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1. INTRODUCTION

1,1-Dihalo-1-alkenes are valuable synthetic tools in organic
chemistry and serve as interesting synthetic intermediates in a
variety of non-metal-assisted chemical transformations.'*°
Moreover, the vinyl dihalide functionality is an attractive and
versatile bidentate electrophile for organometallic chemistry.'"
The presence of two geminal halogen atoms bonded to one
alkenyl carbon renders these compounds more reactive toward
oxidative addition of metal complexes than the correspond-
ing monohaloalkenes, thereby making their metal-catalyzed
cross-couplings facile. In 1987, three research groups reported
the first examples of selective metal-catalyzed reactions of 1,
1-dihalogenolefins. Minato and Suzuki described the palladium-
catalyzed trans-selective monoalkylation and monoarylation of
1,1-dichloro-1-alkenes with organomagnesium and organozinc
derivates,'> and also some examples of a further substitution
catalyzed by palladium and nickel complexes of the chlorine
atom on the initially formed 1-chloroalkenes with alkyl or aryl
groups.”® On the other hand, Linstrumelle and co-workers
reported that 1,1-dichloroethylene reacted under Pd catalysis
with acetylenes or vinylalanes to afford selectively 2-chloro-1-
en-3-ynes or 2-chloro-1,3-dienes, respectively.'* At the same
time, Trost and Walchli showed the first case where a 1,1-dibro-
movinyl group undergoes a selective Pd-catalyzed monosub-
stitution intramolecularly.'® After these pioneering works, an
impressive number of subsequent papers have reported metal-
catalyzed selective monosubstitution and stepwise cross-coupling
reactions between 1,1-dihaloalkenes and a variety of reagents.
The gem-dihalovinyl moiety has also represented a very attractive
key unit for metal-catalyzed syntheses of alkynes, carbocycles,
heterocycles, etc. by a judicious selection of the coupling partners
and well-designed starting materials.

This review provides a systematic summary of methods for
the synthesis of 1,1-dihaloolefins and a deep overview of
metal-catalyzed reactions involving these compounds and
leading to the formation of new C—C, C—H, C—N, etc.
bonds, by an effective replacement of one or both dihalides
with other elements. The present review is organized in two
parts; the former is dedicated to the synthetic procedures
used to prepare 1,1-dihaloolefins, while the latter is devoted
to a discussion on metal-catalyzed processes leading to
defined products. Regarding the second part, each of
these processes is arranged, where possible, according to
the category of the organometallic reagent used, namely,
organoboron, -zinc, -tin, etc. As a matter of interest, this
review restricts its scope to reactions of 1,1-dihalo-1-alkenes
involving only the vinylic carbon linked to both the
gem-halogens.

Scheme 1
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2. SYNTHESIS OF GEM-DIHALOVINYL SYSTEMS

2.1. Synthesis of 1,1-Dibromo-1-alkenes

2.1.1. Wittig-type Reactions. In 1962, Ramirez and co-
workers presented a simple and straightforward procedure for
the 1,1-dibromoalkene synthesis.16 Thus, ,3-dibromostyrene
was formed in 84% vyield and in only 5 min by reaction of
benzaldehyde (1 equiv) with (dibromomethylene)triphenyl-
phosphane (Ph;P=CBr,), generated in situ from a mixture of
carbontetrabromide (2 equiv) and triphenylphosphine (4 equiv)
in CH,Cl, at 0 °C (Scheme 1). Recently, this procedure has been
also successful to prepare a 3,4-dibromoenamide from the parent
formamide (Scheme 1)."”

Ten years later, Corey and Fuchs reported a modified Ramirez
method by developing a procedure that requires the addition of
an aldehyde (1 equiv) to a reagent prepared by reaction of zinc
dust, PPh; (2 equiv), and CBr, (2 equiv) in CH,Cl, at room
temperature (Scheme 2)."® This system in which zinc was used to
reduce the initially produced Br,PPh; with formation of ZnBr,
and generation of PPh; can be preferred; since less phosphine is
required, the isolation procedure is simpler and the yields of
dibromoolefins are somewhat higher.

The ylide Ph;P=CBr,, generated in situ from CBr4 and PPh;,
was also used with light modifications, to obtain the dibromo-
methylenation of ketones.'” The main changes to the Ramirez
procedure concerned the substitution of CH,Cl, with hydro-
carbon (heptane) or aromatic (benzene or toluene) solvents at
reflux temperature and the use of different CBr,/PPh; ratios.
Thus, Posner and co-workers converted a variety of ketones such
as cycloheptanone, 2-octanone, trans-2-decalone and 4-tert-bu-
tylcyclohexanone in low to good yields (28%, 35%, 80%, and
81%, respectively) by using benzene as the solvent at reflux
temperature and with a ketone/CBr,/PPh; ratio of 1/2.5/ 5.1
On the other hand, sterically hindered ketones were dibromo-
methylenated in good yields (80—82%) carrying out the reaction
in heptane at reflux temperature and with a ketone/CBr,/PPh;
ratio of 1/1.5/3."° Some representative examples are described
in Scheme 3.

A convenient variant of the Ramirez and Corey—Fuchs
procedures was next developed since the presence of the reactive
Lewis acidic byproduct, Br,PPh; or ZnBr,, in the reaction
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mixture could be in some cases incompatible with other func-
tional groups present in the aldehyde substrate.”® It was found
that treatment of the reaction mixture with 1 equiv of Et;N
before the addition of the 2,3-epoxyaldehyde 1 to the reagent
prepared from PPh; (2 equiv) and CBr, (2 equiv) in CH,Cl,
at —60 °C, allowed the dibromide 2 to be obtained with good
yield (85%) (Scheme 4). Analogouslz, the synthesis of other
dibromoalkenes, such as compounds 4 2 and 6,21b was reported
in this and other papers (Scheme 4).

The Ramirez olefination has been recently pursued to prepare
substituted 2-(2,2-dibromovinyl)-phenols, -thiophenols, and
-anilines. For the synthesis of the first type of compounds, pro-
tecting group-free conditions were established (Scheme 5).
Slow addition of Et;N (6 equiv), followed by salicylaldehyde, to
the active ylide Ph3P=CBr, formed from 3 equiv of CBr, and
6 equiv of PPh; provided 2-(2,2-dibromovinyl)phenol in 81%.
The use of excess ylide and slow addition of reagents were
necessary for high yields. This procedure was also found be

Scheme §
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(l R — r
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Scheme 6
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3-Me 69 4-OBn-5-OBn 41
3-F 81 5-0Bn 82
3-OBn-4-OMe 72 5-F 80
4-F 76 5-CF4 78
4-OBn 76 4-CO,Me 63

successfully applicable to other a-hydroxybenzaldehyde substrates
containing Lewis basic moieties. 2-(2,2-Dibromovinyl)thiophenols
were obtained by nucleophilic substitution of 2-fluoro(chloro)-
benzaldehydes with sodium 2-methylpropane-2-thiolate or
ethanethioate, followed by Ramirez olefination and finally by
deprotection of thiophenol group (Scheme 5).**

Since the Ramirez olefination is sensitive to amine or amide
functionalities, Lautens and Fang used o-nitrobenzaldehydes as
starting materials for obtaining 2—(2,2—dibromovinyl)anilines.23
A one-pot, two-step procedure that implies the reaction between
2-nitrobenzaldehydes and CBr,/PPh;, followed by reduction of
the nitro group with SnCl,+2H,O in refluxing ethanol, provided
in good yields gem-dibromovinylanilines bearing either an elec-
tron-donating or an electron-withdrawing group at the C-3, C-4,
or C-$ position (Scheme 6). On the other hand, iron powder in
the presence of a catalytic amount of FeCly+-6H,0O provided a
useful system to reduce sterically hindered nitro groups such asin
1-(2,2-dibromovinyl)-3-methyl-2-nitrobenzene (95% yield) and
2-(2,2-dibromovinyl)-1-nitronaphthalene (88% yield). The re-
agent SnCl, -2H,O proved also effective for the preparation of
dibromovinylanilines from ketones, but with substrates bearing
sensitive groups, the reduction was best performed with H, and 1
mol % vanadium-doped platinum on carbon, which gave ex-
cellent selectivity for the nitro group, leaving double bonds, triple
bonds, and halogens intact (Scheme 7).

Triethylamine has been occasionally replaced with success by
other amines, as in the synthesis of the dibromide 7, where 2,6-
dimethylpyridine (2 equiv) was used with PPh; (4 equiv) and
CBry (2 equiv) in CH,Cl, at 0 °C (96% yield) (Scheme 8).>*

Since the significant amount of triphenylphosphine oxide
waste generated in the Ramirez dibromomethylenation is difficult
to remove, resulting in a tedious and solvent-consuming purifica-
tion process, a simpler procedure that uses triisopropylphosphite
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instead of PPhy has been recently developed.® In this case, the
byproduct triisopropyl phosphonate is an oil and therefore, in many
cases, the gem-dibromoolefinated products can be easier to sepa-
rate, for instance, by crystallization. Alternatively, the triisopropyl
phosphonate can be eliminated by simple treatment of the crude
reaction mixture with an acid, which hydrolyzes it into non-
hazardous phosphoric acid and isopropanol. In general, the
reactivity of triisopropyl phosphite toward gem-dibromoolefi-
nation is comparable to PPh; with aldehydes and higher than
PPh; with ketones. For instance, the two gem-dibromides 8 and
9 (Figure 1) were obtained from the related aldehydes in <5%
and 69% yields with PPh;, whereas they were formed in 44%
and 98% yields with P(Oi-Pr);.>°

The addition of 2.5 equiv of hexamethylphosphorous triamide
[P(NMe,);] to a cooled (—78 °C) solution of an aldehyde and
CBr, was another procedure performed to obtain dibromomethyl-
enation with satisfactory yields (54—70%) (Scheme 9).2° Fluor-
enone, the only reported ketone, gave fluoren=Br, in 70% yield.

Two gem-dibromovinyl systems were obtained by reaction of
benzaldehyde or benzophenone with the ylide Ph3P=CBr,
produced from bromoform and PPh; in the presence of KOt-
Bu (Scheme 10).*” Unfortunately, (2,2-dibromovinyl)benzene
and (2,2-dibromoethene-1,1-diyl)dibenzene were obtained in
low yields (42% and 9%, respectively). On the other hand, the
dibromide 4 could be conveniently prepared from the aldehyde 3
by this protocol®® (Scheme 10).

Savignac and Mori groups reported the transformation of
aldehydes and ketones to the related 1,1-dibromoalkenes using
diethyl dibromomethanephosphonate.” This reagent in THF
and in the presence of LiBr was treated with lithium diisopropy-
lamide (LDA) at —70 °C and then with the carbonyl compound.
In this way, sterically hindered ketones afforded the related
alkenes in fairly good yields (50—70%), whereas aldehydes gave
lower yields (40—61%). A representative example is depicted in
Scheme 11.

A convenient entry to 1,1-dibromoalkenes was obtained by
condensation of aldehydes with Ph3P=CBr,, generated in situ
from PhyP(Br)CHBr, and KOt-Bu (Scheme 12).*°

Br- Br
Br. Br |
I/\ N X
Ph” 7" ph g
F
8 9
Figure 1
Scheme 9
P(NMe,); R Br
R-CHO + CBr, _
THF, -78 °C Br
R =i-Pr, n-CgHy4, Ph 54-70%
Scheme 10
R>: CHBr3, PPh,, KOt-Bu R Br
o] Y=
PH heptane, 40-50 °C Ph r
R=H, 42%; R=Ph, 9%
OMe OMe Br
MeO.. “NcHo  CHBrg, PPhg KOtBu  MeOn AN
MeO™ PhMe, -20 °C to rt MeO"
TBS TBS
3 4 (72%)

This method was also effective in the dibromoolefination of
lactones.>* Thus, eight lactones were converted into the related
dibromoalkenes in moderate to high yields (32—87%) by using
Ph;P=CBr,, generated from an excess of Ph;P(Br)CHBr,
(4 equiv) and KOt-Bu (4 equiv) in refluxing THF for 0.5—2 h.
In Scheme 13, one of the substrates used in this paper is shown.

Seven partially or unprotected aldoses were reacted with a large
excess (4 equiv) of PhyP=CBr,, generated in situ from PhsP-
(Br)CHBr;, and Zn (4 equiv), to give gem-dibromides in good yields
(44—90%).> A representative example is shown in Scheme 14.

Taylor and co-workers have recently developed a practical
one-pot synthesis of 1,1-dibromoalkenes from primary alcohols
via manganese dioxide-mediated oxidation and the subsequent
Wittig reaction.>* Thus, for instance, 1,1-dibromo-2-(4-nitro-
phenyl)ethene was obtained in 86% yield by heating under reflux
a mixture of p-nitrobenzyl alcohol (1 equiv), active MnO,
(10 equiv), Ph3P(Br)CHBr, (3.5 equiv), 1-methyl-1,5,7-
triazabicyclo[4.4.0]dec-S-ene (MTBD) (1.5 equiv), and molec-
ular sieves in CH,Cl, for 17 h (Scheme 15). Under these
conditions, a range of benzyl alcohols with electron-neutral,
electron-deficient, and electron-rich substituents and heterocyc-
lic, allylic, and propargylic substrates were converted into the
related 1,1-dibromoalkenes in good to excellent vyields
(46—86%). An aliphatic case, 2-phenylethanol, was also studied,
but the reaction was slow and low yielding (14% yield), indicat-
ing a limitation to this methodology.

More recently, the same group has employed their tandem
oxidation/olefination protocol to obtain f3,5-dibromoenones in
30—66% yields from o-hydroxyketones (Scheme 16).>" The
only difference with the previous procedure was the use of KOt-
Bu as the base and THF as the solvent instead of MTBD and
CH,Cl,, respectively.
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2.1.2. Elimination-Based Reactions. Normant and Rezaei
reported a three-step process for converting aliphatic ketones
into the homologous gem-dibromoalkenes (Scheme 17).* In the
first step, LiCBr3 was added at —100 °C to ketones 10, followed
by BF;- OEt,. Then, the formed alcohols 11 were treated with
prop-1-en-2-yl ethanoate to give the trihaloesters 12, which were
finally submitted to an elimination reaction by ethyl magnesium
bromide to afford the desired alkenes 13 in 60—95% vyields.

Mesylates of aryl-substituted tribromomethyl carbinols were
also reduced to the corresponding vinylidene dibromides by
indium metal in very good yields (Scheme 18).*°

The Lautens group, because benzophenone showed no re-
activity under Ramirez olefination conditions, pursued an alter-
native route to obtain the desired gem-dibromoalkene 17 from
the diarylketone 14. The strategy involved Wittig olefination

Scheme 16
MnOz, Ph3P(Br)CHBr2
(o} KOt-Bu, 4A mol. sieves O Br
OH =
RJ\/ THF, reflux, 1.5-3 h R/U\)\Br
R yield (%) R yield (%)
Ph 59 2-thienyl 66
4-MeOCgH, 46 Rx 54
4-0,NCgH, 30 Ry 51
2-naphthyl 43
H H.,
Rx = )@j{, Ry = MeO%
5
Scheme 17
; 1. LiCBr3 ;
R: o 2BFOEY RL_OH  AcO” “Me R OAc
R2 -100 °C R?" "CBry p-MeCgHsSO;H R2™ “CBry
10 3HO0 1 12
EtMgBr R!  Br
—_— 1 2 i o,
S Rgzgr R RZ 13 yield (%)
13 i-Pr i-Pr 95
Ph Et 84
~(CHg)7- 60

followed by sequential bromine addition/dehydrobromination/
bromination reactions (Scheme 19).*

Zweifel and co-workers described the synthesis of 1,1-dibro-
moalkenes starting from alkynes (Scheme 20).>” Thus, treatment
of boronic ester derivatives 19a,b, formed by hydroboration of
1-bromo-1-alkynes 18a,b, with Br, followed by debromohalo-
genation with NaOMe afforded the related 1,1-dibromoalkenes
in 62—67% yields. Alternatively, the same and other dibromoalk-
enes were obtained in 76—89% yields by desilicohalogenation
with NaOMe of 1-bromo-1-alkenylsilanes 21b—d, obtained by
hydroalumination of 1-trimethylsilylalkynes 20b—d.**

Two alternative procedures for the preparation of 5-dibromo-
methylenated nitroalkanes have been recently reported.* Addi-
tion of bromoform to conjugated nitroalkenes in the presence of
Mg provided f3-tribromomethyl nitroalkanes in good to excellent
yields and with high diastereoselectivites. These Michael adducts
formed under radical conditions underwent elimination of HBr
in the same pot under reflux to afford f3-dibromomethylenated
nitroalkanes in good yields (method A, Scheme 21). Alterna-
tively, a one-pot high yielding synthesis of the same dibromides
was possible under anionic conditions via LDA-mediated addi-
tion of bromoform to nitroalkenes (method B, Scheme 21).

Addition of Br, to a CCly solution of 2-bromoethenyl butyl
ether afforded 1-(1,2,2-tribromoethoxy)butane, which under-
went elimination of HBr by treatment with Et;N at 60 °C for
2 h to give 2,2-dibromoethenyl butyl ether in 91% yield
(Scheme 22).*°

Some examples of 2,2-disubstituted 1,1-dibromo-1-alkenes in
which a substituent in the [5-position is an OR group (R =
4-methylbenzenesulfonate, 4-methylbenzenesulfonate and acetyl)
were reported (two cases in Scheme 23).*"** This kind of
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Scheme 18
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compound was prepared from a 1,1-dibromo-2-one by treatment
with a base, followed by an electrophile.

Vinyl halides 24 and 25 were prepared from the tribromoro-
methyl carbinol 23, obtained in turn by reaction of benzo[b]-
thiophene-2-carboxaldehyde with the tribromomethane anion*
generated in situ from 2,2,2-tribromoethanoic acid in DMSO
(Scheme 24).** The intermediate 23 was treated with SOCL, or
Et,NSF; to give the vinyl halides 24 (33% yield) or 25 (32% yield)
through halogenation followed by dehydrobromination.

2.1.3. Substitution Reactions. Although the most common
source for gem-dibromoalkenes are carbonyl compounds, there
are some examples in which alkene and alkyne derivatives have
been used as starting materials. Reaction of longifolene 26 and
camphene 29 with Hg(OAc),/NaCl resulted in the isolation of
vinylic dimercurichlorides 27 and 30, respectively (Scheme 25).
These organometallics by treatment with Br, in pyridine afforded
the related gem-dibromoalkenes 28 and 31 in very high yields.*

Recently, 1,1-dibromo-2-arylethenes have been readily ob-
tained in good yields (66—90%) via double ipso-bromo desilyla-
tion with N-bromosuccinimide (NBS) of 1,1-bis(trimethylsilyl)-2-
arylethenes, which were in turn easily obtained in high yields by Heck
coupling of aryhodldes with  ethene-1,1-diylbis(trimethylsilane)
(Scheme 26).* Interestingly, 1,1-bis(trimethylsilyl)-2-alkenylethenes,
for example, 1,1-bis(trimethylsilyl)-4-phenylbuta-1,3-diene, under the
same reaction conditions led to the selective formation of the
dibrominated products containing 1,3-diene fragments.

A variety of gem-dibromides were prepared from stannyl
acetylenes (Scheme 27). These compounds by treatment with
1.4 equiv of Cp,Zr(H)Cl generated the related 1,1-heterobime-
tallic species of tin and zirconium, which by brominolysis with 2.5
equiv of Br, in CCl, or 3.0 equiv of N-bromosuccinimide at room
temperature gave the corresponding dibromides in 53—83% yields.*’

2.1.4. Miscellaneous Reactions. Nenajdenko and co-work-
ers reported an efficient one-pot transformation of a wide range
of aldehydes and ketones into the corresponding dibromoalk-
enes via intermediate formation of the related hydrazones
(Scheme 28).*® Thus, these carbonyl compounds were treated
with hydrazine hydrate, and when the starting materials dis-
appeared, CBr,4 and catalytic CuCl were added to give the target

Scheme 20
R——Br
18a,b
1. (R"),BH
2. (CH3)sN*-O"
R Br
1y R
RO 1. Br, R Br
19a,b —
; 2. NaOCHjs r
R SiMe;
r R yield (%) yield (%)
21b-d from19  from 21
n-Bu 62 -
1. i-BUuAIH ¢c-CgHy4 67 89
2. Bry-pyridine n-CgHyz - 87
3. NaOMe Ph - 76
R—=—=—SiMe;
20b-d = CH(Me)CHMe,

R = a: n-Bu, b: ¢-CgH44, ¢: n-CgH43, d: Ph

Scheme 21
A NO, Method A or B Brj”i’
R NO,
R

R yield (%) yield (%)
method A method B

4-MeOCgH, 58 64

3,4-(Me0),CgHs 51 66

3,4-(OCH,0)CgH; 75 72

4-Me,NCgH, 72 77

4-0,NCgH, 62 76

3-furyl 60 88

3-thienyl 58 77

Method A: CHBr3 (22 equiv), Mg (8 equiv), THF, 0 °C to rt 0.5 h, then
reflux, 24 h; Method B: LDA (6 equiv), CHBr; (1.1 equiv), THF, -78 °C,
3 h, thenrt (12 h)

Scheme 22
n-BuQ  Br Br, n-BuQ  Br Et;N n-BuQ  Br
CCly 60°C,2h :
H Br Br 91% Br

products in 43—97% yields from aldehydes*® and 43—97%
yields from linear, cyclic, and caged ketones,*** depending on
the steric hindrance of the staring material. Analogously, a wide
range of hydrazones of (hetero)aryl alkyl ketones (electron-rich
and electron-poor) was converted into the related dibromoalk-
enes in 23—92% yields.*® The proposed mechanism of the
reaction starts from the oxidation of CuCl with CBry to give a
Cu(Il) salt, which in turn oxidizes the hydrazone to the
diazoalkane (Scheme 28). Decomposition of the diazoalkane
generates a copper—carbene complex, which by interaction
with CBr, finally leads to the dibromoalkene.
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The synthesis and a study of the chemical properties of 2,2-
dibromovinyl trifluoromethyl ketone have been reported.* This
compound was prepared in 75% yield by trifluoroacetylation of
1,1-dichloroethene in the presence of aluminum bromide
(Scheme 29).

2.2. Synthesis of 1,1-Dichloro-1-alkenes

2.2.1. Wittig-type Reactions. The synthesis of 3,3-dichloro-
styrene by reaction of benzaldehyde with (dichloromethyl-
ene)triphenylphosphane (Ph;P=CCl,), generated in situ from
tetrachloromethane and PPh; was reported, but the yield was
only 35% because of the concomitant formation of a,a-dichloro-
toluene in equal quantities (Scheme 30).°° Besides benzal-
dehyde, other aldehydes (quinoline-2-carboxaldehyde and
3-benzyloxypropanal)>' and ketones® [benzophenone, 1-phe-
nylpropan-1-one, 2-methyl-1-phenylpropan-1-one,®** and cyclo-
pentanone (61%), cycloheptanone (40%), acetophenone (45%),
norcamphor, (76%), and cholestan-3-one (80%)52 were

Scheme 26
Arl, Pd(OAC), SiMes
SiMe;  PPhs, Et;N iMe, NBS.MeCN
iMe; AgNO3, MeCN rt, 4-18 h
80 °C ,
R
Br
T B R' RZ yield(%) R'  RZ yield (%)
1
R H H 62 OMe H 82
H Me 66 H NO, 74
Me H 68 H COMe 90
H OMe 88 H Br 78
SiMeg Br
Mes  NBS, MeCN r
Me;Si 1,24 h Br,
Me,Si B 89%
Scheme 27
CpoZr(H)Cl [ R SnBug Bry, CCly, 1t
RT—SmB% et orNBS, it
r.t. or
' Cp,Cl ,
P2 THEICH,CL,
R Br
.
R | Ph nBu n-CgHss BnOCH, CI(CHz); HOCH, c-CoHyg
yield (%) | 78 53 83 81 73 55 70

converted into the related gem-dichloroolefins following this
method. Light modification of this procedure, namely, slow
addition of CCl; to a THF solution containing PPh; and
formamides at reflux temperature, allowed also the synthesis of
B,B-dichloroenamides in high yields (81—92%) (Scheme 31)."

Interestingly, the reaction of the system CCl,/PPh; with 2,2-
diethoxy-2-phenylethanal, ethyl pyruvate and aroyl cyanides
afforded (3,3-dichloro-1,1-diethoxyall Zl)benzene (72%),> ethyl
3,3-dichloro-2- methylacrylate (39%),>* and 2-aryl-3,3-dichloro-
acrylonitriles (0—68%),>* respectively (Scheme 32). In the aroyl
cyanide series 32, the 4-nitro-substituted compound failed to
yield the desired product and the 4-chloro-substituted afforded
one afforded a low yield (20%), while the substrates gave fairly
good yields (60—68%).>*

An improvement of this method was obtained by adding
activated magnesium to the reaction mixture, thus decreasing
or eliminating the formation of side products.>® The role of Mg is
to remove from the mixture Ph3PCl, (by formation of MgCl,
and generation of PPh;) that reacts with benzaldehyde to give the
byproduct a,a-dichlorotoluene. In this way a number of aliphatic
aldehydes were converted into the related gem-dichloroolefins in
good yields (Scheme 33).

The dichloromethylenation of lactones was successfully ac-
complished by Chapleur, who found that the complex formed by
slow addition of P(NMe, ); (2 equiv) to a dry THF solution con-
taining CCly (3 equiv) at —30/—40 °C reacted smoothly with
several y-lactones derived from carbohydrates to give dichloroolefins
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in good yields.*® However, this procedure was found to be
limited to lactones highly reactive, a-substituted, or having a
bicyclo[3.3.0] structure, such as lactones 34 and 35 (Figure 2).
The same author later found that a slow addition of a large excess
of CCly to a solution of the lactone and PPhj; in refluxing THF
allowed the transformation in high yields of less reactive lactones
such as 36 and even esters such as 37, tolerating a number of
protecting groups such as ethers, acetals, and esters except

Scheme 32
EtO OEt EtO OEt
CCly, PPh,
CHO
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Me 0
o-di-But o><
Ve
34 (52%) 35 (92%)
H Me Cl
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>ﬁ MeO, d cl
S z > >
MeO
cr’ ci
36 (87%) 37 (59%)

Figure 2

acetates and silyl ethers (Figure 2).>” This procedure was also
successful for the dichloromethylenation of 6-undecanone and
9-fluoroenone in good yields (88% and 89%, respectively).>®

The dichloroolefination of ketones with organotitanium spe-
cies formed from Cp,Ti[P(OEt);], and CCl, was explored.58
The reaction produced 1,1-dichloroalkenes in good yields with
both diaryl and dialkyl ketones (Scheme 34). The titanocene
dichloromethylidene complex Cl,C=TiCp, was suggested to be
an active species of the reaction on the basis of the results
obtained in an analogue reaction performed with CDClIj; instead
of CCl,.

Burton and co-workers studied the dichloromethylenation
of substituted cyclohexanones with CXCl; (X = Br or Cl) and
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PPh; under a variety of conditions.”” The best yields of 1,
1-dichloromethylenes were obtained with CBrCl; in acetonitrile
(Scheme 35). Some a-methoxyimino [-dichloromethylene es-
ters were also prepared similarly in good yields (Scheme 35).

The addition of 2.5 equiv of P(NMe,); to a cooled (—78 °C)
solution of CCl, containing aliphatic aldehydes has been another
procedure performed to obtain dichloromethylenation with sat-
isfactory yields (52—55%) (Scheme 36).>° However, the reac-
tion appeared to be dependent on the solvent. Thus, the reaction
of benzaldehyde with fluorenone in THF gave trace amounts of
olefination products, whereas in THE/CH,Cl, the yield of the
corresponding dichloromethylenes was 26% and 66%, respectively.

Next, Salmond described an improvement of this procedure
that entails the addition of a CH,CIl, solution containing
P(NMe,); to a cooled (—15 °C) mixture of the aldehyde and
CBrCl; (Scheme 37).°° This method proved to be very effective
for aliphatic, aromatic, cyclopropyl, and steroidal aldehydes.

Straightforward access to gem-dichlorovinyl systems con-
sists in the reaction of carbonyl compounds with the ylide
Ph;P=CCl, produced from reaction of PPh; with dichlorocar-
bene, in turn generated in situ by reacting CHCl; with KOt-Bu.
In this fashion, a number of 1,1-dichloroalkenes were prepared in
29—81% vyields from a variety of aldehydes and ketones
(Scheme 38).”

Scheme 36
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This method is fairly good but needs the use of freshly
prepared KOt-Bu from t-BuOH and potassium metal. In order
to eliminate the hazardous K metal, a procedure that uses a
KOt-Bu-t-BuOH adduct to replace KOtBu has been reported.
This base was simply prepared by heating commercially
available KOt-Bu in anhydrous t-BuOH for 30 min before
removal of the excess of t-BuOH under vacuum. This protocol
was first described by Olah and Yamada who prepared 1-(2,
2-dichlorovinyl)- and 1-(1,1-dichloroprop-1-en-2-yl)-2-nitro-
benzene in 37% and 56% yields, respectively.®' In more recent
papers,”¥® to ensure complete conversion of the starting
material and to significantly increase the yield, the use of an
excess of the ylide (1.5—2 equiv), instead of the stoichiometric
amount employed in the original procedure, has been
reported.®> In Figure 3, a wide collection of dichlorovinyl
systems obtained from the related aldehydes or ketones by this
protocol are reported.”*%*

The Wittig—Horner reactions between carbonyl compounds
and (EtO),P(O)CCLLi, generated under different protocols,
allow another preparation of 1,1-dichloroalkenes® (Scheme 39).
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R! R? method  yield (%) Ref.
t-Bu H A 55 64
n-CgH1g H B 92 65
n-CgoH1g H C 60-80 69
CH3CH(Ph)CH, H C 60-80 69
n-C;Hys H E 75 68
c-CgHqq H B 84 65
Ph H E 82 68
4-CICgH,4 H B 90 65
4-CICgH4 H D 67 66
4-CICgHy4 H E 90 68
2-MeOCgH4 H B 94 65
CH3CH=CH H B 76 65
Me Me A 47 64
Ph Ph A 69 64
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camphor D 80 66

Only representative results are reported for each reference

With this reagent, obtained in situ from (EtO),P(O)CCl; and
n-BuLi in THF at —85 °C, pivaldehyde, acetone, and benzophe-
none gave the related 1,1-dichloralkenes in 55%, 47%, and 69%
yield, respectively.®*

Next, the yield of this reaction was greatly increased by
using a 60/40 mixture of THF/Et,O instead of pure THF
(Scheme 39).% In this way, alkyl, aryl, and alkenyl aldehydes
gave 1,1-dichloroolefins in yields varying from 75% to 92%,
and cyclohexanone was converted into the resultant dichloro-
vinyl system in 90% yield.

