V \ "1
Int-F R CF,CF,Br R™ "H
Int-C - H  CFCFpBr
Int-B
1622 DOI: 10.1021/acs.joc.6b02793
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aryl substituent and a tetrafluoroethylene fragment at the same
carbon. The 1,1-disubstituted alkenes 8 could be easily
synthesized via a Suzuki—Miyaura cross-coupling reaction as a
key reaction, as shown in Scheme 3.

Scheme 3. Synthesis of Various 1,1-Disubstituted Alkenes
Bearing a Tetrafluoroethylene Fragment

Fa B F,
Br, (1.0 equiv.) NaOH (4.0 equiv.)
_~~-C. 27T . .C.
Z ¢ Br CH,Cly, r.t., overnight C” Br H,0, rt, 24 h
Fa 94% Br e 90%
3 6
Pd(PPhg)4 (5 mol%)
Br F ArB(OH), (2.0 equiv.) Ar F
2 Na,COj3 (2.0 equiv.) 2
.C. .C.
C” " "Br Toluene/H,O (viv = 4/1, 0.5 M) C” Br
Fs 80 °C (bath temp.), 1 h Fo

7 8
8a: Ar=Ph (62%)
8b: Ar= p-MeCgH, (75%)
8¢ : Ar = p-MeC(O)CgH, (78%)2
8d: Ar = 3-Thienyl (23%)

“The cross-coupling reaction was carried out for 8 h.

Thus, treatment of 1.0 equiv of 3a with 1.0 equiv of Br, in
CH,Cl, at room temperature overnight gave the dibrominated
adduct 6 in 94% yield."” Then, 6 was subjected to NaOH
aqueous solution (4.0 equiv) at room temperature for 1 day,
affording the HBr-elimination product 7 in 90% yield."® A
subsequent Suzuki—Miyaura cross-coupling reaction of 7 with
various arylboronic acids, such as phenyl-, p-methoxyphenyl-,
and p-acetylphenylboronic acids, proceeded smoothly to give
the desired 1,1-disubstituted alkenes with a tetrafluoroethylene
fragment, 8a—c, in high yields.lg In contrast, the cross-coupling
reaction of 7 with 3-thienylboronic acid proceeded sluggishly to
afford the adduct 8d in poor yield.

Stereoselective Synthesis of Various Trisubstituted
Alkenes via the Heck Reaction of 7 or 8. In order to
further synthesize different types of trisubstituted alkenes with a

tetrafluoroethylene fragment, we demonstrated the Heck
reaction of 7 and 8 with aryldiazonium salts. The results of
investigating the reaction conditions are summarized in Table
S.

Thus, treatment of 1.0 equiv of 7 with 1.0 equiv of
phenyldiazonium tetrafluoroborate in the presence of 0.5 mol
% of Pd(OAc), in MeOH at 40 °C for 1 h resulted in a
complete recovery of the starting material (Table S, entry 1).
However, no change was observed even though the catalyst
loading was increased up to 10 mol % (entry 2). Additionally,
alteration of the palladium catalyst from Pd(OAc), to
phosphine-ligated palladium catalysts also did not lead to
satisfactory results (entries 3 and 4). Use of EtOH or DMF as a
solvent, instead of MeOH, did not afford the desired product 9
at all (entries 5 and 6).

In sharp contrast, substitution of R' from Br to Ph
contributed to an incredible enhancement in the yield of
Heck product, 10a being obtained in 91% yield with an
isomeric ratio of E:Z = 96:4 (Table S, entry 7). At this time, a
small amount of the starting 8a (9%) still remained unreacted.
A prolonged reaction time slightly improved the yield, but a
small amount of the starting material was still recovered
(entries 8 and 9). Increasing the amount of the diazonium salt
by 20% led to complete consumption of 8a, providing the
desired Heck adduct 10a in 95% vyield in a highly stereo-
selective manner (entry 10), whereas a decrease in the catalyst
loading from 10 to S mol % led to a significant drop in the yield
(entry 11). The stereochemistry of the major isomer of 10a was
obviously determined as E by X-ray crystallographic analysis, as
shown in Figure 3.

With the optimized reaction conditions in hand, we surveyed
the substrate scope of this Heck reaction (Table 6). The
position of the substituent on the benzene ring in
aryldiazonium salts somewhat affected the yield of the Heck
product 10. Thus, aryldiazonium salts having a methyl
substituent at the para- or meta position of the benzene ring
gave the Heck adducts 10b,1c in high yields in a highly
stereoselective manner (entries 2 and 3). On the other hand, a
slight decrease in the stereoselectivity was observed in the case
of an ortho-substituted aryldiazonium salt, though the chemical

Table S. Investigation of the Reaction Conditions for the Heck Reaction with 7 or 8a

;\1 Ez . @ﬁ (SF Catalyst (X mol%) @vj: Ez
Cc” Br 2214 Solvent, 40 °C, Time Cc” "Br
Fa Fa
7 (R'=Br) (Y equiv.) 9 (R' =Br)
or or
8a (R = Ph) 10a (R = Ph)
(1.0 equiv.)
entry catalyst ( (X/mol %) Y/equiv solvent time/h yield of 9 or 10a”/% E:Z* recovery of 7 or 8a“/%
1 7 Pd(OAc), (0.5) 1.0 MeOH 1 9 0 quant
2 Pd(OAc), (10) 1.0 MeOH 1 0 quant
3 Pd(OAc), + 2P(0-Tol), ) 1.0 MeOH 1 0 98
4 Pd(PPh,), (10) 1.0 MeOH 1 0 89
5 Pd(PPh,), (10) 1.0 EtOH 1 0 80
6 Pd(PPh,), (10) 1.0 DMF 1 0 75
7 8a Pd(OAc), (10) 1.0 MeOH 1 10a 91 96:4 9
8 Pd(OAc), (10) 1.0 MeOH 2 95 96:4 s
9 Pd(OAc), (10) 1.0 MeOH s 96 97:3
10 Pd(OAc), (10) 12 MeOH 1 95 (87) 95:5 0
11 Pd(OAc), (5) 12 MeOH 1 79 95:5 17
“Determined by '’F NMR. Values in parentheses are isolated yields.
1623 DOI: 10.1021/acs.joc.6b02793
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yield was quite acceptable (entry 4). A p-anisyldiazonium salt,
which has a strongly electron-donating group on the benzene

O ring, led to a significant decrease in the yield, but the

O stereoselectivity was still high (entry S). In sharp contrast,
s aryldiazonium salts having an electron-withdrawing group, such

H é\Br as Cl, CO,Et, and NO,, on the benzene ring were significantly

E-10a effective, providing the desired Heck adducts in excellent yields

in a highly stereoselective manner (entries 6—8). Changing an
aryl substituent R' from Ph to Tol or p-AcC¢H, did not cause
any significant improvement in the reaction eficiency, affording
the Heck products 10i,j in high yields and in a highly
stereoselective manner. However, use of the starting 8d with a

Figure 3. X-ray crystallographic analysis of E-10a.

Table 6. Highly Stereoselective Synthesis of Trisubstituted Alkenes Having a Tetrafluoroethylene Fragment via the Heck
Reaction of 8

R E Pd(OAG); (10 mol%) R'

02 + ® 0O NaCOj3 (2.0 equiv.) R2 C2

c " Br | R?-NzBF4 “MeoH, 40°C, 1 h ¢ Br

Fa (1.2 equiv.) Fs

8 E-10 or Z-10

(1.0 equiv.)
Entry Major Product Yield*/% Entry Major Product Yield*/%
[E:2]° [E:2]"

95 (87 ) 94 (74
JENNCSE P NI N
C/C\Br [95:5] C/C\Br [94:6]

Fa F

v

85 (64 ) 91 (85
2 E-10b Me F, ©) ¢ Eiom °N F, (83)
oCla [96:4] oo OL1]
Me

75 (63 94 (80
3 E-10c F, )y o @ ] (=0
Me ¢ O [96:4] O e [96:4]

2 F r

O

(o) Me
O 68 (53 87 (66
4 E-10d ’; F2 G0 B ® i (66)
¢Ca  [85:15] O 2 [94:6]

Me

S
Meo 56 (55 & 13
5  E-10e er ) ok @&a .
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“Determined by '’F NMR. Values in parentheses are isolated yields. *Values in brackets are the isomeric ratios of E and Z, which were determined
by'’F NMR. “Not determined.
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Table 7. Reductive Coupling Reactions of Various Multisubstituted Alkenes Having a Tetrafluoroethylene Fragment with

Aldehydes
R3 F MelLi/LiBr-free (2.4 equiv.) R3 F
1 2 R4CHO (2.4 equiv.) 1 2 4
R .C. R .C R
C” Br THF, -78°C, 2h Y
Rz e Rz "2 OH
4a, 4b, 44g, 5a, 8a, 10a 1"
Yield*/% Yield®/%
Entry Product of 11 Entry Product of 11
2 2
.C C
1 o) p A e
A 90 (72) 6 ¢ \cg\/ 75 (53)
1a 11f
F
QW SPN:
.C g
2 s W(;\/ 93 (85) 7 O 2 OH 75 (61)
11b
119
QL
Fa
3 g © 75 (64) 8 o quant. (82)
2 OH Fy
e 111?H
Me\@\/ F O
2
4 AN 93 (83) 9 ‘ C,EZ 85(72)
* OH F2 on
11d i
EtO,C
7@@ G
5 c Y© 72 (49)

“Determined by '’F NMR. Values in parentheses are isolated yields.

3-thienyl group as R' resulted in a drastic retardation of the
reaction, allowing formation of the corresponding Heck
product 10k in only 13% yield. The stereochemistry of major
isomers of 10b—i was determined as E on the basis of a
reaction mechanism similar to that described in Scheme 1.

