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Chapter 1

Introduction

1.1. Abstract

In this chapter, the importance of chiral Schiff base metal complexes and their
catalytic activities has been briefly discussed. The aim of the present investigation, in
the background of known chemistry of chiral Schiff base metal complexes and their

catalytic activities has been stated.

1.2. Introduction

Discovery of new asymmetric catalysts involve interdisciplinary research that
combines organic, inorganic, organometallic and biomimetic chemistry. To make
efficient new chiral ligands, a number of strategies including combinatorial design of
structurally innovative ligand framework are adopted. Consideration of steric,
electronic and conformational properties is necessary to prepare effective ligands. The
design of new metal catalysts bearing optically active ligands plays an important role
in the development of asymmetric organic synthesis. Most asymmetric catalysts
consist of metal complexes with chiral ligands. Several synthetic routes are available
for the preparation of such ligands.

Successful examples of catalytic reactions include asymmetric epoxidation of
allylic alcohols by titanium(V) alkoxide in the presence of optically active tartrate,’
cis-dihydroxylation of un-functionalized alkenes by OsOj,-chiral alkaloid system” and
more recently the asymmetric epoxidation of un-functionalized alkenes catalysed by
chiral manganese(Ill) Schiff base complexes.” Among the various chiral compounds
employed in asymmetric metal catalysis, those containing C, symmetric binaphthyl
groups have been widely studied.* The design of catalysts that ensures high
enantioselectivity in the epoxidation of non-functionalized alkenes constitutes one of

the most significant importance in the asymmetric synthesis.
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1.3. Oxidation catalysts

1.3.1. Titanium-catalyst

Dialkyl tartrates have been successfully employed as chiral ligands in the
titanium-based enantioselective epoxidation of allylic alcohols and the most efficient
procedures involve t-butyl hydroperoxide (t-BuOOH) as the oxidant.” The hydroxyl
moiety of the substrate has an activating and stereo-directing role by binding the
metal centre thereby providing high enantioselectivities in the epoxidation reaction.
The catalyst is in situ prepared from titanium-iso-propoxide and the enantiomerically
pure diethyl tartrate. Using 5-20 mol% of the titanium-iso-propoxide, high
enantioselectivities (>90%) and yields (>80%) were obtained for a range of

substituted allylic alcohols (Scheme 1.1).6

R4 R, R, R
Ti(O-iPr)4, t-BuOOH, L-(+)-diethyl tartrate o
OH CH,Cl,, -20°C OH
R Rs
70-80% yield
> 90% e.e.

Scheme 1.1. Sharpless asymmetric epoxidation of allylic alcohols.

1.3.2. Manganese complexes

Kochi et al. reported that cationic manganese(Ill) complexes of the salen
ligand [N,N’-ethylene bis(salicydeneaminato)] are effective catalysts for the
epoxidation of various olefins with iodosylbenzene as the terminal oxidant. The
presence of electron-withdrawing groups, such as 5,5'-dichloro or dinitro substituents
enhances the catalytic activity of the (salen)Mn(IIl) catalyst in measure with the
electron-deficient character of the cationic complex as evaluated by standard
reduction potential E’. Various types of olefins, including substituted styrenes,
stilbenes, cyclic and acyclic alkenes are epoxidized in 50-75% yields within 15
minutes at ambient temperatures in acetonitrile.” The development of catalysts that
mediate enantioselective group transfer to un-functionalized olefins is an important

goal in organic chemistry.® Catalytic systems that are effective for directed
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epoxidation’ and hydrogenation'® have been discovered, but the substrates must bear
specific functional groups to achieve the pre-coordination required for high
enantioselectivity. Enantio-selective epoxidation of simple olefins constitutes a
challenging and important synthetic problem and chiral-salen based complexes have
recently emerged as promising catalysts for these reactions.''

Jacobsen et al. designed the chiral Mn(III)-Schiff base complex (1) which is
currently the most efficient catalyst for the enantioselective epoxidation of un-
functionalized olefins.'> Enantioselective epoxidation of simple olefins using
Jacobsen’s catalyst gives yields up to 97% with an asymmetric induction as 98%
enantiomeric excess depending on the substrate in an organic solvent such as
dichloromethane. The source of oxygen used can be either an aqueous oxidant such as
sodium hypochlorate or an organic peracid, for example m-chloroperbenzoic acid. In
both the cases, the presence of an additive has a significant effect on the catalysis rate,

yield and enantioselectivity of the epoxidation (Scheme 1.2).

R R2
1(2- 1% _
N— + Oxidant (.5mo ) >
Co-oxidant, CH,Cl,
O

Scheme 1.2. Catalytic asymmetric epoxidation reaction of simple olefins.

Katsuki and his colleagues developed13 a new set of manganese complexes.
The important thing in the ligand design was the introduction of two extra stereogenic

groups in the place of the tertiary alkyl groups at the C-3 and C-3' positions of the aryl
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groups. Using these interesting complexes (2) Katsuki studied the enantioselective
epoxidation of un-functionalized olefins but observed lower asymmetric induction
than Jacobsen. This group also first showed' that a donor ligand such as N-

methylmorpoline N-oxide improves the enantioselectivity of the system.

