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Both ZrC1 and Ze0CLSHL0 sre commervially available solid chemicals. Due o their low toxicimies (L1, [£rCl oral rare] =
1688 mpke), (LD [ZrOC1HRHO oml mie] = 2950 mgke), low costs, case of hadling, high eétivity, the zirconium(lV)
compounds are potential green catalysts or reagents which are of importance from different views. In this review we have paid
attention to the applications of these compounds as reagemts or catabysts i Friedel-Crafts reacnions; Fries rearrangements,
reduction and oxidstion reactions, cyclowddition and hydrometalation reactions, protection and deprotection of fumctional groups,
reactions of epoxides, todination of alcohols, S-alkylation of thialk with aleohols, Michae]l sddition, condensation of indeles with
carbonyl compounds, Claisen ester condensanion, Baylis-Hillman reacnon, preparation of organozircomum compounds and some

uther miscelluncous reactions.

Keywords: ZrCly and ZrOCH8H0, Vriedel-Crafis reaction, Fries reampement, Reduction, oxadation, cyeloaddition, and

liydrometalation, Michael addition, Claisen condensation, Baylis-Hillman reaction

INTROIMICTION

The ability of tunsition metals to mediate organic
renchions cither catalvtically or stoichionsetrically constitutes
one of the most powerful strategies 10 achieve hath selectivity
ond efficiency in symthetic organic chemistry | 1] Reports on
the use of commetcially available solid chemicals [2]. 2rClL
and ZridC18HL0), as reagents or catalysts are limited 1o the
given reactions discussed in the following sections. Thie 1o
their low toxicity [LDS0 (ZeCla oral rote) = 1688 mghkg] (3],
(L0230 (ZeOCl8HAO) ol mte = 2950 mgke] [3], low costs,
¢ase of handling, high activity, the mircomum{IV ) compounds
can be considered as safe potential catalysts or reagents m
urganic synthesis, ln this review important reactions medinted
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by ZrCl, and ZrOC8HO are presented. While the presem
article was under print. an excellent review  appearcd:
“Application of Zircomum( 1V} Chlotide in Organic Synthesis™
[4a].

FRIEDEL-CRAFTS REACTIONS AND FRIES
REARRANGEMENTS

The eatalytic activity of ZrCl; m aeylation [4] and
alicylation reacnions 3] has been smidied over decades and has
been compared with those obiained using vaditional AICI,
calalysi

One inresung reaction related 1o Friedel-Crafiz alkylation
is the cvelohexane rearrangoment mediated by ZrCl, a5 shown
m Scheme 1. I this reaction the rearmangement Octurs af
amen

temperature  n ehloroform and  proceeds v
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Hyt

Fragmentaution of the carbon-carbon bond para (o the mcthoxy
substituent  followed by an  inramolecular  Friedel-Crafrs
allbylation [6],

Frics rearrangement is a useful reaction for the synthesis off
aryl ketones, ZrCly has been reported o be an effective
catalyst for this purpose. A typical example is presented by
Scheme 2 i which the rearrangement has ocowred at ambient
lempemture with high selectivity giving (he  aeetophenone
derivative by acetyl group migration o the sterically least
encumbered adjacent carbon [T].
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REDUCTION AND OXIDATION REACTIONS

A combination of sodivin barohydride and ZrCl has been
frequently used in the stereoselective reduction of various

~ funetional groups including carbonyls [8.9], oxime cthers [ 10,
in the presence of chiral amino alcohols and olefing, imines,
nitriles [97, N-oxides [11]and nitro [12] groups (Schemes 3-6),

—

Schime 1

Me ﬁ:.'t—z}t'u
N
"’J —-

Mg

@#"\.l
b ~
The

£l

T
J\ NUBHECl THE _H
R R® { N\ R
I mj i
Soheme 3
it
Vs N
j\ MaBH P gl b aleobd -
R TR "
Scheme 4

1-

#ri7l, NahH, Uy NaBH,
NH—R NOy ————
THE, 0°C- £ THF. reflux
R=aliphatic
Scheme 3

R )
m ZeNabH, f«» K
—_—
' THE I 0 j
N
Sehaeme 6
HNH,
Rearyl, heteraaryl
www. S D.ir