Scheme 40
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In the same year, Savignac and co-workers reported the
dichloromethylenation of carbonyl compounds by reaction
with (EtO),P(O)CCLLi, generated in situ by treating
(EtO),(0O)PCH,CI with 1 equiv of n-BuLi and then CCl, in
THF at —75 °C.%® Substituted benzaldehydes (4-F, 4-Cl, and
3,4-OCH,0) gave dichloroolefins in 62—80% yields, whereas
cyclic ketones (substituted cyclohexanones, carvone, pulegone,
menthone, camphor, and fluorenone) afforded higher yields
(70—90%) (Scheme 39). A 3,3—dichloro—Z—prog)enylidene deri-
vative was analogously prepared in 58% yield.”’

More recently, Oh and co-workers reacted (EtO),P(O)-
CCLLi, formed in situ by treatment of (EtO),P(O)CH; with
PhSO,CI (2 equiv) in the presence of n-BuLi (3 equiv) in THF at
—78 °C, with carbonyl compounds to obtain the related 1,1-
dichloroolefins in good yields (Scheme 39).%8

Finally, Savignac and co-workers in a study aimed to synthe-
size internal alkynes from carbonyl compounds, obtained a
variety of unisolated 1,1-dichloralkenes in high yields (esti-
mated on the formed final alkynes) by reaction of (EtO),-
P(O)CCLLi, generated in situ from (EtO),P(O)CHCl, and 1
equiv of LIHDMS (or LDA) in THF at —78 °C.”’

2.2.2. f-Elimination-Based Reactions. The dichloro-
methylenation of carbonyl compounds has been achieved by a
three-step sequence: (i) reaction of aldehydes or ketones with
CHCl; or CCl, to give the trichloromethyl carbinols 38, (ii)
transformation of the alcohol moiety of 38 into the related
acetate 39 (other derivatives such as mesylates, tosylates, etc.,
were rarely used), and (iii) elimination of chloride and acetate
from the trichloroacetates to generate the desired vinyl dichlor-
ides 40 (Scheme 40).

In this approach, the key intermediates 38 have been generally
prepared by base-promoted addition of CHCI; to aldehydes or
ketones. Relatively strong bases have been employed.” Potas-
sium fert-butoxide in liquid ammonia at —78 °C,”** sodium in
liquid ammonia,”® and powdered potassium hydroxide in var-
ious solvents’***’! have been the most commonly used condi-
tions. Among procedures employing bases, the most interesting
ones appeared, however, to be those promoted in milder condi-
tions and with less basic reagents such as cyclic amidines.”* Thus,
by use of 1 equiv of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)
or 1,5-diazabicyclo [4.3.0] non-5-ene (DBN) and a slight excess
of CHCl; without solvent, a number of carbonyl compounds (for
instance, PhCHO, 2-CIC¢H,CHO, 4-O,NCcH,CHO, C¢H, ;-
CHO, cyclohexanone) were converted into the related carbinols
38 in high yields (75—98%), except in the case of mesitaldehyde
and trimethylacetaldehyde, which afforded low yields (25% and
30%, respectively).

A method for generating trichloromethyl anion, avoiding the
use of strong bases, has been reported. When trichloroacetic acid
was mixed with sodium trichloroacetate in DMF, decarboxyla-
tion occurred at room temperature to generate the trichloro-
methyl anion, which in the presence of an aldehyde afforded the
desired trichloromethyl carbinol 38.”*> Under these conditions,
a wide variety of aldehydes (PhCHO, i-PrCHO, i-BuCHO,
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¢-C¢H;;CHO, etc.) were converted into the related 1,1,1-tri-
chloroalkan-2-ols in good yields.

Carbinols 38 were also obtained when a Pb/Al bimetal system
was used to carry out the reductive addition of CCl; to
aldehydes.”* Thus, when a mixture of PbBr, (0.1 equiv) and
finely cut aluminum foil (1.2—4 equiv) in DMF was added to a
variety of aldehydes (aromatic, aliphatic, and ¢,(-unsaturated)
and CCl, (2—4 equiv) at ambient temperature, trichloromethyl
carbinols were directly obtained in high yields (75—98%).

The conversion of 38 into the corresponding vinyl chlorides
40 was obtained by acetylation to give acetates 39, followed bz
treatment with acetic acid and zinc powder at 25—60 °C.”
Carbinols 38 could also be directly converted into 40 by AcOH/
Zn, but in somewhat lower yield.

Vinyl chlorides 40 have been obtained from trichloromethyl
carbinols 38 or alternatively from the related acetates 39 by
reductive 1,2-elimination with a Pb/Al bimetal system.”* Thus,
treatment of a number of carbinols 38 with PbBr, (0.05 equiv)
and aluminum (1.5 equiv) in methanol containing aqueous 35%
hydrochloric acid (2 equiv) at S0—60 °C afforded the related 1,1-
dichloroethenes 40 in 64—89% yield. On the other hand,
acetates 39 were converted into 40 by treatment with PbBr,
(0.1 equiv) and Al (1.2 equiv) in DMF at room temperature in
similar yields.

Recently, in a study addressed to explore the application of the
Suzuki—Miyaura protocol to the cross-coupling of 9-alkyl-9-
borabicyclo[3.3.1]nonane with 1,1-dichloroalkenes, Roulland
and co-workers prepared a variety of these compounds following
the above-mentioned procedures (Scheme 41).”° Thus, from
nonenolizable aldehydes, the reaction with CHCI; in 1,8-
diazabicyclo[5,4,0Jundec-7-ene (DBU) led to 1,1,1-trichloroal-
kan-2-ols that were subjected to a subsequent one-pot acetyla-
tion followed by elimination promoted by zinc in acetic acid
(method A).”” From all other aldehydes, the 1,1,1-trichloro-
alkan-2-ols 38 were obtained under milder conditions utilizing
the reaction of CCly in the presence of Al and a catalytic amount
of PbBr, in DMF (method B).”* Subsequent acetylation and
elimination steps gave 1,1-dichloroolefins.
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Samarijum diiodide has been shown to promote the conversion
of carbinols 38 or acetates 39 into gem-dichloroalkenes 40 under
mild reaction conditions.”® Thus, treatment of a variety of
trichloromethyl carbinols with Sml, (2.2 equiv) in THF at room
temperature for 3—8 h afforded the related 1,1-dichloroalkenes
in high yields (70—94%) (Scheme 42). Interestingly, when the
unsaturated carbinol (E)-1,1,1-trichloro-4-phenylbut-3-en-2-ol
was used, the corresponding elimination took place as well,
and the original double bond remained intact. The related
acetates afforded very similar yields under identical reaction
conditions. Roulland applied this methodology for generating
in 97% yield (Z)-ethyl 3-(tert-butyldimethylsilyloxy)-8,8-di-
chloro-4-methylocta-4,7-dienoate, a key intermediate in the total
synthesis of (+)-oocydin A (Scheme 43).”

Ranu and co-workers, studying the reduction of trihalomethyl
carbinols and their derivatives by indium metal, found that
trichloromethyl carbinols produced a mixture of the correspond-
ing dichloromethyl carbinols and vinylidene dichlorides, whereas
their acetates, mesylates, and tosylates underwent clean reduc-
tion providing the respective vinylidene dichlorides only
(Scheme 44).% High yields (71—95%) were obtained in the
reduction of aromatic and heteroaromatic derivatives, whereas
yields of nonaromatic substrates were lightly lowers (60—83%).

Reactions of Grignard reagents with tosylates of aryl-, alkyl-,
and alkynyl(trichloromethyl) carbinols provided an attractive
synthetic route to the related dichloroolefins (Scheme 45). The
reaction occurs by a polar, ionic mechanism in which two *MgBr
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Scheme 44
1)0\'?2 In, DMF Cl
R” °CCl3  reflux, 36 h R :C|
R’ RZ  vyield (%) R’ RZ  yield (%)
Ph Ac 76 1-naphthyl Ts 98
PhCH=CH Ac 83 3-MeOCgH, Ms 92
2-pyridyl Ac 71 3,4-(Me0),CgH; Ms 91
4-allyl-OCgHs  Ac 73 3-MeCgHy Ms 90
4-MeOCgH,4 Ac 82 2-furyl Ms 82
CH3(CH2)8 Ac 60 Br
4-CICgH, Ts 93 e} % Ms 87
4-MeOCgH,  Ms 92 <o
Only representative examples are reported
Scheme 45
H
h 3 R1-MgBr
Cl Cl
R Et,0, refl RTS
el 50, reflux ,
R R’ yield (%) R R vyield (%)
Ph n-Bu 56-78 4-BrCgHy n-Bu 78
Ph Ph 56-78 Et nBu 33
Ph PhCH, 56-78 CH3(CH,);C=C n-Bu 73

4-MeOCgH; n-Bu 64

radicals serve as reducing agents to supply two electrons to the
tosylate, which in this way is expelled as anion.”®

Trichloromethyl carbinols (i-PrCH(OH)CCl; and EtOC-
H,CH(OH)CCl;) were converted into the corresponding
gem-dichloroalkenes, i-PrCH=CCl, and EtOCH,CH=CCl,,
in 70% and 50% yield, respectively, by treatment with 2.5 equiv
of P(NMe,); and an excess of CCl,.*®

A procedure for the preparation of gem-dichloroalkenes 43 has
been developed via formation of trichloromethyl and dichloro-
methyl silylethers 41 and 42, obtained by addition of LiCHCI,
or LiCCl; to aldehydes or ketones, followed by treatment of the
intermediates with MeSiCl; (Scheme 46).”” Compounds 41 and
42, derived from ketones, when treated with one equiv of n-BuLi
at —100 °C gave the related vinyl chlorides 43 in good yields.

Trichloromethyl carbinol 45 was obtained in good yield by
addition of the benzothienylzinc reagent 44 to chloral
(Scheme 47).** The alcohol 45 was halogenated with SOCI,
followed by dehydrohalogenation to give the vinyl halide 46
(75% yield) or reduced with zinc/acetic acid to produce the 2,2-
dichloroethenyl derivative 47 (50% yield).

Takai and co-workers found that the carbonate ester 48a,
derived from 1,1,1-trichloro-4-phenylbutan-2-ol reacted with
nonanal in the presence of CrCl,—DMF in THF affording
stereoselectively the (Z)-2-chloroalk-2-en-1-0l 49 (77% yield).
On the contrary, the related mesylate 48b and the pyridine-2-
carbonyloxy 48c produced, under the same reaction conditions,
(4,4-dichlorobut-3-enyl)benzene as the main product in very
good yield (96% and 89%, respectively) (Scheme 48).*

Various dichloroalkenes were prepared in moderate overall
yields by reaction of a-lithiated dichloromethyltrimethylsilane

Scheme 46
1. LicCl OSiMes
R c n-BuLi
2. Me;SiCl i R1
R’ 4 path a ol
o Y
oSiM h
1. LICHC, g e w’ !
: R nBuli 43
2. Me3SiCl 4cl
42
R! R2 path 43 yield (%)
Ph Me a 52
Me Me b 82
-(CHy)s- b 73
Scheme 47
Cl;CCHO

@—an

44 /
Zn/AcOH
% Cl % Cl

Cly
45 (62%)
SOCIZ/DMF

47 (50%) 46 (75%)
Scheme 48
OR CrCly, DMF
P + n-CgHy;CHO

Ph(CH,),” CCly THF, 0° 24 h
48a-c
HO

cl

n-CgHiz _
= Ph(CH
PhCHp) o (CH o

(96% from 48b

49 (77% from 48a) 89% from 48c)

a: R=CO,Me, b: R=Ms, c: R = pyridine-2-carbonyl

with aldehydes at —100 °C, followed by careful hydrolysis at
temperature lower than —80 °C of the intermediate [3-hydro-
xysilanes (Scheme 49).%'

Thermolysis of a variety of 3,3-dichloro-4-aryloxetan-2-ones,
prepared in 23—85% yields by cycloaddition between mono-
substituted benzaldehydes and dichloroketene, afforded the
related [3,5-dichlorostyrenes in low to high yields (23—74%)
(Scheme 50).%* The rate of decarboxylation was enhanced by
electron-donating substituents.

Finally, a preparation of gem-dichloroalkenes by dehydrochlor-
ination was reported in 1950. In that circumstance, 1,1,2-
trichloroethane 51, prepared by chlorination of the chloroalkene
50, was dehydrohalogenated i in 72% yield by treatment with hot
alcoholic KOH (Scheme 51).%?

2.2.3. Miscellaneous Reactions. N-Unsubstituted hydra-
zones of aromatic aldehydes were converted into the related
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Scheme 49
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Ph 77 58
n-CsHyy 97 54
Me,CHCH, 80 49
C3H7(Me)CH 64 29
Ph(CH,), 73 37
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yield in the last step
boverall yield in two steps
Scheme 50
Cl
H cl o
_ o O*CZ<C| c 24-175°C
R— | H -
X ZnCly, Et,0 y
24 ° R—
3-24°C <
H 23-85%
] = ] x-©
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H 71 49
2-Me 73 28
2-NO, 21 5
3-NO, 73 39
3-OMe 74 29
4-OMe 23 18

2yield in the last step
boverall yield in two steps

1,1-dichlorostyrenes by reaction with CCly in the presence of
copper(I) chloride as a catalyst (Scheme 52).%* The authors
investigated the factors affecting the reaction route and product
yields that ranged from low to good depending on the nature of
the substituents on the aromatic ring. The proposed mechanism
for the formation of dichlorostyrenes implies the reaction of
dichlorocarbene, resulting from oxidation of Cu(I) by CCl,, with
phenyldiazomethane, formed in turn by oxidation of benzylide-
nehydrazine with Cu(1l) (Scheme 52).

The same authors later reported an efficient transformation of
various hydrazones of (hetero)aryl alkyl ketones into 1,1-di-
chloroalkenes in moderate to good yields (31—82%) by reaction
with CCl, in the presence of catalytic CuCl (Scheme 53).*%" The
mechanistic aspects of the ketone olefination were studied
(Scheme S3).

A convenient synthesis of 2-alkyl-substituted 1,1-dichloroalk-
enes was provided by Pd- or Ni-catalyzed cross-coupling of
Grignard reagents with trichloroethylene (Scheme 54).%° This
reaction occurred at room temperature affording the coupled
products in good yields.

On the other hand, 2-(hetero )aryl-substituted 1,1-dichloro-2-
fluoro-1-alkenes were prepared by reaction of organolithium or

Scheme 51
H Cl H ¢l (¢]]
| Cly cl
o0, = OO0
F F F F
50 51 (30%)
Cl Cl
KOH, EtOH/H,0O |
reflux, 15 min. O O
F F
52 (72%)

Scheme 52
H
= “N. Cl,C: + 2Cu?* <— CCly + 2Cu*
R— | N
XX
T Cu?*
H CCly, Cu,Cl i
, Cu
S YW PO P
_ R_
R l aq NH,, DMSO < |
20°C,4h
R yield (%) R yield (%)
H 27 2,6-Cl, 79
4-NO, 79 2,4-Cl, 62
3-CN 70 4-Cl 86
4-Cl 74 2-Cl 64
3-Br 66 2-OH-5-NO, 14
Only representative examples are reported.
Scheme 53
R N,H,H,0 R! ccl, R' ClI
o) N—=NNH, —
R2 EtOH, reflux R? CuCl, rt RZ Cl
R! RZ  yield (%) R’ RZ  yield (%)
4-MeCgH, Me 62 2-naphthyl Me 31
4-MeOCgH;  Me 70 Ph Et 57
4-ClICgH,4 Me 82 2-thienyl Me 42
4-O,NCgH, Me 58 -0-Cga-(CHyp) 45
4-MeSO,CgH; Me 33 -0-CgHg-(CHy)s- 32

organomagnesium reagents with 1,1-dichloro-2,2-diﬂuoroethzl-
ene.®® Some representative results are reported in Scheme 55.%¢
This protocol was also pursued to obtain in good yields a number
of 2-(2,2-dichloro-l-fluoroethenyl)benzo[b]thiophenes contain-
ing a variety of benzenoid ring substituents (Scheme 56).4

2.3. Synthesis of 1,1-Difluoro-1-alkenes

Avariety of methods have been reported for the preparation of
gem-difluoroalkenes, and two excellent reviews cover the litera-
ture until 1996.%” Moreover, a book on “Organofluorine
Chemistry”® and a recent review on the “C—F bond activation
in organic synthesis”® deal partially this subject. This section
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Scheme 54
Cl Cl catalyst, rt R Cl
R-MgBr  + '_?:< EEE—— }}:<
Cl Cl
R catalyst  yield (%) R catalyst yield (%)

n-CgHyz Pd(PPhy), 65 Me,CHCH,  Ni(PPhs), 55
n-CgHyz Ni(PPhg), 75 Me,CH Ni(PPhs), 52

n-CgH43  Pd(PPhj), 60 c-CgHy4 Pd(PPh3), 81
n-C¢Hiz  Ni(PPhy), 72
Scheme 55
F Cl F, Cl
F>:< + RLi (orR-MgBr) —» —
Cl Cl
R yield (%) yield (%)
via R-Li via R-MgBr
2-MeOCgHy 41 -
4-MeOCgH,4 32 76
4-BFCGH4 - 50
1-naphthyl 31 82
2-furyl 53 --
2-thienyl 81 -
benzothiazol-2-yl 69 --
ferrocenyl 39 --

aims to provide an overview on the more recent results in this
field, describing older ones only when necessary for a better
understanding of the topic.

Recent methods on the synthesis of gem-difluoroalkenes can
be classified as (i) Wittig-type and Reformatsky decarboxylation
reactions, (ii) Sn2’-based reactions, (iii) [-elimination-based
reactions, (iv) vinylmetal- or allylmetal-mediated reactions, and
(v) Book rearrangement.

2.3.1. Wittig-type and Reformatsky Decarboxylation
Reactions. The Wittig-type olefination has been extensively
used for the conversion of aldehydes, ketones, and even lactones
to the related difluoroalkenes, and a comprehensive review on
fluorinated ylides has been reported.®””

Recent applications of the Wittig methodology to difluoroalk-
enes include the preparation of nucleosides. Chun and Jeong, in a
study aimed to synthesize nucleoside $5, examined the difluoro-
methylenation of the ketone 53 (Scheme 57).”° The use of
dibromodifluoromethane/zinc dust/triphenylphosphine in var-
ious solvents such as MeCN, DMF, or CH,Cl, either failed to
produce the desired compound 54 or resulted in disappointing
yields. However, the exploitation of P(NMe,); instead of PPh;
gave under refluxing conditions the key intermediate 54 in
47% yield.

For the difluoromethylenation of 2- or 3'-ketonucleosides,
after initial efforts focused on conventional difluoromethylena-
tion strategies, Serafinowski and co-workers found that the
Wittig olefination with zinc and the reagent [(Me,N);PC-
BrF,]Br, generated in situ from CBr,F, and P(NMe,); was
partially successful.”’ However, they next found that if the
quaternary phosphonium salt was prepared before the reaction,
instead of being made in situ, much more reproducible and higher
yielding results could be obtained (Scheme 58).7"

Scheme 56
R R
\\ F,C=CCl, \\ N F
| Dant | = \
= g S Cl
Cl
R = 4-Me, 3-Me, 7-Me, 4-Et, 4-Ph, 4-Cl, 5-Cl, 6-CI
Scheme 57
NH,
OBn OBn SN
s Method s HO L
N —— S N~ ~O
OBn O AD OBn I F 4
53 54 OH [ F
55
Method 54 yield (%)
A: CBryF,, PPhg, Zn, THF, rt to reflux, 5 h 2
B: CBr,F;, PPhg, Zn, DMF, rt then 60 °C, 15 h decomposition
C: CBr,F,, PPhg, Zn, CH,Cl,, rt, 60 h no reaction
D: CBryFy, P(NMey)s, Zn, THF, reflux, 1 h 47
Scheme 58
R'O U
1
R0 oY [(Me,N)sPCF,BrIBr o
Zn, THF F
O oTBDMS OTBDMS
69-74%
1
1 U R'O U
RO o [(Me,N);PCF,BriBr o
j/—? \
Rz O Zn, THF R2 F
F
R! = dimethoxytrityl, tert-butyldimethylsilyl 40-56%
R2 = tetraisopropyldisiloxan-1,3-diyl
U = Uracil-1-yl
Scheme 59
F
)
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56 e
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In the synthesis of a deoxysugar dinucleotide containing an
exo-difluoromethylene moiety,” Zao and Liu accomplished the
incorporation of the difluoromethylene unit into the 4-keto-
sugar 56 by using a Wittig-type reagent generated in situ from
P(NMe,); and CBr,F, (Scheme 59). In this experiment,
P(NMe,); was added dropwise to the solution of 56 and CBr,F,
in dry THF at 0 °C, followed by warming the reaction mixture to
room temperature. This modified procedure not only gave a very
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Scheme 60
R! Hg(CFa),/Nal/PR3, R'F
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R2 THF,70°C,2h R2 F
58

R! R2 R vyield (%)
Ph(CH,), Me Ph 67
1-naphthyl H Ph 67
2-naphthyl Me n-Bu 61
4-PhCgH,4 Me n-Bu 52
(E)-PhCH=CH Ph Ph 43
Ph Ph n-Bu 67
-0-06H4(CH2)3- n-Bu 61

Only representative examples are reported

clean reaction with high yield but also alleviated the requirement
for zinc metal in the reaction.”*

The use of difluoromethylene phosphorus ylides, generated by
the Hg(CF;),/Nal/PR; reagent combination, in the presence of
aldehydes or ketones resulted in Wittig-type reactions givin%
gem-difluoroalkenes in moderate to good yields (Scheme 60).”
Yields depended on the phosphine used. In most cases P(n-Bu);
promoted a better formation of difluoroalkenes than PPh;, which
was however more effective with aldehydes as substrates.

Dolbier and co-workers realized a formal difluoromethylena-
tion of ketones via a,a-difluoro-B-lactones.”* The procedure
involved initial condensation of ketones with the Reformatsky
reagent ethyl bromodifluoroacetate, hydrolysis of the first
formed a,a-difluoro-3-hydroxy esters 59 to give a,a-difluoro-
P-hydroxy acids 60, followed by cyclization to make a,a-difluoro-£-
lactones 61 (Scheme 61). Finally, lactones 61 were thermally
decarboxylated to form 1,1-difluoroalkenes S8 in high yields.
Interestingly, the presence of at least one aromatic ring in the f-
position of acids 60 makes these products very prone to the in situ
decarboxylation, thus allowing the conversion in high yields of S-aryl
acids 60 into 2-aryl-substituted 1,1-difluoroolefins 58 in a one-pot
lactonization—decarboxylation reaction sequence.

2.3.2. Sy2'-Based Reactions in Trihalomethyl Alkenes.
Trifluoromethyl and bromodifluoromethyl alkene derivatives 62
with either electron-withdrawing or electron-donating substitu-
ents at the a-carbon smoothly underwent nucleophilic addition—
elimination (via dehalogenation) reactions on reacting with
carbon and heteroatom nucleophiles to give functionalized 1,
1-difluoroalkenes 63 (Scheme 62). Thus, Sy2' reaction of
organolithiums,” Grignard reagents,”°” N-lithiated amines,”®
lithium aluminum hydride,”® ester enolates,” or silyl lithium
reagents' % with trifluoromethyl-substituted alkenes afforded the
corresponding gem-difluoroalkenes (Scheme 63).

a-Trifluoromethylstyrene 64 proved to be a good substrate to
react with a variety of organolithium reagents and N-lithiated
amines to afford a-functionalized f3,5-difluorostyrenes 65 in
good yields (Scheme 64).°® On the other hand, while the
reaction of the alkyl alkene 66 with a reactive organolithium
reagent such as butyllithium was successful to give the corre-
sponding difluoroalkene 67, no reaction was observed when the
reaction was extended to the less reactive phenyllithium or LDA
(Scheme 65).°®

An interesting application of this protocol has been recently
developed by Ichikawa and co-workers to obtain helicenes.'®"
Symmetrical and nonsymmetrical 1,1-difluoroalkenes were prepared

Scheme 61
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by Sn2' reactions of aryl methyl anions with the trifluoromethyl-
substituted vinyl compound 66, which was readily obtained from
ethyl trifluoroacetate by a Grignard reaction followed by a Wittig
olefination (Scheme 66). Compound 66 could also be prepared by
alkylation with the benzyl bromide of 2-(trifluoromethyl)allylsilane
68, derived from CF;CO,Et.
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Scheme 64
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Tellier and co-workers showed that 1-bromo-1,1-difluoro-2-
alkenes 71 undergo SN2’ reactions as trifluoropropene
derivatives.'® Thus, brominated compounds 72, obtained by
reaction of thionyl bromide with 1,1-difluoro-l-alken-3-ols 71,
reacted with Grignard reagents in the presence of copper and
lithium salts to give the related 1,1-difluoroalkenes 73 in good
yields (Scheme 67).

The Sn2' reaction of the dilithiated pivalanilide 74 with a-
trifluoromethylstyrene was used to obtain 2-(3,3-difluoro-2-
phenylallyl)aniline 75, key intermediate in the synthesis of the
fluoroindene 76 (Scheme 68).'**

Scheme 69 illustrates an intramolecular version of the
Sn2’ reaction of the ortho-substituted CF;-styrene derivative
77, where the nitrogen nucleophile attacks the f-carbon
in an Sy2' manner, forming in DMF the isoquinoline
skeleton 78.'%°

A catalytic alternative of the intramolecular Sy2' reaction
of trifluoromethylated alkenes has been reported by Ichika-
wa and co-workers (Scheme 70).'® Upon exposure to a
catalytic amount of Pd(PPh;),, O-pentafluorobenzoyl-
oximes 79 underwent S-endo mode of alkene insertion
via oxidative addition of the N—O bond in 79, followed
by [-fluoride elimination to produce 4-difluoromethylene-
1-pyrrolines 80.

Cunico and Motta reported that the Si—C bond of N,N-
dimethylcarbamoylsilane added regiospecifically to the C=C
bond of electrophilically functionalized alkenes to afford f-
silyl-3-functionalized amides. However, when a-trifluoromethyl-
styrene 64 was used as the alkene, concomitant defluorosilylation
(B-elimination) occurred to give the difluoroalkene 81 in 64%
yield (Scheme 71).1

Scheme 66
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Et,0, -78 °C to rt
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3-MeCgHy 76 2-naphthyl 62
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In addition to strong nucleophilic reagents, organoboron
compounds react with trifluoromethylated alkenes in the
presence of rhodium complexes. Miura and Murakami re-
ported the synthesis of gem-difluoroalkenes from reaction of
a-(trifluoromethyl)styrenes with arylboronic esters in the
presence of [RhCl(cod)], and MeMgCl (Scheme 72)."°® The
reaction proceeds through addition of arylrhodium(I) species
across the electron-deficient carbon—carbon double bond,
followed by f-fluoride elimination.
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Scheme 69
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The reactions of the silyl alkene 84, readily prepared from
2-bromo-3,3,3-trifluoroprop-1-ene 83, with a variety of nucleo-
philes, provided 3-substituted 1,1-difluoro-2-silylalkenes 85
(Scheme 73).'* These compounds are useful difluoromethylene
building blocks, which can be transformed to synthetically
valuable compounds by several processes, such as bromodesily-
lation, desilylation, and fluoride-promoted desilylative alkylation
with aldehydes (Scheme 74).'*

Trifluoromethacrylic acid 86 and its esters are extremely
strong nucleophile acceptors so that they participate in facile
Sn2’ reactions even at low temperature in aprotic solvents. Some
results are summarized in Scheme 75.°%°7"'%""! Grignard and
alkyl lithium reagents provide Sx2' products in moderate yields.
Excess use of nucleophiles sometimes induces further addi-
tion—elimination reactions at the gem-difluoromethylene carbon
of the initially formed products 87, leading to the formation of
P-substituted B-fluoroacrylic acids.

Because of the high reactivity of trifluoromethylated alkenes,
even those substituted in the a-position with groups such as
NMe,""* (Scheme 76) and OTs""? (Scheme 77) undergo Sx2’
reactions with a variety Grignard reagents, although they need
a higher temperature or longer reaction times as compared
with CHZZCH_CF_O,, CHZZC(Ph)CFg,, and CH2=C(SiMe2-
Ph)CF;, presumably because of the steric hindrance at the
reaction sites.

2.3.3. Sy2’-Based Reactions in Trifluoromethyl Imino-
esters and Dithioesters. Unusual reaction selectivities were
observed in the nucleophilic transformations of fluorinated imino-
esters 90''* (Scheme 78) and dithioesters 92''* (Scheme 79) as
compared with those of the corresponding carbonyl compounds.
The carbon—heteroatom double bonds bearing a CF; group accept
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nucleophiles at the heteroatom site, leading to fluoroalkenes via
formal Sy2' reactions.

2.3.4. Reductive-Type Reactions of Trifluoromethyl
Group Bonded to m-Electron System. In previous sections,
Sn2' reactions of organic fluorides have been introduced. Meta-
phorically, an electron can be regarded as the smallest nucleo-
phile. In general, C—F bonds in organofluorine compounds are
inert. Under electroreductive conditions, however, the bond
breaking does rather easily occur when a CF; group is attached
to a sr-electron system such as aryl and carbonyl groups (94,
Scheme 80), since electron acceptance into the 7z-system and
subsequent extrusion of a fluoride ion may make large contribu-
tions to the net transformation.