Jacobsen examined the importance of these 'additives' with the Mn(salen)
complex (3) in which the additive is present as part of the ligand structure.'” The
enantioselective epoxidation of olefins catalyzed by salen-Mn(III) complexes can be
effected under anhydrous conditions with a variety of primary oxidant systems. The
combination of m-chloroperbenzoic acid (m-CPBA) and N-methylmorpoline N-oxide
(NMO) is particularly effective, allowing for epoxidation reactions to be carried out at
—78 °C. Under these low temperature conditions, a variety of un-functionalized

olefins undergo epoxidation with a significant increase in enantioselectivity relative to

—N ClI —
N /N
AN
o oL Mo 0

reaction using aqueous bleach.'®



Chapter 1 Introduction 5

New class of tetradentate chiral picolinamide-salicylidene ligands and their
corresponding manganese complexes as catalysts for epoxidation of olefins have been
synthesized. The manganese complexes catalyzed asymmetric epoxidation of olefins
by sodium hypochlorite with up to 74% enantiomeric excess for trans-f-methyl
styrene.'” Chiral pentadentate dihydrosalen ligand, carrying an imidazole group as the
fifth donor, was synthesized in enantiomerically enriched form. The corresponding
manganese(Ill) complex catalyzed the epoxidation of olefins with dilute hydrogen
peroxide. With 1,2-dihydronaphthalene as substrate and 10% of catalyst, enantiomeric
excess up to 64% was achieved.'

The binaphthyl Schiff bases (4) are capable of activating Cu(Il) and Mn(III)
towards catalytic oxygen-atom transfer to alkenes. Enantioselective formation of
organic epoxides from the PhIO oxidation of alkenes catalyzed by the Mn(Ill)+4
system has been demonstrated. The chiral inducing ability of the dinitro-substituted
auxiliary ligands could be enhanced by attaching small alkyl groups at the C-3 and C-
3' positions. Addition of donor ligands such as substituted imidazole or pyridine N-

. . . . . 1
oxide did not result in enantiomeric excess (ee) enhancement. ?

R2

The manganese(Ill) derivatives mediate the catalytic asymmetric epoxidation
of alkenes by iodosylbenzene (PhIO) and the highest enantiomeric excess in this
system so far has been achieved at —20 °C in low-polarity toluene® in contrast to the
planar structures observed for Jacobsen-type catalysts.”!

Natural L-amino acids would be ideal chiral sources, as they are inexpensive

and readily available. The asymmetric epoxidation catalyzed by chiral salen-Mn
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complexes is one of the most intensively studied with the results showing that the size
and configuration of the C-3 and C-3' groups on the salen structure play very
important roles on directivity or chiral induction.”> Therefore this is a suitable system
for evaluating amino acid Schiff-base groups, which are incorporated at the C-3 and
C-3' positions of the Katsuki salen-Mn catalysts.”> The mononuclear new chiral
Mn(III)-Schiff base complexes with L-amino acid ethyl esters were found to be highly
effective catalysts (5) for the enantioselective epoxidation of conjugated olefins while

the corresponding binuclear Mn(III) complexes showed lower enantioselectivity.*

—N\M N=

RN

HsC ¢ ’ o CHg
cl

EtooC R R 'COOEt
5

The development of direct and selective epoxidation of olefins catalyzed by
transition metal complexes with molecular oxygen and a suitable reductant that can
accept one oxygen atom from molecular oxygen to perform the reaction is of current
interest.” Mukaiyama and coworkers reported manganese(I1l) complexes of optically
active N,N'-ethylene bis(a-alkoxycarbonyl-B-ketoimine) as a catalyst for the
asymmetric aerobic epoxidation of simple olefins, such as 1,2-dihydronaphthalene
derivatives, to afford the corresponding optically active epoxides with good to high
enantioselectivities.*®

Kureshy et al. reported27 on enantioselective epoxidation of non-
functionalized olefins by chiral Ru(Il), Ru(Ill), Co(II), Ni(Il) and Mn(III) Schiff base
complexes and in pursuit of better selectivity through electronic tuning in the catalysts
of dissymmetric Mn(IIl) chiral Schiff base complexes derived from 1R,2R(-)-1,2-
diaminocyclohexane with 3-acetyl 4-hyrdoxy 6-methyl 2-pyrone, 2-hydroxy
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benzaldehyde and substituted (5-chloro-, 5-methoxy-, 5-nitro, 3-tertiary butyl- and
3,5-ditertiary butyl) 2-hydroxy benzaldehydes. These complexes were used for
aerobic enantioselective epoxidation of 1-hexene, 1-octene and 1,2-dihydro
naphthalene using molecular oxygen in presence of 2-methylpropanal as sacrificial
reductant. Good to excellent conversions and epoxide selectivity for all the substrates
were obtained with all the catalysts while enantiomeric excess was relatively better in

the case of 1,2- dihydronalphthallene.28

1.3.3. DNA binding/cleaving of [salen-Mn(III)]*

The salen-Mn(III) mediates the cleavage of right-handed double-helical DNA
in the presence of terminal oxidant.”” Combination of salen-Mn(III) and oxidant
produces single-strand cleavage as well as double-strand cleavage which derives from
independent, proximal nicks on opposite DNA strands. Cleavage is effected
selectively from the DNA minor groove in segments rich in A:T base pairs and is
consistent with a mechanism involving deoxyribose C—H activation by an oxidatively
activated intermediate such as [salen—Mn(V)O]Jr.30