Synthetic Application of Multisubstituted Alkenes
Having a Tetrafluoroethylene Fragment. In order to open
avenues to novel CF,CF,-containing organic molecules, we
further demonstrated a transformation at a halogen handle in
the Heck adducts. As one example for the synthetic application
of the Heck adducts 4a,b,g, Sa, 8a, and 10a, we performed a
reductive coupling reaction with aldehydes according to our
previously reported procedure,” as described in Table 7.
Thus, on treatment of a mixture of 1.0 equiv of 4a and 2.4
equiv of benzaldehyde with 2.4 equiv of MeLi/LiBr-free in
THF at —78 °C for 2 h, the corresponding alcohol 11a was
obtained in 90% yield (entry 1). n-Butyraldehyde, in addition to
benzaldehyde, could also participate well in the coupling
reaction (entry 2). Shifting the starting alkenes from 4a to 4b
and 4g also led to satisfactory results, 11c—f being obtained in
72—93% yields (entries 3—6). As shown in entries 7—9, the
substitution pattern at the double bond did not affect the
coupling reaction, resulting in the formation of the correspond-
ing alcohols 11g—i in high to excellent yields.

1625

B CONCLUSION

In summary, we have developed a convenient, remarkable, and
highly stereoselective synthetic method for the preparation of
variously substituted alkenes having a tetrafluoroethylene
fragment, which are promising building blocks for novel
CF,CF,-containing organic molecules. It should be noted
that such novel building blocks were easily synthesized from
commercially available 4-bromo-3,3,4,4-tetrafluoro-1-butene in
several steps through palladium-catalyzed Heck reactions or
Suzuki—Miyaura cross-coupling reactions. Additionally,the thus
obtained multisubstituted alkenes underwent a smooth
reductive coupling reaction with various aldehydes under the
influence of MeLi/LiBr-free. Further synthetic applications of
these materials are underway in our laboratory, which will be
disclosed in the near future.

B EXPERIMENTAL SECTION

General Experimental Details. Infrared spectra (IR) were
determined in a liquid film on a NaCl plate or as KBr disks. 'H
NMR (400 MHz) and *C NMR (100 MHz) spectra were measured
in a chloroform-d (CDCl;) solution with tetramethylsilane (Me,Si) as
an internal reference. '°F NMR (376 MHz) spectra were measured in
a chloroform-d (CDCl;) solution with trichlorofluoromethane
(CFClL,) as an internal standard. '"F NMR was also employed for
determining the yield of the products with hexafluorobenzene (C4Fy).
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High-resolution mass spectra (HRMS) experiments were performed
with a quadrupole mass spectometer equipped with a FAB ion source.

All reactions were routinely monitored by '’F NMR spectroscopy
or TLC and carried out under an atmosphere of argon.

Materials. Methanol was fleshly distilled from magnesium (Mg). A
superdehydrated tetrahydrofuran without stabilizer was employed. All
chemicals were of reagent grade and, if necessary, were purified in the
usual manner prior to use. Thin-layer chromatography (TLC) was
done with silica gel coated aluminum plates, and 100—200 mesh silica
gels were used for the chromatography.

Typical Procedure for the First Heck Reaction of 4-Bromo-
3,3,4,4-tetrafluoro-but-1-ene with Various Aryldiazonium
Tetrafluoroborates. 4-Bromo-3,3,4,4-tetrafluoro-1-butene (1.04 g,
5.04 mmol) and phenyldiazonium tetrafluoroborate (0.96 g, 5.02
mmol) in methanol (S mL) was stirred at 40 °C in the presence of
Pd(OAc), (0.00560 g, 0.025 mmol). After 1 h, the resulting mixture
was passed through silica gel and concentrated in vacuo. The residue
was purified by silica gel column chromatography (hexane only) to
give the corresponding (E)-1,2-disubstituted alkene 4a (1.01 g, 3.67
mmol).

(E)-4-Bromo-3,3,4,4-tetrafluoro-1-phenylbut-1-ene (4a). Color-
less oil: yield 73%; '"H NMR (400 MHz, CDCL) § 625 (dt, J =
16.1, 11.8 Hz, 1H), 7.21 (dt, J = 16.1, 2.1 Hz, 1H), 7.40—7.45 (m,
3H), 7.48—7.52 (m, 2H); '3C NMR (100 MHz, CDCl;) § 114.5 (t, ] =
23.9 Hz), 114.7 (tt, ] = 252.3, 31.4 Hz), 117.7 (tt, ] = 312.0, 42.4 Hz),
127.8, 129.1, 130.3, 133.9, 140.0 (t, ] = 8.9 Hz); °F NMR (400 MHz,
CDCl,, CECly) § —66.14 (t, ] = 6.1 Hz, 2F), —109.50 (dt, J = 11.8, 6.1
Hz, 2F); IR (neat) v 3088, 3065, 3033. 1656, 1338, 1303, 1281, 1237,
1203, 1149, 1080, 972, 915, 760, 718, 689, 661 cm™"; HRMS (FAB+)
caled for C;oH,””BrF, [M]* 281.9667, found 281.9662.

(E)-4-Bromo-3,3,4,4-tetrafluoro-1-(4-methylphenyl)but-1-ene
(4b). Chromatography (silica gel, hexane only) afforded 4b (0.80 g,
54%) as a colorless oil: 'H NMR (400 MHz, CDCL,) & 2.41 (s, 3H),
622 (dt, ] = 16.1, 11.9 Hz, 1H), 7.19 (dt, J = 16.1, 2.0 Hz, 1H), 7.24
(d, J = 8.0 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H); *C NMR (100 MHz,
CDCly) 6 21.5, 1133 (t, J = 23.9 Hz), 1148 (tt, ] = 252.0, 31.4 Hz),
117.7 (tt, ] = 312.0, 42.6 Hz), 127.7,129.8, 131.1, 139.8 (t, ] = 8.9 Hz),
140.6; F NMR (400 MHz, CDCl,, CFCl;) § —66.09 (t, ] = 6.2 Hz,
2F), —109.31 (dt, ] = 11.9, 6.2 Hz, 2F); IR (neat) v 3584, 3031, 2925,
1657, 1611, 1574, 1515, 1415, 1334, 1304, 1238, 1204 cm™'; HRMS
(FAB+) calcd for C,;Hy®BrF, [M]* 295.9824, found 295.9820.

(E)-4-Bromo-3,3,4,4-tetrafluoro-1-(3-methylphenyl)but-1-ene
(4c). Chromatography (silica gel, hexane only) afforded 4c (0.56 g,
37%) as a colorless oil: 'H NMR (400 MHz, CDCl,) § 2.43 (s, 3H),
6.28 (dt, ] = 16.2, 11.8 Hz, 1H), 7.21 (dt, ] = 16.2, 2.0 Hz, 1H), 7.25—
728 (m, 1H), 7.31-7.36 (m, 3H); *C NMR (100 MHz, CDCl,) §
214,1142 (t, ] = 239 Hz), 114.8 (tt, ] = 252.2, 31.4 Hz), 117.7 (tt, |
= 312.6,43.0 Hz), 125.0, 1284, 129.0, 131.1, 133.8, 138.8, 140.1 (t, ] =
8.8 Hz); F NMR (400 MHz, CDCL,) 6 —66.11 (t, ] = 6.2 Hz, 2F),
—109.44 (dt, ] = 11.8, 6.2 Hz, 2F); IR (neat) v 3444, 3030, 2925,
2860, 1656, 1231, 1150, 1111,1080, 1056, 972, 916 cm~'; HRMS
(FAB+) caled for C,;Hy®BrF, [M]* 295.9824, found 295.9821.

(E)-4-Bromo-3,3,4,4-tetrafluoro-1-(2-methylphenyl)but-1-ene
(4d). Chromatography (silica gel, hexane only) afforded 4d (0.54 g,
36%) as a colorless oil: 'H NMR (400 MHz, CDCl,) § 2.45 (s, 3H),
6.19 (dt, J = 16.2, 11.8 Hz, 1H), 7.25-7.29 (m, 2H), 7.32—7.36 (m,
1H), 7.51 (dt, ] = 16.2, 2.2 Hz, 1H), 7.51-7.53 (m, 1H); '*C NMR
(100 MHz, CDCl;) 6 19.7, 114.6 (tt, J = 252.4, 31.4 Hz), 115.8 (t, ] =
23.8 Hz), 117.6 (tt, ] = 312.3, 42.2 Hz), 126.4, 126.6, 130.0, 130.9,
133.1, 137.1, 138.0 (t, J] = 8.9 Hz); '’F NMR (400 MHz, CDCl,,
CECl,) 6 —66.20 (t, ] = 6.2 Hz, 2F), —109.5 (dt, ] = 11.8, 6.2 Hz, 2F);
IR (neat) v 3415, 3067, 3038, 2945, 1654, 1238, 1149, 1081, 1058,
972, 915, 753 cm™'; HRMS (FAB+) caled for C,,Hy°BrF, [M]*
295.9824, found 295.9833.

(E)-4-Bromo-1-(4-chlorophenyl)-3,3,4,4-tetrafluorobut-1-ene (4f).
Chromatography (silica gel, hexane only) afforded 4f (1.46 g, 88%) as
a colorless oil: "H NMR (400 MHz, CDCl;) § 6.22 (dt, J = 16.1, 11.7
Hz, 1H), 7.15 (dt, ] = 16.1, 2.2 Hz, 1H), 7.36—7.42 (m, 4H); °C
NMR (100 MHz, CDCl,) 5 114.2 (tt, ] = 263.0, 32.0 Hz), 115.1 (t, ] =
23.5 Hz), 117.5 (tt, ] = 311.6, 42.6 Hz), 128.9, 129.3, 132.3, 136.2,
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138.7 (t, J = 8.9 Hz); F NMR (400 MHz, CDCl; CFCl;) § —66.20
(t, J = 6.3 Hz, 2F), —109.59 (dt, ] = 11.7, 6.3 Hz, 2F); IR (neat) v
1903, 1658, 1595, 1493, 1408, 1303, 1240, 1150, 1083, 1056, 973, 916,
809, 741 cm™'; HRMS (FAB+) caled for C,Hg”Br*CIF, [M*]
315.9278, found 315.9273.