Applications of ZrCly and ZrOCl; 8H,0 as Catalysts or Reagents

n  tetmachlonde'sodium  jodide
:?r{*uﬁiﬁrlh\a’ez&fm,nmut e effctive: rediotive

coupling of sulfonyl chlondes to their corresponding
disulfides and chemoselective reduction of sulfoxides to their
thiocthers in hagh vields have been also reported (Sclieme 7)
(13}

Scheme 7

Criidation of sulfides is the most siraightforward method
for the synthesis of sulfoxides and sulfones [14], some
exurmples of which are imporiant a5 commodity chemicals
and, in some cases, s pharmacewticals [15], This
transformation has been accomplished in a variety of ways
[16-28]. During recent years, very useful procedures involving
sgueous hydrogen peroxide (Hi0;) ss the terminal oxidant,
anid 3 Lewis acid as an sctivator have been developed. to
promote this transformation [29], Very recently, HaD2ZrCl,
systemt has been npplicd as o selective method to oxidize
sulfides efficiently o their sulfoxides or sulfones even in the

presence of eastly oxidized Rmetiomal growps (Scheme §) [30].
Reagents and conditions: (1) Hxts (14 equiv), ZrCl (4 equiv),
CH,OH, rt; (i) H:0y (20 equiv), ZrCL (5 equiv), CHOM, ot

CYCLOADDITION REACTIONS

Diels-Alder Reactions

The first successful asymmetric Digle-Alder resction hus
been reported berween cyclopentadiene and a chiral afi-
imssturated amide using different Lewis acids. The highest
endo/exo selectivity has been observed in the presence of
ZrCly catalyst (Scheme 93 [31].

|2+2] Cycloaddition Reactions

The [2+2] eyeloaddition reaction of |-{irimethylsilyloxy)
evclopentene and acetylene carboxylale in the presence of
ZrCly, was aceompanied with desilvlation to afford bicyelo
[3.2.0] heptene carboxylate (Scheme 10) [32],

Allyltritylsilane reacted with aldehydes m different wavs,
depending on the oature of the Lewis acids employed. In
Scheme 1 the catalytic effect upon the mode of reaction is
presented hetween BF . ELO und ZiCL 1330

HYDROMETALATION REACTIONS

Zircomum complexes pre w-base accepting Lewis acids
therefore, varety of resctions based: on interaction of C-C =+
bonds with sirconiuwm have been investigated.

{1} Hydroalummation of olefins (Scheme 12) [34].
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PROTECTION AND  DEPROTECTION RA___snBu,
REACTIONS
Scheme 13

Carbonyl group is one of the most abundant functional
group in organic molecules. Selective protection and
deprotection of this functionality plays an important role in the
multi-step synthesis of complex organic molecules such as
natural products [36].

162

It has been found that ZrCl, is an effective catalyst for
highly chemoselective transthioacetalization of acetals with
dithiols under mild reaction conditiors'(Schemie 14) [37].
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Scheme 14

Also this catalyst has been used for chemoselective
proteciion of aldehydes to geminal-diacetates (Scheme! 5) and
dipivalates  [38], The chemoselective deprotection  of
diacetates has been also achieved with ZrCL under solvent free
conditions at room lemperature,

£rCl 13 mol
R—CHO » A OO o CHOA)K
neat, 1t
= aryl, ullcvl
Scheme 13
The THF complex of zircommm terrachlorde

[ZrCL(THF)] is a highly effective catalyst for the selective
esterification of primary aleahwls with carboxylic acids in the
presence of secondary or aromatic aleohols (Scheme 16) [39]

R'COH+ RTOH 1! h —= lO0,Re
Azeommopic distilistion

Scheme [0

ZrCl 8H O supported on ordered mesoporous silica has
been utsed as @ catalyst for the esirification of long cham
carbaxylic acids with long chain primary and secondary
alcohols successtully (Scheme 17) [40],

ZrCl In the presence of Ac:O [41], and alse Zr0CL.EH0
in combination with acyl chinnde [42], were used as highly

M*"’\g\/\/\/\
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efficient and reusable catalysts for acetylation of structurally
diverse phenols. thiols, anumes. and alcohols under solvent-
free conditions.

Z1CLy in CHON provided o mild and efficient catulytic
system (20 moel%) for the mghly sclective deprotecton of
TBDMS ethers: The study demonstrated that both acid and
base sensitive groups and also allylic and beneylic groups
were unaffected (Scheme 18) [43].