Recently J. H. Griffin et al. reported twenty-six derivatives of [salen Mn(IIT)]*
bearing halogen, nitro, amino, ether and alkyl or aryl substituents on the aromatic ring
and/or at the imine positions or containing 1,3-propane-, 1,2-phenylene- and 1,2-
cyclohexane- or 1,2-diphenylethylenediamine in place of ethylenediamine as the
bridging moiety. The DNA binding/cleaving properties of these complexes in
presence of terminal oxidants have been examined using DNA affinity cleaving
techniques. Active derivatives produced DNA cleavage from the minor groove at sites
containing multiple contiguous A:T base pairs. For aryl-substituted derivatives, DNA
cleavage efficiency was found to vary with both the identity and position of
attachment of substituents.

The precise patterns of cleavage at A:T target sites varied with the position of
attachment of substituents, but not with the identity of the substituents. These results
suggest that substituents alter specificity through both steric and electronic effects.

DNA cleavage efficiency for the complex derived from (R,R)-cyclohexyldiamine was
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5 times greater than that of the (§,S)-enantiomer. Cleavage patterns produced by the
enantiomeric complexes at A:T rich target sites were different, demonstrating

enantiospecific recognition and cleavage of right-handed double helical DNA.!

1.3.4. Cobalt complexes

A class of chiral salen-Co(Il) complexes derived from o-naphthyl
salicylaldehyde with 1S5,25(+)-diaminocyclohexane, 1R,2R(—)-diaminodiphenylethane
and S(+)-1,2-diaminopropane have been reported. Epoxidation reactions of un-
functionalized prochiral olefins viz. styrene, trans-3-octene and trans-4-nonene was
achieved by the combined use of an atmospheric pressure of molecular oxygen and
sacrificial reductant iso-butaraldehyde catalyzed by these chiral Co(Il) complexes (6)

with and without pyridine N-oxide as co-oxidant.*

R Ro

L1 =R4=R=(CHy)4

Co
O o o O
Lp=Ry=H, Ry=CHy
6

1.3.5. Iron complexes

The interest in iron complexes as catalysts for alkene epoxidation is in many
respects parallel to that for the manganese complexes and many similar epoxidation
reactions are observed. But the iron porphyrin catalyzed epoxidations show some
properties that are not observed when manganese porphyrins are used as catalysts.™
The same oxygen sources useful in the case of manganese complexes can also be
applied as terminal oxidants when iron complexes are used for alkene epoxidation.
Fe(acac); with hydrogen peroxide as oxygen donor catalyzes the epoxidation of
alkenes, but trans-epoxides are obtained as the major product when cis-alkenes are

used as substrates.>*
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1.3.6. Nickel complexes

Only a few investigations have focused on nickel catalysis for alkene
epoxidation. Soluble nickel(Il) salts are unlike their iron(I1I), manganese(Il), cobalt(1I)
and copper(Il) counterparts; completely ineffective in the catalytic epoxidation of
alkenes with iodosylbenzene (PhIO) as terminal oxidant.”> However, complexation of
nickel(II) to tetraaza macrocycles as well as to other ligands affords systems that can
act as catalysts for alkene epoxidaltion.36 The nickel(Il) system was found to be a
better catalyst than the nickel(Ill) system. The nickel(Il) complexes can achieve
catalytic epoxidation of a variety of alkenes with iodosylbenzene as terminal oxidant,
but the reaction is non-stereospecific as epoxidation of cis-f-methylstyrene afforded a
2:1 mixture of the cis- and frans-epoxides.”® Iodosylbenzene and nickel(I) complex
probably form an oxonickel(IV) intermediate that transfers oxygen to alkene in a
similar way as the other oxo-transition metal complex systems.

Transition metal-catalyzed transfer of oxygen atoms to organic substrates is of
interest in the study of bioinorganic mechanisms and the development of efficient
catalysts for laboratory and industrial organic synthesis.37 Certain nickel(II) catalysts
have recently joined the group of metallo-porphyrin complexes capable of facilitating
this reaction using OCI™ and PhIO or KHSOs as terminal oxidant.”® The high-valent
nickel-oxo species may be responsible for substrate oxidation.” Burrows and his
coworkers have reported40 an unusual pH dependence of the OCI based reactions

with dramatic rate acceleration in olefin epoxidation at reduced pH.

1.3.7. Oxidative coupling catalysts

Binaphthol enantiomers and their derivatives are important chiral ligands for a
wide range of asymmetric synthesis.41 The facile conversion of binaphthol to 2,2'-
(diphenylphosphanyl)-1,1'-binaphthyl (BINAP) is particularly noteworthy because
BINAP greatly expanded the synthetic utilities of binaphthol in asymmetric
catalysis.42 Existing catalysts for the asymmetric preparation of chiral binaphthols
include copper complexes of chiral amines or their derivatives” and V(IV)=O

complexes with either one or two stereogenic metal centers.** In the above reports, the
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catalytic metal complexes were prepared in situ by reacting a chiral ligand with a
desired metal ion (Cu(I), Cu(Il) or V(IV)=0). Recently Jian Gao et al. reported45 the
synthesis and crystal structures of a family of dicopper catalysts (7) for the

asymmetric oxidative coupling of 2-naphthol (Scheme 1.3).

