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proposed method.

It was demonstrated that ionic liquids are supedyclable media for copper catalyzedction
using catalytic olefination reaction as an exampls.a result anovel green access to

halogenoalkenes was elaborated. Positii perform up to 5 reaction cycles without cgdi
leaching and decreasing of the yield was demomstra& number of various ionic liquids v
screened and 1-butyl-3-methylimidazolium tetrafalmrate ([omim] [BE]) was found th
solvent with highest efficiency. Mild conditionsgh atom economy comparing to otherowr
methods, low amounts of wastes and possibilityetmver ionic liquid arene advantages of t

2009 Elsevier Ltd. All rights reserved

1. Introduction

Transition metal catalyzed transformations arenafréasing
importance in modern organic chemistry, having nmoue
applications in both academia and industiihe importance of
such transformations has been well acknowledged bgrake
Nobel prizes obtained during last decade (2010 RickRaHeck,
Ei-ichi Negishi and Akira Suzuki "for palladium-cataéd cross
couplings in organic synthesis"; 2005 Yves ChauRobpert H.
Grubbs and Richard R. Schrock "for the developménthe
metathesis method in organic synthesis"; 2001 uvilli S.
Knowles and Ryoji Noyori "for their work on chirallyatalyzed
hydrogenation reactions”, K. Barry Sharpless "ftg Wwork on
chirally catalyzed oxidation reactions"). High umsality,
chemo-, regio- and stereoselectivity are distindvaatages of
these transformations. On the other hand there arees
difficulties, restricting more wide industrial usd transition
metals catalyzed transformations. First one is itkecugh price
of most effective noble metals (Pt, Pd, Ir, Rh)vwasl as some
ligands (e.g. phosphorous derivatives), therefemeatable use
of catalysts is highly desirable. In addition tlitity of these
compounds can not be ignored and demands speeiehytions
to prevent or eliminate contamination of reactiooducts as well
as the environment.

Both points lead to noticeable increase in thel fimize of the
products and decrease efficiency, which obstructustrél
applications of such catalysts. Recycling and reysdf the
catalyst is a possible solution and efforts havenb&ken to
elaborate corresponding techniques. There are enlyew
recyclable homogeneous catalysts reported, whichbeasettle
down and recycled by interphaselathrate-enablet silyl*- or
fluorous-tagged, redox’ photd and phase-switchafle
techniques. Switching from homogeneous catalysis emtd
heterogeneous catalysis mode (immobilization ofalgat on
solid support) is more open to the possibility @peatable use of
catalysts. However, very often immobilized catalystvg lower
catalytic efficiencies due to the higher diffusibmit, reduced
dispersion degree and unmatchable chemical micnaemaent
of the active site3.Also many reactions lead to leaching of
catalyst even when metals are immobilized on ingfase.

A promising strategy for many catalytic reactions tige
application of ionic liquids as a reaction medianit liquids
have been shown as a valuable immobilizing mediarémsition
metal catalyst, allowing several repeated reactiaes without
significant decreasing of catalytic activity andadgst leaching.
Another benefit of this strategy is a possibility tecycle
transition metal catalyst and prevent both the treacproduct
and the environment from heavy metal contaminafidbue to
their low volatility, immiscibility with non-polar @anic
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solvents, stability and possibility to be easilgaeered ionic
liquids (ILs) are very attractive replacement tonwentional
solvents especially for use in green reactions.