(E)-Ethyl 4-(4-Bromo-3,3,4,4-tetrafluorobut-1-en-1-yl)benzoate
(4g). Chromatography (silica gel, hexane/ethyl acetate 20/ 1) afforded
4g (1.58 g, 88%) as a colorless oil: '"H NMR (400 MHz, CDCL,) &
140 (t, J = 7.1 Hz, 3H), 439 (q, ] = 7.1 Hz, 2H), 6.32 (dt, ] = 16.1,
11.6 Hz, 1H), 7.21 (dt, ] = 16.1, 2.0 Hz, 1H), 7.53 (d, ] = 8.3 Hz, 2H),
8.06 (d, ] = 8.3 Hz, 2H); *C NMR (100 MHz, CDCL,) 6 14.3, 61.3,
114.3 (tt, J = 252.5, 31.7 Hz), 116.7 (t, ] = 24.0 Hz), 117.3 (tt, ] =
3119, 42.1 Hz), 127.6, 130.2, 131.8, 137.8, 1389 (t, J = 8.9 Hz),
165.9; F NMR (400 MHz, CDCl,, CFCl;) 6 —66.20 (t, ] = 6.2 Hz,
2F), —109.75 (dt, ] = 11.6, 6.2 Hz, 2F); IR (neat) v 2984, 2907, 1719,
1658, 1610, 1573, 1415, 1368, 1280, 1205, 1082, 976, 864, 730 cm™;
HRMS (FAB+) caled for C,3H;,”°BrE,0, [M + H]* 354.9957, found
354.9971.

(E)-4-Bromo-3,3,4,4-tetrafluoro-1-(4-nitrophenyl)but-1-ene (4h).
Chromatography (silica gel, hexane/ethyl acetate 10/1) afforded 4h
(142 g, 87%) as a yellow solid: mp 91.9—92.3 °C; 'H NMR (400
MHz, CDCL,) 6 6.26 (dt, ] = 16.2, 11.4 Hz, 1H), 7.26 (dt, ] = 16.2, 2.1
Hz, 1H), 7.65 (d, ] = 8.8 Hz, 2H), 8.27 (d, ] = 8.8 Hz, 2H); >*C NMR
(100 MHz, CDCl,) § 114.0 (tt, J = 252.9, 31.9 Hz), 117.1 (tt, ] =
312.4, 41.6 Hz), 119.0 (t, ] = 24.2 Hz), 124.4, 128.5, 137.7 (t, ] = 8.4
Hz), 139.8, 148.6; ’F NMR (400 MHz, CDCl,, CFCl;) § —66.32 (t, ]
= 6.2 Hz, 2F), —110.10 (dt, J = 11.4, 6.2 Hz, 2F); IR (KBr) v 3109,
3085, 2940, 2849, 2728, 2452, 1934, 1799, 1514, 1348, 1235, 1075,
905 cm™'; HRMS (FAB+) caled for C,oH,”B:NF,0, [M + H]*
327.9596, found 327.9599.

Typical Procedure for the Heck Reaction of Various (E)-1,2-
Disubstituted Alkenes with Various Aryldiazonium Tetrafluor-
oborates. (E)-4-Bromo-1-phenyl-3,3,4,4-tetrafluoro-but-1-ene (4a;
0.087 g, 0.31 mmol) and phenyldiazonium tetrafluoroborate (0.19 g,
0.99 mmol) in methanol (0.6 mL) was stirred at 40 °C in the presence
of Pd,(dba);-CHCI; (0.031 g, 0.030 mmol) and P(o-Tol); (0.037 g,
0.12 mmol). After 24 h, the resulting mixture was passed through silica
gel and concentrated in vacuo. The residue was purified by silica gel
column chromatography (hexane only) to give the corresponding
trisubstituted alkene Sa (0.08 g, 0.22 mmol).

4-Bromo-3,3,4,4-tetrafluoro-1,1-diphenylbut-1-ene (5a). Yellow
oil: yield 73%; 'H NMR (400 MHz, CDCl,) & 6.15 (t, ] = 14.3 Hg,
1H), 7.25-7.30 (m, 4H), 7.32—7.42 (m, 6H); *C NMR (100 MHz,
CDCly) 6 113.0 (t, ] = 21.7 Hz), 114.1 (tt, ] = 249.1, 31.0 Hz), 117.9
(tt, J = 312.4, 41.3 Hz), 128.0, 128.1, 128.4, 128.6, 129.2, 129.6, 137.7,
1409, 154.4 (t, J = 42 Hz); F NMR (400 MHz, CDCl,, CFCl,) §
—66.17 (t, ] = 6.9 Hz, 2F), —101.92 (dt, J = 14.3, 6.9 Hz, 2F); IR
(neat) v 3090, 3060, 3016, 1636, 1493, 1446, 1227, 1145, 1078, 906,
885, 698 cm™'. HRMS (FAB+) calcd for C,sH,,”’BrF, [M]* 357.9980,
found 357.9975.

4-Bromo-3,3,4,4-tetrafluoro-1-(4-methylphenyl)-1-phenylbut-1-
ene (5b). In the reaction with 4a as a substrate, chromatography (silica
gel, hexane only) afforded Sb (84 mg, 75%) as a colorless oil: isomeric
ratio E/Z = 80/20; IR (neat) v 3035, 2924, 1634, 1510, 1445, 1228,
1133, 1050, 886 cm™'; HRMS (FAB+) caled for C;,H,3BrF, [M]*
372.0137, found 372.0143. Sb was also obtained in 90% isolated yield
(96 mg) as a 26/74 E/Z mixture, through the Heck reaction of 4b
with phenyldiazonium salt: IR (neat) v 3038, 2925 1634, 1371, 1227,
1144, 1079, 1051, 907, 698 cm™'; HRMS (FAB+) calcd for
C;,H,;”BrE, [M]* 372.0137, found 372.0139.

E-5b: '"H NMR (400 MHz, CDCl;) 6 2.40 (s, 3H), 6.16 (t, ] = 14.3
Hz, 1H), 7.16—7.55 (m, 9H); 3C NMR (100 MHz, CDCL;) § 21.3,
112.0 (t, J = 21.7 Hz), 114.2 (tt, J = 254.1, 31.3 Hz), 118.0 (tt, J =
312.8, 41.6 Hz), 127.9, 128.0, 128.3, 129.0-129.2 (m, 2C), 129.3,
137.9, 139.8, 1542 (t, ] = 41 Hz); ’F NMR (400 MHz, CDCl,,
CFCly) 6 —66.10 (t, ] = 7.0 Hz, 2F), —101.66 (dt, ] = 14.3, 7.0 Hz,
2F).

Z-5b: '"H NMR (400 MHz, CDCL,) 6 2.4 (s, 3H), 6.14 (t, J = 14.3
Hz, 1H), 7.18—7.43 (m, 9H); *C NMR (100 MHz, CDCl;) § 21.5,
112.7 (t, J = 21.5 Hz), 1142 (tt, J = 244.5, 30.9 Hz), 118.0 (tt, J =
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312.8, 41.6 Hz) 128.2, 128.6, 128.7, 129.1—-129.2 (m, 2C), 129.5,
138.3, 141.3, 154.6 (t, ] = 4.1 Hz); F NMR (400 MHz, CDCl,,
CFCl;) 6 —66.16 (t, ] = 7.2 Hz, 2F), —101.73 (dt, ] = 14.3, 7.2 Hz,
2F).

4-Bromo-3,3,4,4-tetrafluoro-1-(3-methylphenyl)-1-phenylbut-1-
ene (5¢c). Chromatography (silica gel, hexane only) afforded Sc (39
mg, 34%) as a colorless oil: isomeric ratio E/Z = 83/17; IR (neat) v
3027, 2924, 1636, 1604, 1493, 1445, 1233, 1151, 1080, 906, 774, 699
cm™; HRMS (FAB+) caled for C,,H,;”°BrF, [M]* 372.0137, found
372.0139.

E-5c: 'H NMR (400 MHz, CDCl,) § 2.34 (s, 3H), 6.10 (t, ] = 14.3
Hz, 1H), 7.03—7.41 (m, 9H); 3C NMR (100 MHz, CDCl;) § 214,
112.7 (t, J = 21.7 Hz), 114.0 (tt, J = 254.2, 30.8 Hz) 117.8 (tt, J =
312.8, 41.3 Hz), 127.8, 127.9, 128.2, 128.5, 129.0, 130.2, 137.7, 138.2,
140.8, 141.4, 154.4 (t, ] = 3.8 Hz); ’F NMR (400 MHz, CDCl,,
CECly) 6 —66.13 (t, ] = 6.8 Hz, 2F), —101.86 (dt, J = 14.3, 6.8 Hz,
2F).

Z-5c (only one signal which could be identified was analyzed): 'H
NMR (400 MHz, CDCl;) 6 243 (s, 3H); 3*C NMR (100 MHz,
CDCly) 6 21.6, 112.7 (t, J = 21.6 Hz), 124.3, 125.2, 128.0, 1284,
128.6, 129.1, 137.5, 137.5, 1383, 140.9, 154.4 (t, | = 3.5 Hz); “F
NMR (400 MHz, CDCl,;, CECl;) § —66.16 (t, ] = 6.7 Hz, 2F),
—101.95 (dt, J = 14.3, 6.7 Hz, 2F).

4-Bromo-3,3,4,4-tetrafluoro-1-(4-methoxyphenyl)-1-phenylbut-
1-ene (5e). Chromatography (silica gel, hexane/ethyl acetate 20/ 1)
afforded e (27 mg, 23%) as a yellow oil: isomeric ratio E/Z = 86/14;
IR (neat) v 3054, 2933, 2831, 1726, 160S, 1512, 1294, 1253, 1145,
1078, 1050, 907, 828, 701 cm™'; HRMS (FAB+) caled for
C,,H,;”BrF,0 [M]* 388.0086, found 388.0097.

E-5e: 'H NMR (400 MHz, CDCL,) & 3.81 (s, 3H), 6.05 (t, ] = 14.3
Hz, 1H), 6.84 (d, ] = 8.8 Hz, 2H), 7.17—7.39 (m, 7H); '3C NMR (100
MHz, CDCl;) § 55.5, 1109 (t, ] = 21.7 Hz), 113.4, 114.0, 114.3 (tt, |
=254.1,30.8 Hz), 118.0 (tt, ] = 313.0, 41.7 Hz), 127.9, 128.3, 129.2 (t,
J = 2.5 Hz), 129.5, 138.0, 142.5 (t, = 4.1 Hz), 153.7 (t, ] = 4.1 Hz);
F NMR (400 MHz, CDCl;, CECl,) § —66.07 (t, ] = 7.0 Hz, 2F),
—101.43 (dt, ] = 14.3, 7.0 Hz, 2F).