CH3

‘/\/\//‘

CHj
7
- r .
0,, CCls, 0 °C

OH

84% yield, 86% ee

Scheme 1.3. Catalytic asymmetric oxidative coupling of S-naphthol.

1.4. Reduction catalysts

The first example of enantioselective hydrogenation was reported in 1939
using PtO, and cinchonine as a chiral modifier.*® 8% enantiomeric excess was
measured for the reduction of f~methylcinnamic acid. With a silk fibroin support, up
to 66% enantiomeric excess was reached.*’ In the late 1960s, Knowles* and Kagan49
independently developed Rh(I) complexes of chiral chelating phosphines leading to
90% enantiomeric excess. With Noyori’s BINAP ligand, almost 100% enantiomeric
excess was achieved.” Mukaiyama et al. reported51 reduction of ketones with NaBH4
and catalytic amount of optically active cobalt(Il) complexes (8) having S-

oxoaldimine ligands (Scheme 1.4).
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O
nQ
I

8
NaBH,, EtOH, -20 °C m
O O

94% yield, 92% ee

Scheme 1.4. Catalytic enantioselective hydrogenation reaction.

1.5. Hydroxylation catalysts

1.5.1. Iron complexes

Variety of iron porphyrin complexes are capable of catalyzing oxidation
reactions employing H,O, as oxidant.”* Que ef al. studied extensively the non-hemo
iron epoxidation catalyst based on the tripodal tetradentate ligand tris(2-
pyridylmethyl)amine (tpa).” This study was extended by replacing the tripodal
tetradentate ligand with a tetradentate N,N'-bis(2-pyridylmethyl)-N,N'-dimethyl-1,2-
ethylenediamine (bpmen) ligand containing an ethylenediamine backbone.
Subsequently ethylene backbone was replaced by a chiral trans-1,2-
diaminocyclohexane. The use of the corresponding chiral iron complex as catalyst
provided 2,3-octane-diol in 38% yield and 82% enantiomeric excess starting from

trans-octene.

P CH
Ph\/ . O, (1am . ChiralColsden) \/

'PrOH

OH
30% yield, 38% ee

Scheme 1.5. Catalytic asymmetric hydroxylation reaction of styrene.
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Nishinaga et al. described’ the hydroxylation of styrene using the optically
active Co(salen) complex to produce 1-phenylethanol in modest yield with 38%
enantiomeric excess as shown in Scheme 1.5. Katsuki showed™ that the chiral
substituents at the C-3 and C-3' positions of the aryl groups of the Mn(salen) complex
such as 2 enabled asymmetric benzylic hydroxylation (64% ee) carried out using

iodosylbenzene as oxidant in solvents of high polarity (e.g. chlorobenzene).
1.6. Corbylation catalysts

1.6.1. Cobalt complexes

The cyclopropanation of olefins with diazoesters involving carbene transfer
from metal to olefins is similar to the epoxidation reactions. Katsuki demonstrated
high yields and trans-enantioselectivity with cobalt complexes (9) that have no
substituents at the C-3 and C-3' positions of the salen ligand.”® Katsuki has also
developed high cis-enantioselectivity with Co(Il)-salen complex (10)°” as shown in
Scheme 1.6. The product yields are higher and catalyst shows exceptional
enantioselectivity (>90% ee). The process to trans-cyclopropane products seems

especially practical due to accessibility of the salen ligand.

MeO O

Ar
\A 1 mol% cat-9 Ar/\ 5 mol% cat-10 A
- > 3 .

CH,Cly, 1t + THF, 1t

%CQt-Bu NQCHCQ t-Bu AY /CQt-BU
, 36-90% yield
80-87% yield cis: 95-98%ee

trans: 92-96% ee

Scheme 1.6. Katsuki enantio-selective cyclopropanation reactions.
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1.6.2. Nickel complexes

Nickel Schiff bases play an important role as polymerization catalysts and are
able to stabilize a reactive cationic nickel complex. In order to stabilize cationic
intermediate nickel complexes, the Schiff bases are prepared using hindered aromatic
amines (eg. 2,6-diisopropylaniline) with diketones. Although Ni(salen) complexes
have not found many applications in catalysis, their planar coordination geometry
constitutes an interesting platform to coordinate other metals. The Schiff bases are
able to act as a metallo-crown and interesting structures containing different metals

can result. Ni(salen) bearing another metal can behave as a bifunctional catalyst.”®

1.6.3. Copper complexes

Copper Schiff bases have found more extensive use, since copper(l) can be
stabilized by Schiff bases and are used in nitrene transfer. Schiff bases derived from
two types of diamine have also been described.”® The preparation of the complexes
generally uses copper(I), but copper(Il) sources have also been considered. Similar
results obtained in nitrene transfer are probably due to the fact that a reduction of
copper(Il) to copper(l) takes place, determined by the nitrene source. Due to the
particular geometry and properties of the Schiff base, Cu(salen) is able to coordinate
jons, via the interaction with the oxygen of the Schiff base.”” The complexes are
prepared by the reaction of salen with copper acetate in ethanol. The Cu(salen) is
stable when exposed to air and moisture and it is possible to perform enantioselective

alkylation in phase transfer conditions.