2. Results and discussion

To start our investigation several ILs were testedsa@vents
for COR. Hydrazone of 4-chlorobenzaldehytie and CBrC}

Halogenated alkenes are versatile reagents in a@ganivere used as a model system for catalytic olefinaf0% of

synthesis, which is used for synthesis of varioksrads, alkynes,
derivatives of carboxylic acids, carbo- and hetgctic

CuCl). It was found that reaction @& with CBrCk in ILs leads
to target dichloroalken@a in good to high yields (Figure 2).

compoundé.3 In 1999 a novel catalytic olefination reaction |midazolium as well as pyrrolidinium ILs show compam

(COR) was elaborated in our laboratory. COR is a foarmation
of N-unsubstituted hydrazones into alkenes under teatnvith
polyhalogenated alkanes (PHASs) in the presence aisa land
catalytic amounts of copper salts (Figure 1). Havangvide
synthetic scope, the reaction allows to synthesuth hlkyl and
aryl substituted alkenes, including fluorinated ®neand
derivatives with functional group$. Simple experimental
procedure, which does not require using of organalfiet or
toxic organophosphorus compounds, affordable pramed
availability of starting materials, high yields astkreoselectivity
are distinct advantages of the reaction. Becausgplication of
hydrazine derivatives is necessary for COR, coppeng soluble
complexes. We attempted to use heterogeneous coptadysts,
however highly aggressive leaching of copper has bbserved
to lead to significant loss of catalyst effectivemeven after first
cycle’® Therefore, COR is one of the most difficult reactia
terms of control of catalyst leaching and its npiétiuse.

Rl\/ Hal,CXY RL x R! Rl T
— — +
J =N hase, cat. cucl —\ >=N N:< N
R NHz pMSO or EtOH  R? Y R? R2
up to 90-95% easily separable

RL= Ar, Alk; R2= Alk, H isomers ratio up to 21/1

Hal = CI, Br X =F, Cl, Br, H; Y =F, Cl, Br, CN, COEt
Figure 1. Catalytic olefination reaction (COR).

results to give target alkerga in high yields. We tried to track
influence of reaction efficiency (yield of model ggiuct in
multiple runs) from nature of ionic liquids. Sevigparameters of
ionic liquids (nature of cation and anion, dielectconstants,
viscosity, electrolytic conductivity, hydrophobigif) were
analysed. However, the reaction is appeared to bé seasitive
to the anion nature and hydrophobicity of IL as fiteiction.
Thus, the vyields of alkena are lower in case of extremely
lipophilic (hydrophobic) tris(pentafluoroethyl)thiforophosphate
anion (P(GFs)sF3 ), never downing lower 40-50% however. The
other anions (BF, CRSG;, B(CN),, PR, CRCO,,
CH;0SGO;, (CRSG,),NY) show yields up to 80% in first run and
average yields around 70% for 3-5 runs. Possiljiaeation can
be contributed to the delicate balance of hydraphdnd
lipophilic properties of the ILs. The most lipoghilonic liquids,
IL2 andIL3, can not dissolve agueous ammonia (using as a
base), which lead to formation of water-IL two phagstesm to
give lower vyields. In contrast, being mixed with ague
ammonia, most hydrophilidL1 lost its ability to dissolve
effectively hydrazonela, which also lead to decreasing of the
yields. Recently it was demonstrated that water carm f
complex aggregates with some ILs to change sigmifiga
properties of the solvent.

High yields were also obtained then reactions werfopeed
in repeated manner. In some case up to 5 runs veened out

With green applications of COR in mind, we decided towith no significant decrease in the yields. The besults were

examine various ILs as a reusable reaction meditnéoreaction.
Here we would like to report a novel green approacetatds
alkenes based on COR in ILs.

obtained for ionic liquids 116-8, 10, 11. Among those 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim] [BF IL10
showed almost no decrease of the yield and was chasem
reaction media for further investigations (Figuje 2

N V2 CBICl, 2 C
IL1-11
cl
Cl NHz(aq) cl
la 10% CuCl 2a
CF3S0O3 PF3(CoFs)s” PF3(CoFs)s B(CN), (CF3SO,)N
N\ T\ /
N N +
N Nt \\\
L1 @+ L2 L3 ILa &,\F IL5 O
v e 3
~
51 /58 /50% 58 /47 /51% 44142 146% 62 /66 /59% 65 /70 /48%
j\\PFs‘ \\\icoz‘ j(C\FiSOZ)ZN- MeOSO3 j\\ BF, CF3SO5
N /
N / N N
e (| wy NS s /o L9 @W IL10 \\\\ . i N
NN \_N* ~ N

71 /68 /69 /61 /63% 70 /68 /68 /67 166% 77 /72 /71 /63 /60%
Figure 2. COR of hydrazonéa with CBrCk in ILs 1-11.