Z-5e (only signals which could be identified were analyzed): 'H
NMR (400 MHz, CDCL,) & 3.85 (s, 3H), 6.91 (d, ] = 8.6 Hz, 2H); °C
NMR (100 MHz, CDCl,) § 55.4, 112.5 (t, J = 21.5 Hz), 113.7, 128.6,
129.0, 130.8 (t, J = 2.9 Hz), 131.0, 141.6, 1543 (t. J = 4.2 Hz); “F
NMR (400 MHz, CDCl,, CECly) & —6621 (t, J = 7.1 HZ, 2F),
—101.58 (dt, J = 14.3, 7.1 Hz, 2F).

4-Bromo-1-(4-chlorophenyl)-3,3,4,4-tetrafluoro-1-phenylbut-1-
ene (5f). Chromatography (silica gel, hexane only) afforded Sf (99 mg,
78%) as a white solid: mp 65.2—66.8 °C; isomeric ratio E/Z = 96/4.

E-5f: '"H NMR (400 MHz, CDCL,) § 6.11 (t, J = 14.1 Hz, 1H),
7.18—7.41 (m, 9H); *C NMR (100 MHz, CDCl;) 6 113.3 (t, ] = 21.9
Hz), 113.6 (tt, ] = 254.5, 31.0 Hz), 117.8 (tt, ] = 313.0, 41.3 Hz),
128.1, 1287, 1289, 129.1 (t, J = 2.4 Hz), 129.4, 135.8, 137.2, 139.4,
1532 (t, ] = 4.1 Hz); ’F NMR (400 MHz, CDCl,, CECl;) § —66.24
(t, ] = 6.7 Hz, 2F), —102.04 (dt, J = 14.1, 6.7 Hz, 2F); IR (KBr) v
3081, 3055, 3022, 2995, 2926, 2379, 1964, 1644, 1589, 1494 cm™
HRMS (FAB+) caled for Ci¢H,Br*>CIF, [M]* 391.9591, found
391.9592.

X-ray Structural Analysis of E-5f. A colorless prismiatic crystal of
E-5f having approximate dimensions 0.47 X 0.34 X 0.30 mm was
mounted on a glass fiber. All measurements were made on a
diffractometer with filtered Mo Ka radiation and a rotating anode
generator. Compound E-5f: triclinic, a = 5.3972(4) A, b = 9.9775(7)
A, c=14.1887(10) A, a = 97.739(7)°, = 93.504(7)°, y = 99.049(7)°,
V = 745.03(8) A, T = 293 K, space group PI (No. 2), Z = 1, u(Mo
Ka) = 0.71075 mm™!, 3394 reflections measured, 3063 unique
reflections, which were used in all calculations. The final R1 and wR2
values were 0.029 and 0.070 (I > 26(I)). All calculations were
performed by using the CrystalStructure crystallographic software
package. The structure was solved by direct methods and expanded
using Fourier techniques. The goodness of fit indicator was 1.060.
Crystallographic data for this compound have been deposited with the
Cambridge Crystallographic Data Centre as supplementary data no.
CCDC 1515843. Copies of the data can be obtained free of charge by
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applying to The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK. (https://summary.ccdc.cam.ac.uk/
structure-summary-form).

Z-5f (only signals which could be identified were analyzed): *C
NMR (100 MHz, CDCl;) 6 113.6 (t, ] = 11.7 Hz), 113.6 (tt, ] = 254.5,
31.0 Hz), 117.8 (tt, ] = 313.0, 41.3 Hz), 128.1, 128.3, 128.7, 129.8,
130.6 (t, J = 2.6 Hz), 134.6, 136.1, 139.4, 153.2 (t, ] = 4.2 Hz); “F
NMR (400 MHz, CDCl,, CECL,) § —66.27 (t, ] = 6.9 Hz, 2F),
—101.85 (dt, J = 14.1, 6.9 Hz, 2F).

Ethyl 4-[(4-Bromo-3,3,4,4-tetrafluoro-1-phenyl)but-1-en-1-yl]-
benzoate (5g). In the reaction with 4a as a substrate, chromatography
(silica gel, hexane/ethyl acetate 10/ 1) afforded Sg (100 mg, 76%) as a
colorless oil: isomeric ratio E/Z = 99/1. Sg was also obtained as an E/
Z mixture of 3/97, through the Heck reaction of 4g with
phenyldiazonium salt: IR (neat) v 3054, 2961, 1717, 1637, 1444,
1272, 1145, 1105, 1080, 1051, 908, 773, 701 cm™"; HRMS (FAB+)
caled for CioH,4”°BrF,0, [M + H]* 431.0270, found 431.0269.

E-Sg: yellow oil; "H NMR (400 MHz, CDCL,) 5 1.39 (t, ] = 7.1 H,
3H), 4.38 (q, ] = 7.1 Hz, 2H), 6.18 (t, ] = 14.0 Hz, 1H), 7.22—7.41 (m,
7H), 8.00 (d, ] = 8.5 Hz, 2H); *C NMR (100 MHz, CDCL,) § 14.4,
613, 113.9 (tt, ] = 254.8, 30.9 Hz), 114.6 (t, ] = 21.9 Hz), 117.7 (tt, |
= 313.1, 40.1 Hz) 1280, 128.1, 128.7, 129.1, 129.8, 1314, 137.1,
145.1, 153.5 (t, ] = 3.9 Hz), 166.1; ’F NMR (400 MHz, CDCl,,
CFCl,) 6 —66.25 (t, ] = 6.8 Hz, 2F), —102.2 (dt, J = 14.0, 6.8 Hz, 2F).

Z-5g: colorless oil; '"H NMR (400 MHz, CDCly) § 141 (t, J=7.1
Hz, 3H), 440 (q, ] = 7.1 Hz, 2H), 6.17 (t, ] = 14.2 Hz, 1H), 7.20—7.24
(m, 2H), 7.31-7.39 (m, 5H), 8.07 (d, J = 8.4 Hz, 2H); 3C NMR (100
MHz, CDCly) § 14.5, 61.3, 113.7 (t, ] = 22.1 Hz), 114.3 (tt, ] = 286.1,
31.3 Hz), 117.7 (tt, ] = 312.8, 41.3 Hz), 127.9, 128.8, 129.0, 129.2 (t, J
= 2.5 Hz), 1303, 130.5, 131.0, 140.0, 142.3, 166.4; F NMR (400
MHz, CDCl;, CFClLy) § —66.21 (t, ] = 6.9 Hz, 2F), —102.1 (dt, ] =
14.2, 6.9 Hz, 2F).

4-Bromo-3,3,4,4-tetrafluoro- 1-(4-nitrophenyl)- 1-phenylbut-1-ene
(5h). Chromatography (silica gel, hexane/ethyl acetate 20/1) afforded
Sh (88 mg, 67%) as a yellow oil: isomeric ratio E/Z = 99:1; IR (neat)
v 3082, 2850, 1602, 1522, 1348, 1228, 1145, 1081, 1052, 909, 701
cm™'; HRMS (FAB+) caled for C;4H;,”’BrE,NO, [M + H]*
403.9909, found 403.9907.

E-5h: 'H NMR (400 MHz, CDCL) § 6.25 (t, ] = 14.1 Hz, 1H),
7.23=7.25 (m, 2H), 7.42—7.45 (m, SH), 8.18—8.20 (m, 2H); C
NMR (100 MHz, CDCl,) § 113.6 (tt, ] = 255.5, 31.4 Hz), 116.1 (t, ] =
22.0 Hz), 117.5 (tt, ] = 312.9, 40.8 Hz), 123.3, 123.8, 128.4, 129.0 (t, J
= 4.0 Hz), 130.2, 136.4, 146.9, 148.3, 152.4 (t, ] = 3.7 Hz); ’F NMR
(400 MHz, CDCl,, CECl;) 6 —66.38 (t, ] = 6.8 Hz, 2F), —102.61 (dt,
J = 14.1, 6.8 Hz, 2F).

Z-5h (only signals which could be identified were analyzed): 'H
NMR (400 MHz, CDCl;) § 6.23 (t, ] = 13.8 Hz, 1H); '*C NMR (100
MHz, CDCLy) & 123.6, 125.1, 128.5, 129.4, 132.7, 134.7, 139.2, 144.4,
147.9, 152.0 (t, ] = 4.6 Hz); ’F NMR (400 MHz, CDCl,, CFCl;) §
—66.38 (t, ] = 6.8 Hz, 2F), —102.03 (dt, ] = 13.8, 6.8 Hz, 2F).

Bromination of 4-Bromo-3,3,4,4-tetrafluorobut-1-ene. To a
solution of 4-bromo-3,3,4,4-tetrafluorobut-1-ene (41.4 g, 200.2 mmol)
in dichloromethane (200 mL) was added bromine dropwise (11 mL).
The solution was stirred at room temperature overnight. The reaction
mixture was quenched with NaHCO;(aq) and Na,$,0;(aq) and
extracted with dichloromethane three times. The organic layers were
dried over anhydrous Na,SO, and concentrated in vacuo. The residue
was purified by silica gel column chromatography (hexane only) to
give the brominated compound (68.7 g, 94%).