Zre, (20 mol)

dry CH;CN
rd., 20-43 mm

ROTHOMS = ROH

Scheme 18

ZrCL/MNaBH, reagent system in THF generated alcohols
from their ally] ethers (Scheme 19, The reagent system can be
cunsidered as @ geneml desllylating agent useful for aliphatic
as well as sromatic allylic ethers The impartant advantage of
this reagent lies in 1ts tolerance towards some of $He[rrducible
funetionalities such as nitra, alkoxy, halo, benzyloxy, Bow, and
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R 1572 /x’*’
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Scheme 19

In addition, ZrCl; has been used for the cleavage of bis
allylically activated ether bridge (Scheme 20) [45].

0SiMe;

e =
CH,Cl,, -78°C, 30 min o

Scheme 20

It was found that ZrCl; (5 mol%) and acetic anhydride
reagent system has been used for selective conversion of
ethers to the corresponding acetates under mild reaction
conditions (Scheme 21) [46].

R
ZiCl, (Smol%)-AC,0 R
>—01> > }OAC
" CH,CN 5
P =TBS or THP
R.R! = Aryl, Alkyl, H
Scheme 21

THE REACRION OF EPOXIDES MEDIATED
BY ZI'C14

It is well-known that epoxides are versatile intermediates
in organic chemistry [47]. The deoxygenation of epoxides to
olefins allows the use of the oxirane ring as a protective group
for double bonds [48]. Thus, it is an important protocol to
control olefin stereochemistry [49], for conversion of biomass-
derived substrates to useful organic compounds [50], and also
for structural analysis of natural products [51]. Relatively few

general methods exist for removing oxygen atoms from
epoxides [52-65].

ZrCly/Nal has been introduced as an expedient reagent for
immediate and stereospecific deoxygenation of epoxides to
olefins in excellent yields [66].

The results given in Table 1 illustrate the high efficiency of
this protocol for the deoxygenation of structurally different
epoxides in short reaction times.

B-Amino alcohols are versatile intermediates in the
synthesis of a vast range of biologically active natural and
synthetic products [67], unnatural amino acids [68], and chiral
auxiliaries for asymmetric synthesis [69]. The nucleophilic
opening of epoxides with amines constitutes a well recognized
route for the synthesis of amino alcohols [70]. The classical
approach [71], involving heating epoxides with amines, works
less well with poorly nucleophilic amines.

ZrCl, catalyzes the nucleophilic opening of epoxide rings
by amines leading to the efficient synthesis of p-amino
alcohols. The reaction works well with aromatic and aliphatic
amines in short times at room temperature in the absence of
solvent. Exclusive frans stereoselectivity is observed for cyclic
epoxides. Aromatic amines exhibit excellent regioselectivity
for preferential nucleophilic attack at the sterically less
hindered position during the reaction with unsymmetrical
epoxides. However, in the case of styrene oxide, selective
formation of the benzylic amine has been observed during the
reactions with aromatic amines [72].

Also ZrCl, in the presence of sodium borohydride and L-
proline as a chiral auxiliary has been used for regioselective
reduction of racemic epoxides to optically active alcohols
[73].

1 O R! OH
R / \ H  7:Cl,/ NaBH,/ L-Proline > (

= Hlllne o=

R? R} R? R}

Scheme 23

The formation of tetrahydropyran derivatives by mediation
of ZrCly via cross-cyclization between aryl substituted
epoxides and homoallylic alcohols las/been repeited (Scheme
24)[74].
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Table 1. Deoxygenation of Epoxides Using ZrCly/Nal in Anhydrous CH;CN
Entry Epoxide Product GC Yield Isolated yield Time
(%) (%) (min)
o
1 @fq @f“‘\“ 100 93 immediately
2 @A& @’l§ 96 90 immediately
(e
3 97 87 immediately
0 0
immediately
4 0 100 92
2 O
5 (;]/O\AI ©/ 95 87 immediately
/\% N TN
6 0 100 88 immediately
a7 a =
7 ) 100 87 immediately
~——
8 7\0/\? >\0 100 90 immediately
‘%\/\0/\,\7 NN =
9 0 100 90 immediately
o 0
10 ﬁ)‘o’\w \[)LO/\: 95 88 immediately
o}
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FUNCTIONAL GROUP TRANSFORMA-
TIONS
lodination of Aleohols

Among the halides. iodides are the most reactive and in
some cases, they show unigue resctivity [73], lodimation of
aleohols s the most genersl protocol for the preparation of
alkyl 1odides and therefore. this conversion is a frequently
encounfered  trancformation  in organic synthesis. This
transformation is very imporunt in natural product synthesis,
where such conversions are usually carried out by a two-step
process consisting of transformation of the alcohol to mesylate
followed by displacing the mesyloxy with iodide [76).