1.6.4. Zinc complexes

There are many reports on the synthesis of Zinc(Il)-salen complexes from
either Zn(OAc), or ZnCL/Et,N. However, these routes create some difficulties in
isolating pure metalated product. In some cases a mixture of the complex and the free
salen is isolated. A more direct route is the treatment of Schiff bases with the reactive
alkyl derivatives ZnMe, or ZnEt,. This strategy has an advantage compared to the use
of Zn salts, since both alkyls are commercially available in toluene solution or hexane

solution. Isolation of Zn(salen) and its characterization by X-ray analysis, are



14 Chapter 1 Introduction

facilitated by the use of pyridine. On the other hand, without pyridine the complex can
be isolated in polymeric form, where the oxygen of the Schiff base coordinates the
zinc of another molecule of salen. Another possible zinc derivative for the synthesis
of Zn Schiff bases is Zn[N(SiMes);],. Use of this reagent is particularly suited for
bidentate Schiff bases because it is possible to avoid the formation of fully

coordinated Zn-Schiff base complexes.

Ph

H
— Zn(Salen) 11, 20 mol%
= Ph >
)k * MeoZn

PA Me Ph Me

Scheme 1.7. Catalytic alkynyl addition reaction of ketone.

The intermediate Zn(Schiff base)-hexamethylsilamide can be used as a
starting material for the preparation of three mixed coordinated unsaturated
(salicylaldiminato)-Zn(OR) complexes (where R=Me, Ph or COMe) which are useful
for catalytic applications. As in the case of Al(salen), chiral Zn(salen) shows
interesting photophysical properties and the luminescence of the complex is well
recognized during its prepauraltion.61 Due to their stability in aqueous systems Schiff
bases can be suitable for carrying active metals and investigating photophysical
properties in biological systems. One of the reasons why it is difficult to crystallize
anhydrous Zn(Il) salen complexes can be ascribed to the ability of salen oxygen to
coordinate metal and salts, even after chelation. This property can be used

advantageously to develop new catalytic reactions. Zn(salen) (11) can catalyze the
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addition of ZnEt, to aldehydes. Cozzi et al. reported® the use of salen in this reaction
and Kozlowski has modified the structure of salen, using the same concepts and

enhancing the reactivity of the system.63

Ligand =

H3C OH  HO CHg
12
e )
Me Y50(0i-Pr)43 (2 mol%)
. H ligand 12 (13 mol%)
R H CH20|2
4A mol. sieves

Scheme 1.8. Y(III)-catalysed aldol-Tischenko reaction.

21-70% yield
10-74% ee

Salen can act as a bifunctional catalyst mimicking the common aminoalcohols
widely used in Zn-mediated additions of Et,Zn to aldehydes. Zn(salen) has the ability
to promote the addition of other organometallic reagents as well. Alkynylation has
attracted considerable interest in recent years as propargylic alcohols are valuable
synthetic precursors. The undeveloped addition of alkynyl zinc reagents to ketones
can be realized using Zn(salen) as a catalyst leading to new perspectives in the

formation of quaternary stereocenters (Scheme 1.7).64

1.6.5. Carbonyl addition reactions
Recently several other salen-catalyzed asymmetric transformations involving
C—C bond formation have been studied. Chiral Y(III) complex (12) was used to

catalyze the first enantioselective catalytic aldol-Tischenko reaction (Scheme 1.8).°
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In this case the ligand structure was systematically varied to optimize for
enantioselectivity. Chiral Zn(salen) was also found to catalyze asymmetric addition of
diethyl zinc to aldehydes shown in Scheme 1.9.°° This catalyst (13) provides for
electrophile activation by the metal centre and nucleophile activation by the

secondary basic groups.

H
)k 10 mol% cat-13, 2 equiv Et,Zn :
PhMe, -30 °C
R H R/\Et

78-99% vyield
69-91% ee

O
lli{e]

Scheme 1.9. Asymmetric addition of Et,Zn to aldehydes by chiral zinc catalyst.

1.6.6. Hydrocyanation reactions

Jacobsen recently described the first example of a metal-catalyzed
enantioselective Strecker reaction which occurred using a chiral AI(IIT) complex (14)
(Scheme 1.10).%” The addition of HCN to N-allylbenzaldimine afforded the expected

product in 91% yield and 95% enantiomeric excess.