1,2,4-Tribromo-3,3,4,4-tetrafluorobutane (6). Colorless oil: yield
94%; '"H NMR (400 MHz, CDCl;) 6 3.62 (dd, J = 11.8, 9.1 Hz, 1H),
4.02 (dd, J = 11.8, 3.5 Hz, 1H), 4.55 (dddd, ] = 12.5, 11.4, 9.1, 3.5 Hz,
1H); *C NMR (100 MHz, CDCl;) 6 29.7-29.9 (m), 46.5 (t, ] = 25.3
Hz), 113.6 (ddt, ] = 261.9, 260.4, 30.9 Hz), 116.5 (tt, ] = 314.0, 39.8
Hz); F NMR (400 MHz, CDCl,;, CEClL,) 6§ —61.59 (dd, J = 178.9,
6.1 Hz, 1F), —62.12 (dt, J = 178.9, 3.9 Hz, 1F), —107.89 to —107.13
(m, 1F), —109.92 (ddd, ] = 264.4, 11.4, 3.9 Hz, 1F); IR (neat) v 1430,
1328, 1262, 1241, 1151, 1102, 1078, 1044, 916, 891, 859, 830, 778,
607 cm™'; MS (FAB) m/z 155 (CE,CBrC*H,, 56), 77 (CF,CHC'H,,
40).
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Debromination of 1,2,4-Tribromo-3,3,4,4-tetrafluorobutane
with NaOH(aq). NaOH (30.2 g, 754.3 mmol) was dissolved in H,O
(63 mL). NaOH(aq) was added to 1,2,4-tribromo-3,3,4,4-tetrafluor-
obutane (68.6 g, 187.1 mmol), and the mixture was stirred at room
temperature for 24 h. The whole mixture was extracted. The organic
layer was dried over anhydrous Na,SO, and filtered to give the
dibromo compound (48.4 g, 90% yield).

2,4-Dibromo-3,3,4,4-tetrafluorobut-1-ene (7). Colorless oil: yield
90%; 'H NMR (400 MHz, CDCl,) 6 6.25 (dt, J = 3.0, 1.3 Hz, 1H),
6.54 (d, ] = 3.0 Hz, 1H); '3C NMR (100 MHz, CDCl,) § 110.8 (tt, ] =
257.6,31.6 Hz), 115.9 (it, J = 313.9, 42.3 Hz), 116.1 (t, ] = 29.4 Hz),
127.6 (t, ] = 5.9 Hz); ’F NMR (400 MHz, CDCl,, CFCl;) § —63.42
(t, J = 49 Hz, 2F), —105.99 (t, ] = 4.9, 2F); IR (neat) v 1627, 1398,
1239, 1158, 1102, 1064, 1040, 934, 910, 870, 758, 681, 472 cm™'; MS
(FAB) m/z 57 (FCCC'H,, 6S), 155 (CF,CBrC'H,, 38), 77
(CF,CHC'H,, 34).

General Procedure for the Synthesis of 8a via a Suzuki—
Miyaura Cross-Coupling Reaction. A sealed tube was charged with
7 (2.00 g, 7.0 mmol), PhB(OH), (1.71 g, 14 mmol), Pd(PPh,),
(0.406 g, 5 mol %), Na,CO; (1.44 g, 14 mmol), toluene (7.20 mL),
and H,0 (2.8 mL). The mixture was stirred at 80 °C under argon for 1
h. The mixture was diluted with ethyl ether and washed with water and
then dried over anhydrous sodium sulfate and evaporated in vacuo. 8a
was purified by silica gel column chromatography (1.28 g, 4.51 mmol,
62%).

4-Bromo-3,3,4,4-tetrafluoro-2-phenylbut-1-ene (8a). Yellow oil:
yield 62%; 'H NMR (400 MHz, CDCL,) 6 5.81 (t, J = 1.7 Hz, 1H),
6.04 (s, 1H), 7.38=7.39 (m, SH); *C NMR (100 MHz, CDCL,) §
114.5 (tt, J = 256.1, 31.3 Hz), 117.8 (tt, ] = 313.8, 43.2 Hz), 125.6 (t, ]
= 8.3 Hz), 128.4, 128.7, 128.9, 135.5, 138.7 (t, ] = 22.2 Hz); ’F NMR
(400 MHz, CDCl,, CECLy) 6 —63.15 (t, ] = 5.5 Hz, 1F), —107.11 (t, J
= 5.5 Hz, 2F); IR (neat) v 3053, 2941, 1495, 1318, 1244, 1150, 1092,
907, 876, 698 cm™'; HRMS (FAB+) caled for C,oH,””BrF, [M]*
281.9667, found 281.9675.

4-Bromo-3,3,4,4-tetrafluoro-2-(4-methylphenyl)but-1-ene (8b).
Chromatography (silica gel, hexane only) afforded 8b (0.45 g, 75%)
as a yellow oil: 'H NMR (400 MHz, CDCL,) 6 2.38 (s, 3H), 5.78 (t, |
= 1.5 Hz, 1H), 5.99 (s, 1H), 7.18 (d, J = 8.0 Hz, 2H), 7.28 (d, ] = 8.0
Hz, 2H); '*C NMR (100 MHz, CDCl;) & 21.3, 114.6 (tt, ] = 256.0,
31.1 Hz), 1179 (tt, ] = 314.0, 43.2 Hz), 125.0 (t, ] = 8.2 Hz), 128.7,
129.1, 132.6, 138.6 (t, ] = 21.5 Hz), 138.8; ’F NMR (400 MHz,
CDCl,, CFCly) 6 —63.10 (t, J = 5.5 Hz, 2F), —107.07 (t, ] = 5.5 Hz,
2F); IR (neat) v 3020, 2925, 1514, 1238, 1152, 1090, 1046, 1022, 946,
907, 876, 826 cm™'; HRMS (FAB+) caled for C;;Hy’BrF, [M]*
295.9824, found 295.9835.

4-(4-Bromo-3,3,4,4-tetrafluorobut-1-en-2-yl)phenyl methyl ke-
tone (8c). Chromatography (silica gel, hexane/ethyl acetate 10/1)
afforded 8c (0.54 g, 78%) as a colorless oil: '"H NMR (400 MHz,
CDCly) 6§ 2.61 (s, 3H), 5.85 (t, ] = 1.6 Hz, 1H), 6.09 (s, 1H), 7.46 (d,
J = 84 Hz, 2H), 7.94 (d, ] = 8.4 Hz, 2H); *C NMR (100 MHz,
CDCL,) 6 26.5, 114.2 (tt, ] = 256.5, 31.4 Hz), 117.4 (tt, ] = 313.3, 42.7
Hz), 126.6 (t, ] = 8.2 Hz), 128.3, 129.0, 137.1, 137.7 (t, ] = 22.4 Hz),
139.8, 197.4; ’F NMR (400 MHz, CDCl,, CECL;) 6 —107.18 (t, ] =
5.6 Hz, 2F), —63.45 (t, ] = 5.6 Hz, 2F); IR (neat) v 3359, 3006, 1687,
1607, 1561, 1404, 1360, 1267, 1152, 1092, 1046, 909 cm™'; HRMS
(FAB+) caled for C,H,”BrF,0 [M + H]™ 3249851, found
324.9824.

4-Bromo-3,3,4,4-tetrafluoro-2-(3-thienyl)but-1-ene (8d). Chroma-
tography (silica gel, hexane only) afforded 8d (0.13 g, 23%) as a
colorless oil: '"H NMR (400 MHz, CDCl;) § 5.91 (s, 1H), 5.94 (t, ] =
1.8 Hz, 1H), 7.18 (dd, J = 5.1, 1.0 Hz, 1H), 7.31 (dd, J = 5.1, 3.0 Hz,
1H), 7.38—7.39 (m, 1H); *C NMR (100 MHz, CDCl,) 6 114.6 (tt, J
=255.8,31.7 Hz), 117.8 (tt, ] = 313.5, 45.6 Hz), 123.5 (t, ] = 8.5 Hz),
124.6, 125.7, 127.5, 133.3 (t, ] = 22.9 Hz), 135.0; ’F NMR (400 MHz,
CDCl,, CFCly) 6 —63.57 (t, ] = 4.9 Hz, 2F), —107.30 (t, ] = 4.9 Hz,
2F); IR (neat) v 3128, 2933, 1626, 1399, 1235, 1147, 1090, 104S, 930,
903, 863, 832, 793, 752, 671 cm™'; HRMS (FAB+) calcd for
CgH,’BrF,S [M]* 287.9231, found 287.9244.

Heck Reaction of (E)-2,2-Disubstituted Alkenes with Various
Aryldiazonium Tetrafluoroborates. 4-Bromo-3,3,4,4-tetrafluoro-

1628

1,2-diphenylbut-1-ene (8a; 0.08 g, 0.27 mmol) and phenyldiazonium
tetrafluoroborate (0.69 g, 0.36 mmol) in methanol (0.30 mL) was
stirred at 40 °C in the presence of Pd(OAc), (0.00677 g, 0.030
mmol). After 1 h, the resulting mixture was passed through silica gel
and concentrated in vacuo. The residue was purified by silica gel
column chromatography (hexane only) to give the corresponding (E)-
1,2-disubstituted alkene 10b (0.09 g, 0.24 mmol, 87% yield, E/Z = 95/
S).

4-Bromo-3,3,4,4-tetrafluoro-1,2-diphenylbut-1-ene (10a). White
solid: mp 70.0—70.8 °C; yield 87%.

E-10a: 'H NMR (400 MHz, CDCl;) § 7.00—7.02 (m, 2H), 7.17—
724 (m, 3H), 7.25-7.35 (m, 3H), 7.40—7.43 (m, 3H); *C NMR
(100 MHz, CDCl,) 6 114.6 (tt, J = 287.4, 33.1 Hz), 118.3 (tt, ] =
314.0, 44.9 Hz), 1284, 128.8, 128.9, 129.1, 129.5 (t, ] = 20.9 Hz),
130.3, 130.6, 133.4, 134.0, 137.2 (t, ] = 8.9 Hz); "’F NMR (400 MHz,
CDCl,, CFCly) 6§ —62.24 (t, ] = 5.6 Hz, 2F), —106.11 (t, ] = 5.6 Hz,
2F); IR (KBr) v 3054, 2927, 2855, 2345, 1957, 1895, 1813, 1774,
1727, 1641, 1576, 1495 cm™'; HRMS (FAB+) calced for C,¢H;,”’BrF,
[M]* 357.9980, found 357.9982.