Under reductive conditions, 2,2-difluoroenol ethers or 2,2-
difluoroenamines could be profitably produced from trifluoromethyl
ketones and imines. Electrochemical reductive defluorination of
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Scheme 74
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Scheme 75
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trifluoromethyl ketones 95 in the presence of Me;SiCl afforded the
corresponding difluoroenol silyl ethers 96. Combination of a lead
cathode and Bu,NBr as a supporting electrolyte gave enol ethers 96
in a high yields. A current density of ~10 mA/cm” or less was
effective for the selective monodefluorination of 95 (Scheme 81).''¢

Similar electrolysis conditions could be applicable for the
preparation of ketene silyl (O,S, O,N, and O,0) acetals. As
demonstrated in Scheme 82, electrochemical reactions of thio-
esters 97 and the amide 99 afforded the corresponding difluoro
ketene silyl acetals 98"'7 and 100" in satisfactory yields. On the

Scheme 77
R F
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\%F reflux HO = F
88
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R 89 yield (%) R 89 yield (%)
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2-naphthyl 70
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Scheme 78
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3-CICgH, Et Et,Zn 84
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Scheme 79
R-M
FO - \%\SB
F;C SBn \C SBn F n
92 FF 93
R-M = EtMgBr R | Bt n-Bu
R-M = n-BuLi 93 yield (%) | 86 69

other hand, I-trimethylsilyl-1,1-difluoroacetates 103 were
formed selectively when the electrochemical reactions of esters
101 were carried out at 50 °C (Scheme 82).''®

The electroreductive protocol worked well for selective mono-
defluorination of trifluoromethyl imines 104 to give the related
difluoroenamines 105 (Scheme 83)."' In addition, N-silyl
enamines 105 fulfilled several important functions as difluoro-
methylated synthetic blocks.

In 1999, Amii and Uneyama reported that metallic magne-
sium, which serves as a convenient electron source, proved to be
useful for the C—F bond breaking process of trifluoromethyl
ketones 95 to provide a practical route to 2,2-difluoroenol silyl
ethers 96 (Scheme 84)."°”'*' The formation of 96 can be
explained by assuming that the intermediate ketyl species 106
are generated in the reaction of Mg(0) with ketones 95, which
are further reduced to anion species 107 by Mg. The resultant
P-fluorinated organomagnesium species 107 readily undergo
[-elimination to afford difluoroenol ethers 96.

To demonstrate further synthetic utility of these C—F bond
cleavage reactions, Uneyama and co-workers developed the
fluorinated diene 108, which is an analogue of the Danishefsky’s
diene, acting as one of the most fascinating C, building blocks. 2
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Scheme 80
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0 +2e,2.0F/mol OS'M? ous
J : R2o)\/ — >(MOR2
F3C” ~OR? Me;SiCl, Et;N F FOF
101 [C][Pd], MeCN
Bu,NBr, 50 °C 102 103
R2 | Et tBu n-CgHys

103 yield (%) ‘ 47 58 62

The process shown in Scheme 85 provided access to 108 in a
simple and efficient fashion.

This protocol was also applicable for the selective defluorina-
tion of trifluoromethyl imines 109 to yield the corresponding
N-silylated difluoroenamines 110 (Scheme 86).">* Notably, the
Cl-arene functionality in 109 (R = 4-CIC4H,) was perfectly
compatible under the used reaction conditions.

When the trifluoromethyl iminoester 111 was subjected to
reductive defluorination upon treatment with metallic magne-
sium and trimethylsilyl chloride, it led to the enaminoester 112 in
58% yield (Scheme 87)."** Aminodifluoroacrylate 112 is a very
interesting compound possessing both N-silyl-difluoroenamine
and difluoroacrylate moieties. Because of the unique structure,
the enamine 112 is a useful precursor to a wide repertoire of

Scheme 83
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PR R)\KF
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104 105
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H 47 4-CICgH, 74
Et 50 2-furyl 57
Ph 75 CO,Et 78
4-MeOCgH4 58 CO,Et 50
PMP = 4-MeOC4H,
Scheme 84
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0O-Mg Mg /‘\
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MgT \
. OSIM93
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A RN T
FsC~ "R THF or DMF, 0 °C E
95 96
R 96 yield (%) R 96 yield (%)
Ph 91 2-furyl 97
4-MeOCgHy 89 2-thienyl 97
4-F;CCgH4 87 n-CgHy3 56
4-CIC4H, 98 ¢-CeHiq 62
Scheme 85
F
O CF i
P Mg Messicl  MesSIOS g
N 50 °C N
OBu OBu

108 (85%)

difluorinated a-amino acids, since it can react not only with
electrophiles but also with nucleophiles and radical species at the
B-position, regioselectively.""”

A one-pot reaction sequence involving Mg(O)-promoted
reductive C—F and C—Cl bond cleavage of trifluoroacetimidoyl
chlorides 113 resulted in the selective formation of bis-silylated
difluoroenamines 114 (Scheme 88).'** When imidoyl chlorides
113 were treated with Mg metal and Me;SiCl in THF at 0 °C for
30 min, the dehalogenative double silylation reactions proceeded
smoothly to afford bis-silylated difluoroenamines 113 in high
yields.

Shi and co-workers prepared the stable ethyl 3,3-difluoro-2-
trimethylsiloxyacrylate 115 in 92% yield by heating methyl
2-benzyloxy-3,3-difluoropropenate with 1 equiv of trimethylsilyl
iodide in CH,Cl, (Scheme 89),125 which was in turn obtained
from ethyl 3,3,3-triﬂuoro-2-oxopropanoate.]26
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Scheme 86
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Tius and co-workers described the preparation of the difluoro-
methylene compound 117, as intermediate in the synthesis of a
bifunctional cannabinoid ligand, by exposing the [-trifluoro-
methyl-a,f-unsaturated ester 116 to magnesium in MeOH
(Scheme 90).'*” The reaction occurs via fluoride elimination
from a f-anionic intermediate. A small amount (5—7%) of the
saturated f-trifluoromethyl ester was also obtained.

2.3.5. -Elimination-Based Reactions. 2.3.5.1. Reductive
Dehalogenation Reactions of Vicinal Dihalides. Reductive
dehalogenation of vicinal dihalides has been also used in the
preparation of gem-difluoroalkenes. Upon treatment with low-
valent metals such as magnesium, zinc, and aluminum, chloro-
and bromoalkanes endowed with a trifluoromethyl group at the
o-position partake in vicinal dehalodefluorination, resulting in
the formation of gem-difluoroalkenes (Scheme 91).128-131

Ruthenium(II)- or copper(I)-induced regioselective radical
reaction of the CCIF,CCl," radical, derived from CCIF,CCl;, to
trimethylsilyl enol ethers 118 yielded (/3,5,y-trichloro-y,y-di-
fluoropropyl)carbonyl compounds 119 as intermediates
(Scheme 92)."** Spontaneous dehydrochlorination afforded
[B-chloro-f3-(chlorodifluoromethyl)vinyl |carbonyl compounds
120. Reductive dechlorination of 120 with zinc gave y,y-
difluoroallyl ketones 122a—e and an ester 122f. In some cases,
the nickel(0)-catalyzed reduction with zinc has proven to be
superior to the simple dehydrochlorination.

In some cases, the use of additives has proved to facilitate 1,2-
elimination reactions. Thus, the treatment of benzyl 2-bromo-
2,3,3,3-tetrafluoropropanoate with 1.1 equiv of zinc dust in Et,O
at room temperature for 0.5 h did not provide the desired benzyl
2,3,3-trifluoroprop-2-enoate, which was instead formed in 76%
yield after addition of Et,AlCl (1.3 equiv) as Lewis acid
(Scheme 93)."* Similarly, the use of Zn in combination with a
catalytic amount of Cul allowed the dechlorodefluorination of
O,Cl-acetals to afford the corresponding difluoroenol ethers
(a representative example is reported in Scheme 93).!*

Reductive manipulations of CF;CX, moieties allowed the for-
mation of gem-difluorovinyl organometallic reagents. Treatment of

Scheme 88
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13 114 (80-85%)
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Scheme 91
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70%
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80%
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OH F
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99%

2,2-dibromohexafluoropropane 123 with 2 equiv of metallic zinc in
DMF gave CF;(ZnX)C=CF, 124, which participates in allylation,
acylation, halogenation, and oxidative dimerization to afford a
variety of CF3(R)C=CF, compounds (Scheme 94)."** In a
competition experiment, Zn reacted faster with the intermediate
CF;CBr=CF, than with CF;CBr,CF; 123.

Tamura and Sekiya reported that 2,2-dichloro-1,1,1-trifluoro-
ethane 128 reacted with zinc and catalytic Cul and aldehydes to
afford under slightly different reaction conditions predominantly
either 1-substituted 2-chloro-3,3-difluoro-2-propen-1-ols 131 or
1-substituted 2,2-dichloro-3,3,3-trifluoro-1-propanols 132, formed
from 131 by reductive 1,2-dehalogenation (Scheme 95)."*° The
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Scheme 92
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reactions proceeded via 1,1-dichloro-2,2,2-trifluoroethylzinc chlor-
ide 130 as an organozinc intermediate.

2.3.5.2. Desulfonylation and Desulfinylation Reactions.
The selective introduction of a (phenylsulfonyl)difluoromethyl
group (PhSO,CF,) into organic molecules with reagents such as
PhSO,CF,H, PhSO,CF,Br, and PhSO,CF,SiMej; has attracted
much attention since the PhSO,CF, group can be readily
transformed into difluoromethyl (CF,H), difluoromethylene
(—CF,—), and difluoromethylidene (=CF,) functionalities.'®

Difluoromethyl phenyl sulfone and its derivatives have been
employed to achieve a three-step synthesis of gem-difluoroalk-
enes via a reduction—desulfonation protocol.

The use of the PhSO,CF,H reagent was reported for the
preparation of the 1,1-difluoroalkene 135, in response to the
failure of some conventional difluoromethylenation strate-
gies such as the use of difluoromethyldiphenylphosphine
oxide®” or the couple CBr,F,/P(NMe,);*” (Scheme 96)."*”
Addition of lithium hexamethyldisilazide to a mixture of the
ketone 133 and PhSO,CF,H afforded the alcohol 134, which
could be converted into compound 13§ by treatment with
methanesulfonyl chloride and then Sml, (36% overall yield
from 133).

A similar strategy was followed to obtain the difluoroalkene
136, an intermediate in the total synthesis of F,CBI, a difluoro-
cyclopropane analog of the alkylation subunits of CC-1065 and
the duocarmycins (Scheme 97)."*® In this case, however, the
reductive elimination was effected in 77% yield by treatment of
137 with 6 equiv of Na(Hg) and 4 equiv of Na,HPO,,.

Scheme 94
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(Phenylsulfonyl)difluoromethyl alcohols such as 134 and 137
have been obtained not only with PhSO,CF,H" but also by
reaction of aldehydes and ketones with PhSO,CF,SiMe;'*® or
PhSO,CBrF,."*! Thus, the combination of PhSO,CBrF, and
tetrakis(dimethylamino)ethylene (TDAE) as a nucleophilic
(phenylsulfonyl)difluoromethylating reagent, converted alde-
hydes into aryl and alkyl alcohols 139 (Scheme 98).'*' The
reaction of these alcohols with methanesulfonyl chloride gave the
corresponding mesylates, which underwent reductive elimina-
tion by treatment with Na(Hg)/Na,HPO, to afford 1,1-difluoro
alkenes in good yields.

(Phenylsulfonyl)difluoromethyl alcohols 139 have been also
used in the preparation of 2,2-difluoro enol esters 141 and the
2-(1-chloro-2,2-difluorovinyl )naphthalene 143 (Scheme 99).!%
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Scheme 97
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Deprotonation of 139 followed by benzoylation with benzoyl
chloride afforded benzoates 140, which by treatment with
LiHDMS at room temperature gave enol esters 141 in moderate
to good yields.

The PhSO,CF,-containing alkanes 144 were obtained in
satisfactory yields by nucleophilic (phenylsulfonyl)difluoro-
methylation of primary alkyl iodides with the PhSO,CF, ~ anion,
in situ generated from PhSO,CF,H and KOt-Bu at —50 °C
(Scheme 100)."** Products 144 were subjected to base-mediated
dehydrosulfonylation (KOtBu at —20 °C to room temperature)
to give 1,1-difluoroalkenes in 55—88% yields. The one-pot
conversion of alkyl iodides to 1,1-difluoro alkenes by using
PhSO,CF,H and KOt-Bu was also possible, but the isolation
of alkenes from unreacted alkyl iodides was problematic due to
their similar polarity.

Hu and co-workers have recently reported that difluoromethyl
2-pyridyl sulfone 145 is an efficient one-pot gem-difluoroolefina-
tion reagent. Thus, a variety of aldehydes and ketones by reaction
with 145 and KO#-Bu in 1/1.2/1.8 molar ratio gave the corre-
sponding gem-difluoroalkenes in good yields (Scheme 101)."** A
mechanism for the process was proposed as shown in the
scheme.

Hu and co-workers have successfully carried out an efficient
nucleophilic fluoroalkylation of cyclic sulfates 146 and sulfami-
dates 149 with the PhSO,CF,H/LiN(SiMes),/P(NMe,); sys-
tem (Scheme 102)."** These regioselective reactions afforded
the related 5-(phenylsulfonyl)-(,5-difluoromethylated products
147 and 150 in excellent yields. Upon selective desulfonylation,
compounds 147 with R = PhOCH, and 150 with R = PhCH,
were subjected to base-mediated @,f-elimination of a molecule
of phenylsulfinic acid to give the corresponding [-difluoro-
methylenated alcohol 148 and amine 151 in 82% and 70% yield,
respectively.

Pohmakotr and co-workers demonstrated that o,a-difluoro-
a-phenylsulfanyl-a-trimethylsilylmethane 152 (Scheme 103) can
serve as useful synthetic equivalent of a,a-difluoro-a-phenyl-
sulfanylmethyl carbanion (PhSCF, )."*® Both aldehydes and
ketones underwent facile a,a-difluorophenylsulfanylmethylation
with 152 in the presence of 10 mol % tetra-n-butylammonium
fluoride (TBAF) in THF, providing gem-difluoro-substituted alco-
hols 153 in moderate to good yields (39—90%) (Scheme 103).
Alcohols 153 were then oxidized with 3-chloroperbenzoic acid
(MCPBA) to sulfoxides 154, which were finally converted in
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moderate to good yields to the related gem-difluoroalkenes 58 by
neat pyrolysis at 200 °C under reduced pressure (0.0S mmHg) or
flash vacuum pyrolysis (FVP).

The same research group prepared gem-difluoroalkenes by
using bromodifluorophenylsulfanylmethane 155 as a gem-difluoro-
methylene (CF,) building block (Scheme 104)."*” Reaction of
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Only representative examples are reported

various alkenes with the difluorophenylsulfanylmethyl radical
156, generated from 155 under three complementary pro-
cedures [(Sml,/THF/i-PrOH), (Et;B/n-BusSnH/O,) or (AIBN/
n-BusSnH/benzene)], gave low to moderate yields of the
adducts 157 (Scheme 104). Oxidation with MCPBA of 157
to sulfoxides 158 (75—92% yields), followed by vacuum
pyrolysis, gave the corresponding gem-difluoroalkenes 58 in
high yields (68—81%).

A methodology has been developed for the conversion of
carboxylic acids to 1,1-difluoroolefins 58 via a,a-difluoro-
thioethers 161 (Scheme 105).'*® Oxidation of 161 with MCPBA
afforded sulfoxides 162, which by neat pyrolysis at 160—200 °C
underwent f3-elimination to afford alkyl 1,1-difluoroolefins 58 in
good yields.

2.3.5.3. Miscellaneous 3-Elimination-Based Reactions. An-
other f3-elimination reaction that converts thioethers to 1,1-
difluoroolefins has been reported. In this case, the reaction of
1,1-bis(phenylthio)perfluoroalkyl aromatics or alkanes 163
with a mixture of 2 equiv of TiCl, and 4 equiv of LiAlH, in
THF at reflux temperature for 3 h afforded a-aryl(alkyl)-5,
B-difluorovinyl sulfides 164 in good yields (Scheme 106)."*

Dehydroiodination of the (difluoroiodomethyl)cyclopentane
derivative 166 proceeded by simply treating with DBU
to give the difluoromethylene compound 167 in 90% yield
(Scheme 107)."%° The compound 166 was in turn obtained
in 58% yield by iodocarbocyclization of 2-(5,5-difluoropent-
4-enyl)malonate 165, mediated by I,, SnCl,, and 2,6-lutidine.

Shi and Huang studied the fluoride-mediated nucleophilic
reactivity toward aromatic aldehydes of the CF,-containing
reagent 171, obtained according to Scheme 108."*" The mixed
malonate ester 168 was treated successively with sodium
hydride and CF,Br, to afford the product 169, which was

Scheme 102
S
oS 1 PhSOCFH, LiN(SiMes), HO k F
THF/ P(NMey)s, -78 °C R SO,Ph
R 4 2 H50* 147 (87-99%)
R = PhOCH, OH F
PhO —
LiN(SiMes), \)\/‘\F
THF, rt 148 (82%)

R =H, Me, CgH43, CICH,, TsOCH,, C1gH230CH,, BnOCH,,
PhOCH,, 2-, 3- and 4-MeOCgH,4

o\\s//o 1. PhSO,CF,H, LiN(SiMes),  BnHN £ ¢
BnN" "O z
) THF/ P(NMey)s, -78 °C R SO,Ph
R’ 149 2. HO" 150 (90-99%)
BOHN  F R'= PhCHy, i-PrCH,,
R'=PhCH, nHT i-Pr, Ph
PhM
LiN(SiMe3), F
THF, t 151 (70%)
Scheme 103
1 R2
F>hs><snv|e3 L» ors R! R MCPBA
F F TBAF, THF %OH THF, -78 °C
-78°Ctort
192 153 (39-90%)
OH
Ph-s"OH  Pyrobsis rpn g R F
! 1
FHF R§ or FVP JrlvR R2>:<F
154 (50-74%) 58
R R2 58 yield (%)
pyrolysis  FVP
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Ph Ph 0 80
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directly subjected to decarboxylative halide elimination to
provide the difluoroacrylate 170 in 80% yield. DIBAL reduc-
tion of 170, followed by acetylation completed the synthesis of
171.

The reaction of 1,3-dichloro-4,4,4-trifluorobut-2-ene 172 with
magnesium gave 2-chloro-1,1-difluorobuta-1,3-diene 173 in 34%
yield (Scheme 109)."*> The reaction was postulated to pro-
ceed via 1,4-elimination of the allylic magnesium chloride 174
or 1,2-elimination of 175, which is generated by 1,3-Mg
migration of 174 due to the anion-stabilizing effect of the
trifluoromethyl group.

When chlorodifluoromethyl ketones 176 were reacted with
diazomethane, epoxides 177 were formed, which upon treatment
with n-BuLi underwent ring-opening (via lithium halogen
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exchange) to afford in high yields gem-difluoroallylic alcohols
178 as suitable substrates for sigmatropic rearrangements
(Scheme 110)."** A similar approach was followed to obtain
(3,3-difluoro-2-ethoxy)allylic alcohols 181 from the ethylacrylate
derivative 179 (Scheme 110)."%*

2.3.6. Vinylmetal-Mediated Reactions. A general ap-
proach to gem-difluoroalkenes may be found in the reactions of
difluorovinyl organometallic reagents with electrophiles.'>* Most
reported difluorovinyl metals incorporate in the a-position
electron-withdrawing groups such as aryl- or oxygen-contain-
ing groups, in order to enhance their thermal stability against
the f3-elimination of the metal fluoride (Figure 4). Few gem-
difluorovinyl metals without a stabilizing substituent have
been described. The unstable gem-difluorovinyl lithium
(CF,=CHLi) has been obtained by metalation with s-BuLi
of 1,1-difluoroethylene at very low temperature (—110 °C),
but its reaction with electrophiles was limited to carbonyl
compounds.'>>'5°

The use of the related stable zinc, boron, and copper reagents
has shown to be of wider application. (2,2-Difluorovinyl)zinc(II)

Scheme 106
FC_R TiCly, LiAlH, R_R
PhS SPh THF, reflux F SPh
163 164 (77-90%)

R = Ph, Me, ¢-CgH44, n-C3H7

Scheme 107
i CO,Me I, SnCly CFal
CO,Me ,6-lutidine
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- - CO,Me
THF, rt COMe
167 (90%)
Scheme 108
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2. NaOH ;”: 1. DIBAL ;[J;OA
U c
80% from 168 COEt 5 Ac,0/py
SiMe, SiMe;,
170 171
Scheme 109

cl Mg, i-PrBr (cat.) _C'>_<F
cV‘K/\CF = F

3 THF, 65 °C

172 173 (34%)
cl
cl
vl CF2
CIMg/\j'”"/kaFz oMy 1
1 F
174 F 175

chloride 183 was prepared by metalation of 1,1-difluoroethylene
with s-BuLi at —110 °C to form a vinyl lithium intermediate,
which undergoes exchange with ZnCl, at low temperature
(Scheme 111). This stable zinc reagent readily couples with
2-iodopyridine in the presence of a catalytic amount of Pd-
(PPhy), to afford 2-(2,2-difluorovinyl)pyridine 184 in S0%
yield."”’

An alternative and more convenient method to obtain a (2,2-
difluoroethenyl)zinc reagent has been more recently described
by Burton and Nguyen.'>® Treatment of 2,2-difluoroiodoethy-
lene 185 with zinc at 50—60 °C in DMF afforded (2,2
difluorovinyl)zinc(Il) iodide 186 in 60—80% yields after 1 h
(Scheme 112). This zinc reagent was coupled with aryl iodides or
bromides in the presence of Pd(PPh;), in DMF to give the
corresponding 2,2-difluorostyrenes 187 in 48—92% yields."*®
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Scheme 110
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Figure 4

In a similar way, a-bromo-f,3-difluorostyrenes were prepared
from F,C=CBrZnX (X = I, Br) and aryl iodides."’

Ichikawa'® developed a complementary procedure to a gem-
difluorovinyl anion equivalent by a zirconium-mediated method
from 2,2-difluorovinyl p-toluenesulfonate 190,"*" readily obtained
from 2,2,2-trifuoroethyl p-toluenesulfonate 189 (Scheme 113).
Treatment of 190 with the zirconocene equivalent “Cp,Zr”
(prepared in situ from Cp,ZrCl, and 2 equiv of n-BuLi)
generated 192, which in turn underwent palladium-catalyzed
coupling with aryl iodides, via transmetalation with Znl,, leading
to a-unsubstituted f,(-difluorostyrene derivatives in high
yields."®> Coupling reactions with alkenyl and alkynyl iodides
also readily proceed to afford 1,1-difluoro-1,3-dienes and -1,3-
enynes (Scheme 113).'%

Two examples of nonstabilized gem-difluorovinyl metals are -
alkylated difluorovinyl boranes and coppers, which are described
below.

gem-Difluorovinyl metals with a stabilizing substituent in the
a-position are easily obtainable from trifluoroethyl compounds,'®*
which when treated with strong bases undergo dehydrofluorina-
tion via deprotonation of the proton on the carbon attached to
the CF; group giving a-substituted gem-difluoroalkenes (such as, the
alkene 190 from the tosylate 189, Scheme 113)."® In the presence of
an excess amount of base, these difluoroalkenes afford gem-difluoro-
vinyl lithium intermediates, which can be trapped by reactive
electrophiles affording functionalized tetrasubstituted gem-difluoro-
alkenes (Scheme 114). It should be remarked that the stabilization of
these alkenyl lithium reagents is important for an effective synthetic
utilization. Some typical reactions of gem-difluorovinyl lithiums
stabilized by oxygen- and phosphorus-containing groups with electro-
philes are summarized in Scheme 115."*~'¢”

Avariety of 1-substituted 1-chloro(fluoro)-2,2-difluoroalkenes'®
have been synthesized by treatment of (1,2,2-trifluorovinyl)lithium
and (1-chloro-2,2-difluorovinyl)lithium, generated from CF;CH,F
and CF;CH,Cl by n-BuLi at —78 °C in Et,O, with aldehydes,lé&”b
ketones, ** COZ,168d 12,168d Me3SiC1,168d and main-group or
transition metal halides (Bu3SnCl, HgCL,, PtClL,(PPhs),, etc.) "%
(Scheme 116).

8

Scheme 111
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Scheme 112
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H 81 3-NO, 92
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Scheme 113
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PhCH=CH 85
Ph(CH,),C=C 81

On the other hand, 1-aryl-substituted 1-fluoro-2,2-difluoroalk-
enes 195 were synthesized by Pd-catalyzed cross-coupling of
bromo(iodo)benzenes 194 with (1,2,2-trifluorovinyl)zinc(II) bro-
mide, derived from bromotrifluoroethylene (Scheme 117).'% The
analogue trifluoromethyl derivative 196 was obtained in a similar
way from 194a and CF,=C(CF;)ZnBr, generated by treatment of
CF;CBr,CF; and zinc (Scheme 117).

Since the reaction of the metalated enol carbamate 197 with
alkyl halide electrophiles, including activated species, failed to
result in carbon—carbon bond formations, Percy and co-workers
developed a new procedure based on a transmetalation strategy
(Scheme 118)."%*® Thus, the stable stannane 198 was initially
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prepared by reaction of 197 with Bu3SnCl. The addition at
—78 °C of the Cul/2LiCl reagent to a solution of 198 (generated
by tin—lithium exchange from stannane 198) afforded the
thermally stable vinyl copper reagent 199, which was reacted
with activated haloalkanes and acid chlorides to give in moderate
to high yields products 200 and 201, respectively.

2,2,2-Trifuoroethyl p-toluenesulfonate 189 merits particular
attention, since it was converted into 2,2-alkenylboranes 203,
which are reactive and versatile building blocks for a wide range
of difluoroalkenes. The treatment of 189 with n-BuLi at —78 °C
generates the difluorovinyllithium tosylate 202, which by reac-
tion with trialkylboranes induces ate-complex formation and
subsequent migration of the alkyl group from boron onto the
vinylic carbon to afford 203 (Scheme 119)."”" Scheme 120 shows
a selection of products that can be obtain from alkenylboranes
203.'7

An interesting application of the difluorovinyl borane protocol
has been recently developed by Ichikawa and co-workers in order
to obtain helicenes 206 (Scheme 121).'%" The key intermediate,
symmetrical 1,1-difluoroalkenes 205, was synthesized in a one-
pot operation from tosylate 189 and trialkyl boranes. Thus, the
tosylate 189 was reacted with n-BuLi and then with trialkyl
boranes to give vinyl boranes 204 (according to Scheme 119),
which by treatment with NaOCHj; and then with Br, underwent
the second 1,2-migration of a -alkyl group to yield symmetri-
cally disubstituted 1,1-difluoro-1-alkenes in good yields
(41—75%).

2.3.7. Brook-type Rearrangement. Trifluoromethyl ke-
tones can originate 2,2-difluoroenol silyl ethers through the
Brook-type rea.rrangement,173 which involves the migration of

Scheme 116
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organosilyl groups from carbon to oxygen atoms (Scheme 122).
This transposition is favored by the increased bond strength of
the Si—O bond (110 kcal/mol) compared with the Si—C bond
(76 kcal/mol).

When trifluoromethyl ketones 95 are treated with trialkylsilyl
anions,"”**!” the intermediate a-silyl-a-trifluoromethylalkoxy-
lates 207 are formed (Scheme 122). These intermediates under-
go the Brook-type rearrangement with concomitant desilylative
defluorination to generate 2,2-difluoroenol silyl ethers 208.
Alternatively, intermediates 207 can be obtained by reaction of
acyl silanes 209 with CF;SiMe;'”® or trifluoroacetyl silanes 210
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with alkyl metals'”* (Scheme 122). Examples of these transfor-
mations are given in Scheme 123."7*7'77 2,2-Difluoroenol silyl
ethers obtained by reaction of acylsilanes with CF;SiMe; were
utilized by Portella and co-workers in the synthesis of difluori-
nated monoterpenes such as diﬂuoroegomaketone,177 difluoro-
dehydro-ar-curcumene,'”® difluoro-ar-tumerone'”® and gem-
difluoro-C-disaccharides.'”

2.4. Synthesis of 1,1-Diiodo-1-alkenes

2.4.1. Wittig-type Reactions. Aldehydes have been con-
verted into the related 1,1-diiodoalkenes in good yields by adding
them to a CH,Cl, solution of the reagent formed from tetra-
iodomethane and triphenylphosphine (Scheme 124)."*° On the
other hand, ketones were unable to react with this reagent. The
reactivity of aldehydes toward CI;/PPh; depended on the nature
of the substituent. Thus, substituents with electron-withdrawing

Scheme 121
1. BuLi, THF Rl BR®%,| 1.NaOCH3, rt
OTs -78 °C | to reflux
F1C 2.BR% re-Z ) FF 2.Bry, -78°C
A to rt
189 204
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Scheme 122
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207 208
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TCF39
i it
FacJ\SiRZ3 R TSiR?,
210 209

groups clearly activate the reaction, while the reverse was found
with electron-donating ones. The presence of a phenolic group
on the starting material stopped the reaction by preventing the
formation of the ylide, while a hydroxy group on an aliphatic
aldehyde was first converted into the related iodo derivative and
then the aldehyde functionality underwent diiodomethylenation
(HOCH,(CH,),CHO — ICH,(CH,),CHO — ICH,(CH,),-
CH=CL,).

Recently, in a study aimed to stereoselectively synthesize (Z)-
1-iodo-1-alkenes, seven 1,1-diiodoalkenes were prepared from
the corresponding aldehydes following this procedure.'®' Some
of them are described in Figure 5.

Straightforward access to gem-diiodovinyl systems consists in
the reaction of aldehydes with the ylide Ph;P=CI, produced by
reaction of CHI; and PPh; in the presence of KOt-Bu
(Scheme 125).'® By this method, 4-(2,2-diiodovinyl)-N,N-
dimethylaniline, not obtained when the ylide Ph;P=CI, was
generated from CI, and PPhs,"** was prepared in 80% yield. It
was also possible to not isolate these diidoalkenes but to directly
convert them into the related 1-iodoalkynes in good yields by
treatment with KO#-Bu at —78 °C.