0]
/ 1) 1.2 eq. HCN, 5 mol% 14 )k
N/\/ ) q FoC N/\/

| 15 h, -70 °C
2) TFAA )\

R H R CN

Scheme 1.10. Chiral(salen)Al-catalyzed Strecker reaction of an imine.
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Various N-allyl imines were evaluated in this reaction to give the
corresponding products in good yields and moderate to excellent enantioselectivities.
They simultaneously used and described parallel approaches for the discovery and
optimization of ligands in terms of chiral Schiff base catalysts useful for the
asymmetric Strecker reactions.®® Salen metal complexes are found to be active for the
addition of cyanide to the carbonyl compounds. The Ti(IV)oxo-dimer (15) and the
V(IV)oxo (16) complexes were found to be good catalysts for the hydrocyanation

reactions (Scheme 1.11) in terms of reactivity or selectivity for all the substrates

investigated.®

14, M=Al
15, M=Ti(0)
16, M=V(0)
o)
OH 01 mo%[RR:15] 2& 0.1 moi% (RR)-16 OH
TMSCN TMSCN o
Ol CH.Clp 1t
F/\CN CreGe H 2 R/\CN
50-92%ee 68-95%ee

Scheme 1.11. Asymmetric hydrocyanation of carbonyls.

1.7. Aziridine synthesis

Aziridines are useful building blocks in the organic synthesis and their chiral
derivatives have served as ligands in asymmetric catalysis.70 Aziridines can be
obtained in chiral from by starting from the chiral pool (by cyclization of amino acids,
for example’") or by asymmetric metal catalysis. There are two main catalytic ways to
synthesize such compounds, the asymmetric metal-catalyzed nitrene transfer to

olefins or the transfer of carbenes to imines. Copper-chiral bis(oxazoline) systems
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allowed both reactions but with low yields and enantiomeric excess (<12%).72
Dissymmetric chiral diamine ligands having a 1,1'-binaphthyl or 1,1'-biphenyl moiety
have been determined with copper for the aziridination of styrene derivatives. But

enantiomeric excess values do not surpass 22%.">

P
P)L Chiral(salen)Mn(lll) _ <
+ Phl=NTs 4-phenylpyridine N-oxide '%l
S
76%yield
94% ee

Scheme 1.12. Catalytic asymmetric aziridination of styrene.

Katsuki et al. discovered with chiral (salen) manganese(IIl) complexes results
are up to 94% enantiomeric excess and yield reached to 74% for the aziridination of
styrene derivatives (Scheme 1.12).”* Additives play an important role in the reaction
for activation of the catalyst (for example, trifluoroacetic anhydride and
toluenesulfonic anhydride). Most of the time, the use of pyridine N-oxide is crucial to

reach high enantioselectivity.”

1.8. Aim of the present investigation

In the previous sections we have discussed the different types of chiral Schiff
base metal complexes and their catalytic activity. The design and synthesis of new
metal catalysts bearing optically active auxiliary ligands is important in the
development of asymmetric organic synthesis. Most asymmetric catalysts consist of
metal complexes with chiral ligands.

Kochi et al. reported that the cationic manganese(III) complexes of the salen
ligand [N,N'-ehtylene bis(salicydeneaminato)] are effective catalysts for the
epoxidation of various olefins with iodosylbenzene as the terminal oxidant.

Jacobsen et al. designed the chiral Mn(III)-Schiff base complex which is
currently the most efficient catalyst for the enantio-selective epoxidation of un-

functionalized olefins.'?
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Katsuki and his colleagues devoloped'’ set of manganese complexes. The
important thing in the ligand design was the introduction of two extra stereogenic
axes in place of the tertiary alkyl groups at the C-3 and C-3' positions of the aryl
groups. Using these complexes such as 2, Katsuki studied the enantioselective
epoxidation of un-functionalized olefins. This group also first showed'* that a donor
ligand such as N-methylmorpoline N-oxide improves the enantioselectivity of the
system.

Discovery of new asymmetric catalysts involve interdisciplinary research that
combines organic, inorganic, organometallic and biomimetic chemistry. To make
efficient new chiral ligands, a number of strategies including combinatorial design of
structurally innovative ligand framework are adopted. Consideration of steric,
electronic and conformational properties is necessary to prepare effective ligands.

The aim of present work is synthesis and structural characterization of new
chiral Schiff base ligands, their metal complexes and investigation of their catalytic

activity.
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Chapter 2

Synthesis of some chiral Schiff base metal complexes and
their catalytic epoxidation reactions using un-functionalized

olefins

2.1. Abstract

A new class of chiral Schiff base metal complexes, 1-7 derived from 4-
bromo-2-formyl-6-(4-methylpiperazin-1-ylmethyl)phenol and (R,R)-trans-1,2-
diaminocyclohexane has been synthesized. Characterization of the ligand L' and its
metal complexes 1-7 (M = Ni*%, 1; Mn*, 2; Cu*?, 3; Co*?, 4; Fe*?, 5; Zn*?, 6; Ni**, 7)
were carried out by microanalysis, lH—NMR, IR, UV/Vis, CD spectral studies.
Structures of the nickel complexes 1 and 7 were determined by single crystal X-ray
crystallographic methods. Crystal data for nickel complex 1: Monoclinic space group
P2i,a=21.8997(10) A, b = 8.8129(4) A, ¢ =22.7230(10) A, V =4195.0(3) A*, Z = 4.
Crystal data for nickel complex 7: Monoclinic space group P2,/c, a = 9.0262(6) A, b
= 13.2339(8) A, ¢ = 38.974(3) A, V = 4638.2(5) A®, Z = 4. Ligand L' and its metal
complexes 1-7 exhibit circular dichroism signals at room temperature.