X-ray Structural Analysis of E-10a. A colorless prismic crystal of E-
10a having approximate dimensions of 0.30 X 0.21 X 0.20 mm was
mounted on a glass fiber. All measurements were made on a
diffractometer with filtered Mo Ka radiation and a rotating anode
generator. Compound E-10a: triclinic, a = 5.7440(2) A, b = 9.8680(2)
A, ¢=26.1249(6) A, a = 89.552(2)°, = 84.710(2)°, y = 76.664(2)°,
V = 1434.60(7) A%, T = 173(2) K, space group PI (No. 2), Z = 4,
u(Mo Ka) = 0.71075 mm™, 5318 reflection measured, 4385 unique
reflections, which were used in all calculations. The final R1 and wR2
values were 0.030 and 0.065 (I > 206(I)). All calculations were
performed by using the CrystalStructure crystallographic software
package. The structure was solved by direct methods and expanded
using Fourier techniques. The goodness of fit indicator was 1.011.
Crystallographic data for this compound have been deposited with the
Cambridge Crystallographic Data Centre as supplementary data no.
CCDC 1515844. Copies of the data can be obtained free of charge by
applying to The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK. (https://summary.ccdc.cam.ac.uk/
structure—summary-form).

4-Bromo-3,3,4,4-tetrafluoro-1-(4-methylphenyl)-2-phenylbut-1-
ene (10b). Chromatography (silica gel, hexane only) afforded 10b (98
mg, 64%, E/Z = 96/4) as a white solid: mp 81.7—81.9 °C.

E-10b: '"H NMR (400 MHz, CDCl;) 6 2.26 (s, 3H), 6.84 (d, ] = 8.1
Hz, 2H), 6.96 (d, ] = 8.1 Hz, 2H), 7.19 (s, 1H), 7.27—7.28 (m, 2H),
7.36—7.40 (m, 3H); *C NMR (100 MHz, CDCL;) 6 21.4, 114.7 (tt, |
= 256.1, 30.6 Hz), 1184 (tt, ] = 313.5, 44.8 Hz), 1284 (t, J = 21.3
Hz), 128.7, 128.9, 129.1, 130.3, 130.6, 1312, 133.6, 137.1 (t, J = 8.7
Hz); F NMR (400 MHz, CDCl;, CFCl;) 6 —62.18 (t, ] = 5.6 Hz,
2F), —105.9 (t, ] = 5.6 Hz, 2F); IR (KBr) v 3054, 3031, 3020, 2924,
2862, 2379, 1964, 1908, 1638, 1607, 1727, 1511, 1458 cm™Y; HRMS
(FAB+) calcd for C;,H,;”BrF, [M]" 372.0137, found 372.0141.

4-Bromo-3,3,4,4-tetrafluoro-1-(3-methylphenyl)-2-phenylbut-1-
ene (10c). Chromatography (silica gel, hexane only) afforded 10c (92
mg, 63%, E/Z = 96/4) as a white solid: mp 48.9—49.4 °C.

E-10c: 'H NMR (400 MHz, CDCl;) 6 2.22 (s, 3H), 6.77 (d, ] = 3.6
Hz, 1H), 6.85 (s, 1H), 7.06 (t, ] = 5.0 Hz, 2H), 7.26—7.43 (m, 6H);
BC NMR (100 MHz, CDCl;) & 21.4, 114.7 (tt, ] = 256.5, 30.5 Hz),
1184 (tt, ] = 313.9, 45.1 Hz), 127.2, 1282, 128.7, 128.8, 129.2 (t, ] =
21.5 Hz), 129.8, 130.6, 131.3, 133.5, 1339, 1373 (t, J = 8.6 Hz),
137.9; F NMR (400 MHz, CDCl,, CFCL,) 6 —62.21 (t, ] = 5.7 Hz,
2F), —106.1 (t, ] = 5.7 Hz, 2F); IR (KBr) v 3053, 3025, 2952, 2921,
2861, 2735, 2379, 2304, 2238, 1946, 1879 cm™'; HRMS (FAB+) caled
for C;;H,;;”°BrF, [M]* 372.0137, found. 372.014S.

4-Bromo-3,3,4,4-tetrafluoro-1-(2-methylphenyl)-2-phenylbut-1-
ene (10d). Chromatography (silica gel, hexane only) afforded 10d (79
mg, 53%, E/Z = 85/15) as a yellow oil.

E-10d: "H NMR (400 MHz, CDCl,) 6 2.39 (s, 3H), 6.70 (d, ] = 7.5
Hz, 1H), 6.86 (t, ] = 7.5 Hz, 1H), 7.10 (td, J = 7.5, 0.9 Hz, 1H), 7.16
(d, J = 7.5 Hz, 1H), 7.19-7.31 (m, SH), 7.46 (s, 1H); *C NMR (100
MHz, CDCL) § 20.1, 114.8 (tt, J = 256.9, 30.4 Hz), 1183 (tt, ] =
3142, 44.4 Hz), 125.5, 128.37, 128.44, 129.4, 130.0, 130.1, 130.6 (t, ]

DOI: 10.1021/acs.joc.6b02793
J. Org. Chem. 2017, 82, 1618—1631


https://summary.ccdc.cam.ac.uk/structure-summary-form
https://summary.ccdc.cam.ac.uk/structure-summary-form
http://dx.doi.org/10.1021/acs.joc.6b02793

The Journal of Organic Chemistry

=20.9 Hz), 130.7, 133.1, 133.6, 136.8 (t, ] = 8.7 Hz), 137.2; ’'F NMR
(400 MHz, CDCl,;, CECL,) § —62.74 (t, ] = 6.0 Hz, 2F), —106.36 (t, ]
= 6.0 Hz, 2F); IR (neat) v 3063, 3035, 1643, 1444, 1228, 1161, 1077,
958, 799, 725, 698 cm™'; HRMS (FAB+) calcd for C,,H,;”°BrF, [M]*
372.0137, found 372.0136.

4-Bromo-3,3,4,4-tetrafluoro-1-(4-methoxyphenyl)-2-phenylbut-
T-ene (10e). Chromatography (silica gel, hexane/ethyl acetate 30:1)
afforded 10e (89 mg, 55%, E/Z = 95/5) as a white solid: mp 94.9—
95.5 °C.

E-10e:'H NMR (400 MHz, CDCl,) 6 3.75 (s, 3H), 6.68 (d, ] = 8.9
Hz, 2H), 6.89 (d, ] = 8.9 Hz, 2H), 7.16 (s, 1H), 7.28—7.30 (m, 2H),
7.38=7.41 (m, 3H); *C NMR (100 MHz, CDCl;) § 55.3, 113.8,
114.8 (tt, ] = 256.4, 30.8 Hz), 118.5 (tt, J = 314.0, 45.6 Hz), 126.6,
126.9 (t, J = 23.5 Hz), 128.7, 129.0, 130.7, 131.9, 133.7, 136.5 (t, ] =
8.7 Hz), 160.2; ’F NMR (400 MHz, CDCl,, CECL,) 6 —62.11 (t, ] =
5.7 Hz, 2F), —105.7 (t, ] = 5.7 Hz, 2F); IR (KBr) v 3033, 2969, 2939,
2844, 2558, 2516, 2049, 1967, 1892, 1637, 1602 cm™'; HRMS (FAB+)
caled for C;,H,;”BrF,O [M]* 388.0086, found 388.0084.

4-Bromo-1-(4-chlorophenyl)-3,3,4,4-tetrafluoro-2-phenylbut-1-
ene (10f). Chromatography (silica gel, hexane only) afforded 10f (0.11
g, 76%, E/Z = 93/7) as a white solid: mp 100.0—100.8 °C.

E-10f: '"H NMR (400 MHz, CDCL,) 6 6.88 (d, ] = 8.6 Hz, 2H),
7.12 (d, ] = 8.6 Hz, 2H), 7.18 (s, 1H), 7.24—7.26 (m, 2H), 7.36—7.41
(m, 3H); '*C NMR (100 MHz, CDCl;) § 114.5 (tt, J = 251.5, 30.9
Hz), 118.2 (tt, J = 313.8, 44.9 Hz), 128.6, 129.02, 129.04, 130.2 (t, ] =
21.5 Hz), 130.5, 131.4, 132.5, 133.0, 135.0, 135.8 (t, J = 8.8 Hz); °F
NMR (400 MHz, CDCl;, CECl;) § —62.32 (t, ] = 5.7 Hz, 2F), —106.3
(t, J = 5.7 Hz, 2F); IR (KBr) v 3059, 2925, 2372, 2292, 1964, 1907,
1820, 1774, 1639, 1589, 1494, 1443, 1407, 1306, 1281 cm™'; HRMS
(FAB+) calcd for C¢H,”Br¥*CIF, [M]* 391.9591, found 391.9591.

Ethyl 4-(4-Bromo-3,3,4,4-tetrafluoro-2-phenylbut-1-en-1-yl)-
benzoate (10g). Chromatography (silica gel, hexane/ethyl acetate
20/1) afforded 10g (0.13 g, 74%, E/Z = 94/6) as a white solid: mp
75.1-76.4 °C.

E-10g: '"H NMR (400 MHz, CDCl;) § 1.35 (t, J = 7.1 Hz, 3H),
433 (q,J = 7.1 Hz, 2H), 7.01 (d, ] = 8.4 Hz, 2H), 7.23—7.27 (m, 3H),
7.34—7.40 (m, 3H), 7.82 (d, ] = 8.4 Hz, 2H); *C NMR (100 MHz,
CDClL,) 6 14.3, 61.1, 114.4 (tt, ] = 252.3, 31.0 Hz), 118.1 (tt, ] = 314.7,
44.4 Hz), 128.9, 129.0, 129.4, 130.0, 130.4, 130.5, 131.8 (t, ] = 24.5
Hz), 132.8, 136.2 (t, ] = 8.8 Hz), 138.3, 166.0; ’F NMR (400 MHz,
CDCl,, CEClLy) 6§ —62.39 (t, J = 5.5 Hz, 2F), —106.5 (t, ] = 5.5 Hz,
2F); IR (KBr) v 3406, 3062, 2983, 2942, 2928, 2872, 2379, 2294,
2143, 1927, 1710 cm™'; HRMS (FAB+) calcd for C;gH,4°BrF,0, [M
+ H]* 431.0270, found 431.0268.