Duhamel and co-workers reported an efficient and general
synthesis of a number of 1,1-diiodoalkenes by condensation of
carbonyl compounds with diethyl diiodomethylphosphonate
prepared in situ from (i) diethyl iodomethylphosphonate and
KHDMS (method A) or LIHDMS (method B) and (ii) diethyl
methylphosphonate and LIHDMS (method C) (Scheme 126).!%
As deduced from Scheme 126, methods A and B gave successful
results starting from aldehydes as well as aliphatic, aromatic, and
functionalized ketones. On the other hand, the method C presented
some limitations, giving in all cases lower yields. Method B was
later used to synthesize in excellent yield (88%) ethyl 3,3-
diiodo—Z—phenylgrop—2—en0ate from ethyl 2-oxo-2-phenylethanoate
(Scheme 127)."%*
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Figure S

Charette and Cloarek,'® in a study aimed to synthesize the
gem-diiodoalkanes, prepared a wide range of 1,1-diiodoalkenes from
aldehydes followins% five protocols or their modifications: A,'** B,'*>
C,'"* D,"® and E'™ (Scheme 128). Protocol D, involving the use of
preformed diiodomethyldiethylphosphonate,"®* was particularly use-
tul for the synthesis of sensitive a-aryl gem-diiodoalkenes, which were
unstable toward the conversion into iodinated triple bonds under
protocols B and C.

2.4.2. Addition Reactions. Several 1,1-diiodoalkenes con-
taining a functional group in the 2-position were prepared
from l-iodoacetylenes.'*®'®” When iodophenylacetylene was
stirred with iodine and 1,05 in MeOH for 34 h at room
temperature, 2,2-diiodo-1-methoxyvinylbenzene was formed
in 41% yield (Scheme 129)."% The active species in this
oxidation were oxides of iodine in combination with molecular

Scheme 125
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Method: A =y, KHMDS (0.5 equiv), THF, -70 °C, 2 h, then carbonyl
compound (0.4 equiv), THF, -70 to 0 °C.
B =y, LIHMDS (2 equiv), I, (1 equiv), THF, -0 °C, 30 min,
then carbonyl, compound (1 equiv), THF, -70 °C to rt
C =z, HMDS (2 equiv), BuLi (3 equiv), THF, -0 °C, 30 min
then I, (2 equiv), THF, -70 °C, 90 min, finally carbonyl
compound (2 equiv), THF, -70 °C to rt

x: (EtO),P(O)CHly, y: (EtO),P(O)CH,l, z: (EtO),P(O)CHs

iodine leading to iodonium-like species, which could attack
the triple bond to form vinyl cations, captured subsequently
by the solvent.

On the other hand, exploiting the fact that the reagent
bis(pyridine )iodine (1) tetrafluoroborate adds I'Nu ™ to internal
acetylenes,'®” Barluenga and co-workers were able to obtain a
number of 2-substituted 1,1-diiodoalkenes in good yields when
this iodinate reagent was reacted with 1l-iodoacetylenes and a
wide variety of nucleophiles (Scheme 130)."**

McNelis and co-workers reported that when 4-iodo-2-phenylbut-
3-yn-2-ol was treated with stoichiometric amounts of iodine and
iodic acid in refluxing methanol, 4,4-diiodo-3-phenylbut-3-en-2-one
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Method:

A = Cly, Phg, CH,Cly r.t., 2.5 h (87%).

B = CHlIj3, Phs, KOt-Bu, PhMe, -20 °C, 10-30 min (37-69%).

C = (EtO),P(O)CHal, I, LIHMDS, THF, -78 °C, 10 min, (33-79%).
D = (EtO),P(O)CHI,, LIHMDS, THF, -78 °C, 10 min (62-87%).

E = (EtO),P(O)CHg, I, LIHMDS, THF, -78 °C, 10 min (46%).

F = Multistep routes

was formed in 75% yield via phenyl shift of a vinyl cationic
intermediate (Scheme 131)."'*”

2.4.3. Substitution Reactions. Two successful cases of 1,1-
diiodoalkene preparation making use of a bromine—iodine
exchange reaction have been described.”® Thus, when hexam-
ethylphosphoramide solutions of (2,2-dibromovinyl)cyclo-
hexane or (dibromomethylene)cyclohexane were heated at
120 °C in the presence of the couple KI/Cul, the related gem-
diiodoalkenes were obtained in 84% and 74% yield, respectively
(Scheme 132). However, with gem-dibromoalkenes bearing a
hydrogen atom on the double bond, the halogen exchange could
be followed by loss of hydrogen halide and coupling of the
resulting haloacetylene to a diacetylene. This reaction occurred
quite readily when the double bond was conjugated with a phenyl
group so that the related diiodo derivative was not obtained.

A single example of iododeboronation has been reported.'”!
Thus, when bis(trimethylenedioxyboryl)methylenecyclohexane,
obtained by treatment of cyclohexanone with lithium tri-
(trimethylenedioxyboryl)methide, was reacted with aqueous
NaOH and then with I, (diiodomethylene)cyclohexane was
formed in 71% yield (Scheme 133).

Two examples of preparation of gem-diiodoalkenes from
alkenes were reported. Reaction of ICl in pyridine with vinylic
dimercuriales 27 and 30, prepared from longifolene and cam-
phene (Scheme 25), afforded in very high yields the diiodo
derivatives 211 and 212, respectively (Scheme 134).*

Scheme 129

MeOH, 1,/1,05 MeO |

Ph—oov — >=<

rt, 34 h Ph |
41%
Scheme 130
solvents Nu I
R———1 + I(py)2BF4 + Nu(NuH) —
rt, 3-60 h |

Nu = CISiMeg, Br', I, NCS", pyridine, MeCOOH, HCOOH, i-PrOH

anisole, PhSH

R Nu yield (%) R Nu yield (%)

Ph Cl 65 Ph Br 65

Ph NCS 75 Ph pyridyl 57

H HC(0)0 87 Ph i-Pro 80

Ph 4-MeOCgH; 50 Ph PhS 80

n-Bu | 70 n-Bu  MeC(Q)0 63

Scheme 131
O

OH HO |
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A variety of gem-diiodides have been prepared from the related
stannylacetylenes (Scheme 135). These compounds by treat-
ment with 1.4 equiv of Cp,Zr(H)Cl generated the related 1,1-
heterobimetallic species of tin and zirconium, which by iodono-
lysis with 2.15 equiv of I, in THF at room temperature gave the
related diiodoakenes in 63—87% yields.*”

2.5. Synthesis of Mixed 1,1-Dihalo-1-alkenes

2.5.1. 1-Fluoro-1-bromo(chloro, iodo)-1-alkenes. 1-
Fluorovinyl bromides or chlorides are readily available as
mixtures of E and Z isomers by condensation of aldehydes
and ketones with bromofluoromethylene and chlorofluoro-
methylene ylides (Ph;P=CBrF and Ph;P=CCIF). Since an
excellent review covers the literature on this field until 1996,87b
only a quick guide on these ylides is given below. The ylide
Ph;P=CBrF can be generated from (i) CBr3F and PPh; or (ii)
(dibromofluoromethyl)triphenylphosphonium bromide by
using PPh; or metals such as Zn, Zn(Cu), Hg, and Cd. The
yields of bromofluoromethylene olefins were good with aro-
matic aldehydes and activated ketones but were often poor with
aliphatic aldehydes, nonactivated ketones, and cyclic ketones.

A number of procedures have been developed for the genera-
tion of the ylide Ph;P=CCIF. These procedures can be classified
according to the starting material and the method used to form
the ylide: (i) CHCLF, PPh;, and KO#Bu; (ii) CCL,LFCO,Me,
PPh;, and NaOMe; (iii) PhHgCCLF and PPh;; (iv) CCLLFCO,.
Na, and PPh; (v) (Me,N);P(Cl)CCLF and PPh; or P(NMe,);
(vi) CCLyF, PPhs, and Zn; (vii) (Me,N);P(CI)CCLF, and
Zn(Cu). In general, methodologies v, vi, and vii provide the
best entry to chlorofluoromethylene olefins, whereas for cyclic
ketone derivatives the organomercurial route iii appears to be the
best one.
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Scheme 132

R' Br

ht

K, Cul, 0=P(NMe,); Rl |

4

120 °C, 1-4 h
R! R2 yield (%)
C-CGH” H 84
Ph H 0

~(CHy)s- 74

Scheme 133

o) THF
O:o + Licld } —
o) 3 7810 25 °C
o NaOH, | I
Ol D), venem (O
0 2 0°C, 15 min Y

71%

Table 1 shows the results obtained with these methods in the
bromo- and chlorofluoromethylenation of benzaldehyde, tri-
fluoromethylacetophenone, acetophenone, and cyclopentanone,
taken as leading representatives of aromatic aldehydes, and
activated, nonactivated, and cyclic ketones, respectively.®”

Pannecoucke and co-workers reported that diethylzinc could
be used instead of Zn excess in the Wittig reaction. Diethylzinc
acts as a debrominating agent on the phosphonium salt derived
from CBrsF and PPh; thus generating the reacting ylide
(Ph;P(Br)CBr,F + Et,Zn — Ph;P=CBrF)."”> Thus, under
optimized conditions (Et,Zn/CBr3F/PPh; = 1.2/1.2/1.2; room
temperature, 3 h) various aldehydes were converted to the
related bromofluoroolefins in high yields, though the stereose-
lectivity never exceeded 70:30 (Scheme 136). The application of
this protocol to aromatic and aliphatic ketones gave bromofluoro-
alkenes often in moderate to good yields but failed with easily
enolizable substrates such as 2-oxocyclopentanecarboxylamide
(Scheme 137). In these particular cases, the a-hydrogen is
probably too acidic, and the ylide reacts first with it, instead of
adding to the carbonyl group.

Highly stereoselective synthesis of (E)-bromodifluoro olefins
215 (E/Z > 10:1) was achieved in good yields via dehydrobromina-
tion of RCHFCBr,F 214 with lithium tetramethylpiperidide
(LTMP) at —78 °C, whereas opposite selectivity (up to E/Z =
1/6.9) was obtained with other bases such as DBU or n-Bu,N(OH)
(Scheme 138).' (E)-selectivity with LTMP was assumed to
proceed via the transition state 219 involving a Li—F chelate,
whereas elimination of HBr occurred with #n-Bu,N(OH) from the
transition state 220 wherein dipole—dipole repulsion of C—F
bonds plays an important role. On the other hand, monofluoro
olefins 217 were synthesized selectively by treatment of acetates 216
with a reagent consisting of EtMgBr and i-Pr,NH (Scheme 138).
(E)-Isomers 217 were predominantly obtained with aryl substrates
216, whereas the alkyl substrate 216f afforded the (Z)-isomer 217f
as the major product (Z/E = 2/1). The Z/E ratio of 217f was
improved up to 16/1 when the corresponding tosylate 218f was
reacted with Et,Mg. The starting alcohols 213, prepared by the
reaction of LiCBr,F with aldehydes, were easily converted into

Scheme 134
Scheme 25 ICl, py
n,3h
ClHg HgCl
26 (30%) (92%)
Scheme 25 ICI, py
,3h
AcOHg HgOAc
29 (46%) (99%)
Scheme 135
CppZr(H)Cl | R SnBug I R
R—=—=—SnBu3 - }2:<
THF, 1t (Cp,Cl | THF, 1t |
R yield (%) R yield (%)
Ph 87% CICHy(CHp),  77%
n-Cy4Hg 78% HOCH, 72%
n-CeHyg 84% cyclohexenyl 63%

BnOCH, 84%

substrates 214, 216, and 218 by fluorination, acetylation, or
tosylation, respectively.

Eddarir and co-workers reported the synthesis of (Z)-1-
bromo-1-fluoro-1-arylethylenes from (Z)-1-carboxyl-1-fluoro-
2-arylethenes by addition of bromine followed by elimination
(Scheme 139)."°*'** Bromination of the double bond was
stereoselective, except for 221i and 221j that afforded, after
stereospecific elimination, mixtures of diastereoisomers (E/Z).
Attempts to prepare (E)-217g from (E)-221a failed because the
bromination step was not selective.

Wnuk and Andrei'®® prepared a number of terminal dihaloalk-
enes 225—227 in high yields exploiting both the McCarth
procedure for the stereospec1ﬁc synthesis of 1-fluoroolefins ™~
and the halodestannylation."”® The global procedure involves (1)
condensation of carbonyl compounds with the anion of diethyl
fluoro(phenylsulfonyl)methylphosphonate to give (a-fluoro)-
vinyl sulfones 223, (ii) radical stannyldesulfonylation with
Bu3SnH/AIBN to yield (a-fluoro)vinyl stannanes 224, and (ii)
the halodestannylation with NIS, NBS, or Cl, to give 1-fluoro-1-
iodoalkenes 225, 1-fluoro-1-bromoalkenes 226, or 1-fluoro-1-
chloroalkene 227, respectively (Scheme 140).

Shastin and co-workers proposed a new reaction for the
conversion of N-unsubstituted hydrazones of carbonyl com-
pounds to the related 1-bromo-1-fluoroalkenes by treatment
with CBr;F in the presence of catalytic amount of CuCl
(Scheme 141)."° Under optimal reaction conditions, the one-
pot conversion of a number aromatic aldehydes containing
electron-donating and electron-withdrawing groups into 1-bro-
mo-1-fluorostyrenes was investigated. They found that reac-
tion products could be prepared in good yields (48—95%) and
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Table 1. Preparation of Bromo(chloro)fluoroalkenes

R! R!  Br(Cl)

2:0 - > —

R R

carbene base or temp.
substrate PR3 source metal solvent (°C) product yield (%) ZI/E
PhCHO PPhg CBr3F - triglyme 70 PhCH=CBrF 64 54:46
PhCHO PPhs Ph3P(Br)CBryF - THF 70 PhCH=CBrF 70 55:45
PhCHO - PhsP(Br)CBr,F Zn triglyme rt PhCH=CBrF 64 55:45
PhC(O)CH; PPhg CBr3F - triglyme 70 PhC(CH3)=CBrF 18 53:47
PhC(O)CH; PPhs Ph;P(Br)CBryF - THF 70 PhC(CH3)=CBrF 45 46:54
PhC(O)CH;  -- Ph;P(Br)CBryF Zn triglyme rt PhC(CH3)=CBrF 55 51:49
PhC(O)CF3; PPhs CBrsF - CH3CN rt PhC(CF3)=CBrF 92 58:42
PhC(O)CF3 PPhs Ph3P(Br)CBryF - CH,;CN rt PhC(CF3)=CBrF 97 56:44
PhC(O)CF;  -- Ph;P(Br)CBryF Zn triglyme rt PhC(CF3)=CBrF 86 52:48
c-CgH10=0 - Ph3P(Br)CBr,F Zn triglyme rt c-CgH4o=CBrF 18 --
PhCHO PPhs CCI,FCO,CH3 NaOMe  petr. ether 80 PhCH=CCIF 40 --
PhCHO PPhy CHCI,F KOt-Bu  heptane 0 PhCH=CCIF 39 56:44
PhCHO PPhs CCl,FCO,Na - triglyme 90 PhCH=CCIF 49 56:44
PhCHO PPhg (MeyN)3P(CICCI,F - - PhCN 100 PhCH=CCIF 60 56:44
PhCHO PPhg CCl3F Zn DMF 60 PhCH=CCIF 64 52:48
PhCHO - (MeoN)3P(CICCI,F - Zn(Cu)  THF 60 PhCH=CCIF 100  48:52
PhC(O)CH; PPhg CCIl,FCO,CHj3 NaOMe petr. ether 80 PhC(CH3)=CCIF 8 -
PhC(O)CH; P(NMey); (MeyN)sP(CICCIF - - PhCN 55 PhC(CH3)=CCIF 56 52:48
PhC(O)CH; PPhs CCl3F Zn DMF 60 PhC(CH3)=CCIF 17 43:57
PhC(O)CH;  -- (Me;N)3P(CI)CCIL,F  Zn(Cu)  THF 60 PhC(CH3)=CCIF 70 48:52
PhC(O)CF; PPhs CCI,FCO,CHj4 NaOMe petr. ether 80 PhC(CF3)=CCIF 40 48:52
PhC(O)CF3; PPhs CHCI,F KOt-Bu  heptane 0 PhC(CF3)=CCIF 31 56:44
PhC(O)CF3; PPhg CCIl,FCOyNa - triglyme 90 PhC(CF3)=CCIF 56 47:53
PhC(O)CF; PPhg (MeyN)sP(CICCILF - -- THF 60 PhC(CF3)=CCIF 0 -
PhC(O)CF3 PPhs CCI3F - DMF 60 PhC(CF3)=CCIF 53 -
PhC(O)CF;  -- (Me,N)3P(CICCIF - - DMF 60 PhC(CF3)=CCIF 100  48:52
¢c-CsHg=O  PPhy CHCI,F KOt-Bu  heptane 0 c-CgHg=CCIF 27 --
¢-CsHg=O  PPhy CCl,FCOyNa - triglyme 90 c-CsHg=CCIF --
c-CsHg=O  PPhg CCl3F Zn DMF 60 c-C5Hg=CCIF 4 -
c-CsHg=0 - (MeyN)3P(CICCI,F - Zn(Cu)  THF 60 c-C5Hg=CCIF 18 -
R R

Oﬁ\o PPhy  PhHgCCLF Zn(Cu) benzene 80 Fﬁo 82 -

m*r

stereoselectivities with the most unhindered (E)-isomer pre-

vailing.

2.5.2. 1-Chloro-1-bromo(iodo)-1-alkenes. Zweifel and

afforded (Z)-1-iodo-1-chloroalkenes 232 in high yields
(85—89%).
An alternative way to obtain (Z)-1-bromo-1-chloroalkenes

co-workers found that mixed 1,1-dihaloalkenes can be pre-
pared from 1-chloro-1-alkynes 228 (Scheme 142).>°° Thus,
[(E)-1-chloro-1-alkenyl]alanates 229, prepared by the highly
stereo- and regioselective trans addition the Al—H moiety of
LiAlH, to the triple bond of the related alkynes, were
converted by reaction with acetone into the related triisopro-
poxyalumino derivatives 230, which were not isolated, but by
treatment with Br, at —78 °C afforded (Z)-1-bromo-1-chlor-
oalkenes 231 in >97% isomeric purity and in good yields
(61—87%). Alternatively, treatment of 230 with ICl at —30 °C

1374

231 from the same precursor l-chloro-1l-alkynes 228, via a
hydoboration, bromination, and elimination sequence was later
reported by the same author (Scheme 143).°°" Thus, when
alkynes 228a—c were submitted to hydroboration followed by
oxidation, they gave boronic esters 233a—c, which were treated
sequentially with Br, and NaOMe/MeOH to give (Z)-231a—c
in good yields (64—73%) and in high isomeric purities
(97—98%). On the other hand, (E)-isomers of 231 were
obtained from the 1-halo-1-vinylsilanes 236>° and 237,*® which
by trans-halogenation (Br, or Cl,) and anti-desilicohalogenation

dx.doi.org/10.1021/cr200165q [Chem. Rev. 2012, 112, 1344-1462
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Scheme 136
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reported.
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(NaOMe/MeOH) afforded (E)-231a—d in good yields (69—
96%). The isomeric purities were better than 98% but were reduced
with the increasing of the size of the alkyl substituent in 236 and
237 (57—73% with R = t-Bu and 91—95% with R = c-C4H,; ).

Barluenga and co-workers reported the electrophilic addition
of bis(pyridine)iodine(I) tetrafluoroborate to 1-chloroacetylenes
in the presence of 2 equiv of HBF, and different nucleophiles.
This system added I'Nu™ to 1-chloroacetylenes to give in good
yields 2-functionalized 1-chloro-1-iodoalkenes 238 as single
stereoisomers, except when Nal was used as the nucleophile
for 1-chloro-2-phenylethyne, from which a mixture of stereo-
isomeric products was obtained (Scheme 144).>%*

1-Bromo-1-chloroalkenes were prepared from aliphatic ke-
tones by Normant, following the same procedure employed to
obtain gem-dibromoalkenes (Scheme 17), by replacing LiCBr;
with LiCBr,Cl (Scheme 145).%® In the first step, LiCBr,Cl was
added to dodecan-6-one or cyclopentanone at —100 °C, fol-
lowed by BFj3:OEt,. Then, the formed alcohols 239 were
converted to the related esters by treatment with prop-1-en-2-
yl ethanoate to give the trihaloesters 240, which were finally
transformed into the desired alkenes 241 by treatment with
ethylmagnesium bromide.

Linstrumelle and co-workers reported that (E)-chloroenynes
242, easily obtainable in high stereoisomeric purity (=99.9%) by
reaction of 1-alkynes with (E)-1,2-dichloroethylenes,*® were
efficient precursors of mixed 1,1-dihaloenynes.”** Thus, metala-
tion of 242 with n-BuLi (1 equiv) at —100 °C generated a-
chloroenyne lithium intermediates, which when treated at the

Scheme 138
R
LfOH
FBI’Z
213a-f
|
R = Ph(CH
Et,NSF; Ac,0 NaH (TS 02|)2
DMAP, P ’
CH,Cl, y THE
R=1-naphthyl R R Ph(CHg)2
_— C>7F J*OAC (l)*OTs
FBr, FBry FBr,
214a-d 216a-c,e.f 218f
Bu,NOH
CH.CI EtMgBr Et,Mg
2Cly Lie i-PryNH (1.5 equiv)
-78 °C THF THF/dioxane
42% -98°C 98°C
THF, -98 °C 87%
O F_R H__R H._{(CH2)Ph
oy L L L
F F " Br Br~ °F FBr
. | . 215a-d 217a-ce f 217f (E/Z = 1:16)

215a (E/Z = 1:6,9)

a: R = 1-naphthyl, b: R =4-MeOCg¢H,4, c: R = 3,4-(MeO),CgH3
d: R =4-MeCgHy, e: R =4-NCCgH,, f: R =PhCH,CH,

starting material  product yield (%) E/Z

214a 215a 82 99:1
214b 215b 79 11:1
214c 215c 78 10:1
214d 215d 52 10:1
216a 217a 81 99:1
216b 217b 84 99:1
216¢ 217c 78 10:1
216e 217e 89 99:1
216f 217f 80 1:2
Br Br
R F R F
Li* ﬁ
Br F F Br
H H
219 220

same temperature with iodine or NBS afforded stereospecifically
(Z)-1-chloro-1-bromo(iodo)enynes 243 in good yields (60—
84%) (Scheme 146).

Bromochloroalkenes were prepared with high geometrical purities
by chlorination with CCIF,CCIF, of (I-bromoalkenyl)lithiums,
generated by slow addition at —95 °C of #-BuLi to THF solutions
of a variety of dibromoalkenes (Scheme 147) 2% Under these reac-
tion conditions, the (1-bromoalkenyl)lithium intermediate under-
went a rapid geometrical isomerization by a mechanism involving
Br/Li exchange, to give stereoselectively the thermodynamically
favorable isomer.

2.5.3. 1-Bromo-1-iodo-1-alkenes. Barluenga and co-work-
ers reported that the reaction of 1-bromo-1-alkynes with bis-
(pyridine)iodine(I) tetrafluoroborate in the presence of different
nucleophiles and 2 equiv of tetrafluoroboric acid yielded 2-func-
tionalized 1-bromo-1-iodoalkenes in high yields (Scheme 148).2%
These compounds were obtained as single stereoisomers, except
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Scheme 139
R _F Bry, CCl; Br F, ,COOH NaHCOzor R Br
COOH reflux, 5h R\C.EH Br n-BuyOH F
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R 222 yield (%) 217 yield (%)
b  MeOCgH, 93 702
g Ph 84 82
h  4-CICgH, 88 59
i 4-O,NCgH, 82 83
i n-CsHy 72 60°
aZ/E = 63/27, PZ/E = 86/14
Scheme 140
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227: X =Cl
224 225-227
R! RZ2 224 225 226 227
yield (%)  yield (%) yield (%)
E/Z (E/Z) (E/Z) (E/Z)
a Ph H 9525 95(95/5) 97 (93/7) 70 (93/7)
b PhCH,CH, H 78/22 94(78/22) -- -
¢ PhCH,OCH, H 77/23 92(67/33) 93(77/23) --
d Ph Me 45/55 94 (49/51) - -
Scheme 141
R NH,NH, R N cB,f R F
o — = —
I-P: H NH, cuCl Hr
Ra yield (%)  E/Z
4-NO,CgH,4 87 3.5:1
2-NO,CgHy 86 3.3:1
4-C|CsH4 86 6:1
2-Py 95 1.8:1
2,6-C|2C6H3 48 211

20nly representative examples are reported.

in the case of the bromoalkyne with R = Ph and I" as the
nucleophile, which afforded the product in a Z/E ratio of 3.3:1.

Both the geometric isomers of gem-bromoiodoalkenes 247
were prepared from the 1,1-heterobimetallic species of tin and
zirconium 244, obtained in turn from stannylacetylenes
(Scheme 149).*” By exploiting the fact that the reactions of
electrophiles with C—Zr bonds are normally much faster than
those with C—Sn bonds, the iodinolysis of 244 by using I, in
THEF at room temperature was performed to give the iodine
products 245 exclusively. On the other hand, by using N-
bromosuccinimide (NBS) in THF/CH,Cl, at —78 °C to room

Scheme 142
LiAM, R AHsli  Me,CcO
R——CClI
THF, -30 °C cl
228a-e
229a-e
R Al(O-i-Pr)3 ICl R |
Cl -30°C H Cl
230a-e (Z )-232a-c (85-89%)
BI’Z l -78 °C
R Br

R = a: n-C4Hgy, b: n-CgH43, c: c-CgHq4

o d: :C4Hg, e: THPO(CH,);

(Z)-231a-e (61-87%)

Scheme 143
R cl
1. (R"),BH — 1.Br, R Br
R——CClI - . —
2. (CH3)3N*-O /PNo1 2. NaOCH, cl
228a-c R'0" R
233a-c (Z)-231a-c
(64-73%)
1.i-Bu,AH R SiMe;
R—=—SiMe, =
2.NCS i 1. Bry
234a-d 236a-d \2. NaOCHj3
R cl

r
Br / (E)-231ad
\:g 1.Cl (69-96%)
Me, 2 NaOCH

235a-d 237a-d

R SiMe; Br, R
_ ,

r hv

a: R =n-CyHg, b: R = n-CgHya, : R = c-CgHyy, d: R = -C4Hg
R' = Me,CHCH(Me)

temperature, compounds 244 were converted into the bromine
derivatives 246 in very high yields. The halogenolysis of the
C—Sn bond in compounds 245 and 246 was next performed
with NBS or I, under similar reaction conditions, to afford the
isomeric compounds (E)- and (Z)-246 with complete stereo-
control in good yields.

McNelis and co-workers reported that when iodine and
[hydroxy(tosyloxy)iodo) Jbenzene (HTIB) were reacted in stoi-
chiometric amounts with 3-bromo-1-phenylpropynol 248, (Z)-
3-bromo-3-iodo-2-phenylpropenal 249 was formed in 96% yield
via phenyl shift of a vinyl cationic intermediate (Scheme 150).>"
Analogously, the tertiary alcohol 250 was converted into the
ketone 251 by treatment with I, or N-iodosuccinimide (NIS)
and HTIB in 89—96% yield (Scheme 150).>% The application of
this protocol (NBS or Br, were used instead of NIS or L) to the
related iodine derivatives of 248 and 250 in order to obtain (E)-
249 and (E)-251 failed.**”?%®

The stereospecific preparation of ethyl (E)-2,3-difluoro-3-
iodoacrylate has been reported in 87% yield by treatment of
ethyl (E)-2,3-difluoro-3-(tributylstannyl)acrylate**® with iodine
in ether (Scheme 151)."°
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Scheme 144
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2.5.4. Methods for Pure (E)- or (2)-lsomers of gem-
Bromofluoro-1-alkenes from Their E/Z Mixtures. Most
literature describes the preparation of 1-bromo-1-fluoroalkenes
as mixtures of (Z)- and (E)-isomers. Since these stereoisomers
are difficult to separate by either simple distillation or chromato-
graphic techniques,*'"*'* several procedures have been devel-
oped to obtain pure (E)- or (Z)-isomers from their isomeric
mixtures. A general approach to enrich E/Z mixtures of the (E)-
isomers can be reached by exploiting the greater thermodinamic
stability of these isomers with respect to Z ones. On the other
hand, (Z)-isomers can be obtained taking advantage of the

Scheme 147
R!  Br pBuli, THF [R' Li| CFRCICFCl R Gl
RZ Br -95°C RZ  Br RZ  Br

R’ R2 yield (%) E/Z
Me(PhCH,OCH,)CH ~ H 84  >40:1
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different reactivity of the bromine atom in (Z)- and (E)-1-
bromo-1-fluoroalkenes.

McCarthy and co-workers reported the isomerization of (Z)-
1-bromo-1-fluoro-2-phenylethylene to an E/Z ratio of 92:8 by a
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catalytic amount of bromine in chloroform.*"" However, Burton and
Xu have recently experimented that this approach was only partially
successful because of the prevailing formation of the saturated
addition product, thus providing only a low yield (<20%) of
1-bromo-1-fluoro-2-phenylethylene with high E/Z ratio.*"

The same research group found that in some cases gem-
bromofluoroalkenes (E/Z ~ 1:1) could be isomerized to high
E/Z ratio (=75:25) when stored at —20 °C for one week.
Presumably, this isomerization was caused by a trace amount of
bromine in the products. Alternatively, a similar isomerization
was found to occur by photolysis at 254 nm for 1 h
(Scheme 152).2**'* Under these conditions, clean isomeriza-
tion occurred for aryl-substituted alkenes (E/Z ratios >75:25
were successfully obtained) but not for alkenes with 1-naphthyl
or alkyl groups.

Metal-catalyzed isomerization can be also pursued to obtain
the more stable isomer. Thus, the isomerization catalyzed by
Pd(OAc), of some (Z)-1-bromo-1-fluoroalkenes occurred but
was only partially successful (Scheme 153).'%

An interesting strategy to obtain stereo-defined 1-bromo-1-
fluoroalkenes from their E/Z mixtures was inspired by the
observation that (E)-isomers react faster than the corresponding

Scheme 153
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R = Ph, 2-CICgH,, 4-MeOCgH,, 1-naphthyl, Ph(Me)CH, n-C;H,s

(Z)-isomers in Pd-catalyzed coupling reactions. Thus, under
proper reaction conditions, the (E)-isomer in an isomeric
mixture reacts, leaving unchanged the Z one that, therefore,
can be isolated.