To examine the nature of the chiral complexes in the catalytic process, the
catalytic activities of the chiral Schiff base complexes towards the epoxidation
reactions of the styrene, cis-stilbene and trans-stilbene were investigated. The
epoxidation products were confirmed by 'H-NMR and quantification of the styrene
products were carried out by gas chromatography (GC). The quantification of the cis-
stilbene and trans-stilbene epoxide products was determined by HPLC analysis.
Manganese catalyst 2 gives up to 97% yield at room temperature on styrene
epoxidation. Epoxidation of cis-stilbene catalyzed by 2, yields up to 40% at room

temperature with 74% of enantiomeric excess.
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2.2. Introduction

Oxidation of olefins to optically pure epoxides, catalyzed by chiral transition-
metal complexes, is one of the important challenges in modern synthetic chemistry.'
Optically pure epoxides find wide range of applications in pharmaceuticals,
agrochemicals, flavors and fralgralnces.2 There is growing awareness about the utility
of the desired epoxide and the necessity of disposal of unwanted one, whose negative
side effects can far outweigh the beneficial value of the right enantiomer. Catalytic
methods represent an efficient route for the synthesis of chiral products using a chiral
caltallyst.3 Sharpless epoxidation of allylic alcohols was the first example in this field*
and this method led to the preparation of a variety of different allylic epoxides of
which many have been used for the synthesis of valuable target molecules’ with high
selectivity. Amongst various catalysts developed so far for enantioselective
epoxidation, chiral metalloporphyrins,6'8 hemoenzymes such as cytochrome-c
peroxidase,(”9 and macrocyclic ligands are of special interest."

Recently, Jacobsen and Katsuki have reported an efficient catalytic system''
for several kinds of olefins with moderate to high enantioselectivity depending on the
substitution degree of double bond using iodosylbenzene, NaOCl, and H,0O, as
terminal oxidants. Several other types of metal catalysts for the asymmetric
epoxidation of olefins have also been reported. These include: nickel complexes
bearing cyclic or acyclic tetraaza multidantate ligands.'

The aim of present work is to synthesize new chiral Schiff base ligand L' and
its metal complexes 1-7 analogous to salen-complexes and to examine the catalytic
efficiency of the chiral Schiff base metal complexes. Accordingly we have
synthesized chiral Schiff base metal complexes 1-7 and made efforts to use them in

catalytic epoxidation reactions of styrene, cis-stilbene and trans-stilbene.

2.3. Experimental
2.3.1. Chemicals and reagents
All chemicals and the solvents used in this work were of analytical grade and

were used as obtained. The chemicals and the sources are as follows: 5-
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bromosalicylaldehyde and N-methylpiperazine were purchased from Lancaster
(England). The 4-bromo-2-formyl-6-(4-methylpiperazin-1-ylmethyl) phenol was
prepared according to the literature procedure.13 Paraformaldehyde and CDCl; were
obtained from Acros (India). (R,R)-trans-1,2-diaminocyclohexane was separated from
the mixture of cis- and trans-1,2-cyclohexanediamine, according to the literature
procedure."* All metal salts were purchased commercially and used as received.
Iodobenzenediacetate, styrene, cis-stilbene and trans-stilbene were purchased from
Aldrich chemicals. Iodosylbenzene was prepared according to literature procedure.23

HPLC grade solvents were used for catalysis and spectral analysis.

2.3.2. Physical measurements

'"H.NMR spectra in CDCls solution were recorded on a Bruker DRX-400
spectrometer using Si(CHj3)4 as an internal standard. Elemental analyses were carried
out on a Perkin-Elmer Model 240C CHN analyzer. Infrared spectra were collected by
using KBr pellets on a Jasco-5300 FT-IR spectrophotometer. The UV-visible spectra
were recorded with a Shimadzu model UV-3101PC spectrophotometer. The CD
spectra were measured with a JASCO J-810 spectropolarimeter. Optical rotation was
measured with an AUTOPOL-IV automatic polarimeter (readability £0.01°).

Gas chromatographic analyses were carried out on a Shimadzu GC 14B
instrument equipped with a stainless steel packed column (5 m, 5 % SE 30) and a
chiral capillary column (Supelco a-DEX 325, 30m length, 0.25mm id, 0.25um film
thickness) and a flame ionization detector (FID). HPLC analyses of cis-stilbene
epoxide and trans-stilbene epoxide products were carried out on a Shimadzu SCL~-

10A instrument equipped with CHIRALCEL OD-H using Class-VP program.