4-Bromo-3,3,4,4-tetrafluoro- 1-(4-nitrophenyl)-2-phenylbut-1-ene
(10h). Chromatography (silica gel, hexane/ethyl acetate 20/ 1)
afforded 10h (0.14 g 85%, E/Z = 91/1) as a yellow solid: mp
89.8—90.0 °C.

E-10h: '"H NMR (400 MHz, CDCL) 6 7.11 (d, J = 8.9 Hz, 2H),
723 (d, ] = 7.0 Hz, 2H), 7.36 (s, 1H), 7.36—7.44 (m, 3H), 8.00 (d, ] =
8.9 Hz, 2H); '3C NMR (100 MHz, CDCL,) § 114.2 (tt, ] = 257.7, 31.0
Hz), 117.8 (tt, ] = 314.0, 44.0 Hz), 123.5, 129.2, 129.5, 130.3, 130.8,
1322, 133.8 (t, ] = 21.7 Hz), 1349 (t, ] = 8.9 Hz), 140.5, 147.5; °F
NMR (400 MHz, CDCl,;, CECl;) § —62.55 (t, ] = 5.8 Hz, 2F),
—106.87 (t, ] = 5.8 Hz, 2F); IR (KBr) v 3109, 3077, 2935, 2856, 2455,
2370, 1974, 1587, 1502, 1419 cm™'; HRMS (FAB+) calcd for
Cy6H,,”’BrE,NO, [M + H]* 403.9909, found 403.9907.

4-Bromo-3,3,4,4-tetrafluoro-2-(4-methylphenyl)-1-phenylbut-1-
ene (10i). Chromatography (silica gel, hexane only) afforded 10i (0.12
g, 80%, E/Z = 96/4) as a colorless oil.

E-10i: "H NMR (400 MHz, CDCl;) § 2.42 (s, 3H), 7.02 (d, ] = 7.1
Hz, 2H), 7.16—7.25 (m, 8H); *C NMR (100 MHz, CDCl;) § 21.5,
114.7 (tt, ] = 256.5, 30.6 Hz), 118.4 (tt, ] = 313.9, 45.1 Hz), 128.4,
129.0, 129.5 (t, J = 21.1 Hz), 129.7, 130.3 (2C), 130.4, 134.2, 137.0 (t,
J = 8.7 Hz), 138.7; ’F NMR (400 MHz, CDCl,, CFCl,) 6 —62.18 (t, ]
= 5.7 Hz, 2F), —106.12 (t, ] = 5.7 Hz, 2F); IR (neat) v 3087, 3058,
3030, 2924, 1638, 1514, 1449, 1227, 1152, 1082, 960, 941, 839, 768
cm™'; HRMS (FAB+) calcd for C,,H,;°BrF, [M]* 372.0137, found
372.0146.

1629

Methyl 4-(4-Bromo-3,3,4,4-tetrafluoro-1-phenylbut-1-en-2-yl)-
phenyl Ketone (10j). Chromatography (silica gel, hexane/ethyl
acetate 10:1) afforded 10j (0.11 g, 66%, E/Z = 94/6) as a white
solid: mp 86.0—87.2 °C.

E-10j: '"H NMR (400 MHz, CDCl,) § 2.63 (s, 3H), 6.95 (d, ] = 7.8
Hz, 2H), 7.14—7.24 (m, 3H), 7.29 (s, 1H), 7.39 (d, ] = 7.8 Hz, 2H),
7.96 (d, ] = 8.4 Hz, 2H); 3C NMR (100 MHz, CDCl,) § 26.7, 114.4
(tt, J = 256.9, 31.0 Hz), 118.0 (tt, J = 357.7, 43.3 Hz), 1284 (t, ] =
21.8 Hz), 128.5, 128.8, 129.3, 130.2, 131.0, 133.5, 137.1, 138.0 (t, ] =
8.6 Hz), 138.4, 197.7; '’F NMR (400 MHz, CDCl,, CFCl;) § —62.55
(t,] = 5.7 Hz, 2F), —105.98 (t, ] = 5.7 Hz, 2F); IR (KBr) v 3347, 3106,
3057, 3035, 2962, 2921, 2856, 2370, 2294, 1955 cm™'; HRMS (FAB+)
caled for CygH,,”°BrF,O [M + H]* 401.0164, found 401.0160.

Reductive Coupling of BrCF,CF,-Containing Multisubsti-
tuted Alkenes with Various Electrophiles in the Presence of
MelLi/LiBr-free. To a solution of 4a (0.14g, 0.5 mmol) in THF (1.0
mL) was added a benzaldehyde (0.12 mL, 0.1 mmol) at —78 °C. After
about 10 min, to this mixture was added dropwise MeLi/LiBr-free
(1.12 M, 1.1 mL, 1.2 mmol), and the whole mixture was stirred at that
temperature for 2 h. The mixture was quenched with NH,Cl(aq), and
the whole mixture was extracted with ethyl acetate. The combined
organic layers were dried over anhydrous Na,SO,, and then filtered
and concentrated in vacuo. The residue was purified by silica gel
column chromatography (hexane/ethyl acetate S/1) to give the
corresponding alcohol 11a (0.11 g, 0.4 mmol, 72% yield).

(E)-2,2,3,3-Tetrafluoro-1,5-diphenylpent-4-en-1-ol (11a). Yellow
oil: yield 72%; 'H NMR (400 MHz, CDCL,) 6 2.78 (d, ] = 3.7 Hz,
1H), 5.16—5.22 (m, 1H), 6.25 (dt, ] = 16.1, 12.4 Hz, 1H), 7.09 (dt, ] =
16.1,2.2 Hz, 1H), 7.38—7.45 (m, 10H); *C NMR (100 MHz, CDCl,)
6723 (dd, J = 282, 23.0 Hz), 115.9 (tt, ] = 256.8, 33.3 Hz), 116.6 (tt,
J =250.1, 34.2 Hz), 117.0 (t, ] = 23.2 Hz), 127.6, 128.2, 128.5, 128.9,
129.3, 129.7, 134.3, 135.3, 137.6 (t, ] = 9.6 Hz); "’F NMR (400 MHz,
CDCl,, CEClLy) 6 —110.30 (dd, J = 261.3, 12.4 Hz, 1F), —111.19 (dd, J
=261.3, 12.4 Hz, 1F), —120.35 (dm, ] = 271.9, 1F), —126.87 (dd, ] =
271.9, 16.4 Hz, 1F); IR (neat) v 3583, 3435, 3066, 3031, 1659, 1496,
1453, 1304, 1207, 1167, 1114, 1071, 974, 763, 718, 691 cm™'; HRMS
(FAB+) calcd for C,,H,sF,O [M + H]* 311.1059, found 311.1056.

(E)-5,5,6,6-Tetrafluoro-8-phenyloct-7-en-4-ol (11b). Chromatog-
raphy (silica gel, hexane/ethyl acetate 5/1) afforded 11b (0.12 g, 85%)
as a colorless oil: '"H NMR (400 MHz, CDCl,) 6 1.00 (t, J = 7.2 Hz,
3H), 1.39—1.51 (m, 1H), 1.60—1.84 (m, 3H), 2.33 (d, J = 6.1 Hgz,
1H), 4.13 (brs, 1H), 6.34 (dt, J = 16.1, 12.6 Hz, 1H), 7.12 (d, J = 16.1
Hz, 1H), 7.36—7.42 (m, 3H), 7.49 (m, 2H); *C NMR (100 MHz,
CDCl,) § 13.8, 18.6, 31.5, 70.0 (dd, J = 27.8, 24.0 Hz), 116.6 (tt, ] =
249.7,33.7 Hz), 116.7 (tt, ] = 255.3, 34.0 Hz), 117.2 (t, J = 23.3 Hz),
127.6, 128.9, 129.7, 134.4, 137.4 (t, ] = 9.7 Hz); ’F NMR (400 MHz,
CDCl,, CFCly) § —111.22 to —111.27 (m, 2H), —122.44 (dd, J =
272.5, 6.1 Hz, 1F), —128.18 (dd, J = 272.5, 16.4 Hz, 1F); IR (neat) v
3583, 3427, 2965, 2876, 1654, 1446, 1192, 1117, 1069 cm™'; HRMS
(FAB+) caled for C,H;¢F,O [M]* 276.1137, found 276.1142.

(E)-2,2,3,3-Tetrafluoro-5-(4-methylphenyl)-1-phenylpent-4-en-1-
ol (11¢c). Chromatography (silica gel, hexane/ethyl acetate 5/1)
afforded 11c (0.12 g, 64%) as a yellow solid: mp 78.6—79.7 °C; 'H
NMR (400 MHz, CDCl,) 6 2.41 (s, 3H), 2.91 (s, 1H), 520 (dd, ] =
16.3, 7.8 Hz, 1H), 6.22 (dt, ] = 16.1, 12.5 Hz, 1H), 7.09 (d, ] = 16.1
Hz, 1H), 7.22 (d, ] = 8.0 Hz, 2H), 7.35 (d, ] = 8.0 Hz, 2H), 7.42-7.52
(m, 5H); *C NMR (100 MHz, CDCl,) 6 21.4, 72.3 (dd, ] = 28.3, 23.0
Hz), 115.8 (t, ] = 23.1 Hz), 115.9 (tt, ] = 256.6, 33.2 Hz), 116.7 (tt, ] =
250.1, 33.4 Hz), 127.5, 128.2, 128.5, 129.3, 129.6, 131.5, 135.4, 137.5
(t,J = 9.6 Hz), 139.9; F NMR (400 MHz, CDCl,, CFCl;) § —110.08
(dd, J = 260.8, 12.5 Hz, 1F), —110.90 (dd, J = 260.8, 12.5 Hz, 1F),
—120.36 (dm, J = 271.4 Hz, 1F), —126.90 (dd, ] = 271.4, 16.3 Hz, 1F);
IR (KBr) v 3358, 3265, 3061, 3033, 2922, 2860, 1955, 1899, 1660,
1608, 1515, 1456 cm™; HRMS (FAB+) calcd for C;gH,4F,O [M]*
324.1137, found 324.1133.