63 /58 /58 155 /53% 77171 174% 80 /78 /163%

To investigate the synthetic scope of the method, wdiydrazone of terephthalic aldehyde. Hydrazones omes

performed the reaction of various hydrazones withr@Bin
IL10 as a solvent. The corresponding dichloroalkenel fagth
electron-withdrawing and electron-donating substitsiewere

acetophenones were also involved effectively ineorgaction to
give tetrasubstituted alken@g,2h in a similar way (Scheme 1).
In principle, non-aromatic hydrazones can also rbmlived in

prepared in good yields. Diet@e was also synthesized from bis- this olefination** However, due to low stability of aliphatic



hydrazones the reaction performed in repeated nnaisnkess
efficient, therefore we investigated only aromateridgatives in
this study.

R CBICl; R
)\ cl
L [bmim] [BF] Ar)\/
' NHz(aq)
1 10% CuCl 2 ¢

Cl O,N Cl
oy O .
Cl ~~ Cl Cl
O,N o)

2b 53 /54 /51% 2¢ 55 /48 /43% 2d 67 /69 /64%

cl
N O O
CI \ Cl
2f 74770 167% 29 72/74170%

2e 89/85/85%

\CI

CI

2h 71 /67 160% 2i 64 /53 148%
Scheme 1. Synthesis of alkenesby COR with CBrCJin IL10.

Next, the reaction of hydrazonda with a set of
polyhalogenated alkanes was also investigated. ¢$HBut

methylimidazolium tetrafluoroboraté. 10 has been chosen again

as a reaction media. It was found, that other PHAsbzaalso
involved successfully into the COR in
methylimidazolium tetrafluoroborate to give the remponding

alkenes3a and 4a in high yields (Scheme 2). The reaction

proceeded stereoselectively to afford mostly tres laindered
isomer with aryl and most bulky substituenttiians-position (in
cases, there formation of isomers is possible)thedatio of E/Z
isomers was equal to the usual COR selectivity. @orditions
of the isomers were determined by comparison witrditre
data.

Utilization of freons, which are suspected to bevactigents
of the ozone layer depletion, is an urgent probtensolve!*
One the best possible solutions is to find out semphd
environmentally friendly chemical transformatiorfsfreons into
useful products.

1-butyl-3-

Using olefination with freons in ILs

3

Several improvements of the experimental technigees
also made. Thus, the “conventional COR" is carrigtlino polar
solvent (DMSO, EtOH or ethylene glycol), then diluteith 10-
20 fold amount of water and extracted with dichlordmee.
After drying of the extract and evaporation of thlwvent, the
residue obtained is purified by chromatography ditas gel
eluting with hexane (or hexane-dichloromethane megy In
contrast, COR in ionic liquids does not require qunémg of the
reaction mixture with water and extraction is carriegt by
hexane. Since byproducts of the reaction (azines) poor
soluble in hexane, the extract thus obtained cositaimost pure
target alkene and purification can be carried @ibg minimal
amount of silica gel. Moreover, repeated use @asijjel column
as well as recovery of hexane makes the processsiapte and
economical. Another important advance of this metiodhe
immobilization of copper salts in the IL layer. Asr@sult no
waste contaminated water with copper is formed. Atdhme
time, CuCl does not decrease its catalytic activityup to 5
repeated reaction runs. Very important also is puft formed
alkenes which contain no copper traces after sidiehcolumn
(Figure 3).