Burton and co-workers, by exploiting this peculiarity, reacted
E/Z mixtures of 1-bromo-1-fluoroolefins with diethylphosphite
and catalytic Pd(PPh;), to obtain predominately (E)-isomers of
1-fluorovinylphosphonates and unreacted (Z)-1-bromo-1-fluoro-
olefins, which could be recovered in 82—96% yields based on
the amount of the (Z)-isomer present in the starting mixture
(Scheme 154) 2"

Other conceptually similar approaches were later pursued by
Burton and Pannecoucke. Selective reduction of the (E)-isomers in
217 was performed by using the system formed from formic acid, n-
B3N, and PdCL(PPh;), in DMF at 35 °C (Scheme 155).2'%%'¢
Under these reaction conditions, all (E)-isomers (as well as a small
amount of (Z)-isomers) were reduced and most of the (Z)-1-
bromo-1-fluoroalkenes 217 remained unreacted and could be
eventually isolated by repeated distillations. Alternatively, the mix-
ture of 217 and 252 could remain unseparated and used in the Pd-
catalyzed reactions because the hydrodebrominated products 252
generally do not participate in these reactions.

The Sonogashira reaction of E/Z mixtures of 1-bromo-1-fluoro-
olefins with 1-alkynes and catalytic PdCl,(PPhs),/Cul in Et;N at
room temperature gave (after 16—24 h) (Z)-monofluoroenynes in
good yields and unreacted (Z)-1-bromo-1-fluoroolefins, which could
be recovered and submitted to further couplings (Scheme 156).2"7
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Scheme 156
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bYield based on the amount of olefin consumed

Pannecoucke and co-workers, by subjecting an isomeric
mixture of 1-(2-bromo-2-fluorovinyl)-4-methoxybenzene to Ne-
gishi and Nozaki—Hiyama—Kishi reactions, found that in both
cases only the (E)-isomer reacted to give a butylfluoroalkene and
a 2-fluoroallyl alcohol, respectively, leaving unchanged the (Z)-
isomer, which could be isolated in 89%"> and 62%"'® yields,
respectively (Scheme 157).

The same research group has recently described the synthesis
of vinylic fluoride scaffolds via a Negishi coupling mediated by
Pd(OAc),/PPh; of gem-bromofluoroolefins with alkoxyvinyl-
zinc species (Scheme 158).'” At 10 °C, only the (E)-isomers
of E/Z mixtures of the substrates reacted to give, after hydrolysis,
stereospecifically (Z)-a-fluoro-a,3-unsaturated ketones and, at
the same time, the unreacted (Z)-isomers, which were recovered
in high yields.

While Pd-mediated coupling reactions allow (Z)-isomers to be
obtained, Pannecoucke and co-workers developed a method to
obtain pure (E)-isomers from E/Z mixtures based on consuming
chemoselectively one of the two isomers. Thus, stereoselective
dehydrobromination of the (Z)-isomers, carried out with DBU
in DMSO at 95 °C or LiN(SiMes), in THF at room temperature,
yielded pure (E)-isomers in good to excellent yields, based on the
starting (E)-isomers in the mixtures (Scheme 159).'

3. METAL-CATALYZED REACTIONS OF GEM-DIHALO-
VINYL SYSTEMS

3.1. Selective Monosubstitution of Homo gem-Dihalovinyl
Systems

3.1.1. Coupling with Alkenylmetal Reagents. In a study
aimed at the synthesis of antibiotic subunits, Roush and co-workers
reported the first two examples of stereoselective synthesis of
(Z,E)-2-bromo-1,3-dienes via palladium(0)-catalyzed cross-coupl-
ing of 1,1-dibromoalkenes with vinylboronic acids and esters
(Scheme 160).*>**' They noted that the reaction of the
dibromoalkene 253 with the catechol borane derivative 254
under standard Suzuki—Miyaura cross-coupling conditions
[Pd(PPhs),, aqueous NaOH, benzene, reflux]** afforded the
bromodiene 255 in only 36% yield, but a considerable improve-
ment (65% yield) could be achieved by using thallium hydroxide
as the base (Scheme 160).>*° Next, they found that the coupling
reaction yields could be further improved when vinylboronic
acids were employed rather than catechol borane derivatives.

Scheme 157
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@Based on the starting (Z )-isomer
Scheme 159
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(E )-isomer
PhCH,CH, LiN(SiMe3),/THF 88
TBDPSOCH,CH,  LiN(SiMe3),/THF 98
4-0,NCgH, DBU/DMSO 55
4-MeOCgHy DBU/DMSO 85
4-FCgH, LiN(SiMe3),/THF 67

20nly representative examples are reported.
PBased on starting (E )-isomer.

Thus, the bromotriene 258 was formed in 85% yield from 256
and 257 (Scheme 160).2*'

Roush reported also additional examples and commented on
the scope of this stereoselective synthesis of (Z,E)-2-bromo-1,3-
dienes.”*® Some representative models are described in
Scheme 161. The yields were generally high (75—87%), except
in the cases of dienes 26lab and 263 (43—61%), where
dicoupled trienes (for instance, 264 from 262) were isolated in
5—10% yields. They supposed that the reluctance of (Z,E)-2-
bromo-1,3-dienes to undergo a second cross-coupling could
indicate that the triene formation derives from an initial cross-
coupling at the (Z)-bromo unit of 259a,b or 262, with the
resulting (E)-2-bromo-1,3-diene (which is presumably more
reactive than the (Z)-diene isomer for steric reasons) then
undergoing a second cross-coupling to give trienes. Moreover,
they observed that the allylic alkoxy substituents of the most
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Scheme 160
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efficient dibromoolefin substrates (such as 265 and 267a,b)
contribute both a steric and an electronic component that have a
beneficial influence on the outcome of these modified Suzuki
cross-coupling reactions.

This protocol was later applied by Roush and co-workers to
the stereoselective synthesis of a number of (Z,E)-2-bromo-1,3-
dienes, which were synthons for subunits of a series of biologi-
cally active compounds.”**

Other research groups also applied the Suzuki cross-coupling
of vinylboronic acid derivatives with gem-dibromides in the
presence of thallium or barium bases to prepare a variety of
natural products (Schemes 162—164).>*

Bruckner and Hanisch reported a strategy for the stereocon-
trolled synthesis of polyunsaturated butenolides.”*° In particular,
they described the total synthesis of the a-alkenyl-y-alkylidenebu-
tenolide 274, based on the selective formation of three sequential
C—C bonds starting from the trihalodiene 270 (Scheme 165). In
the presence of NaOH and catalytic Pd(PPh;),, compound 270
underwent highly selective Suzuki couplings with alkenyl bo-
ronic acids. At 70 °C, the iodoolefin moiety coupled first with
(E)-PhCH=CHB(OH), and the (E)-bromoolefin moiety there-
after with (E)-cyclohexyl CH=CHB(OH),. The resulting (Z)-
bromolefin 272 was then transformed into the stereopure highly
unsaturated compound 274 in three steps.

Shen demonstrated that when the soft ligand tris(2-furyl)phos-
phine (TFP) was used as the ligand for palladium in combina-
tion with aqueous Na,COj; in 1,4-dioxane, (E)-dibromoalkenes
were stereoselectively coupled with alkenyl and aryl boronic
acids to give the corresponding (Z)-1-alkenyl(aryl)-1-bromo-
alkenes.””” A variety of 1-aryl- and 1-alkyl-1,1-dibromoalkenes
were coupled with (E)-f3-styrylboronic acid to give trisubstituted
(Z,E)-1,3-dienes in moderate to good yields (Scheme 166). The
reactions were complete in 1—2 h, much faster than the corre-
sponding arylboronic acids. The selectivity was also good; only in
the case of (S)-4-[(1Z,3E)-2-bromo-4-phenylbuta-1,3-dienyl)]-
2,2-dimethyl-1,3-dioxolane, the related (E,Z)-1,3-diene was
isolated in 5% yield. This procedure was advantageous over
the corresponding Stille and Suzuki reactions because it
avoided the use of highly toxic organotin and thallium deriva-
tives, respectively.

Scheme 161
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While the use of a variety of 1,1-dihaloalkenes in cross-
coupling processes has been extensively studied, that of the
simplest member of this family, namely, 1,1-dichloroethylene
2785, is more scarce. Linstrumelle and co-workers reported a
single example of Pd-catalyzed coupling of 275 with a
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vinylalane.'* In this circumstance, 275 was coupled at room
temperature with (E)-hex-1-enyldiisobutylaluminium in the pre-
sence of Pd(PPhs), to give (E)-2-chloroocta-1,3-diene in 70%
yield (Scheme 167).

Scheme 166
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A breakthrough in this field has been recently made by
Barluenga and co-workers, who described the usefulness of
275 in selective Suzuki—Miyaura couplings with boronic
acids.”®® Thus, after an extensive study to develop suitable
conditions for the coupling of 275 with (E)-1-octenylboronic
acid, it was found that by use of Pd,(dba); (0.5 mol %) and
XPhos (2 mol %) the monocoupled product could be obtained in
92% yield (Scheme 168). This protocol was then extended to a
variety of alkenyl boronic acids that afforded moderate to good
results of 2-chloro-1,3-butadienes 276 (Scheme 168). However,
because in several cases XPhos afforded significant amounts of
the dicoupled products, it was determined that in such instances
the use of JohnPhos as supporting ligand provided better results.
Interestingly, the reaction could be carried out in the presence of
an arylic chlorine substituent on the boronic acid, which arose
from the higher reactivity of vinyl chlorides over aryl chlorides
toward palladium oxidative addition.

Willis and co-workers have recently reported, in a study
addressed to the synthesis of 2-quinolones, two interesting
examples of chemo- and stereoselective cross-coupling processes
of a tribromide (Scheme 169).** Coupling of 1-bromo-2-(2,2-
dibromovinyl)benzene with (E)-styrylboronic acid under Shen
conditions afforded in 75% yield the (Z,E)-diene derived from
trans-selective addition of the palladium complex on the C—Br
bond of the alkene moiety (Z/E > 15:1), leaving unchanged that
on the benzene ring.

Panek and Hu reported an efficient method for the synthesis of
configurationally pure (E,E)-, (E,Z)-, and (Z,E)-dienes bear-
ing @- and @,f3-stereogenic centers adjacent to a C—C double
bond by Pd(0)-catalyzed cross-coupling reactions of (E)-
trisubstituted vinylzinc intermediates with (E)- and (Z)-vinyl
iodides under modified Negishi conditions.”** One example
regarded also the gem-dibromoalkene 277 that was coupled
with the organozinc 278 to give the diene 279 in 55% yield as
single stereoisomer (Scheme 170). Interestingly, in this one-
pot sp”—sp” coupling both the Pd(0) catalyst and the vinyl-
zinc were generated in situ, the former by reduction of
PdCl,(PPh;), with DIBAL and the latter by hydrozirconation

1381 dx.doi.org/10.1021/cr200165q |Chem. Rev. 2012, 112, 1344-1462



Chemical Reviews

Scheme 167
n-Bu
Cl Pd(PPhj3), n-Bu
SR
| i-Bu)oAl
(i-Bu)z Cl 0%
275
Scheme 168
Cl B(OH),  Pd,(dba)s, ligand RV
— + — —_—
Cl base, solvent Cl
275 276
R 276 yield (%) R 276 yield (%)
n-CgHq3 922 or 86P 4-MeOCgH,  72°
PhCH,CH, 872 4-CICgH, 49¢
Ph 76° 4-FsCCeHy  61°

aMethod A: XPhos, K3POy, toluene, 100 °C
PMethod B: XPhos, CsF, dioxane, 100 °C
°Method C: JohnPhos, CsF, dioxane, 70 °C

O~

P(t-Bu),

i-Pr

JohnPhos

Scheme 169
Ph-—_~"B(OH),

Bro" Pd,(dba)s, TFP, DME ar B

r
N32CO3, 70 0C, 4 h

75% (Z:E = >15:1)

Scheme 170
OBn
BnG  pg9
l Cp,Zr(H)Cl, THF, 50 °C
1 h, then ZnCly, rt
OMe PdCly(PPhg),
Bn . [CIZn NP THE o, 5 min
277 278

OMe CH,0Bn

Bn X -CH20BNn

e r
279 (55%)

of the symmetrical alkyne 280 followed by treatment with
anhydrous ZnCl,.

Negishi and Xu synthesized the antibiotic lissoclinolide 284
from propargyl alcohol in 9 steps and 32% overall yield with nearly
perfect degree of regio- and stereocontrol (Scheme 171).*' In
this synthesis, the key step was the unprecedented Pd-catalyzed

Scheme 171
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trans-selective cross-coupling of the 1,1-dibromoalkene 281 with the
alkenylzirconium 282. The reaction was highly satisfactory concern-
ing both the yield (91%) and selectivity (>98% trans-isomer). The
initial use of the zinc analogue of 282 failed. The results were
puzzling, since a model experiment led to very satisfactory trans-
selective cross-coupling, as shown in Scheme 172. The authors
suspected that the inactivation of the alkenylzinc derivate occurs via a
potential E-to-Z isomerization—chelation process.

A general and efficient new method for the Pd-catalyzed
conversion of 1,1-dibromoalkenes into substituted functional-
ized allenes 287 has been recently reported (Scheme 173).*?
The key intermediates, (Z)-2-bromo-1,3-butadienes 286, were
readily available in 63—90% yields by Pd-catalyzed regio- and
stereoselective cross-couplings of 1,1-dibromoalkenes with a
series of vinylzinc reagents (Scheme 173). The choice of the
organometallic reagent was important in this step. While
(CH,=CH)ZnCl gave the coupling product in satisfactory yield,
the less-reactive vinyltin reagent (CH,=CH)SnBuj afforded the
same product in very low yield (<20%). More basic Grignard
reagents enhanced the elimination of HBr from 286, giving
considerable amounts of R'C=C—CH=CH, as byproduct.
When R' was an alkyl substituent, a second cross-coupling
proceeded to a certain extent to give a triene, R'CH=C-
(CH=CH,),, as a byproduct (15% yield).
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Negishi and co-workers, carrying out a splendid investiga-
tion of the sequential alkenylation—alkylation of 1,1-dibro-
moalkenes, obtained a number of stereoisomerically pure
(=98%) 2-bromo-1,3-dienes in 62—93% yields by cross-
couplings between a variety of 1,1-dibromoalkenes and alke-
nylzinc derivatives catalyzed by S mol % PdCl,(dpephos)
(Scheme 174).23%23*
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(TIPS)O 289
288
Pdj(dba)s, TFP oo ™S
PhMe, 100 °C :
(TIPS)O
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Scheme 176
Br PdCl,(dpephos)
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In the synthesis of (—)-callystatin A, a polyketide-based
natural product, the key step relied on the stereoselective
cross-coupling between the gem-dibromoalkene 288 and the
vinylstannane 289. This Stille reaction was successfully carried
out by using the couple Pd,(dba); and TFP as the catalytic
system to give the (E,Z)-diene 290 as the only observed product
in 92% yield (Scheme 175).>%

Perez Sestelo and co-workers have recently studied the regio-
and stereoselectivity of Pd-catalyzed cross-coupling reactions of
triorganoindium reagents (R;In, R = alkyl, alkenyl, aryl, and
alkynyl) with haloalkenes.”*® Their paper reported a single
example of trans-selective alkenylation, in which trivinylindium
was successfully cross-coupled with (2,2-dibromovinyl)benzene
in the presence of PACl,(dpephos, 2 mol %; Scheme 176).

Notwithstanding cross-coupling reactions of fully substituted
1,1-haloalkenes show poor stereoselectivity due to the steric
hindrance of the vicinal C—C bonds compared with the C—H
bond of 2-substituted 1,1-dihaloalkenes, in some cases an
excellent stereocontrol has been observed.

One of this circumstance occurred in the vinylation by Stille
coupling of the y-(dibromomethylene)-butenolide 292, obtained
from dibromolevulinic acid in a single step (Scheme 177).* In fact,
the gem-dibromoolefin 292 underwent coupling with styryltri-
butylstannane using the couple Pd(dba), (6 mol %) and AsPh;
(20 mol %) as the catalytic system to give the monobromobuteno-
lide 293 with excellent stereocontrol and high yields (67—84%). Its
stereochemistry was unambiguously determined by converting it
into the bromine-free y-alkylidenebutenolide 294 by replacing the
bromine atom with hydrogen through sonication with Zn dust and a
drop of AcOH in THF. Interestingly, this hydrodebromination pro-
ceeds with 90% retention of configuration.

Ishihara and co-workers described the reaction of benzyl 2,3,3-
trifluoroacrylate with various Grignard reagents in the presence
of catalytic CuBr.** In particular, the use of 5.0 equiv of 3-styryl-
magnesium bromide and 0.25 equiv of CuBr allowed the
corresponding 3-vinylated product to be obtained in 45% yield
with high Z selectivity (Scheme 178).

238
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Scheme 177
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3.1.2. Coupling with (Hetero)arylmetal Reagents. Shen
demonstrated that the soft ligand tris(2-furyl)phosphine is very
effective in Pd-catalyzed coupling reactions of a wide varietz of both
1,1-dibromoalkenes and arylboronic acids (Scheme 179).>*’ By use
of phenylboronic acid in the presence of catalytic Pd,(dba); and
TFP, a number of (Z)-1-aryl-1-bromoalkenes were synthesized in
moderate to good yields (40—89%). Good results were also
obtained with both electron-rich and electron-deficient arylboronic
acids by employing methyl 4-(2,2-dibromovinyl)benzoate as the
starting material (73—87% yields). Most reactions gave the desired
monobromides as the only products, though minor amounts
(3—8%) of diarylalkenes were occasionally isolated. In some cases,
low quantities (2—18%) of internal alkynes, derived from dehydro-
bromination of the initially formed monocoupled products, were
isolated.

Barluenga and co-workers submitted 1,1-dichloroethylene
275 to cross-coupling reactions with a variety of arylboronic
acids in the presence of Pd,(dba);, JohnPhos, and CsF
(Scheme 180).”** Thus, under optimized reaction conditions a
number of a-chlorostyrenes were obtained in high yields from
boronic acids with electron-rich and electron-neutral substitu-
tents (Scheme 180). However, the utilization of electron-poor
arylboronic acids seemed to be a limitation of the reaction due to
the undesired side reactions of the boronic acids.**® In fact, when
3-acetylphenylboronic acid was used, the reaction proceeded
with very low yield of the coupled product, with acetophenone,
coming from the protodeborination of the boronic acid, being
the main isolated product.

Cossy co-workers in a study aimed at the synthesis of
disubstituted ynamides (Scheme 455) have recently prepared in
good yields 3-chloroenamides by Suzuki—Miyaura reaction of /3,3
dichloroenamides with various boronic acids (Scheme 181)."” The
cross-couplings were carried out with Pd(PPhs), (S mol %) as the
catalyst and Ba(OH), or NaOH as the base, to afford 3-chloroe-
namides as almost exclusive geometric isomers (Z/E > 95/5).
Notwithstanding the use of an excess of organoboron reagents (1.6
equiv), dicoupled products were not detected, in contrast with the
corresponding dibromo counterpart that afforded under the same
reaction conditions relevant amounts of the double cross-coupling
products. Indeed, when f3,3-dibromoenamide 295 was coupled with
2-methoxybenzeneboronic acid, a mixture of monocoupled 296 and
dicoupled 297 products was produced in a 40:60 ratio (85%)
(Scheme 182). However, by reduction of the amount of boronic
acid to 1.05 equiv, (Z)-f-bromoenamide 296 was isolated in 74%
yield with only traces of the dicoupled product 297 (4% yield).

Chelucci and co-workers have recently reported the chemo-
and stereoselective synthesis of the bromoalkenes 299 as

Scheme 178
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intermediates in the total synthesis of S-aryl-1,10-phenanthro-
lines (Scheme 183).>*! Thus, the tribromide 298 was coupled
with a variety of organoboron reagents in the presence of
Pd,(dba); (2.5 mol %) and TFP (15 mol %) to afford the
monocoupled products 299 in 65—87% yields. Interestingly,
in the cross-coupling process the palladium insertion occurred
selectively on the C—Br bond of the alkene moiety rather than
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Scheme 181
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on that of the pyridine moiety with high electrophilicity (see
Figure 7).

Another example of a chemo- and stereoselective cross-
coupling process has been more recently reported by Willis
co-workers, who in a study addressing the synthesis of
2-quinolones,”** obtained selectively (Z)-1-bromo-2-(2-bro-
mo-2-(4-methoxyphenyl)vinyl)benzene (Z/E = 15:1) by
cross-coupling of 1-bromo-2-(2,2-dibromovinyl)benzene
with 4-methoxyphenylboronic acid under Shen conditions
(Scheme 184).

Shimizu and co-workers reported that the 3-fold Suzuki—
Miyaura cross-coupling reaction of the 2-functionalized 1,1-
dibromoalkene 300 with three kinds of aryl boronic acids
provided a simple and straightforward approach to the synthesis
of stereo-defined CFj-substituted triarylethenes.*** In the first
step, coupling of 300 with various aryl boronic acids gave after
extensive optimization, monocoupled products 301 in high
yields and Z/E selectivities, ranging from 87:13 to 92:8
(Scheme 185). To gain insights into the effect of the CF; group
on the reaction, the coupling of dibromoalkenes 302 with
PhB(OH), was carried out under these reaction conditions
(Scheme 186). The reaction of nonfluorinated dibromoalkene
302a resulted in a lower yield of isolated product and lower Z/E
selectivity of the monocoupled product 303a. Ethoxycarbonyl-
substituted ethene 302b gave 303b in moderate yield together
with fair amounts of the dicoupled product 304b and acetylene
305 as byproduct. In the case of 302¢, diphenylated ethene 304¢c
was formed as the major product. Thus, these results appears to
indicate that the high Z selectivity of 302 could be attributed to
the presence of a CF; group (probably a Pd- - - F interaction in
the oxidative addition step may be operative),*** while both the
CFj; and tosyloxy groups are indispensable for suppressing the
second coupling reaction.

Minato and Tamao described the first successful regio- and
stereoselective mono (hetero)arylation and alkylation of 1,1-
dichloroalkenes by organozinc and Grignard reagents (1 equiv)
in the presence of PdCL,(dppb, 1 mol %) as the catalyst to

Scheme 182
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produce 1-substituted (Z)-1-chloroalkenes in excellent yields
(Scheme 187)." They observed that (i) the presence of the
substituent R in the dichloroolefin skeleton was essential for the
regio- and stereoselective monocoupling, since the parent 1,1-
dichloroethene itself produced a comparable amount (ca. 25%
yield) of diarylation product and no reaction took place with 1,1-
dichloro-2,2-diphenylethene, (ii) the significant effect exerted by
the vicinal cis substituent R may be steric, since the electronically
different groups, such as alkyl, aryl, heteroaryl, and chlorine, are
equally effective and (iii) the use of PdCL,(dppb) as the catalyst
was essential for the success of the reaction because the use of
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Scheme 186
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PdCl,(PPhs), resulted mainly in the formation of diarylation
products. Some of the monocoupled products were subjected
to further coupling to give trisubtituted alkenes (Schemes 355
and 356)."

Minato next extended this protocol to the stereoselective
mono(hetero)arylation of cis- and trans-(2,2-dihaloethenyl)-
cyclopropanecarboxylates (Scheme 188).*** The dichloro-
ethenyl group was used in this work, except in one case where
the dibromo analogue was employed. (Z)-Monocoupled pro-
ducts were obtained in high yields (61—100%) with a variety
of aryl and heteroarylzinc reagents. With dichloroolefins, the
resultant monocoupled products were quite resistant toward further
metal-assisted couplings. On the other hand, with a dibromo
analogue either monocoupling or dicoupling (Scheme 312) could
be achieved selectively according to the stoichiometry of the
organozinc reagent.

Recently, Negishi and Shi, in a project aiming to obtain an
effective procedure for the Pd-catalyzed selective tandem aryla-
tion—alkylation of 1,1-dihaloalkenes with organozinc rea§ents,
optimized first the trans-selective monoarylation process.”** In
the arylation of a variety of dibromides with phenyl-, 2-thienyl-,
and 2-thiazolylzinc bromides, PdCL,(dpephos) and THF appeared
to be superior to the other examined catalysts [Pd(PPhs),, PdCl,-
(dppb), PdCl,(dppf), Pd(Pt-Bus),] and solvents (Et,O,
toluene), although further survey of suitable solvents worked
well in some cases (Scheme 189). Thus, in the reaction of 1,1-
dibromo-1-octene with 2-thiazolylzinc bromide, toluene proved
to be more satisfactory (84% yield) than either THF (73% yield)
or Et,0 (<63% yield). Uniformly satisfactory results, combining
both yields (>80%) and stereoselectivities (>99% trans-isomers)
were obtained.

Alkenyl difluorides have been also used as substrates for Pd-
catalyzed cross-coupling reactions. Selective cleavage of a C—F
bond was observed in the cross-coupling of 1-(2,2-difluorovi-
nyl)naphthalene with 4-methoxyphenylzinc chloride to form the
(Z)-monofluoroalkene 206, as the major product (70% yield),
and the dicoupled product 207 (23% yield) (Scheme 190).%%

Shen and Wang reported the Stille reaction of 1,1-dibromoalk-
enes with aryl- and vinylstannanes (Scheme 191).**” Depending
on the reaction conditions, (Z)-1-aryl(alkenyl)-1-bromo-1-al-
kenes or internal alkynes (Scheme 418) were formed. After a
systematic investigation to determine the optimal reaction con-
ditions, it was found that Pd,(dba); (2.5 mol %) and TFP (15 mol %)

Scheme 187
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Only representative results are reported

allowed the coupling reaction with organostannanes (1.0S equiv)
to be carried out in toluene at 100 °C for 20 h, giving the (Z)-1-
aryl-1-bromoalkenes in good yields. Most 2-aryl- and 2-alkyl-1,1-
dibromoalkenes gave monobromides in good yields with little or
no dicoupled product (Scheme 191). The proposed mechanism
for the reaction is depicted in Scheme 430.

While high stereoselectivity has been obtained in cross-cou-
pling reactions of 2-substituted 1,1-dihaloalkenes, that of 2,2-
disubstituted 1,1-haloalkenes has been generally poor. An example
of high stereocontrol has been observed in the arylation of the
y-(dibromomethylene)butenolide 292 with phenyltributylstannane
by the combination of Pd(dba), (6 mol %) and AsPh; (20 mol %),
affording the monobromobutenolide 298 with excellent stereocontrol
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Scheme 190
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and high yield (84%) (Scheme 192). The stereochemistry of 298
was unambiguously determined by conversion into the bromine-
free y-alkylidenebutenolide 299 with Zn dust and a drop of
AcOH in THF. It is noteworthy that this hydrodebromination
occurred with 98% retention of configuration.”’

The nickel-catalyzed coupling of a f3,8-dibromoenol ether
with a Grignard reagent has been described.*® In that occasion,
the reaction of 2,2-dibromoethenyl butyl ether with phenyl-
magnesium bromide catalyzed by nickel acetylacetonate in
benzene afforded the related monocoupled product as single
geometric isomer (Scheme 193). The yield was good (75%),
but it was based on the converted starting material, which never
exceeded 50%.

Ishihara and co-workers described the reaction of benzyl 2,3,3-
trifluoroacrylate with various Grignard reagents (1.3 equiv) in
the presence of catalytic CuBr (0.13 equiv) (Scheme 194).>*° By
employing this amount of ArMgBr and catalyst, they generally
obtained good yields of S-arylated products, but the use of 5.0
equiv of ArMgBr and 0.25 equiv of CuBr was required with less
efficient Grignard reagents.

An anomalous Heck reaction was observed when the vinyli-
dene difluoride 310 was used as a coupling partner in the
arylation of alkenes. Under Heck reaction conditions, 310
underwent carbopalladation with aryl iodides to give a-fluoros-
tyrenes 312 as main products, instead of the expected f3,53-
difluorostyrenes 311 (Scheme 195).>** This result is due to
the charge control in the Heck reaction that causes preferred
arene addition to the F,-carbon of 310, followed by [-F
elimination that leads to 312. This finding was also exploited
to introduce an a-fluorovinyl substituent into the S-position of
the indole 313 (Scheme 196).>*

Two examples of trans-selective monoarylation with indium
organometallics has been recently reported.”*® Thus, (2,2-dibro-
movinyl)benzene and 1,1-dibromonon-1-ene underwent the
cross-coupling with triphenylindium in the presence of PdCl,-
(dpephos) (2 mol %) and Pd,(dba);/TFP (1:1, 2 mol %),
respectively, to give the related monophenylated products in
satisfactory yields (55—57%) (Scheme 197).

3.1.3. Coupling with Alkynylmetal Reagents. Linstru-
melle and co-workers described for the first time the cross-
coupling of gem-dihaloalkenes with acetylenes to afford enynes.'*
Thus, the coupling of 1,1-dichloroethylene (S equiv) with a
variety of 1-alkynes in the presence of Pd(PPh;), (0.0S equiv),
Cul (0.05 equiv), and n-BuNH, (1.5 equiv) afforded 2-chloro-
enynes 315 in high yields (72—90%) (Scheme 198).