(E)-5,5,6,6-Tetrafluoro-8-(4-methylphenyl)oct-7-en-4-ol (11d).
Chromatography (silica gel, hexane/ethyl acetate 5/1) afforded 11d
(0.15 g, 83%) as a yellow oil: '"H NMR (400 MHz, CDCl;) 6 0.98 (t, J
= 7.2 Hz, 3H), 1.43—1.48 (m, 1H), 1.60—1.79 (m, 3H), 1.99 (d, ] =
7.0 Hz, 1H), 2.37 (s, 3H), 4.07—4.11 (m, 1H), 6.25 (dt, ] = 16.2, 12.5
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Hz, 1H), 7.06 (dt, ] = 16.2, 2.4 Hz, 1H), 7.19 (d, ] = 8.0 Hz, 2H), 7.37
(d, ] = 8.0 Hz, 2H); "*C NMR (100 MHz, CDCl,) § 13.8, 18.6, 21.4,
31.6,70.0 (dd, J = 27.8, 23.9 Hz), 116.1 (t, ] = 23.3 Hz), 116.7 (tt, J =
255.6, 33.9 Hz), 116.8 (tt, J = 249.3, 33.8 Hz), 127.5, 129.6, 131.7,
137.3 (t, ] = 9.6 Hz), 139.9; ’F NMR (400 MHz, CDCl,, CFCl;) §
—111.06 (d, J = 12.5 Hz, 2F), —122.58 (dd, J = 272.52, 7.0 Hz, 1F),
—128.33 (dd, J = 272.5, 16.3 Hz, 1F); IR (neat) v 3584, 3408, 3020,
2964, 2933, 2875, 1659, 1611, 1515, 1459, 1236, 1182, 1082, 974, 799
cm™; HRMS (FAB+) caled for C;sH,gF,O [M]* 290.1294, found
290.1299.

(E)-Ethyl 4-(3,3,4,4-Tetrafluoro-5-hydroxy-5-phenylpent-1-en-1-
yl)benzoate (11e). Chromatography (silica gel, hexane/ethyl acetate
5/1) afforded 11le (95 mg, 49%) as a colorless oil: 'H NMR (400
MHz, CDCl,) § 1.39 (t, ] = 7.2 Hz, 3H), 3.08 (d, ] = 4.7 Hz, 1H), 4.36
(g, ] = 72 Hz, 2H), 5.19 (m, 1H), 6.30 (dt, ] = 16.3, 12.2 Hz, 1H),
7.06 (dt, ] = 16.3, 2.2 Hz, 1H), 7.36—7.49 (m, 7H), 8.00 (d, J = 8.4 Hz,
2H); *C NMR (100 MHz, CDCl,) & 14.4, 61.4, 72.3 (dd, ] = 28.3,
23.0 Hz), 115.9 (tt, J = 257.1, 33.6 Hz), 116.3 (tt, ] = 250.2, 33.4 Hz),
1196 (t, J = 23.3 Hz), 127.4, 128.2, 128.5, 129.4, 130.1, 131.2, 135.3,
136.3 (, ] = 9.7 Hz), 138.6, 166.3; ’F NMR (400 MHz, CDCl,,
CFCly) 6 —110.70 (dd, J = 262.5, 122 Hz, 1F), —111.85 (dd, | =
262.5, 12.2 Hz, 1F), —120.37 (dm, ] = 268.4 Hz, 1F), —126.70 (dd, ] =
268.4, 16.5 Hz, 1F); IR (neat) v 3455, 3058, 2984, 2935, 1703, 1659,
1609, 1571, 1456, 1415, 1370, 1287, 1099, 975 cm™'; HRMS (FAB+)
caled for C,0H,oF,0; [M + H]* 383.1270, found 383.1267.

(E)-Ethyl 4-(3,3,4,4-Tetrafluoro-5-hydroxyoct-1-en-1-yl)benzoate
(17f). Chromatography (silica gel, hexane/ethyl acetate $/1) afforded
11f (91 mg, 53%) as a yellow oil: 'H NMR (400 MHz, CDCL;) § 0.96
(t, J = 7.0 Hz, 3H), 1.38 (t, ] = 7.1 Hz, 3H), 1.39—1.79 (m, 4H), 2.63
(d,J = 4.4 Hz, 1H), 4.08 (br s, 1H), 4.36 (q, J = 7.1 Hz, 2H), 6.40 (dt,
J=16.1,12.3 Hz, 1H), 7.08 (d, ] = 16.1 Hz, 1H), 7.48 (d, ] = 8.0 Hz,
2H), 8.00 (d, ] = 8.0 Hz, 2H); *C NMR (100 MHz, CDCL) 6 13.8,
14.3,18.5, 31.5, 61.3, 69.9 (dd, ] = 27.9, 24.0 Hz), 116.3 (tt, ] = 249.7,
33.5 Hz), 116.7 (tt, J = 255.7, 23.4 Hz), 119.9 (t, ] = 23.4 Hz), 127.4,
130.1, 131.2, 136.1 (t, ] = 9.6 Hz), 138.6, 166.3; ’F NMR (400 MHz,
CDCl,, CFCly) 6 —111.36 (dd, ] = 262.4, 12.3 Hz, 1F), —112.15 (dd, J
=2624,12.3 Hz, 1F), —122.17 (d, ] = 272.3 Hz, 1F), —128.36 (dd, ] =
272.3, 16.8 Hz, 1F); IR (neat) v 3459, 3042, 2964, 2936, 2876, 1933,
1704, 1660, 1610, 1572 cm™'; HRMS (FAB+) calcd for C;,H,,F,O,
[M + H]* 349.1427, found 349.1427.

2,2,3,3-Tetrafluoro-1,5,5-triphenylpent-4-en-1-ol (11g). Chroma-
tography (silica gel, hexane/ethyl acetate 4/1) afforded 11g (0.12 g,
61%) as a yellow oil: '"H NMR (400 MHz, CDCl,) § 2.79 (br s, 1H),
5.16 (dd, J = 16.8, 6.6 Hz, 1H), 6.23 (t, ] = 149 Hz, 1H), 7.24—-7.52
(m, 15H); C NMR (100 MHz, CDCL;) § 72.1 (dd, J = 28.5, 22.8
Hz), 115.5 (t, ] = 20.9 Hz), 115.9 (tt, ] = 255.6, 33.0 Hz), 116.3 (tt, ] =
251.2,33.0 Hz), 127.9, 128.0, 128.1, 128.2, 128.4, 128.5, 129.1, 129.26,
129.33, 135.4, 138.3, 141.3, 151.9 (t, J = 4.4 Hz); "’F NMR (400 MHz,
CDCl,, CEClLy) 6§ —102.72 (dd, ] = 269.8, 14.9 Hz, 1F), —103.58 (dd, J
= 269.9, 14.9 Hz, 1F), —119.90 (d, J = 271.3, 1F), —127.27 (dd, J =
271.3, 16.8 Hz, 1F); IR (neat) v 3583, 3436, 3060, 3033, 2926, 1956,
1891, 1812, 1637, 1494, 1456, 1227, 1181, 1146, 1094, 1072 cm™;
HRMS (FAB+) calcd for Cy3H;sF,O [M]* 386.1294, found 386.1301.

2,2,3,3-Tetrafluoro-1,4-diphenylpent-4-en-1-ol (11h). Chromatog-
raphy (silica gel, hexane/ethyl acetate 5/1) afforded 11h (1.06 g, 82%)
as a yellow oil: '"H NMR (400 MHz, CDCl,) 6 2.51 (br s, 1H), 5.15
(dd, J=17.6, 6.4 Hz, 1H), 5.71 (t, ] = 1.4 Hz, 1H), 5.95 (s, 1H), 7.35—
7.42 (m, 10H); *C NMR (100 MHz, CDCL,) § 72.1 (dd, J = 28.8,
22.6 Hz), 115.6 (tt, ] = 254.9, 35.3 Hz), 116.8 (tt, ] = 253.9, 34.6 Hz),
123.8 (t, J = 9.1 Hz), 128.0, 128.1, 128.3, 128.4, 128.7, 129.1, 135.1,
136.1, 140.3 (t, J = 22.0 Hz); ’F NMR (400 MHz, CDCl,, CECL) 6
—108.25 (d, J = 2674 Hz, 1F), —109.06 (d, ] = 267.4 Hz, 1F),
—116.00 (d, J = 278.7 Hz, 1F), —125.58 (dd, ] = 278.7, 17.7 Hz, 1F);
IR (neat) v 3435, 1496, 1199, 1114, 1070, 1029, 967, 946, 776, 735,
699 cm™'; HRMS (FAB+) caled for C,,H;,F,NaO [M + Na]*
333.0878, found 333.0879.

(E)-2,2,3,3-Tetrafluoro-1,4,5-triphenylpent-4-en-1-ol (11i). Chro-
matography (silica gel, hexane/ethyl acetate 4/1) afforded 11i (84 mg,
72%) as a white solid: mp 124.7—124.9 °C; 'H NMR (400 MHz,
CDCly) 6 2.69 (brs, 1H), 5.24 (dd, J = 17.4, 6.0 Hz, 1H), 6.98 (d, ] =
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6.92 Hz, 2H), 7.14—7.22 (m, 4H), 7.32—7.47 (m, 10H); 3C NMR
(100 MHz, CDCl,) 6 72.3 (dd, J = 28.9, 22.7 Hz), 116.1 (tt, ] = 257.8,
37.2 Hz), 117.0 (tt, ] = 254.5, 34.8 Hz), 119.0, 128.2, 128.35, 128.42,
128.6, 128.7, 129.1, 130.1, 130.6, 131.5 (t, ] = 21.4 Hz), 134.1, 134.3,
135.3, 135.5 (t, ] = 9.3 Hz); "’F NMR (400 MHz, CDCl,, CFCl;) §
—107.07 (d, J = 261.2 Hz, 1F), —107.98 (d, ] = 261.2 Hz, 1F),
—115.47 (dm, J = 275.7 Hz, 1F), —124.6 (dm, J = 275.7 Hz, 1F); IR
(KBr) v 3612, 3570, 3087, 3052, 3030, 3010, 2918, 2250, 1959, 1895,
1645, 1496, 1450, 1399, 1333 cm™; HRMS (FAB+) calcd for
Cy3HsF,0 [M]* 386.1294, found 386.1292.
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