Hal,CXY

)

base extraction
by hexane
= .
ﬁ Sio,
= multiple use
Ar N ;
Y “NH, elueting
by hexane
R ‘ recovery
v of hexane
-CuCl immobilized in ionic liquid X
-RT , Ar
-no catalyst leaching Y
-no loss of catalyst efficiency R

-no contamination of the environment
green procedure

metal free product

Figure 3. Green access to halogenoalkenes using catalytic

olefination reaction (COR)

Comparing to other methods such as Corey-Flicls

corresponding fluorinated styrenéa-7a can be also prepared Horner-Wadsworth- Emmofis reactions, the method proposed
effectively (Scheme 2). Styren&s-7a have been shown to be has also several advantages. First of all, simpland safety of

versatile building blocks for the synthesis of vas fluorinated

experimental technique should be mentioned. Theticea is

molecules>***So, olefination in ILs provides a very convenient performed at room temperature with no need to exclid In

way for freons utilization as well.

X NH Hal,CXY
N 2 2 s X
[bmim] [BF,4] Y
cl base al
10% CuCl

\
Cl ZIE 86:14

3a CBr, / NH, 4a CCl3,CO,Et / NEt,

89 /81 /73% 78171 172%
CF3
- CFs X BY X
o Br | F g cl
Z/E 92:8 E/Z 85:15 Z/E 79:21
5a CBr3CF3; / NH3 6a CBr3F / en 7a CCI3CF3/en

76 /66 /57% 60 /57 161% 64 /61 /61%

en = HyN(CH,),NH,
Scheme 2. Synthesis of alkenes7 in IL 10.

contrast to mentioned methods, our method doespruduce
stoichiometric amounts of toxic phosphorous compglsuor zinc
salts. Side products of the reaction (azines) ane toxic
compounds. Stoichiometrically formed ammonium hafides
are even less toxic and nitrogen gas is not taxidlaln addition,
these products are immobilized in IL phase, whickvent their
leaking to the environment. Atom economy of thectiea is
0.53 (in case of dibromide), which is much higheanththe
corresponding values of Corey-Fuchs reaction (WRB PPh,

0.29 with PPhand Zn), which is used mostly for synthesis of

dibromides from aldehydes. The possibility to remoeasily
hexane and IL are also benefits of the reactiorkinba all
mentioned facts into account, one can conclude,G2R in ILs
goes very well with the principals of green chemistngl can be
used as a greener alternative to known metfiods.

3. Conclusion

ILs were found to be prospective solvents for CORyialing
convenient pathway to a number of substituted akkemdich
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are valuable materials for organic synthesis. Hiffec
immobilization of transition metal catalyst in ierliquid allows

performing up to 5 repeated reaction cycles withgighificant
decrease of the yields and prevents contaminatibnthe
environment. Simple experimental procedure, low dityxiand
low amounts of wastes, higher atom economy compating

Tetrahedron

Yellow solid; mp 53-54 °C (li® 53-55 °C)."H NMR (600
MHz CDCL) 6.92 (s, 1H, CH=CG), 7.55 (t, H, Ar, J = 8.0),
7.81-7.83 (M, 1H), 8.16 (dddH1 Ar, J = 8.0,d = 2.2, = 1.0).
'H NMR spectra o2d are in agreement with literatdre

4.5. 2,4-Dichloro-1-(2,2-dichlorovinyl)benzene (2€)

known methods (Corey-Fuchs or Horner-Wadsworth-Emmons  colorless crystals; mp 49-50 °C ({it.47-48 °C),*H NMR

reactions) are the advantages of proposed approach.
4, Experimental Section

General details

lonic liquidsIL1-11 were received from Merck. All solvents
and reagents were of reagent grade and used witddittoaal
purification. Hydrazones of carbonyl compounds welained
by reaction with hydrazine hydrate in refluxing etbh as
reported previously*® All reactions were monitored by thin-layer
chromatography carried out on Merck silica gel gda{Silufol
UV-254). Column chromatography was performed on sitiel