Kim and co-workers systematically investigated the reac-
tion conditions for the Sonogashira cross-coupling®® of
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2-aryl-1,1-dibromoethenes with 1-alkynes.”>' The coupling of
the dibromide 316 with the alkyne 317, chosen as a model
substrate, was carried out under a variety of conditions, including
Pd catalysts [PdCL,(PPhs),, Pd,(dba);, Pd(OAc),, PdCl,-
(PhCN),, PdCl,, Pd(PPh;),], phosphine ligands [PPhs, TFP,
P(2-MeOC4H,)3, dppb, P(4-MeOC4H,);], solvents [benzene,
toluene, CICH,CH,Cl, TFP, AcOEt, acetone, MeCN, DMF,
DMSO, NMP, n-BuOH], amines [Et;N, piperidine, pyrrolidine,
morpholine, i-Pr,NH, Et,NH, +BuNH,, n-BuNH,], amount of
the Pd catalyst, and reaction concentration (Scheme 199). The
product ratio of 2-aryl-1-bromo-1-alkynylethene 318, 2-aryl-1,1-
dialkynylethene 319, and 1-aryl-1,3-diyne 320 varied according
to the reaction conditions. The coupling in benzene afforded 319
as the major product (75% yield), and no 320 was isolated. On
the other hand, 320 was formed in DMF or DMSO in acceptable
yields (58—62%). The ratio of the (E)- and (Z)-isomers of 318
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Scheme 194
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25.0 equiv of RMgBr and 0.25 equiv of Cul were used.
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was between about 1:2 and 1:4 in other solvents than benzene
and toluene, where (Z)-318 was exclusively obtained. When amines
were used as the solvent, the coupling gave 319 (20% yield) and
320 (68% yield) in i-Pr,NH, whereas only 320 was isolated in
piperidine (56% yield). Most of the Pd reagents catalyzed
effectively the coupling in benzene to give 319 as the major
product. However, Pd,(dba); was the most efficient catalyst in

Scheme 198
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DME in terms of yield and reaction rate for 320. To explain the
dependence of the products on the reaction conditions, the
working hypothesis shown in Scheme 200 was proposed. The
usual cross-coupling reaction is favored in nonpolar solvents such
as benzene or toluene to give 318 or 319 after the oxidative
addition of Pd(0) (path a). Highly polar and good coordinating
solvents such as DMSO favor the solvated ionic complex 322,
which is converted into the alkynyl Pd intermediate 323 (path b).

Independently, Uenischi and co-workers also studied the
reaction conditions for the Sonogashira cross-coupling of 1,1-
dibromoalkenes with alkynes by using 1,1-dibromo-3-phenyl-1-
butene 324 and terminal acetylenes 325a—e as coupling partners
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Scheme 201 Scheme 203
R HsC_ CH
e P N 3 >< 3
Z |
Ph X = H Q
cl - Pd(PPhg),, Cul
326 r B / - .
bh B =R 325 R ‘OTBS EtN, Et,0, 23 °C
—,< + r
/ﬁ PdCl,(ddpf), Cul / HO™ ™" 8s
PhMe, i-PrNH, rt Ph — 333 334
327 A\
~ cl
R SiMe; SiEt; t-Bu Ph n-Bu TBSO,
a b c d e o
H =
324 yield (%) 0 0 0 24 0 ©
326 yield (%) 68 61 56 24 17
327 yield (%) 13 13 11 42 61
335 (50-60%)
Scheme 202
R1/XBF PAC(dPRN i pqB" cu—=—r2 Scheme 204
r E R cl
PXe)
324 328 - TBS—= | N
‘\>—Pd — RZ Bre_~ P4 OCHZCF3

Br
unfavourable r BocH

329
when R'= bulky 337
groups Pd 338, EDC'HCI, DMAP 338, Pd(PPh), EtsN
- CH,Cl,, 23 °C Cul, t-BuOMe, 23 °C

R! R! R!
|\ IR R2 J \> — R2 BocHN
. Br NHBoc -
326 .

Pd - 334 Bl pg
Br 330 Cl\ N N { OCH,CF3
Cu—=—R? _\>%R2 \_— g o 070 = OH
Pd —~ R,
332 Y 321 ¢\
Vi Pd Br
|| Br
R H
R' = phenylethyl BS
341(87%)

339 (61%)

1. Et,NSnMe,, PhMe

(Scheme 201).>***** Under standard Sonogashira conditions 23°C B ;I:?}:; H202/THF
[Pd(PPh;),, Cul, i-Pr,NH, benzene, rt ] the coupling of 324 with 2 Zngéd%eg(% {2F :{eitsz)() 2. 2,4,6-Cl3CgH,C(0)CI
trimethylsilylacetylene 325a was rather unselective giving the ' DMPA, Et;N, PhMe
bromoenyne 326a (20% yield), the enediyne 327a (22% yield), NHBoc 50 °C, 70% (2 steps)
and the recovered 324 (41% yield). Among other examined Pd c. N

Ca.ta.].ysts [Pdclz(PPh3)2, Pdclz(PhCN)2, PdClz(MeCN)z, Pd-

(dppe),, PdCl,(dppf)], PACl,(dppf) was found to be very Iéﬁ?c?r:%?)iﬁore
selective giving, after 1S min at room temperature, 326a in aglycon

68% yield and 327a in 13% yield. The coupling of 324 with other R

terminal acetylenes 325b—e and PdCl, (dppf) as the catalyst was HiC, CHs  TES

X

then examined. The results indicated that the ratio 326/327 qo 7
increased when alkynes bearing small substituents were used. HO AN

Thus, for instance, with --BuC=CH the ratio of 326c/327c was R=0OTBS 338

56/11, whereas with n-BuC=CH the ratio of 326e/327e was

17/61 (Scheme 201). Based on the experimental results, a

mechanism for the selectivity was proposed (Scheme 202).

Reductive elimination of Pd from the initially formed intermedi- after the reductive elimination, forming the Pd intermediate 230
ate 329 affords the bromoenyne 326 as the major reaction with a tight or loose coordination. The transformation of 330
pathway. In the minor pathway, Pd stays bound to the enyne then occurs rapidly to give the intermediate 331, which is
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Scheme 205
Br Pd(PPhs)s, THF
RA\J +  MeySi—=—2nCl
r 50°C, 2 h

SiMe,

= P
R/Y - R Nu
T 41-66%

R = Ph, Naphthyl, 3-CF3CgH,, 3-MeOCgH,, PhCH,, PhCH,CH,

Scheme 206
SiMe;
H SiMes / 74
X M————-SiMe . H
R/y ° Rv + —
X PdL, (56 mol%) X \
Protocol N or S \
342 343 Sive,
R X PdL, protocol and product yield (%)
N S
342 343 342 343
Ph Br  Pd(PPhs), 84 14 15 18
Ph Br  PdCI,(TFP) 87 8 18 43
Ph Br  PdCly(dppf) 89 3 78 3
Ph Br Pd(DPEphos)Cl, 90 8 89 8
Ph Cl Pd(PPhs), 61 12 - -
Ph Cl PdCly(dppf) 87 10 33 18
Ph Cl  PdCly(dpephos) 84 13 56 4
n-CgHyg Br  PdCly(dpephos) 94 3 92 6
n-CgHq3 Br  PdCl,(dpephos) 95 5 np np
n-CgHyq3 Cl  PdCly(dpephos) 65 8 26 2
MeSi——== ClI PdCl,(dpephos) 91 7 84 12
A Br PdCl(dpephos) 96 2 P np
TBSO_~e Br PdCl(dpephos) 87 13 9 10
TBSO._Aw Br PdCly(dppf) - 89 11
TBSO__ S Br PdCly(dpephos) 99 <t P np
TBSO_ S Br PdCl(dpephos) 99 <1 o np

N: Negishi alkynylation with M = ZnCl, in THF, at 0-50 °C.

S: Sonogashira alkynylation with M = H , Cul (5 mol%), i-Pr,NH
(2 equiv) in benzene.

np: not performed

formally the product of the oxidative addition product of Pd to
326. The reaction rate for the formation of 326 was higher with
alkynes bearing bulky groups than with those with smaller ones,
whereas a large substituent had a negative effect on the reaction
rate during the second coupling, because the formation of the
intermediate 330 is unfavorable. On the other hand, small groups
at the terminal position of the acetylene favored the formation of
the diyne 327, through the alkyne-coordinated Pd complex 330
formed probably from 326.

Myers and co-workers developing synthetic routes to kedarcidin,
a chromoprotein enediyne antibiotic, described the prepara-
tion of the kedarcidin core structure®* 336 (Scheme 203) and
kedarcidin chromophore aglycon®® (Scheme 204). Both syntheses
share as common key steps the union of fragments containing

Scheme 207
~ H Ph
=
PR
r
ClZn—=—FPh Mono Ph
Ph/ﬁBr n /
. PdL, THF, 23°C 4
Ph \\
PdL, Mono Di Di
. h
Pd(PPhs), 81% 8%
PdCl,y(dpephos) 66% 26%
PdCl,(dpppf) 35% 40%
Scheme 208
Br,
_ ) Br 4+ Znf=—=—\ ) cat PdL,
— 345 2 base, 23 °C
+ — 7 \
347
yield (%)
345  added P —
(molar equiv) pase catalysts (%) 346 347 344
0.55 None PdCly(dpephos) <10 32 49
1.0 None PdCly(dpephos) <1 66 <1
0.55 Et;N (1 equiv) Pd(PPhs), <1 66 <1

Br,
Br e
Int——
= mt==C)),
0.55 equiv

Pd(PPhs),
Zoee e OH=O)
EtsN, 23 °C 4
348 (68%)
Br, ( |
Pd(PPh
Ar—— 74 Br. Zn(%R) S
0.55 equiv 2 EtN,23°C
Ar%%R
4
349-¢ entry Ar R 349 yield (%)
a Ph Me 43
b  Ph (E)-MeCH=CH 48
¢ 4-MeCgH, Ph 55

gem-dibromide and terminal acetylene moieties, respectively, by
Pd-mediated cross-coupling reactions. In the synthesis of 336,
Sonogashira coupling [Pd(PPhs), (0.1 mol %) and Cul (0.3
equiv)] of 333 with the terminal alkyne moiety of 334 furnished
bromoolefin 335 in 50—60% yields. Following the same proce-
dure, compound 339 was synthesized in similar yield (61%) by
coupling of 337 with 338 (Scheme 204). Both these couplings
occurred by selective replacement of the trans-bromide to afford
exclusively (Z)-vinyl bromides 335 and 339. The absence of the
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Scheme 209
Br R
= “Br
Pd(PPhg), [~
Xy + R—==—MgBr
P 251 PhH rt
350
352a,b
__ . KOHMeoH 7 \ R
354
. .
R 354 yield (%) R 352yield (%)
a Ph 78 : Ph 29
b tBu 17 tBu 8
c TMS 57
d TPS 0
Scheme 210

355a: R' = H, R2=Br,C=CH
355b: R" = Br,C=CH, R2=H

Ph—==—MgBr | Pd(PPh,),

355b l

357 (24%)

MeOH l KOH

361 (8%)

358 (70%)

(E)-isomers, whose formation was observed in related systems as
a result of internal delivery of Pd(0) by prior coordination to a
tethered terminal acetylene,*>® was ascribed in this case to the
presence of the bulky tert-butyldimethylsilyl group, which may
preclude such a directing effect. When the terminal acetylene
function in compound 341 was submitted to intramolecular
coupling with the gem-dibromide moiety under Sonogashira con-
ditions, the desired macrolactone 340 was obtained, but the yields
were low (<40%) and difficult to reproduce. Thus, activation of

Scheme 211
<o o
Br H
_ . _
(2)-367 (E )-367
Z/E = 98/2

‘ n-BusSnH, Pd(PPhy),, PhH, 90%

>( n-BuC=CMgBr o O >( Bu

[oXNe) Et,0, Pd(PPhj), [oNe]
Br //
— PhMe, 0 °C to
r reflux, 12 h \\

(S)-362
(Z)-363 (66%) °Y (E)-363 (16%)
s-BuLi, Et,0, -78 [elNe} Bu
°Ct0-40°C,2h Li o><o /)
CICO,Me, -50 °C
to rt
(z)-364 Bu (E)-364

o 0 1. H,, Pd/CaCO,

CO,Me MeOH, rt,12 h

0.

Fugomycin (S )-366

2. H,S04, MeOH
t,5h, 1%

365 (100%)

the terminal alkyne moiety prior to the cyclization was pursued
by stannylation with the reagent Et,NSnMes. Sequential addi-
tion of Pd,(dba); and TFP to the concentrated stannylation
product then led to smooth formation of the macrolactone 340
within 12 h at 23 °C (68% yield from 337).

Pd-catalyzed synthesis of functionalized butatrienes was
achieved starting from a variety of 2-bromo-1-buten-3-ynes that
were prepared in moderate yields (41—66%), but as sole (Z)-
isomers, by coupling a number of 1,1-dibromoalkenes with
trimethylsilylethynylzinc chloride in the presence of Pd(PPhs),
(2 mol %) (Scheme 205).>”

trans-Selective monoalkynylation of 1,1-dibromo(dichloro)-
alkenes with Me;SiC=CH or its zinc derivative was investigated
in detail by Negishi and co-workers with Pd(PPhs),, PACL,(TEP),
PACL,(dppf), and PACL,(dpephos) as catalysts (Scheme 206).>%*
The results depended significantly on (i) cross-coupling protocols,
that is, Sonogashira alkynylation versus Negishi alkynylation, invol-
ving the use of different countercations (M), (ii) halogen leaving
groups (X), that is, Br versus Cl, (iii) carbon substituents R, and (iv)
catalysts. As long as 1,1-dibromo-1-alkenes and PdCl,(dpephos)
were used, both Negishi and Sonogashira protocols led to mono-
alkynylation products 342 in >87% yields and >99% stereoselectiv-
ities with no detectable sign of formation of the (E)-isomers, the
dialkynylation products 343 being the main byproduct. On the
other hand, substantial differences between the two protocols were
observed when 1,1-dichloro-1-alkenes were used as substrates.
Whereas the Negishi alkynylation with PdCl,(dpephos) was gen-
erally satisfactory for monoalkynylation of 1,1-dichloro-1-alkenes as
well, the Sonogashira alkynylation was rather unsatisfactory, except
in the reaction of Me;SiC=CCH=CCI,. Notwithstanding the very
good results obtained in that study, these cannot be generalized to
other alkynes. In fact, the results summarized in Scheme 207 clearly
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Scheme 212
Br R2
AN Pd-catalyst 1
R“:( £ R R “{
r THF, 8-10 h r
R’ R? yield (%)
n-C;Hqis  MesSi 762
n—C7H15 Ph 702
Ph Me;Si 62b
Ph Ph 77°
apd,(dba)y/TFP (1:1, 2 mol%), 0°C
bPdCl,(dpephos) (2 mol%), rt
Scheme 213
R’I
al % Pdj(dba)s, XantPhos
N + R3 - =
I N base couple , THF
R 1 368a: R3 = CHzph reflux, 4-69 h

368b: R®= CH,OBn
368c: R3 = n—C5H11

R! R?
3
X R + X cl
I R3
R R
369 370

R’ R? R3 369,370 yield (%) 369/370
a H H PhCH, 80 97:3°
b H OMe PhCH, 88 93:7°
c H OMe BnOCH, 83 98:22
c H OMe n-CsHy4 61 98:22
e H CO,Me  PhCH, 65 94:62
f H F PhCH, 65 98:2°
g H F n-CsHq4 65 93:72
h OMe OMe PhCH, 82 94:62
i OMe OMe n-CsHq4 79 95:5°

aMethod A: KF-K3PO, couple. "Method B: CsF-Cs,CO5 couple.

indicate that, at least in this case, Pd(PPh;), is superior to PdCl,-
(dpephos) and PdCL(dppf) to form the monoalkynylation
product.**®

Negishi and co-workers reported some results for the devel-
opment of iterative and convergent protocols for the synthesis of
oligoynes. In the convergent approach, the critical step involves
the Pd-catalyzed trans-selective monoalkynylation of 1,1-dibro-
moalkenes (Scheme 208).>°° Treatment of the dibromide 344
with the alkynylzinc derivative 345 (1.1 equiv) in the presence of
PdCl,(dpephos) (S mol %) at 23 °C gave 346 and 347 in <10%
and 32% yields, respectively, with 49% of the starting dibromide
remaining unreacted. Only traces, if any, of the stereoisomer of
346 and dialkynylated product were present. Although the
precise mechanism of formation of 347 was unclear, 345 should
have been partially consumed as a mere base to neutralize HBr.
As expected, the use of 2 equiv of 345 produced 347 in 66% yield
along with only traces of 346 and the starting dibromide. Finally,
a combination of 326 (0.5S mol equiv) and Et;N (1 equiv)
produced 347 in 66% yield. This procedure was successively
applied to the synthesis of 348 in 68% yield as well as three
conjugated pentaynes 349a—c (Scheme 208).

Scheme 214
cl
368a-c, Pdy(dba); MeO,
cl XantPhos 371
MeO2 | CSF-CspCOg, THF
(cis/trans =70/30) ~ "SMUX, 72-166 h
M602
372 ¢
R® 371,372 yield (%) 371/372
PhCH, 79 97:3
BnOCH, 65 98:2
n-CsHys 61 98:2
368b,c
Pd,(dba),
CsHyy  Cl XantPhos CsHyr Cl . C5Hm3
Cl  KF-Cs,CO;, cl
THF, reflux 373 374
114 h
R® 373,374 yield (%) 373/374
PhCH, 65 96:4
n-CsHyq 74 94:6

Neidlein and co-workers reported first the stereoselective
Pd(0)- catalyzed couphng of 1,1-dibromoalkenes with alkynes
to give enynes.”®" The initial use of the n-BuNH,/Cul system,
successfully employed in the preparation of 2-chloroenynes from
dichloroethylene,"* was not efficient in this system. Subse-
quently, they were able to accomplish the cross-coupling of the
alkenyl bromide 350 by reaction with ethynylmagnesium bro-
mides 351 in the presence of Pd(PPhs), in benzene (Scheme 209).
In this way, enynes 352 were obtained in 28—59% yields with a
small amount (<8% in all cases) of the disubstituted products 353,
whose formation was presumed to occur by an initial cis-coupling
instead of a coupling of a second molecule of Grignard to the
initially formed trans-substituted system. On the other hand, the
coupling with triisopropylsilyl (TIPS) ethynylmagnesium bromides
failed, probably because the TIPS group may be so sterically
encumbered that the coupling event cannot take place. The
coupling of phenylethynylmagnesium bromide with compounds
355 was also examined, but in this case a very complicated mixture
of products was formed (Scheme 210). Compounds 351a,b, 357,
and 360 were dehydrohalogenated with KOH/MeOH to give
the related diynes in 8—78% yields (Schemes 209 and 210).

The antifungal butenolide fugomycin (S)-366 was synthesized
starting from the enantiomerically pure building block (S)-362
(Scheme 211).>** Its geminal dibromo substitution pattern
permitted a sequential carbon—carbon bond formation in a
stereoselective manner. The Pd(0)-catalyzed coupling of (S)-
362 with hexynylmagnesium bromide afforded an 8/2 mixture of
(Z)- and (E)-363 in 82% yield. This result contrasts with the
highly selective replacement of bromine with hydrogen obtained
using the system n-Bu3SnH/Pd(PPh;),, which afforded a 98/2
mixture of (Z)- and (E)-367 in 90% yield (Scheme 211).
Fortunately, treatment of a mixture of (Z)- and (E)-363 with
n-BuLi and then with chloroformate gave the carboxylic ester
365 in 100% crude yield. This result takes advantage of the fact
that equilibration between the vinyllithium derivatives (Z)- and
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Scheme 215
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RVTCI PdCl,(dpephos) R«\TR + R1XR
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Mono Di
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(TBDPS)O(CH,), CgH17ZnBr 80 12
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Only representative examples are reported

(E)-364 occurs under the conditions employed and the thermo-

dynamically favored isomer (Z)-364 is formed preferentially.
trans-Selective monosubstitution of 1,1-dibromoalkenes by

Pd-catalyzed cross-couplings with triorganoindium reagents

(RsIn, R = alkyl, alkenyl, aryl, and alkynyl) has been examined.”*®

Scheme 219
~ H
N OEt
3
X
H BrZn(CH,);CO,Et 378: X = Cl, 379: X = Br
X PdCl,(dppf) or H
X PdCl,(ddpb), THF N A, -OFt
65 °C, 14 h
X =Cl, Br
380: R=H
381: R = CH,(CH,),CO,Et
G
Scheme 220
X
X cl QMgBr ¢l
pZ N/ Z
N"FCl Fe(acac)s, THE
-30°C,3h 64%

After careful inspection of different Pd complexes and reaction
conditions, the best results for the monoalkynylation of 1,1-
dibromonon-1-ene with (RC=C);In (R = Me;Si and Ph) were
obtained with Pd,(dba); and TFP (1:1, 2 mol %) as the catalytic
system (Scheme 212). Unfortunately, the same reaction condi-
tions applied to 3,3-dibromostyrene were unsuccessful, but with
the catalyst PACL,(dpephos) (2 mol %), alkynylindiums afforded
the related monosubstituted products in good yields (62—77%)
(Scheme 212).2%¢

3.1.4. Coupling with Alkylmetal Reagents. Roulland and
co-workers reported the selective Pd-catalyzed monoalkylation
of 2-aryl- and 2-alkyl-substituted 1,1-dichloroalkenes with 9-al-
kyl-9-BBN (Schemes 213 and 214).”®* To establish the best
reaction conditions to reach monoalkylated products, a broad
range of phosphine ligands, Pd catalyst precursors, bases, and
solvents were evaluated. Among solvents, those nonpolar and in
particular THF appeared instrumental, while among ligands
bidentate bisphosphines and, above all, those with large
P—Pd—P bite angles, 0, appeared to be essentials. These results
were in accord with those obtained by Negishi who demon-
strated that dpePhos (6 = 102°) provided a good selectivity in
the monocoupling of 1,1-dichloroalkenes with alkylzinc.*** The
best catalytic system was found to be Pd,(dba); (2.5 mol %) with
XantPhos (5 mol %, O = 111°) as the catalyst and KF—K;PO, or
CsF—Cs,COj as the couple F—base in refluxing THF. Yields
were generally good, and the selectivity for the monocoupling
was almost total in every case. The Z/E ratio was generally
excellent, being in most cases greater than 95:5. Concerning
substrates the higher reaction rates were observed with electron-
poor styrenes, while negligible amounts of 2-fold coupled
products were observed with electron-rich styrenes. When
vinylidene chloride was used as the substrate, the reaction failed
to give any coupling product, but trichloroethylene reacted under
usual conditions with KF—K3PO, as the F—base couple, to
afford two products of Z configuration: the 1,2-dichloro-1-alkene
(29%) resulting from the coupling of only one borane unit at C-1
and the chloroalkene (21%) formed by coupling of two borane
units at C-1 and C-2 of the starting material (Scheme 215).
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Scheme 221
RMgX (1.3 equiv)

R F CuBr (0.13 equiv) F F
Bnozﬁ THF,-78°C,1h Bn02(,>—éR

R yield (%) E/Z
n-Bu 92 14/86
PhCH, 70 (84)2  31/69

4-pentenyl 43 (82)? 6/94
s-Bu 94 14/86

C—CBH“ 91 9/91

5.0 equiv of RMgBr and 0.25 equiv of Cul were used.

Scheme 222
n-| Bu3SnH H H
PdCIz MeCN), o - )
Scheme 223
e Y
r r

Next, Roulland applied this methodology to the total synthesis
of (+)-oocydin A, a natural compound with cytotoxic and
phytopathogenic properties.”*® The key step of this synthesis is
the Suzuki—Miyaura cross-coupling between the 1,1-dichloro-1-
alkene 376 and a 9-alkyl-9-BBN reagent prepared in situ by
addition of BBN to the alkene 375 (Scheme 216). The initial use
of their previously described optimal conditions®® led to the
compound 377 in only 34% yield along with degradation of the
starting material. Reinvestigating the methodology revealed that
the use of DpePhos (another large-bite-angle bisphosphine) in
place of XantPhos in the absence of KF led to an effective cross-
coupling of 376 to give 377 in a much improved yield (87%).

Minato and Tamao, in a study aimed at trans-selective Pd-
catalyzed monosubstitution reactions of 1,1-dichloroalkenes by
organozinc and magnesium reagents, reported an example of
monoalkylation in which f,-dichlorostyrene was coupled with
n-BuZnCl (1 equiv) in the presence of PdCl,(dppb) (1 mol %)
to produce (Z)-(2-chlorohex-1-enyl)benzene in 81% yield
(Scheme 217)." The use of the related Grignard reagent failed.

Since the application of the Minato protocol to alkyl-substi-
tuted 1,1-dibromo- and 1,1-dichloroalkenes produced only di-
alkylation products, Negishi conduced a systematic screening of
Pd catalysts, addltlves, and solvents, which led to an optimized set
of conditions.?® * Thus, with 5 mol % PdCl,(dpephos), DMF,
and in some cases one molar equivalent of N-methylimidazole
relative to the zinc reagent, trans-selective monoalkylation of a
variety of 1,1-dichloroalkenes, containing alkyl, aryl, alkenyl, and
alkynyl groups, was satisfactorily achieved with alkyl zinc com-
pounds. Some representative results are reported in Scheme 218.

Wnuk and Andrei investigated the differentiation of the two
halogens in 1,1-dibromo- or 1,1-dichloroalkenes for selective
monoalkylation with alkylzincs. 196 They found that f3,5-dichloro-
styrene reacted with BrZn(CH,);CO,Et (1.7 equiv) in the

Bu;SnH

palladium catalyst

Table 2. Stereoselective Hydrogenolysis of 1,1-Dibromoalk-
enes (Scheme 223)

dibromoalkene (Z )-bromoalkene yield (%)

A
/

R1
m )
r

R'=H 762
R'=Me 792
X
R r
R2=Me 79°
R%=OAc 832
R2=QOH 822

R2 = NMe, 902

B N .
86
Br Br
O B 87°
Br
Y’X\ X
A
X=N,Y=Z=CH 64°
Y=N,X=Z=CH 62°
Z=N,X=Y=CH 43
Br N
X
= r
N
/\/T ph/\/l 700
r
Ph
R 3
Me Br
N
r
Me
Y\(\M \(M 702
r
Ph Br
\/\‘/j \W 560
(TBDPS)O (TBDPS)O
Br gop2

Meoom MeOO

“Pd(PPhs), was used as the catalyst. " Pd(0)-catalyst, generated in situ
from Pd(OAc), and 2PPhs, was used as the catalyst.

3

presence of PACL,(dppf) (10 mol %) to give the (Z)-chloroalk-
ene 378 (65% yield) in the addition to the monocoupled/
reduced byproduct 380 (22% yield) (Scheme 219). Analogous
coupling in the presence of PACL,(dppb) (10 mol %) produced
378 (53% yield), 380 (15% yield), and dialkylated product 381
(27% vyield). A similar coupling with the more reactive f3,5-
dibromostyrene produced mainly dialkylated 381 (57—69%
yields) and minor amounts of 380 (24—28% yields).

Figadere, Alami, and co-workers in a study aimed at the
coupling of 1,1-dichloroalkenes with Grignard reagents under
Fe catalysis, described that under optimal conditions the reaction
of 1,1-dichloro-2-(2-quinolyl)ethylene with cyclohexylmagne-
sium bromide (3 equiv) and Fe(acac); (10 equiv) led to a
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Table 3. Stereoselective Hydrogenolysis of Conjugated 1,1-
Dibromoalkenes” (Scheme 223)

dibromoalkene
Ph/\/\/\{ Br S e
r
ph/\/\/\/r /\/\/\/\1 74
X Br
(THP)Om (THP)Om 82
Me Me r Me Me

Me
(THP)O (THP)O 86
Me Me '\ _Br Me Me X _Br

(Z )-bromoalkene yield (%)

82

oY A
% O\/E %
e N e
Z Z 69

Me;Si r Me;Si

?Pd(PPh;), was used as the catalyst.

monocoupled product composed of a 5:1 mixture of undeter-
mined E/Z isomers in 64% yield, with no dicoupled product
(Scheme 220).°"

Ishihara and co-workers described the reaction of benzyl 2,3,3-
trifluoroacrylate with various Grignard reagents (1.3 equiv) and
catalytic CuBr (0.13 equiv) (Scheme 221).>** Among these
reagents, alkylmagnesium bromides gave the corresponding f-
alkylated products in good to excellent yields with Z selectivity.
However, the use of 5.0 equiv of Grignard reagent and 0.25 equiv
of CuBr was necessary in some instances to improve the yields.

3.1.5. Hydrodehalogenation. McNelis and Bovonsombat
reported that the reaction of (Z)-3-bromo-3-iodo-2-phenylprop-
2-enal with Bu3SnH in the presence of PACl,(MeCN), caused
the exchange of the vinyl iodine atom with a hydrogen atom to
give the related (E)-1-bromoalkene (Scheme 222).>"” However,
neither reaction conditions nor yield were reported.

Next, Uenishi and co-workers developed a Pd-catalyzed
hydrogenolysis of 1,1-dibromoalkenes with BuzSnH that oc-
curred at room temperature to glve stereoselectively (Z)-1-
bromoalkenes (Scheme 223).269%¢

A thorough investigation was carried out to determine the best
reaction conditions, including the choice of the Pd catalyst
[Pd(PPhs),, PdClL,(PPh;),/2PPh;, PACL,(CH;CN),, PdCl,-
(dppf),, PACl,, etc.], ligand, solvent, and hydride source. Among
the catalysts, the most active were Pd(PPh;), and the Pd catalyst
generated in situ from Pd(OAc), and PPh;. A number of
phosphine and arsine ligands, with different steric and electronic
demand, were examined in combination with Pd(OAc), as
catalysts. The results obtained showed that PPh; was the best
ligand. Hindered and electron-deficient arylphosphines were not
appropriate for the hydrogenolysis, whereas an electron-donat-
ing phosphine appeared to be appropriate. A wide range of

Scheme 224
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solvents, except EtOH, AcOH, and CHCl;, were found compa-
tible with the reaction, which however proceeded also in these
solvents by addition of a cosolvent or radical scavenger. Among
the sources of hydride (Et;SiH, BH; complexes, Bu3SnH,
NaBH,, Na(CN)BHj, etc.), Bu3SnH was found to be the best
reagent because it allows the transfer of its hydride from tin to
palladium very smoothly. The attempt to use of Bu3SnX species
[BusSnCN, (BusSn),, etc.] in order to substitute the (E)-
bromide by the X group, rather than H, failed.
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Under the optimized conditions [Pd(PPhs), or Pd(OAc),/
2PPh; and Bu;SnH in benzene or toluene at room temperature ],
a number of 2-(hetero)aryl- and 2-alkyl-1,1-dibromoalkenes
were stereoselectively converted into (Z)-1-bromoalkenes in
good to high yields (Table 2).