ZrClyMal can be used as an efficient and selective system
for vne-pot conversion of structurally diverse aleshols to their
indides with high efficiency and selectivity and with a simple
work-up procedure (Scheme 25, Table 23[77]

e

ZrCly/Nal
anhy, CHON
= alkyl, allyl, henzy|

ROH RI

Scheme 23

S-Alkylation of Thiols with Alcohols
Versatile synthetic uses of thivethers in both bioorganic

und orgunic chemistry have ensured many studies of their
preparation: by different methods. The thioether linkage has
been used to prepare evelic analogues of seyelic polypeptides
tor restriet their conformational mobihity and thus to increase
their biological activity and stability agains! biodegradation
[78-81] They are also useful heteroatom functional groups in
arganic synthesis, For example, by oxidaton of thioethers.
chiral sulfoxides cun be pgenerated which can be used as
uuxiliaries 0 asymmetric  synthesis [82-85]. Moreover,
sulfones have been employed for stabilizing a-radicals [%6], a-
anions [87], can et as calionic synthons [8R), and also for the
formution of C-C bonds [R9].

Recently, it has been explored that ZrCL dispersed on dry
silica gel conducted the efficient preparation of thiocthers by
the reaction of thiols with aleohols under solvent-free
conditions which is a useful addinon 1o ¢urrent methodologies.

[Scheme 16) [90).

LrCl,

R'——35H + Ri—0OH _- .f"' "‘\.\_
silica gel Re
MuC

Scheme 26

This method 15 general and applicable forSh preparation
of thioethers from cinnamyl wleohol, sdwmantamoe]  and

grmucturally and electronicully diverse benzyl aleohols  with
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Table 2. Iodination of Alcohols Using ZrCly/Nal in Anhydrous CH;CN

Entry Alcohol Time (min) Product Yield (%)
OH |
1 ©/\ 10 ©/\ 95
OH [
2 ©/\/ 75 ©/\/ 90
OH [
4 /@A 2 /©/\ 96
H3CO HaCO
OH I
5 /©/\ 45 /@A 90
Cl cl
OH [
6 60 a9
O,N OzN
OH |
8 H 4 >=\_ 93
OH |
=
OH
10 NN 70 N T S 97
11 T P 20 i e S 97
OH |
12 @ 40 @ 80
13 /\/\/Y 120 /\/\/\[/ 85
OH |
OH |
14 50 90
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aromatic or aliphatic thiols. In addition, this method providesa  compounds.

high yielding preparation of dithioethers using dithiols (Table Primary and secondary aliphatic alcohols do not react with
3, Entries 23-25) which are valuable precursors for the  thiols in the presence of this system and remain mostly intact
preparation of macrocyclic or polymeric sulfur-containing after the appropriate reaction times (Table 3, Entries 15, 16).

Table 3. S-Alkylation of Thiols with Alcohols Using ZrCl, Dispersed on Dry Silica Gel under Solvent-Free
Conditions

Entry Alcohol Thiol Product 31;111?5 Isoia;gj)yleld

1 o /@’ > /@SVQ 5 94

{3
10 oH s )— 3 95
a,
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Table 3. Continued