(Merck, 63-200 meshYH NMR spectra were recorded at 400
and 600 MHz in CDGI *C NMR spectra were recorded at 150

(400 MHz CDC3) 6.99 (s, 1H, CH=CGJ, 7.28 (dd, H, Ar, J =
8.5,J=2.1), 7.43 (d, H, Ar, J = 2.1), 7.65 (d, H, Ar, J = 8.5).
'H NMR spectra oRe are in agreement with literatire

4.6. (4-(2,2-Dichlorovinyl)phenyl)(methyl)sulfane (2f)
Brown crystals; mp 57-58 °CH NMR (600 MHz CDC3)
2.48 (s, 3H, SMe), 6.79 (s, 1H, CH=GCI7.22 (d, ¥, Ar,J =
8.4), 7.46 (d, B, Ar, J = 8.4);"*C NMR (150 MHz CDC3) 15.3,

120.3, 126.0, 128.0, 128.9, 129.9, 139.4; ESI-M${"Mound
218.9790. GHCI,SH requires 218.9797.

4.7. 1-(1,1-Dichloroprop-1-en-2-yl)benzene (2g)
Colorless oil;'H NMR (400 MHz CDC3) 2.21 (s, 3H, Me),

1 .
MHz in CDCh. HRMS spectra were measured at Orbitrap Elite’-26-7.40 (m, H, Ar). "H NMR spectra of compound are in

instrumentH NMR spectra of compounda®, 2b*® 2¢**, 2d,
2e%, 2i* 297 3a%, 4a%, 53, 6a'* 7a*° are in agreement with
those in the literature.

COR in ILs(general procedure):

agreement with literatufe
4.8. 1-Bromo-4-(1,1-dichloroprop-1-en-2-yl)benzene (2h)

Colorless oil;'H NMR (600 MHz CDC3) 2.18 (s, 3H, Me),
7.14 (d, ¥, Ar,J=7.9), 7.49 (d, &, Ar, J = 7.9);"3C NMR (150

First run: 10 mL glass vial was equipped with stirring bar, IL MHz CDC1L) 22.8, 117.6, 121.8, 129.5, 131.6, 134.6, 138.9;

(2 mL), hydrazone of the corresponding carbonyl gound (1
mmol), base (NK or ethylenediamine (2 mmol)), CuCl (0.1
mmol) and stirred at room temperature for 2 min.xtNe
polyhalogenated alkane (2 mmol) was added under waler
(10-15 °C) bath cooling. Reaction mixture was stirozernight,
then hexane (2 mL) was added and two phase mixtuesned
was stirred for 5 min. Hexane layer was separatedugéion by
pipette, the operation was repeated another 3 ti@embined
hexane phases were passed through short silicaageluging
hexane or hexane-G8l, 1:1 mixture 4a) as eluents.

Second and subsequent runs: To the mixture left from the
previous run, hydrazone of aryl aldehyde (1mmoRsé (2
mmol) were added and stirred at room temperature2 famin.
Next, polyhalogenated alkane (5 mmol) was added undéer
bath cooling and stirred overnight. The product vsatated and
purified as in the first run.

4.1. 1-Chloro-4-(2,2-dichlorovinyl)benzene (2a)

Colorless oil;'"H NMR (400 MHz CDC3) 6.81 (s, 1H,
CH=CC}), 7.30 (d, 2, Ar, J=8.3), 7.49 (d, &, Ar, J = 8.4)."H
NMR spectra ofa are in agreement with literatuffe

4.2. 1-(2,2-Dichlorovinyl)-4-nitrobenzene (2b)

Yellow solid; mp 88-90 °C (lit* 88-89 °C)."H NMR (400
MHz CDCL) 6.93 (s, 1H, CH=CG), 7.69 (d, H, Ar, J = 8.8),
8.22 (d, A, Ar, J = 8.8)."H NMR spectra o2b are in agreement
with literaturé®,