Hydrogenolysis of 1,1-dibromopolyenes and 1,1-dibromoe-
nynes showed that their reactivity is greater than simple 1,1-
dibromoalkenes (Table 3). It is noteworthy that no other
stereoisomer was formed with these substrates.**®

The hydrogenolgsis of fully substituted 1,1-dibromoalkenes
was also examined.”®® Due to the steric hindrance of the vicinal
C—C bonds, these dibromides showed poor yield and selectivity
(Scheme 224). Only in one case of 4-(dibromomethylene)-
cyclohexylbenzene, the related bromoalkene, in which the

Scheme 230
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C—Br bond is located gauche between the axial and equatorial
C—H bond, was obtained as a single isomer in high yield (82%).
While the Pd-catalyzed hydrogenolysis of 1,1-dibromoalkenes
with Bu;SnH proceeded smoothly at room temperature, that of
the dichloro counterpart, such as the 1,1-dichloro-3-phenyl-1-
butene, did not occur even in refluxing benzene and by slow
addition of the reducing reagent. On the other hand, 1,1-diiodo-
1-alkenes reacted easily, giving however disappointing results.
The dibromoalkene formation and subsequent hydrogenolysis
could be also carried out from the aldehyde in a sequential one-
pot process, although the reaction required a considerable
amount of BusSnH.”*® Thus, 2-phenylpropanal and p-tolualde-
hyde were converted under Ramirez conditions to the related
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dibromoalkenes, which were not isolated but treated with Bu;SnH
(5 equiv) and a catalytic amount of Pd(PPh;), (6 mol %) to give
the related (Z)-bromoalkenes in 81% and 84% yields, respectively
(Scheme 225).

The catalytic cycle for the Pd-mediated hydrogenolysis of 1,1-
dibromoalkenes was proposed (Scheme 226).*° The high
selectivity of the process was ascribed to the oxidative addition
as the key step, where Pd(0) inserts into the sterically less
hindered C—Br bond. In fact, the rate of the oxidative addition
of Pd(0) into 1,1-dibromoalkenes was estimated to be 5—20
times faster than that to (Z)-1-bromoalkenes. When an excess of
Bu3SnH was used, overhydrogenolysis occurred to give terminal
alkenes.

The Uenishi procedure was utilized by Goodman and co-
workers in a study aimed at the biological evaluation of carbon-11
labeled 23-carbomethoxy-3b-[4-((Z)-2-haloethenyl)phenyl]tro-
panes (["'C]ZBrENT), to prepare the key intermediate 382 in 84%
yield by hydrogenolysis of the dibromide 383 (Scheme 227).2%

Hayford and co-workers, in a study aimed to obtain a practical
route to (Z)-polyaromatic and heteroaromatic vinylacetylenes, ex-
amined two alternative strategies to obtain the key (Z)-vinylbromide
intermediates, namely, the Wittig reaction [Ph;P(Br) CH,Br and
KOt-Bu] of aldehydes and the Pd-catalyzed hydrogenolysis of
gem-dibromides by hydrogenolysis with Bu;SnH.>* Attempts to
prepare both sr-excessive and 71-deficient substituted (Z)-vinyl-
bromides via stereoselective Bu3SnH reduction of heterocyclic
gem-vinyldibromides gave disappointing results in terms of purity
and isolated yields for O- and N-functionalized bromoolefins. For
example, significant decomposition was observed with pyridine-
containing precursors, while heteroarylaldehydes with sensitive
functional groups, such as pyrrole-2-carboxaldehyde, failed to
yield the expected products. Thus, for the conversion of -
deficient heteroaromatic vinylacetylenes to (Z)-bromoalkenes,
the Wittig reaction was preferred, whereas the Bu3SnH reduction
was found to be more convenient to obtain sT-excessive ones
(Scheme 228).

An interesting example of regio- and stereoselective Pd-catalyzed
hydrogenolysis with Bu;SnH of 2-aryl-1,1-dibromoalkenes bearin7%
another bromine on the aryl unity was reported (Scheme 229).”
Thus, in the tribromides 384 only the (E)-vinyl bromide was
selectively replaced by hydride in excellent yields (85—97%).

Figadere and co-workers found that 2-(hetero)aryl-1,1-dibro-
moalkenes were hydrodehalogenated by treatment with i-PrMgCl
(1 equiv) and catalytic Fe(acac); (5 mol %), under optimized
reaction conditions, to give (E)-bromoalkenes (Scheme 230).27
With aromatic alkenes, yields were good and the stereoselectivity
was excellent (no Z-isomers were observed), whereas with
aliphatic substrates either the corresponding alkyne was obtained
or no reaction occurred. In the case of 1,1-dibromo-1,3-dienes,
the expected reduced products were obtained, but in lower yields.
Thus, this reaction seems to be limited to the conjugated alkenes.

3.1.6. Intramolecular Coupling. Lautens and co-workers
have developed a method for the synthesis of 2-halogenated
benzofurans, benzothiophenes, and indoles via intramolecular
cross-couplings of 2-(2,2-dihalovinyl)-anilines, -phenols, and
-benzothiols.””*** Initial attempts to isolate 2-haloheterocycles,
supposed intermediates in the tandem intra- and intermolecular
Pd-catalyzed cross-couplings of these compounds with an ex-
ternal nucleophile (e.g., a boronic acid) (Schemes 380—384), by
carrying out the reaction in the absence of the coupling partner
failed.””> They suspected that the active Pd(0) catalyst was
undergoing irreversible oxidative addition after the first turnover
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to form catalytically inactive Pd(II) species such as 387
(Scheme 231). The presence of a boronic acid or similar coupling
partner was necessary to liberate active Pd(0) and achieve
catalyst turnover. However, the use of the bulky phosphine
ligand P(t-Bu); prevented inhibition of the catalyst by facilitating
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Scheme 236
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reversible oxidative addition into the product C—Br bond (386
==387, Scheme 231). Thus, with use of Pd(OAc), (5 mol %) and
P(t-Bu);-HBF, (6 mol %) under optimized conditions, a broad
range of electron-poor and electron-rich, sterically crowded gem-
dibromoolefins underwent efficient C—N bond formation to form
2-bromoindoles (Scheme 232). Remarkably, the high levels of
selectivity of the reaction allowed also obtaining indoles containing
two reactive carbon—halide bonds. The mechanistic pathway of the
reaction was investigated, demonstrating the involvement of aryl-
palladium halides 387 in the catalytic cycle.

The same research group also reported that the use of a copper-
based catalytic system [Cul (S mol %) and KzPO, (2 equiv)]
allowed the synthesis in good to excellent yields of a wide range
of 2-bromobenzofurans (Scheme 233) and 2-bromo(chloro)-
benzothiophenes from 2-(2,2-dibromovinyl)phenols and 2-(2,2-di-
bromo(chloro)vinyl)benzenethiols, respectively (Scheme 234).>*
Electron-donating and electron-withdrawing groups, as well as
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halo substituents, on the aryl ring of the starting material were well
tolerated. On the other hand, the application of this methodology to
2-(2,2-dihalovinyl)anilines was unsuccessful.

3.1.7. Reductive Cyclization to Cyclic Compounds.
Trost and Walchli reported a chemoselective reductive cycliza-
tion, catalyzed by palladium complexes, of a series of compounds
388 having both allylic acetate and aryl or vinyl bromide moieties
to give the cyclic compounds 390 according to the general
Scheme 235."> They described, among several substrates, an
example in which the vinyl bromide moiety is part of a 1,1-
dibromovinyl group (Scheme 236). Thus, treatment of 394 with
(tri-n-butylstannyl)diethylalane and Pd,(dba);/PPh; afforded
the bicyclic compound 395 in 50% yield. The preferred mechan-
ism (among others) for this coupling was envisioned to involve
the formation of an allylstannane 392, whose coupling with the
vinyl bromide moiety was presumed to proceed through the 7-
complex 393 (Scheme 235). Final reductive elimination creates
the new C—C bond in 390.

Two research groups developed an expeditious and versatile
route for the construction of the biologically relevant core of the
neocarzinostatin chromophore (Figure 6).>”**° Both groups,
to test the viability of their strategies, used readily available 1,
1-dibromohex-1-en-5-yn-3-ol derivatives as model substrates
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(Schemes 237 and 238). Torii and co-workers described the Pd-
catalyzed sequential formation of contiguous carbon—carbon
bonds in a single operation to provide a straightforward and
convergent synthesis path to an system with the desired
olefin geometry (Scheme 237).2” Thus, the treatment of the

Table 4. Synthesis of Bicyclics via Dicarbopalladation

Substrate Conditions?®

‘ Br Br | A, 85°C
Br Br
| \I/ \J bl
Kro O~ 21n

Br. Br I A 85°C
Mro | COMe 5y

Product  Yield (%)

& )
%&We ;

CO,Me CO,Me
Br._ _B |
X O A, 85°C 33
| COMe 41, CO,Me
CO,Me CO,Me
Br{_ Br 7 A, Ag,CO; 39
| | CO,Me 80°C,5h
CO,Me MeO,C COMe

O,Me O,Me

(A) Pd(PPhs),, K,CO;3 and n-BuyNCl in xylene.

dibromide 396 with the alkynylstannane 398a (3 equiv) in the
presence of Pd(OAc), and PPh; afforded in 51% yield the enyne
system 399, via formation of the intermediate Pd-complex 397.
On the other hand, when the reaction was carried out in
acetonitrile the mono cross-coupling product 401 or 402 was
obtained in good yield. Of these products the former was
preferred since the formation of 402 appeared to indicate that
the reaction proceeds through the oxidative addition of the (Z)-
bromide. Such a predominant oxidative addition of the (Z)-
bromide 396 would be explained by the initial coordination of
Pd-catalyst to the triple bond or to the oxygen atom of the
benzyloxy group to produce a transient s7-complex 403 or 404,
which preferentially delivers the palladium to the (Z)-bromide to
provide the critical Pd—C o-bond species 405 or 406
(Scheme 238). These species then undergo carbometalation
(migratory insertion) of the precoordinated alkyne to give the
intermediate 397, which by reaction with the allylstannnane
398a affords 399. Alternatively, transmetalation and coupling
with 398a leads to the coupled product 401. In a related study,
Nuss and co-workers developed their strategy starting from the
diiodoenyne 407a, which by treatment with S equiv of the
allylstannane 398b and in the presence of Pd(PPh;), (10 mol %)
afforded the cyclic derivative 408 in 32% yield (Scheme 239).>*°
On the other hand, when 2.2 equiv of 398b was used, the cyclized
product 409a, possessing only the (Z)-C8—C9 olefin geometry,
was obtained in high yield (73%). The use of the dibromide 407b
afforded an analogous cyclization to give 409b, albeit in lower
yield (57%) and at higher temperature (70 °C) and dilution.
Moreover, in no case could the compound 407b be converted
directly into 408. The compound 409a was coupled in good
yields (70—75%) with a series of alkynes to give enediynes 410.

The mechanism proposed by Nuss was consistent with that of
Torii (Scheme 238), except for the possibility of the chelation of
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the Pd(0) to the oxygen atom. In fact, they observed similar
reactivity between the free alcohol and the methoxymethyl
(MOM)- and the tert-butyldimethylsilyl (TBDMS)-protected
derivative of 407a that would seem to preclude chelation of the
oxygen as being critical in directing the oxidative addition.

An intramolecular Pd-catalyzed carbometalation—hydrogenoly-
sis tandem process has been pursued for the stereoselective
synthesis of the diene moiety in homopumiliotoxin alkaloids

429 (64%)

414 (Scheme 240).””* As model compounds for 414, the
pyrrolidinone derivatives 411a,b were chosen and converted
into the geminal dibromides 412a—c. Treatment of 412a with
Pd(OAc), (2 mol %), PPh; (4 mol %), and ammonium formate
in boiling acetonitrile gave the quinolizidine skeleton of the
homopumiliotoxin 413a in 48% yield as single diastereomer.
Under the same conditions, 412b and 412c gave the related
cyclic products in 61% and 58% yield, respectively. The product
always retained one bromine atom regardless of the excess of
reducing agent. The preservation of the bromide allowed the
further selective functionalization of the endocyclic double bond.
One possible explanation for this result was that the more
sterically hindered (Z)-vinyl bromide was activated to oxidative
addition to palladium by prior coordination of the acetylene
moiety and that the formed cyclic vinyl bromide was inert to
further reduction under these reaction conditions (Scheme 241).
However, since the yield of the cyclized product is moderate, the
addition to the (E)-vinyl bromide also cannot be ruled out.

A Pd-catalyzed intramolecular carbometalation reaction for
the efficient synthesis of bicyclic products from gem-dibromides
has been described.””* The 1,1-dibromoalkene 415 was used as a
model substrate to test the bicyclic carbopalladation protocol
under different reaction conditions. The best results were
obtained with Pd(PPhs), (10 mol %), K,COj; (10 equiv), and
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n-BuyNCI (2 equiv) in xylene at 80—85 °C for 24 h, thus
affording the fused 6,6-bicyclic product 416 in 68% yield
(Scheme 242). Submission of the compound 415 to the same
conditions for 0.5 h afforded in 79% yield the monocyclic
compound 417 that was converted into 416 in 92% yield by
further heating for 16 h. The compound 417 was also obtained in
75% yield under different conditions [Pd(PPhs), and Et;N],
demonstrating that the monocyclization and bicyclization can be
controlled. By this protocol, a variety of bicyclic compounds with
different ring sizes (5,6-, 6,6-, 6,7-, and 7,7-bicyclic compounds)
as well attached functional groups were synthesized. Some
representative examples are reported in Table 4. This study also
demonstrated that the oxidative addition reaction of 1,1-dibro-
mo-2,2-diphenylethene or 1,1-dibromo-2-phenylpropene with a
stoichiometric amount of Pd(PPhj;), afforded 1,2-diphenylace-
tylene and 1-phenylpropyne, respectively, indicating that an -
dehalopalladation reaction occurred to afford vinylic carbene
intermediates. However, the a-dehalopalladation reaction was
not observed in any precursors for bicyclization under the
reaction conditions tested, probably due to the fast intramole-
cular carbopalladation reaction of the C=C bonds. The pro-
posed stepwise cyclization catalytic cycle is illustrated in
Scheme 243.

Larock and co-workers proposed the synthesis of isocoumar-
ins and a-pyrones by treating halogen- or triflate-containing
aromatics and a,3-unsaturated esters, respectively, with internal
alkynes in the presence of a Pd catalyst."®* This chemistry was
also extended to a double annulation process, by employing
geminal dihalo-substituted esters to synthesized polycyclic aro-
matic compounds (Scheme 244). Thus, when the dihalo-sub-
stituted esters 418 and 419 were reacted with diphenylacetylene
or 4,4-dimethyl-2-pentyne in the presence of 10% of Pd(OAc),,
2 equiv of Et3N, and 2 equiv of LiCl at 75 °C for 22—32 h, the
double annulation products 420—422 were formed in 17—19%
yields with the formation of four new carbon—carbon or
carbon—oxygen bonds (Scheme 244). The reaction using the
dihalides Br,C=CPhCO,Et, Br,C=C(CO,Et),, and I,C=C-
(CO,Et), failed to give any double annulation products. The
formation of the compounds 420 and 422 could be explained by
oxidative addition of Pd(0) to the compound 418 or 419, which
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affords the vinylpalladium intermediate 423 in which the halogen
trans to the carbonyl group undergoes preferential insertion. The
vinylpalladium intermediate 423 undergoes insertion of a mole-
cule of internal alkyne and subsequent substitution onto the
adjacent phenyl ring to form the intermediate 424. The vinyl-
palladium intermediate 425 is then formed by oxidative addition
of Pd(0) to the compound 424 and subsequent insertion of a
second molecule of internal alkyne. When diphenylacetylene was
employed, the compound 420 or 422 was obtained, while with
4,4-dimethyl-2-pentyne, the compound 421 was produced. The
formation of compounds 420 and 422 indicates that the produc-
tion of aromatic rings is easier than that of a-pyrones.

3.1.8. Other Cyclizations. Ichikawa and co-workers devel-
oped the synthesis of ring-fluorinated indenes and 3H-pyrroles
from 1,1-difluoroalkenes by a Heck-type S-endo-tri ig cyclization
with aryl- and aminopalladium species, respectively.””* When the
aryl triflate 426 was heated with a stoichiometric amount of
Pd(PPh;), and PPh; in N,N-dimethylacetamide, the Heck-type
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Scheme 249
1. PACl,, Me,SiOTf 0
TsHN CcF, 1 PdCl, Meg
(CF3),CHOH, rt to HN
R3 60 °C, 2-24 h R3
R 2.H,0 R
]
435 436
R! R? R® 436 yield (% )
H H H 90
H H n-Bu 87
H H s-Bu 78
Cl H n-Bu 71
Me H n-Bu 91
H Me n-Bu 79
OMe H n-Bu 20
Scheme 250
+ SiF
j HX + H,0
O
HN
;
N R

S-endo-trig cyclization groceeded to give the indanone 428 (57%
yield) (Scheme 245). 762 However, when the reaction mixture
was treated with PhSH before quenching, the fluoroindene 429
was formed in 64% yield, confirming that 5-endo-trig cyclization
was achieved by arylpalladium(II) species 427, generated via
oxidative addition of the aryl triflate 426 to Pd(0). An attempt to
promote this cyclization with a catalytic amount of Pd(PPh;),
and PPh; gave only 15% yield of 428.

The synthesis of S-fluoro-3H-pyrroles was developed starting
from 3,3-difluoroallyl ketone O-pentafluorobenzoyloximes
(Scheme 246).2”®° The reaction, optimized by using 0.1 equiv
of Pd(PPh;), and a stoichiometric amount of PPhs, was success-
ful for a variety of substrates but gave poor results in the case of
substrates bearing a primary alkyl or an acyl group as R. The
process was supposed to proceed via oxidative addition to Pd(0)
to generate alkylideneaminopalladium species, followed by al-
kene insertion and subsequent S-fluorine elimination. The reaction
takes advantage of the polarized double bond of 1,1-difluoroalkenes.
In fact, when the related dichloro- or dibromoalkenes were sub-
jected to the same reaction conditions, no cyclized product was
observed; instead, the corresponding ketones generated via hydro-
lysis of the oxime moiety were obtained.

Ichikawa and co-workers developed also the first transition-
metal catalyzed method for the electrophilic activation of elec-
tron-deficient 1,1-difluoroalkenes that successfully promotes
their Wacker-type cyclization to afford 3,4-dihydronaphthale-
nones and oxindoles.””” When gem-difluoroalkenes 432 were

Scheme 251
Cl Pd,(dba)s, dpephos, CO Cl
Rl _~ Rl
vkCI i-Pr,NEt, R20OH 70 °C, 24 h \/kCOzRZ
437
R! R? yield (%) R R?  vyield (%)
Ph Me 68 4-FCgHy Et 55
Ph Et 87 4-FCgH, Bn 82
Ph n-Pr 65 4-CICgH,4 Bn 74
Ph n-Bu 69 4-MeOCgH, Et 48
Ph Bn 87 4-MeOCgH, Bn 80
Ph MPM2 91 4-MeO,CC¢Hy  Bn 78
n-CsHqyy Bn 50 2-pyridyl Bn 62
c-CgHyy Bn 63 (E)-PhCH=CH Bn 710

aMPM = 4-MeOCgH,CH, X

bZ/E : 65:35 R m
Z>C0,Bn

R3 = Br, CO,Bn

57%, Br/CO,Bn = 35:65

n-CgHis

oy
Ph
7" c0,Bn

80% (Z/E : 95:5)

AL LT
MeO,C Z>C0,8n i PPhy Phs |

62% :

____________________

Scheme 252

RB(OH),, Pd(PPh3),
— PhH or PhMe

Na,CO3 or NaOEt
80-100 °C, 2-15h

R 438 yield (% )

a Ph 99
4-MeOCgH, 64
¢ (E)-PhCH=CH 42

o

treated with 1 equiv of BF;+ OEt, and [Pd(MeCN),](BFE,), in
1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) as a solvent with high
ionizing power, the cyclization occurred to give, after hydrolysis,
the cyclic ketones 433 along with their regioisomers 434 in good
yields (Scheme 247).2”7* The treatment of dichloro- and dibro-
moalkene analogues of 432 with a catalytic amount of Pd(II)
gave only a trace amount of cyclized products, and even 1 equiv
of Pd(II) did not work well. The mechanism of the process was
studied, and it was concluded that the Pd-catalyzed Friedel—
Crafts-type cyclization proceeds presumably via -fluorine rather
than [-hydrogen elimination from the cyclized intermediate A
(path a and b, respectively) (Scheme 248).

On the other hand, oxindoles 436 were obtained in high
yield when f3,3-difluorostyrenes 435 bearing a sulfonamido
group at the ortho position were treated with trimethylsilyl
trifluoromethanesulfonate in the presence of a catalytic
amount of PACl, (Scheme 249).>””" The reactions proceeded
via S-endo-trig cyclization, hydrolysis, and desulfonylation. A
plausible reaction mechanism for the oxindole synthesis was
suggested (Scheme 250).
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Scheme 253

R-B(OH),, Pd(PPhs),

mBr Na,CO3, PhH/EtOH/ mR
H,0, reflux, 1-3 h
81-91%
R = Ph, 4-CICgH,, 4-MeCgH,

2-benzofuryl, (E )-n-BuCH=CH
R'-B(OH),, Pd(PPh3),

mF Na,CO3, PhH/EtOH/ ~F
r H,0, reflux, 4-6 h m

78-92%

R' = Ph, 4-CICgH,, 4-MeCgHy
1-naphthyl, (E )-n-BuCH=CH

Scheme 254

PhB(OH),, Pd(PPhg),
RR'YC| or PdCIy(PPh3), Rw\! Ph
Na,COj,, PhH/EtOH/H,0

E/Z~1/1 reflux, 4-24 h, 80-92% Z/E~1/1

R = Ph, 4-MeCgHy, PhCH,CH,

Scheme 255
R'O OR!
R'O OR! OR? O
PdCly(PPh3),/PPhs S _F
+ - @
~F n-BuyN*HFy
THF, reflux, 5 h
Br B(OH), O
439 440 441 oR2
R’ R2 441 yield (%)
Me Me 86
Me CH30CH,0 83
CH30CH,0 Me 71

CH;OCH,0 CH;OCH,0 84

3.1.9. Carboalkoxylation. Roulland and co-workers have
recently disclosed a fully chemo- and stereoselective carboalk-
oxylation of 1,1-dichloroalkenes leading to (Z)-a-chloroacrylates
437 under atmospheric pressure of CO and in the presence of
different alcohols by using Pd,(dba); (2.5 mol %) in combina-
tion with dpephos (5 mol %) as the catalytic system
(Scheme 251).>”® For this reaction, the use of a large bite angle
bisphosphine ligand such as dpephos appeared to be instru-
mental, as the use of less polar alcohol solvents, where CO is

more soluble, led to higher yields.

3.2. Selective Monosubstitution of Mixed gem-Dihalovinyl
Systems

3.2.1. Coupling with Organoboron Reagents. In 1-bro-
mo-1-fluoroalkenes, the extremely large difference in reactivity
between the two halogens allows coupling reactions to be carried
out in a stereospecific way. Thus, Shimizu and co-workers performed
the Pd(PPhs),-catalyzed Suzuki cross-coupling of isomerically pure
(E)-1-(2-bromo-1,2-difluorovinyl )naphthalene with arylboronic

Scheme 256
R2

RS
R' B R F QB(OH)z

— + p—

H | Pd(PPhsz)s, KoCO4

PhMe/EtOH/H,0
217 252 reflux, 4-10 h
(E/Z =0:100)
R! R2 442 yield (%)2
Ph 3-MeC(O) 83
2-CICgH, H 82
2-ClCgHy4 3-NO, 90
2-CICgH,4 3-Cl 90
1-naphthyl H 85
PhCH(Me)  2-Cl 92
PhCH(Me) 3-MeC(O) 93
2Yield based on the amount of 442 in the
starting mixture of 217 and 252.
Scheme 257

=

H F PdCl,(PPhjg),, PPhj

o 0

B—B
B Br s o . FH
>:2—<R

CsF, THF, reflux, 1 h H F
443
R 443 yield (%) (E.E)(E.Z)
Ph 73 98:2
4-CICgH, 68 96:4
4-FCgH, 94 08:2
4-BrCgH, 65 93:7
Scheme 258
o) o)
Me—/g_<| PhSnMes, PdClo(PPhs), Me~/§_<|=h
PH Br THF, rt, 6 h Ph Br
251 444 (80%)

and (E)-styrylboronic acids to give 1,2-diarylalkenes 438a,b and
the diene 438c, respectively, with complete retention of the
olefin geometry in 42—64% yields (Scheme 252).>”
Analogously, McCarthy and co-workers reported that the
cross-coupling of (E)- and (Z)-(2-bromo-2-fluorovinyl)benzene
with a variety of boronic acids (1.2 equiv) proceeded in the
presence of Pd(PPhs), (S mol %) under Suzuki conditions to
afford the related Z and E coupled products in high yields
(Scheme 253).'"*% On the other hand, the coupling reaction
of aryl 1-fluorovinyl chlorides (about a 50/50 mixture of E/Z
isomers) with phenylboronic acid proceeded smoothly, though a
longer reaction time was required, to give the expected coupled
products in high yields and with the same isomeric composition
of the starting material (Scheme 254). In the case of (4-chloro-4-
fluorobut-3-enyl)benzene the reaction with PhB(OH), (3 equiv)
was not complete after 48 h with Pd(PPhs), as the catalyst, but
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Scheme 259
/YCI /\SnBU3 /\K
CsHyq I PdCI,(PhCN),  CsHiq
243b DMF, rt 445 (80%)
Scheme 260
Ph Br :\——SnBu3
Pd(PPh3)4, THF
reflux, 18 h
446 (79%)
Scheme 261

RSnBug, Pd(PPh),

oY

R = Ph, 2-furyl, 2-thienyl

dioxane, reflux
2-16 h, 75-95%

Ph— . EtO\”‘?{
xF  R'SnBus, Pd(PPhy),
r dioxane, reflux
16 h, 74-94%
= Ph, 2-furyl
Ph——=
Scheme 262
FE F FF
— R-Metal —
Dt (= *
O Method O

R = Ph; method: RSiEtF,, [PdCI(h3-C3Hs)],
TBAF, DMF, 80 °C, 64 h; 50%
R = Ph; method: RSnBuj, PdCI,(PPhj),
DMF, 90 °C, 2 h; 88%
= (E)-PhCH=CH; method: RSiMeF,, [PdCI(n3-C3Hs)]
TBAF, THF, 55 °C, 64 h; 55%

proceeded to completion in 24 h with PdCl,(PPh;), in refluxing
dioxane to afford the desired product in 83%.

The synthesis of fluorinated analogues of resveratrol and
pterostilbene was achieved by a lightly modified Suzuki reaction
between gem-bromofluoroalkenes 439 with aryl boronic acids
440 (Scheme 255).2%" For these cross- couplings, the use of the
PdCl,(PPhs),/PPh; system in the presence of the nonbasic
reagent n-BuyN"-HF,  in THF afforded O-protected polyhy-
droxylated stilbenes 441, monofluorinated on the central double
bond, as sole (Z)-isomers (>95%) in high yields (71—86%).

Mixtures of (Z)-1-bromo-1-fluoroalkenes 217 and 1-fluoro-
alkenes 252, which were kinetically prepared from 1-bromo-
1-fluoroalkenes (E/Z A 1:1) (Scheme 155),***'¢ could be used
in Suzuki coupling reactions to give in high yields mixtures of
(E)-a-fluorostilbenes 442 and unreacted 252, which were easily
separated (Scheme 256).>**

Scheme 263
RZ —
R F } ) SnBug
Br  Pd(PPhs),, Cul, DMF, rt, 12-26 h
217
217 R! R? 447 447
E/Z yield (%) Z/E
88:12 Ph H 73 98:2
88:12 Ph 3-F 67 98:2
82:18 2-CICgHy4 H 71 94:6
82:18 2-CICgHy4 3-F 52 94:6
83:17 4-MeOCgH; H 61 93:7
83:17 4-FCgH,y H 69 96:4
76:24 3-O,NCgH;  H 53 87:13
88:12 3-CICgH,4 3-F 72 98:2
79:21 Ph(Me)CH H 36 95:5
2Yield based on the amount of the (Z )-isomer in
the starting E/Z mixture
Scheme 264
R
R o F Bu;SnSnBuj _F H
H  Br Pd(PPhs),, DMF, rt -
217 (2,2 )-443
R 217 E/Z (Z,Z )-443
yield (%)
Ph 85:15 64
2-CICgHs;  82:18 71
4-MeOCgH, 83:17 43
4-CICgH, 88:12 72
4-FCgH,4 87:13 72
3-O,NCgH,  81:19 54
PhCH(CH3) 83:17 67
Scheme 265
R Br R F BU3SnSnBU3 R R H
_ + — - + 252
H Pd(PPh3),, Cul
217 252 DMF, 1t £ E )443
(E/Z = 0:100) (EE)-
R (E.E )-443 yield (% )
Ph 93
2-CICgHy4 88

4-MeOCgH, 53

The cross-coupling reaction of (Z)-1-bromo-1-fluoroalkenes
catalyzed by PdCl,(PPh;), - 2PPh; (3 mol %) and CsF in THF
in the presence of bis(pinacolato)diboron led to 1,4-disubstitut-
ed (E,E)-2,3-difluorobuta-1,3-dienes 443 in high yields and
stereoselectivities (Scheme 257) 283
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Scheme 266
R F BusSn.  F Pd(PPh,),/Cul
F>_<| " F>_<3n5u3 DMF/THF, 1t, 2 h
448a,b 449
a:R=F, b: SiEt;
F F F 450b F F F

BusS
Us "Wsmug

451 (76%)

BuzSnCI
R_~ P4 7
WR KF, DMF
55°C,2h
450a (61%), 450b (90%)

F,C=CFI
Pd(PPhg)y/Cul

DMF/THF, rt, 0.5 h
452 (70%)

3.2.2. Coupling with Organotin and Organosilicon
Reagents. In 1-bromo(chloro)-1-iodo-1-alkenes, the higher
reactivity of the iodo atom with respect to the other halogens
permits stereospecific Stille-type reactions with the substitution
of only the iodo atom independently from the alkene geometry.
This difference of reactivity was evident in the Pd-catalyzed
stereospecific hydrodehalogenation®”’ of (Z)-3-bromo-3-iodo-
2-phenylgrop-2-enal by n-BusSnH (Scheme 222) and cross-
coupling % of the B,8-bromoiodoenone 251 with PhSnMe;
giving 444 (Scheme 258). In these reactions, only the vinyl
iodine atom was exchanged with a phenyl group or a hydrogen
atom, respectively.