1

12

13

14

15

20

21

22

23

@/\\/\DH

[
@,SH
O,SH
/@,SH

HS._~_-SH

180

180

20

95

92

88

90

80

94

96

95

94

95
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Tahle 3. Continued

N
Melr
R D

TG

HS~5H a0 ome 10 96
A

HE _~_SH sts/_@_EWsu 20 94

MICHAEL ADDITION REACTIONS

In recent years, considerable anention has been focused on
the development of efficient and operationally simple
protocals for carbon-carbon and carbon-hetere atom bond
formation for the construction of valuable molecules, Michael
reaction is ooe of the most important reactions in organic
chemistry which is employed for C-C and C-X bond
formation. For example, carbon-carbon bond  formation
through the addition of electrophiles to the C-3 position of the
indoles leading to the bioactive indole alkaloids [91]. In
addition, mirogen-contmning compounds are of significant
importance i human life and also they are useful as
biclogically active substances. dycs. and fine chemicals [92].
For instance, the famino carbony!| group is a common moiety
n a large varicty of biologically active compounds such as
alkalods and polyketides [93,94b-94d]. They are also
attractive precursors in preparation of y-mming alcohols, -
luctarns, f-amino acid derivatives and chiral auxilianes [95-
100], muny of which serve as powerful antibiotics or other
drugs [101,102). There are some methods svailable for
Michae! addition of indnles and amines {o o f-unsaiurmted
carbonyl compounds catalvzed by Lews acids [103]

It hass been recently reported that ZrOClySH,0 as a highly
efficient and the moimiure tolerant Lewis scid catulyzes
Michae! addition of amines and mdoles w0 o f-omsamrated
ketones under solvent-free conditions (Scheme 27) [104]. The
reusshility of the cutalyst hay been successfully examined
without noticeable loss of iis catalytic sctivity. The use of &
safe cawalyst and its insensitivity towards moisture combined
with an casy work-op procedure are the strong points of the
presented methadology for C-N and C-C bond formation via
Michael addition reactions (Table 4).

NUC
/\/ﬁ\ munﬂ )\,J\
N + g R? W€ g R?

NUC:= Amines, Indoles

Scheme 27

CONDENSATION REACTIONS

Condensation of Indoles with Carbonyl Compounds

Indole derivatives have attructed a plethora of research
arcas dug to the vast spplications in material sciences [105],
aprochemicals [106], and pharmaceuticals [107]. Particularly,
the substrates including bistindolyl) maotifs such as secondary
metabolites [108], and mavine sponge alkaloids [10%], are of
remarkable significunce. Indoles can  readily  undergo
electrophilic substitution reactions with the oxygen atom of
carbonyl compounds in the presence of a suitable catalyst tn
form bis- and tris( | H-indol-3-y1) methanes, Different catalysts
are known 1o catabyze this reaction [110-121].

ZrCl8HOvsilica gel as a highly water-tolerant catalyst
system- has been applied for the preparation of
bis{indolylimethunes v electrophilic substitution reactions of
indoles  with  carbonyl  compounds  under  solvent-free
conditions (Scheme 28) [122], The yelds of the isalated
products are from good to excellent (Table 5)

Claisen Ester Condensation

The Clasen ester condensation i tecognized as =
fundamental end wseful C-C bond-forming reaction [123]
Truditional Claisen  condensations)  wsiméSklRaliqmetnl basic
reagents such as NaOR, NaH, LDA and LiIHMDS arc - widely
applied 1o @-monoalkylated esters giving the corresponding
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Table 4. Michacl Addition of Amines and Indoles to a,B-Unsaturated Ketones Catalyzed by ZrOCl,.8H,0
under Solvent-Free Conditions

Entry Substrate a,B-Enone Product Time Isolated yield

(min) (%)
/Y
1 : :

ST
2 O Oﬁ v i
- O PP L
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Tabled o Continue

N Z . R'coR? —ZrOCh8H0 (Smol%)
N . Silica Gel/ 50°C
H

Scheme 28

Table 5. Condensation of Indoles with Carbonyl Compounds Catalyzed by ZrOCl, 8H,0/Silica Gel System

under Solvent-Free Conditions

Time Isolated yield

Entry Indole Carbonyl Compounds Product
(min) (%)
1 Z=H R'= C4H;s Z=H 40 84
R’=H R'= C4H;
R’=H
2 Z=H R'= P-MeCgH; Z=H 75 75
R*=H R!'=P-MeC¢H;
R’=H
3 Z=H R'= P-OHC¢H; Z=H 120 76
R’=H R'= P-OHC4H;
R’=H
4 Z=H R!'= P-NO,C¢H; Z=H 30 94
R’=H R!= P-NO,C¢H;
R’=H
5 Z=Me R'= C¢Hs Z=Me 20 85
R’=H R'=C4H;