4.3. 1-(2,2-Dichlorovinyl)-4-methoxybenzene (2c)
Colorless oil;'"H NMR (400 MHz CDC3) 3.78 (s, 3H,
OCH;), 6.80 (s, 1H, CH=CG), 6.83 (d, #, Ar, J=8.5), 7.21 (d,

2H, Ar, J = 8.5)."H NMR spectra ofc are in agreement with
literaturé™,

4.4. 1-(2,2-Dichlorovinyl)-3-nitrobenzene (2d)

ESI-MS: MH', found 264.9171. §1,BrCl,H requires 264.9181.
4.9. 1,4-bis(2,2-Dichlorovinyl)benzene (2i)

Colorless crystals; mp 77-78 °C (i 77-78 °C),"H NMR
(400 MHz CDC3Y) 6.86 (s, 2H, C=CH), 7.57 (s, 4H, AH
NMR spectra ofi are in agreement with literatdf®

4.10. 1-(2,2-Dibromovinyl)-4-chlorobenzene (3a)

Colorless crystals; mp 35-37 °C (it.35-36 °C),"H NMR
(400 MHz CDC3) 7.26 (d, 2, Ar, J = 8.7), 7.35 (s, 1H,
CH=CBL), 7.39 (d, ¥, Ar, J = 8.7)."H NMR spectra oBa are
in agreement with literatute

4.11. Ethyl 2-chloro-3-(4-chlorophenyl)acrylate (4a)

Yellow oil; mixture of Z/E isomers in ratio 86:12:H NMR
(400 MHz CDC3) 1.31 (t, 3H, CH, J = 7.1), 4.33 (q, 2H, CKJ
=7.1),7.32(d,H, Ar,J=8.7),7.71 (d,H, Ar,J=8.7), 7.77 (s,
1H, CH=CCICQEt). '"H NMR spectra of compoundéa are in
agreement with literatufe

4.12. 1-(2-Bromo-3,3,3-trifluoroprop-1-enyl)-4-
chlorobenzene (5a)

Colorless oil; mixture of Z/E isomers in ratio 9281 NMR
(400 MHz CDC3%) Z-isomer: 7.40 (d, &, Ar, J = 8.8), 7.55 (s,
1H, CH=CBrCHk), 7.66 (d, #, Ar, J = 8.8).E-isomer: 7.20 (d,
2H, Ar, J = 8.5), 7.34 (d, H, Ar, J = 8.5), 7.45 (s, 1H,
CH=CBICR). 'H NMR spectra of5a are in agreement with
literature“®.

4.13. (2-Bromo-2-fluorovinyl)-4-chlorobenzene (6a)

Colorless oil; mixture of E/Z isomers in ratio 85;1H NMR
(400 MHz CDC3%) E-isomer: 5.92 (d, 1H, CH=CBrB, = 32.3),
7.31 (m, H, Ar). Z-isomer: 6.60 (d, 1H, CH=CBrg = 14.9),
7.32 (d, H, Ar, J = 8.4), 7.40 (d, H, Ar, J = 8.4)."H NMR
spectra ofa are in agreement with literatdfé



4.14. 1-(2-Chloro-3,3,3-trifluoroprop-1-enyl)-4-
chlorobenzene (7a)

Colorless oil: mixture of Z/E isomers in ratio 79;:2H NMR
(400 MHz CDC%) Z-isomer: 7.07 (s, 1H, CH=CCIGF 7.20 (d,
2H, Ar,J=8.7), 7.48 (d, H, Ar, J = 8.7).E-isomer: 7.02 (s, 1H,
CH=CCICFR), 7.03 (d, H, Ar,J=8.4), 7.17 (d, H, Ar, J= 8.4).
'"H NMR spectra ofa are in agreement with literatGre
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