An example of stereospecific cross-coupling of 1-chloro-1-
iodoalkenes is the Pd-mediated cross-coupling of (Z)-1-chloro-
1-iodoenyne 243b with tributyl(vinzfl)tin to give the (E)-dienyne
445 in 80% yield (Scheme 259).>

In the case of gem-bromofluoroalkenes, the enormous difference
in reactivity between the two halogens permits stereospecific
Stille reactions. Thus, the coupling of (Z)-(2-bromo-2-fluorovinyl)-
benzene with allyltributyltin in the presence of Pd(PPhs), in
refluxing THF afforded pure (E)-(2-fluoropenta-1,4-dienyl)benzene
446 in 79% yield (Scheme 260)."”

The stereospecificity of the reaction was confirmed when both
(E)- and (Z)-isomers of 1-fluoro-2-phenylvinyl bromide were
coupled with a variety of organostannanes under Stille conditions
(Scheme 261).>*° B-Fluorostilbenes were obtained with reten-
tion of configuration in good to excellent yields (74—95%).

An additional example is the coupling of (E)-1-(2-bromo-1,2-
difluorovinyl)naphthalene with phenylmetal reagents (metal =
Si or Sn) and (E)-difluoro(methyl)(3-phenylbut-2-en-2-yl)-
silane, which in the presence of Pd catalysts ([PdCl(17°-C3Hs)],
or Pd(PPh;),) gave in good yields a diarylethylene derivative
and a diene with complete retention of the olefin geometry
(Scheme 262).27°

The observation that the (E)-isomer of 1-bromo-1-fluoroalk-
enes reacts faster than the corresponding (Z)-isomer at room
temperature in Pd-catalyzed reactions allowed the Stille coupling
of these compounds with high E/Z ratios and aryl stannanes to
give (Z)-a-fluorostilbenes 447 with high stereoselectivity
(Scheme 263).2%>*%* It should be noted that in this transforma-
tion the Stille reaction was more stereoselective than the related
Suzuki reaction.*®*

Scheme 267
0 , 0 Pd(PPhy),, THF T
R R
%l ' R%ZnC' 20°C,1-36 h NRZ
F F n F F
453
R! R? 453 yield (%)
n-C;His F 81
i-Bu i-Bu 78
i-Bu Ph 71
i-Bu n-Bu 70
L ;
EtO” ~ZnCl n-CrHys
F  OEt

F Pd(PPhg),, THF

R%I
F

454 (37%)

20°C,1-12h @\ F

. 2 c—
F S
455 (57%)
, ¢ L Pd(PPhs),, THF , ¢
R%\ + R% >, RM
= 4
! ZnCl - 50.65°C, 3-90 h R
F F F F
456
R3 R* 456 yield (% )
nCHys F 80
I')-C7H15 i-Bu 61
Ph F 82
! F Pd(PPh;), FoF
| + n-l —— F %
nBu%F nBu\%ZnCI THF. 120 °C \(K(kn—Bu
F F 20 h’ n-Bu F
457
Scheme 268
E F
E F _
C = 4-MeOCgH,ZnCl C
Br
O Pd(PPhs),, THF O O
THF, 80 °C, 1 h
80%  OMe

Scheme 269
R/\T Br PhZnBr, PdCl,(dpephos) R/\T Ph
I Et,0 or THF, 23 °C I
R yield (%) R yield (%)
n-CgHy3 84 Ph 82
(S)-Et(Me)CH 83 MesSi 90

A straightforward method to prepare symmetrical 1,4-disub-
stituted (Z,Z)- and (E,E)-2,3-difluorobuta-1,3-dienes 443 has
been recently described (Schemes 264 and 265).% When high
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Scheme 270

R2 RZ

2
N J\é/x BrZnCH,CH,R B )\TVW

Pd(PPh3),, PhH

50-60 °C
225: X =1 458: R3 = CH,CO,Et
226: X =Br 459: R® = CH,CH=CH,
227: X =Cl 460: R® = CH(OCH,),

a:R'=Ph, RZ=H; b: R' = CH,CH,Ph, RZ=H
¢:R' = CH,0OCH,Ph, R = H; d: R'=Ph, R2=Me

entry? substrate(E/Z)  product (Z) vyield (%)

1 225a (95/5) 458a 70
2 225a (95/5) 458a° 93
3 226a (93/7) 458a 70
4 227a (93/7) 458a 80
5 225a (95/5) 459a 65
6 225a (95/5) 460a° 94
7 225b (84/16 458b° 82
8 225b (78/22) 459b 66
9 225b (15/85) 460b 14
10 225¢ (75/25) 459c° 56
11 225¢ (67/33) 459¢® 86¢
12 225d (49/51) 458d 45
13 225d (49/51) 458d° 60°
14 225d (49/51) 459d 45
15 225d (49/51) 460d 46

20nly representative results are reported.
5PdCl,(dppb), is used. °Pd,(dba), is used
4E/Z = 20/80. °E/Z =16/84.

E/Z ratio 1-bromo-1-fluoroalkenes were reacted with (Bu;Sn),
and catalytic Pd(PPhs),, 1,3-dienes (Z,Z)-443 were obtained in
good yields (Scheme 264). On the other hand, mixtures of (Z)-1-
bromo-1-fluoroalkenes 217 and 1-fluoroalkenes 252 (Scheme 155)
underwent similar reactions with (Bu3Sn), in the presence of the
couple Pd(PPh;), and Cul, to provide symmetrical 1,3-dienes
(E,E)-443 and unreacted 252 (Scheme 265).>%

The catalytic system Pd(PPh;),/Cul allowed also the cross-
coupling between the distannane 449 and 1-fluoro-1-iodoethy-
lenes 448 to give 1,3,5-hexatrienes 450 in high yields and
isomeric purity (Scheme 266).>%® The triene 450b was converted
into the (3E,SE,7E)-pentaene 452 by treatment with the system
Bu;SnCl/KF, which exchanges of the trialkylsilyl group by a
trialkylstannyl group to provide stereospecifically the triene 451
in good yield. Finally, Pd(PPh;),/Cul catalyzed cross-coupling
of 451 with 1,1,2-trifluoro-2-iodoethene 448a gave the pentaene
452 in good yield (70%).

3.2.3. Coupling with Organozinc Reagents. Sauvetre and
co-workers reported the preparation of stereo-defined fluori-
nated dienes by Pd-catalyzed cross-coupling of organozinc
reagents with gem-dihaloolefins.”®” Both 1-fluoro-1-iodo- and
1-chloro-1-iodoalkenes were effectively reacted with alkenyl
organozinc reagents in the presence of Pd(PPhs), (S mol %)
to afford the expected cross-coupled products in high yields. The
stereochemistry of these compounds reflects the geometry of the
dihaloolefin because only the iodo atom undergoes selective
substitution (Scheme 267).

An example of stereospecific Negishi arylation is the cross-
coupling of pure (E)-1-(2-bromo-1,2-difluorovinyl)naphthalene

Scheme 271
RZ
.y
Clzn” ~OEt
R2 Pd(OAc),, PPhg
THF, relfux
R’ o)
— 2. HCI/H,0
(E )-461
~ R' Br
R2 -
1z
R' F
R' F  cizn” “OEt HCI (Z)-217

= o —<
Br Pd(OAc),, PPhy "?_3:\ H,0 ROF

217 THF, 10 °C

(E/Z- 1:1)
N\ R?
(Z)-461
(Z)461  (Z)-217 (E)-461

R! R?  yield (%)° yield (%)° vyield (%)
4-MeOCgH; H 85 86 72

2-naphthyl H 86 85 81

4-OoNCgH;  H 92 90 51

PhCH,CH, H 79 79 70

4-MeOCgH; Ph 93 99 98

4-MeOCgH, Et 75 84 90

Only representative substrates are reported. PBased on
starting (E )-217 isomer. °Based on starting (Z )-217 isomer

Scheme 272
oy 2C R F
R F 1. L_o = R  Br
— —_— (0] + —

- Pd(OAc),, PPh,
217ab THF, 10 °C OH

y . 0,
EZ- 11) 2. HCI/H,0O (Z )-462a (95%) (Z)-217a (90%)

(Z)-462b (85%) (£ )217b (85)

O/\/ ZnCl OH
1. o)
(E)217ab ——— R

Pd(OAc),, PPhy —
THF, reflux

2. HCI/H,0

a: R =4-MeOCgH,
b: R = PhCH,CH,

(E )-463a (71%)
(E )-463b (78%)

with (4-methoxyphenyl)zinc(Il) chloride to give (Z)-1-[1,2-
difluoro-2-(4-methoxyphenyl)vinyl Jnaphthalene in high yield
(Scheme 268).27°

Negishi and Shi, in a project aiming to obtain an effective
procedure for the Pd-catalyzed selective tandem aryla-
tion—alkylation of 1,1-dihaloalkenes with organozinc reagents,
initially optimized the trans-selective monoarylation process.”*’
In the phenylation of a variety of 1-bromo-1-chloroalkenes with
phenylzinc bromide, PACl,(dpephos) appeared to be superior to
the other examined catalysts [Pd(PPh;),, PdCl,(dppb), PdClL,-
(dppf), Pd(Pt-Bus),] (Scheme 269). Uniformly satisfactory
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Scheme 273
R3
JI R' F
Rl F Clzn” “OEt =
— o
Br Pd(OAc),, PPh,
R3
(E/z- 60:40)  THEL1R
o) O O
F R3 F. F
| | |
90 .
77%, E/Z = 37:63 Bn
R®  yield (%) E/Z 0 e = ol 75%
H 84 2674 o o
Ph 65 496 E .
Et 62 2373 | |
O
] , OTBDPS
[oj 79 2971 o ¢ CHyPh
88% 77% (E/Z = 41:59)
Scheme 274
R’ R!
R2
=—R?, Pd(OAc),
Br //
. PPh3, n-BuNH, (or —
F Et3N), reflux, 3 h F
464 465
OaN R'  RZ 465 yield (%)
a H Ph 71
0 b H nCsHyy 63
c H HOMe,C 40
NHBu
466 d cl Ph 73
e NO, Ph 71
Scheme 275
FEF
— =R
)= e
O PACIy(PPh3),, Cul
EtyN, rt, 8-16 h

R = Ph (30%), (CHy),0H (64%)

results concerning both yields (82—90%) and stereoselectivities
(>99% trans-isomer) were obtained.

Also the Negishi cross-coupling of 1-fluoro-1-haloalkenes with
alkylzinc reagents was reported to occur selectively to give
fluoroalkenes.'”® With primary alkylzinc bromides, the highest
yields were obtained with Pd,(dba); and PdCl,(dppb) as
catalysts, but the best stereochemical outcome was achieved
with the less reactive Pd(PPh;), (Scheme 270). The reaction was
trans-selective giving pure (Z)-fluoroalkenes in most cases, and
the formation of the corresponding (E)-isomers (for instance,
entries 11 and 13 in Scheme 270) via cis-couplings was observed
only in few instances. On the other hand, the coupling with

Scheme 276
Cl
_ ~Cl =—R?Pd(PPhy), —
R' | Cul, piperidine // \\
PhH, 50-60 °C, 4 h i 2
243 467
R? R2 467 yield (%)
n-CgHq4 HOCH, 79
n-CsHyy HO(CHy), 87
n-C5H11 Ph 90
n-CgHq4 Me;Si 72
n-CsHy1  n-CsHqy 85
Ph Me,Si 75
Ph HOCH, 71
Ph HO(CH,), 90
Ph Ph 81
Scheme 277
n-CqoHa4
Ph I n-CioHy——=
— ———  Ph / 7
PdCl,(PPhs), —
Cul, EtsN, rt
73% R
EtO,C | R——
= —  ~ EtO,C V4
PdCl,(PPhs), —
Cul, EtsN, rt
R = Ph (74%)

R = n-CsHy (81%)

branched alkylzincs gave contrasting results. Monoalkylation of
225a with t-BuZnBr was effective, providing (Z)-(2-fluoro-3,3-
dimethylbut-1-enyl)benzene in 80% yield by using PdCl,(dppb)
as the catalyst, whereas couplings with secondary 2- or 3-pen-
tylzinc bromides gave unsatisfactory results.

Pannecoucke and co-workers have recently described the
synthesis of vinylic fluoride scaffolds via a Negishi cross-coupling
of trisubstituted gem-bromofluoroolefins with alkoxyvinylzinc
species mediated by Pd(OAc),/PPh; (Schemes 271 and
272).2"? At 10 °C, only the (E)-isomer of the E/Z mixture of
the substrate reacted to give, after hydrolysis, stereospecifically
(Z)-a-fluoro-a,-unsaturated ketones in high yields. At the same
time, the unreacted (Z)-isomer was recovered in high yields.
Then, this (Z)-isomer was submitted to Negishi reaction in
refluxing conditions to give stereospecifically (E)-a-fluoro-a,f-
unsaturated ketones in good yields. This reaction was very
efficient and the stereodifferentiation operating with the reaction
temperature was possible whatever the nature of the R" (aliphatic
and aromatic with functionality such as cyano, nitro, etc.) and R>
groups. An example of application of this strategy to a chiral
nonracemic compound was also successful.

More recently the same research group has extended this
protocol to the synthesis of tetrasubstituted a-fluoroenones from
tetrasubstituted gem-bromofluoroolefins (Scheme 273).>** Re-
action yields were good for all substrates (65—88%), that is,
aliphatic (linear or cyclic) or aromatic molecules. Although no
stereodifferentiation was obtained, an interesting feature was the
possible separation of the E/Z products, starting from a
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Scheme 278
R3

R! = Ph, 3-CICgH4, Ph(CH3)CH g1 Vi
R3 = Ph, CgHy4, CHa(HO)CH =
CHy(CH3CH,0)CHOCH,

(E )-468 (77-89%)

PACIy(PPhy),, Cul \ =—R3
EtyN, rt, 48 h

=—R?
1 1
Rl F PACL(PPhy), N\ R__Fr

— _ +
Br Cul, Et;N

217 rt,4h \\ 217

(Z)-468 R?
217 E/Z2 R R2 468 yield (%)(Z/E P

6:5 Ph Ph 38 (100:0)
1:1 Ph n-CsHy 1 46 (98:2)
1:1 3-CICgHs  CH3(OH)CH 48 (99:1)
7:3 Ph(CH3)CH CH3(OH)CH 53 (98:2)
7:3 n-C7Hys Ph 64 (90:10)
6:5 Ph (CH3)5Si 23 (99:1)

20nly representative results are reported.
bYield based on the amount of the olefin consumed.

Scheme 279
RZ
R" Br R' F 2
— + — R R1 //
H PdCI,(PPhj3),
217 252 Cul, EtyN, rt
(E/Z = 0/100) (E )-468
R? R2 (E )-468 yield (%)
2-CICgH,4 n-CsHyy 92
2-CICgHy4 n-CqoHay 72
4-MeOCgH;  n-CgHyq 82
4-MeOCgH;  Ph 78
1-naphthyl n-Bu 89
1-naphthyl Ph 68
Scheme 280
PdCly(PPh), F
FF Cul, Et;N F
>=< + R—= [
MeCN, rt, 12-24 h
HOOC | e R0 X0
R yield (%) R yield (%)
Ph 62 4-F,CC¢Hy 69
n-CgHqq 59 4-MeOCgH, 71
Ph(CH,), 64 2-py__— 43

nonseparable E/Z mixture of tetrasubstituted gem-bromofluoro-
olefin. Depending on the substrate, partial isomerization oc-
curred sometimes during the hydrolysis step, probably through a

thermodynamic equilibrium of the tetrasubstituted a-fluoro-
enones in acidic medium.

3.2.4. Coupling with Alkynes. The coupling of (Z)-1-
bromo-1-fluoro-1-arylethylenes 464 with 1-alkynes in the pre-
sence of Pd(OAc),/PPh; and n-BuNH, proceeded stereospeci-
fically to give enynes (E)-465 in moderate to good yields
(40—71%) (Scheme 274).""**°* However, in the case of the
compound 464 with R = p-nitro, the use of Et;N was necessary
because of the formation of the amide 466 via Pd-catalyzed
substitution of bromine with n-BuNH,. The stereospecificity of
the reaction was demonstrated because a 9:1 mixture of (Z,E)-
465a was formed in 81% yield when a E/Z mixture in 9:1 ratio of
the related starting material 464a was used.

Complete retention of the olefin geometry was also ob-
served in the Sonogashira coupling of (E)-1-(2-bromo-1,2-
diﬂuorovinyl)na;ahthalene with terminal alkynes to give s
(Scheme 275).>”°

The higher reactivity of the iodo substituent with respect to
the chloro one allows the Sonogashira coupling of 1-chloro-1-
iodo-1-alkenes to occur stereospecifically. Thus, coupling of (Z)-
l-chloro-1-iodoenynes 243 with terminal alkynes, in the presence
of piperidine (2 equiv) and a catalytic amount of Pd(PPh;), and
Cul provided (E)-chloroenediynes 467 in excellent yields
(71—90%) (Scheme 276).2%*

Isomerically pure 1-fluoro-1-iodoalkenes reacted similarly to
1-chloro-1-iodoalkenes with terminal alkynes at room tempera-
ture in the presence of catalytic PACl,(PPhs),, Cul, and Et;N to
give stereospecifically the corresponding fluorinated enynes.
Some examples of these enynes, which were later used for the
synthesis of fluorinated naphthalenes,208 2-pyrones,289 and
5-iodo-2-pyrones™® are described in the Scheme 277. The high
reactivity of 1-fluoro-1-iodo-1-alkenes under Sonogashira condi-
tions makes the Z/E mixtures of these compounds give poor
stereoselectivities.”'” Thus, for instance, when 1-fluoro-1-iodos-
tyrenes with a Z/E ratio of 1:1 was reacted with phenylacetylene
at room temperature, the Z/E ratio of the produced enyne
improved to 7:3 after a short reaction time but became 1:1 after
16 h>"7

On the other hand, the Sonogashira reaction of E/Z mixtures
of 1-bromo-1-fluoro-1-alkenes allows a significantly better ki-
netic separation. Thus, under similar coupling conditions, the
reaction of E/Z mixtures of 1-bromo-1-fluoroolefins 217 gave
after 16—24 h predominately (Z)-monofluoroenynes (Z/E >
92/8) in good yields (Scheme 278).*'” Pure (Z)-217 could be
recovered and reacted with 1-alkynes under similar conditions,
but it took longer reaction times (48 h) to give pure (E)-
monofluoroenynes in excellent yields (78—89%). When the
Sonogashira coupling of mixtures of (E)- and (Z)-217 was
carried out at room temperature for 48 h, monofluoroenynes
were obtained as E/Z mixtures that were used without purifica-
tion for the synthesis of fluorinated naphthalenes.””

Alternatively, pure (E)-monofluoroenynes can be prepared via
Sonogashira reaction of mixtures of 100% (Z)-1-bromo-1-fluor-
oalkenes 217 and their hydrodebrominated products 252, ob-
tained by kinetic reduction of E/Z = 1:1 mixtures of 1-bromo-1-
fluoroalkenes (Scheme 155).>°>**" Thus, when mixtures of 217
and 252, terminal acetylenes, PACL,(PPh;), (4 mol %), and Cul
(1 mol %) in Et;N were reacted at room temperature, (E)-
monofluoroenynes were successfully synthesized in high yields
(Scheme 279).

Burton and Wang reported that the reaction of (E)-2,3-
difluoro-3-iodoacrylic acid with a variety of terminal acetylenes
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Scheme 281
PdCI,(PPh3),
( R—= Cul, NEt,
HINEL,
(PhgP)Pd(=-R),
R F
N, R—=—=-R >:<
| COOH
L PO R F
/ IP(; COOH
COOH /% R—== Cul, NEt;
RF RF HINEt;
COOH P(; COOH
/
Scheme 282 Scheme 284
= R EF 1
Ph  Br R oy — R}:< PdCly(PPhs),, R'OH F, F
= — | CO (50-180 psi), Et3N A 2
Pd(OAc),, Et;N 70405 °C O2R
flux, 3 h X
reflux (EENZE) = 95:5 EorZ Z or E (82-96%)
R =4-MeCgH,, 92% R = Ph, 4-MeOCgH,, 4-NCCgHy, 3-F3CCgHy, t-Bu, s-Bu, n-Bu
R = COOEt, 90% R2 = Et, n-Bu
F | F CO,n-Bu
- PdCI,(PPh o
Scheme 283 n-Bu(ZJ(H 32
— R F CO (100 psi) 95%
R F
- CoOMe m N\, EtsN, 80 °C "N\ r
Br  Pd(OAc),, BuyNCI - | n-BuO,
217 KoCOs DMF, it 469 COOMe
R 217 E/Z 469 yield (%) (E,Z)/(EE ) product under the catalysis of Pd(II). Upon reductive elim-
Ph 85:15 70 95:5 ination, the Pd(0) is regenerated to yield the difluorinated
2-CICH,  82:18 77 86:14 2-pyrone.

o : ‘ 3.2.5. Coupling with Alkenes. Heck reaction of pure
4-MeOCH,  83:17 74 88:12 (Z)-(2-bromo-2-fluorovinyl)benzene with some ethylenic com-
4-ClCeHs  88:12 82 96:4 pounds afforded 1,3-dienes in high yields and stereoselectivity
4-FCeH,  87:13 78 91:9 (Scheme 282).'%°
3-O,NCgH,  81:19 61 nd High stereoselectivity of the Heck reaction was also observed

@Ratio of the crude reaction mixture

under cocatalysis of PACL,(PPhs), (2 mol %) and Cul (S mol %)
gave difluorinated 2—p§rones as the sole products in satisfactory
yields (Scheme 280).”*” The mechanism proposed to explain
the formation of 2-pyrones is reported in Scheme 281. The
Pd(0) is first formed in the presence of phenylacetylene. In the
first catalytic cycle, the iodoacid reacts with the alkyne under
Pd(0)-catalysis to produce the ynenoic acid. The Pd(0) species
is regenerated after the first cycle and is readily converted into
Pd(1I) in the solution containing an acid moiety HX (X could
be I, Cl™, or (E)-CFI=CFCO, ). In the second catalytic
cycle, the ynenoic acid is further transformed into the final

when 1-bromo-1-fluorostyrenes of high E/Z ratios (>81:19) were
coupled with methyl acrylate to afford (E,Z)-dienes with higher
diastereomeric ratio than the starting material (Scheme 283).2?
Heck reaction of (Z)-1-bromo-1-fluorostyrenes also occurred,
but the (Z,Z)-diene products were difficult to separate in a pure
form, because of their tendency to isomerize during the purifica-
tion procedure.”**

3.2.6. Carboalkoxylation and Carboamidation. Burton
and co-workers reported that the carboalkoxylation of isomerically
pure 1,2-difluoro-1-iodoalkenes gave the corresponding fluorinated
esters with retention of configuration, in the presence of catalytic
PdCL,(PPhs,),, ethanol or butanol, Et;N, and carbon monoxide
(50—180 psi) under mild conditions in excellent yields (82—
96%) (Scheme 284).>°* Under the same conditions, isomerically
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Scheme 285
PdCly(PPh3), R F
CO (160 psi), PhNH, ,4 :COZNth
BusN, rt
R F 470 (Z/E > 89:11)
H Br
217 PdCI,(PPhs), R _F
CO (160 psi), n-BuOH H CO,Bu-n
BUN, rt to 45 °C
471 (ZE > 96:4)
R 217 E/Z 470 yield (%)? 471 yield (%)?
Ph 85:15 72 46
2-CICgH,  82:18 78 74
4-MeOC4H, 83:17 73 70
4-CICgH,4 88:12 78 44
4-FCgH, 87:13 75 77
3-O,NCgH,  81:19 67 46
PhCH(CH3) 83:17 56 55

@Yield based on the amount of the (Z )-isomer in the
starting E/Z mixture

Scheme 286
PdCly(PPhg), R CO,NHPh
CO (160 psi)
PhNH,
R_P ., }:{ _.| BusN, 70°C (E)-472
P !
217 252 PdCI,(PPhg), R COBu-n
(E/Z = 0:100) coO (160 psi)
n-BuOH
BusN, 70 °C 473 (E/Z > 93:7)
R 472 yield (%) 473 yield (%)
Ph 25 90
2-CICgH4 27 94
4-MeOCgHy4 inseparable 79
PhCH(CH3) 74 92
1-naphthyl 42 81
n-C;Hys inseparable inseparable

pure (E)-1,2-difluoro-1-iodoethene gave stereospecifically (Z)-
ethyl 2,3-difluoroprop-2-enoate in good yield (63%).”>*

Burton and Xu described the highly stereoselective synthesis
of (E)- and (Z)-a-fluoro-a,B-unsaturated esters and
amides.”'**'® The Pd-catalyzed carboalkoxylation of 1-bromo-
1-fluoroalkenes with high E/Z (>81:19) ratio led to high Z/E
(=96:4) ratio of a-fluoro-a,B-unsaturated esters at room tem-
perature (Scheme 285). On the other hand, a mixture of (Z)-1-
bromo-1-fluoroalkenes and of their hydrodebrominated pro-
ducts (Scheme 155) underwent similar Pd-catalyzed carboalk-
oxylation reactions at 70 °C giving (E)-a-fluoro-a-unsaturated
esters stereospecifically (Scheme 286). This methodology was
also successfully applied for the stereospecific synthesis of (Z)-
and (E)-a-fluoro-a,(-unsaturated amides (Schemes 285 and
286): the Pd-catalyzed carboamidation reaction of high E/Z

Scheme 287
R P(O)(OEt),
475
Pd(PPhs),, EtzN \ (EtO),P(O)H
70°C,24h
R F (EtO),P(O)H R _F . R Br
)-?:{LB,- Pd(oPPh3)4, EttN - H  P(O)(OEt), H
217 35°C,24h 474 217 (82-96%)
R 217 474 474 475
E/Z yield (%) E/Z yield (%)
i-Pr 7:3 55 96:4 53
Ph 1:1 45 95:5 51
n-C7Hys5 1:1 45 95:5 60
2,3-Me,CgHs 3:2 56 94:6 52
3-CICgH,4 3:2 44 96:4 55
Ph(CH3)CH 3:2 49 92:8 56
Scheme 288
R' F
R" F R2CHO, CrCl,/NiBr, ﬁ
ﬁr DMF, 1t, 1 h R?
HO
476
R? R2 476 yield (%)
Ph 4-MeOCgH, 78
4-FCgH, 4-MeOCgH, 72
4-O,NCgH, 4-MeOCgH, 0
Et 4-MeOCgH, 94
PhCH, 4-MeOCgH, 60
Ph 4-FCgH, 34
Ph 4-O,NCgH, 0
Ph PhCH,CH, 45
4-MeO,CCgH,  Ph 20

Only representative substrates are reported

Scheme 289

O,

m Br 477 m Me
s
MeO " Pd(PPha)s, THF/H:0 a0 Me

NaOH, reflux, 6 h 478 (76%)

and (Z)-1-bromo-1-fluoroalkenes led to pure (Z)- and (E)-a-
fluoro-a,-unsaturated amides, respectively.

3.2.7. Phosphorylation. Burton and co-workers provided a
route to isomerically pure (E)- and (Z)-1-fluorovinylphosphonates
from readily available E/Z mixtures of 1-bromo-1-fluoroolefins
(Scheme 287).*"> Reaction of these mixtures with diethylpho-
sphite and catalytic Pd(PPh;), in Et;N at 30—40 °C gave mainly
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Scheme 290
Br 481, Pd(PPhy), R
mr THF/H,0, NaOH, 2-17 h \_<—_—><
479
(9-BBN-H),
/\X/\ -
\/\X/\/
480
481
X R 479 yield (%)
CH, Ph 56
CH, 4-biphenyl 42
CH, 4-tolyl 34
CH, 4-anisyl 76
CH, n-Bu 44
SiMe, Ph 45
SiMe, 4-biphenyl 60
SiMe, 2-furyl 36
SiMe, 4-tolyl 25
SiMe, 4-anisyl 41
SiMe, n-Bu 45
CHOTBDMS Ph 38
CHOTBDMS Me 64
Scheme 291
Rl Br Me,SiCH,MgCl §_<:SW'€3
Ig_gr Pd(OAc),, PPh; SiMe,
THF, 50 °C 482
12
R =H PPTS, 1t
R = Ph(CHz), THF/MeCN
Me;SiCH,MgCl,
NiCly(dppp), Et,0, rt R

SiMe; R
m
r SiMe;

484 (89%) 483 (28-97%)
R RZ 482 yield (%)
PhCH,CH, H 93
n-CqoHas H 94
C-06H11 H 85
PhCH(CHs) H 79
Ph H 43

-(CHy),CH(t-Bu)(CH,),- 21

(E)-isomers of 1-fluorovinylphosphonates (E/Z = 92:8) in good
yields and unreacted (Z)-1-bromo-1-fluoroolefins. These iso-
mers could be recovered and then phosphorylated at 70 °C to
give pure (Z)-1-fluorovinylphosphonate in 51—60% yields. On
the other hand, the phosphorylation reaction of E/Z mixtures of
1-fluoro-1-iodoalkenes such as PACH=CFI gave unsatisfactory
results concerning both yields and selectivities.

3.2.8. Hydroxyalkylation. Pannecoucke and co-workers*
have recently developed a method to obtain (Z)-2-fluoroallylic
alcohols 476 from the related (Z)-bromofluoroolefins via a
Nozaki—Hiyama—Kishi-type reaction (Scheme 288). The yields

18

Scheme 292

Me;Si  SiMes

Me3SiCH,MgCl
Pd(OAC),, PPh,

THF, 50 °C

PPTS, THF/MeCN

rt SiPh,t-Bu
485 (99%)
Scheme 293
Br Pd,(dba)s, TFP R
ﬁ + R3|n —_— —
n-C7Hys r THF, reflux, 10-12 h n-C;Hys

R | Me n-Bu

yield (%) | 79 84

were moderate to good, ranging from 34% to 94%, for substrates
with both aromatic and aliphatic substituents. Functional groups
on both the aldehyde and bromofluoroolefin were tolerated
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