R’=H
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Table 5. Continued
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fi £ =Me H:ﬂ POHCHS £=Me 120 75
R*=H R!= P-OHC.H;
R*=H
7 Z=Me R'= P-NOLCH, L=Me I5 G0
R*=H R'=P-NO,C.H;
R*=1
8 Z=H R'= n-Buthyl Z=H 60 an
R=H R' = n-Buthy]
R'=H
9 Z=Me R'= n-Ruthyl Z=Me 40 93
R H R! - n-Buthyl
Ri=}l
10 Z=H Cyclohexanone 180 80
W |
11 L=Me Cyelohexanone Q } 150 L
BN, /_.«N.,,
2 =M Acctophenone o reaction 18O -

dimeric [i-ketoesters [123.124] Powerful mediated Claisen
ester condensations of au-dinlkylived esters by ZrCL-iPr.NE1
were performed to give the commesponding thermodynamically
unfavorable wo-dialkvisted f-ketoesters, and Clasen-aldol
tandem reactions berween an imermediary Zr-enolate of a a,o-
diallkylated B-ketovster and uldebvdes also proceeded (Scheme
29) [125].

BAYLIS-HILLMAN REACTION

Recently, the Baylis-Hillman reaction has heecome a very
hot field for synthetic chemists. The combination of a8 Lewlis
base such os Me:5. EtN or phosphine compounds with the
Lewis acid such ax TiCl, ZrCl, can significantly speed up this
reaction and give the cormespanding chlorinated products. This
reaction was initiated by chionde ion awacking atr the wp-

unsamrated ketone Michagl accepior. The chlonde lom was
produced by coordination of Lewis bases (SMes, NEL, PBu,)
te Lewis avids such as TiCls, ZrClL In this resction system, 1t
15 vary difficult to achieve high enantinselectivity just by using
catalytic amounts of chiral Lewis bases (Scheme 30} [126],

ORGANOZIRCONIUM COMPOUNDS AND
THEIR USES IN ORGANIC REACTIONS

Roughly, 75-80% or possibly even more of the currently
known organozirconium  compounds are  sirconocens and
related  derivatives, In reality, the great majority of
synthetically useful organczirconiom reactions known today
invelve CpaZr derivatives. Sywwﬁl@ﬁt derivatives
typically begins with the reaction af Al with Cpli, CpNa,
or CpMgBr (or Cly 1o produce Cp.ZeClL [127]
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/T\ ZiCl, Amin
—.- m.
L]
R "0z Rt ROR
R'CHO/ cat. TMSC]
(R, BT =Me)
g “'\I/G ] = »
o iy, 0
l H.O J
—_— -
COAr =LAr R
R:'
L M Me Me .
Scheme 28
o
o oM
R—CHO « Ll or TiCly, PBYy o e—cH Me
CHJC‘};. - 'zﬁ s
H;C——Cl

a R=p-NO;Ph, b: R=m-NOsPh, ¢: R=p-CF;Ph,
di R= p-EtPh. & R= Ph, [t R= p-CIPh, g: R~ CH(CHy),

Seheme 30

These organozirconium compounds have been used na
wide vunety of organic reactions, for example, formation of
carbon-heteroatom bonds, carbon-carbon bonds. carbonyiation
and other migratory insertion reactions, stoichiometne and
catalytic carbometalation reactions efc [128]

MISCELLANEOUS REACTIONS

ZrCl, facilitates a high vielding homologation of ketones
into  o-methoxy ketones [129), wio  intermediate  wulfone

adducts (Scheme 31), This procedure allows the sulfone
mediated  homologation  methodology o be wpplicd 1o
monacyvelie and acvelic ketones.

ZrCL has been also applied as an efficient catalyst for the
synthesis of w-ummopbosphates  (Scheme 32) [130]. The
method is effective for aromatie, aliphatic. or o.f-unsaturated
aldehyvdes with excellent vields.,

The imidazole ring is of thermpeutic interest as it is widely
recopnized to be an important plmgbflgr[. Its
activity is  often connected to its hydrogen bond  denor-
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weceptor capability [132] or with high affinity for the metals
that are present n many protem-active sites [133] These
chirscteristics make imidazole derivatives attractive targets in
orgamc synthesis. Imidszolin-2-ones mpresent an fmporta
part of the imidazole family that possess functional motifs
found In biologically active molecules.

The @rlle-medioed teatment  of  substioged
aminocarbomy ldiazenecarboncylates with | 3-diketones or fi-
ketoesters leading to highly functionalized imudazalin-2-ones
[134].

Halogen migration on aromatic substrates m the presence
of a strong basze, also known as the *halopen dance’ was
discovered in the 19505 [135), since then it has been
thorough’y investigated [136-140). In contrast, acid-promoted
halogen migration occurs rarely on arematic molecules [141]
and iz limited 1o lodine [142,143] and bromine [144-148)
atoms. Recently, an electrophilic amination of aromatic
substrtes  wiath  vanous: alkyl  arvlammocarbonyldisecoe-
carboxylates in the presence of ZrCL | 149]. 1t i= reported that
the ZrCl-promoted electrophilic amination of halogenated
phenols was gecompanied by the migration of o halogen atom,
Thus, diisopropy]l 'diszenedicarboxylate 2 omd 2. 4-dichloro-

phenol (1, X = Y « Cly were.reacted in the presence of ZiCl
o produce @ mixture of regioisomers 3a and 4a (Scheme
33) They also noticed that 2 4-dichlorophenal did not react
with 2 if ZrF; or ZrBr. were used instead of ZrCL [130].

The renctions of wylniidls  with  Prumiooalcohols Lo
prepare 2-aryloxazalings has been efficiently earried aut in the
presence of catalytic amoums: of ZrOC-8H0 using hear or
microwave dradistion, Synthesis of mono- and bis-oxazolines
from dicyanohenzenss wis sccomplished with high selectivity
ustng this camalysr, Chemoselective conversion of arylnumiles
tw their corresponding Z-oxazolines in the presence of
alkyhnimriles was alsp  achieved by this method |151)
Z10C1HL8H,0 has been also reported for efficiently. catalyzed
dircet Munmich-type resction of o varety of in situ pgenerated
aldimines using aldehydes and anilines with keiohes n a
three-component reaction under solvent-free conditions. The
reaetion proceeded rmpidly wod affords the corresponding [3-
aming ketones in good 1o high yields with good o excellent
sterenselectivities [ 152]

Recently, preparstion of 2-imidazolines and bis-
imidazolines by reaction of ethylenediamine with nitriles in
the presence of catalytic amounts of ZrOCLBHAY as &
reusable catalyst under reflux conditions 15 reported.
Sonication of this svstem enhanced the catalvtic activity which
was led 10 higher yields and shorter reaction times. By this
catalytic svstem under microwave irmadiation, the reaction
times were reduced and the vields were increased [153],

CONCLUSIVE REMARKS .
vwwWw.SD.Ir

It this review we huve paid attention to two zirconium(IV)
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based compounds namely arconium (IV) wtrechloride and
zirconiumi( V) oxvdichloride: octabiydrate (ZrOCl, 8H,0) as
mummrkahly effective catalysts or meagends  in o organic
synthesis. Both ZrCly and Zo0C0: 8HO are commercially
available solid chemicals [2], Due 1o their Tow toxicities (LD
[Z1CLy oral rate] = 1688 meke) (3], (LD, [ZrOCI-8H;0 oml
Tate] = 2950 mg.n'kg}.’ low costs, ease of handling, high
activity. these arconium(TV) compounds are potential
catalysts o reagents which could be considered as importunt
catalysts or teagents from  different views such asz
emvironmental concerns and green chemisry.  As it 18 evident
from the results mentioned in this article, only a very few
reports are avaoiluble using ZrOClL.8H-0 as catulyst or reagent
i orgamic synthesis: Therefore, we expect studies upon basic
transformations tn organic synthesis will be appeared in the
literatwre wsing ZrOCLSH in near futwe, Reactions
conducted in the presence of ZrCly are also mther himned and
are at their very early stages-of development. ZrCly should be
applied 1o other catalytic reactions and also be used a5 a regent
for muny other organic transformations which have not been
roported in the literature yet. Supporting both Zr(ly and
ZrdCl 8H0 on solid suppons and their use in organic

synihesis under heterogeneous conditions 1s of mierest from
ncpdemic and indusirinl point of views which should be
explored i the future.
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