X-ray crystallography

X- ray data were collected for orange red crystals of 1 and 7 on a Bruker-
Nonius SMART APEX CCD single crystal diffractometer using graphite
monochromated Mo-Ko radiation (0.71073A). The SMART software was used for

intensity data acquisition and the SAINT-Plus software'” was used for data extraction.
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In each case, absorption correction was performed with help of SADABS program.'®
The SHELXTL package'’ was used for structure solution and least-squares
refinement on F>. All the non-hydrogen atoms were refined anisotropically. The

ORTEP3"® and the PLATON" softwares were used for molecular graphics.
2.3.3. Synthesis

2.3.3.1. 4-bromo-2-formyl-6-(4-methylpiperazin-1-ylmethyl)phenol, A

(a) The hydrobromide salt: N-methylpiperazine (4.5 g, 45 mmol),
paraformaldehyde (2.2 g, 73 mmol) and 5-bromosalicylaldehyde (11.0 g, 55 mmol),
were refluxed in ethanol (150 mL) for 18 hours. The initial deep orange solution
slowly became paler over this period. The yellow solution was cooled to room
temperature and aqueous hydrobromic acid (48%, 15 mL) was added with stirring.
The hydrobromide salt precipitated as a pale yellow powder. Recrystallisation from
ethanol gave yellow needles of A-2HBr (Yield: 13.3 g, 62%). IR Spectra v(C=0)
1650 cm™.

Br

Br

N
. CHO), + [j 1) Reflux 18 h/ EtOH |
N 2) HBr N, OH o
&, ()
N
ey

A

OH o

Scheme 2.1. Schematic representation of the Mannich reaction.

(b) The neutral species (A): The salt of A-2HBr (8.0 g, 16.4 mmol) was taken in water
(200 mL) and neutralized with excess of potassium carbonate (5.0 g, 36 mmol). The
intense yellow, cloudy solution was extracted with CH,Cl, (4 x 50 mL). The extracts
were combined and the solvent was removed under reduced pressure with out drying.
The resulting sticky yellow oil was taken up in diethyl ether (200 mL), dried over

MgSO,4 and filtered. The solvent was removed to give a pale yellow solid.
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Recrystallisation from diethyl ether gave yellow crystals of 4-bromo-2-formyl-6-(4-
methylpiperazin-1-ylmethyl)phenol A (Yield: 4.26 g, 80%). The reaction sequence is
shown in Scheme 2.1.

M. W.: 312 ¢ mol’'; M. P: 83-84 °C; IR Spectra: »(C=0) 1680 cm; 'H NMR
(CDCl3, 5, ppm): 10.27(s, 1H, H-C=0), 7.77 (d, 1H, Ar-H), 7.39 (d, 1H, Ar-H), 3.73
(s, 2H, CHy), 2.65 (br s, 4H, CH>), 2.53 (br s, 4H, CH>»), 2.31 (s, 3H, CH3).

2.3.3.2. Resolution of cis/trans-1, 2-diaminocyclohexane

To a 500 mL beaker with a magnetic stirrer was added L-(+)-tartaric acid (75
g, 0.50 mol) and distilled water (200 mL). The mixture was stirred at room
temperature until complete dissolution occurred, at which point a mixture of cis- and
trans-1,2-diaminocyclohexane (120 mL, 97 mol) was added at a rate such that the
reaction temperature just reached 70 °C. To the resulting solution was added glacial
acetic acid (50 mL, 0.88 mol) at a rate such that the reaction temperature just reached
90 °C. A white precipitate was formed immediately upon addition of the acid. The
slurry was vigorously stirred as it was cooled to room temperature over 2 h.

The mixture was then cooled to <5 °C in an ice bath for 2 h and the precipitate
was collected by vacuum filtration. The wet cake was washed with 5 °C water (50
mL) and then rinsed with methanol (5 x 50 mL). The solid was dried by drawing air
through the cake for 1 h. The product was then dried at 40 °C under reduced pressure
to yield (R,R)-1,2-diaminocyclohexane mono-(+)-tartarate salt as a white solid (Yield:
80 g, 99%). To the dry compound in a separating funnel, saturated KOH (73 mL)
solution was added. The upper layer was separated. The compound was distilled
under vacuum at 165-170 °C. The enantiomeric excess of (R,R)-trans-1,2-

diaminocyclohexane is 299 %.

2.3.3.3. Synthesis of new chiral Schiff base ligand, L'
To a solution of 4-bromo-2-formyl-6-(4-methylpiperazin-1-ylmethyl)phenol
(0.312 g, 1 mmol), in acetonitrile (25 mL) was added (R,R)-trans-1,2-

diaminocyclohexane (0.057 g, 0.5 mmol). The reaction mixture was stirred for 4
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hours at room temperature. The resulting yellow solution was filtered and the solvent
was removed by rotary evaporator. The residue was precipitated by diethyl ether and
the precipitate was washed with hexane. Recrystallization from dichloromethane-
hexane yielded the desired chiral ligand L'asa yellow crystalline solid (Yield: 73%).

The reaction sequence is shown in Scheme 2.2.

O/ OHHO
'// CH3CN/25°C/ 4 h.

,@ Q

CHs

Scheme 2.2. Schematic representation of the chiral Schiff base ligand L.

Characterization data for chiral ligand, L'

Optical rotation [oc]D25 : = 225-6 (¢ 1, ethanol); M. F.: C5,H44NgO,Bry; M. W.: 704.54
gmol™; IR (vem™, KBr pellet): 3323, 1633, 1581; '"H NMR (CDCls, 8, ppm):13.5(br,
2H, C-OH), 8.20(s, 2H, HC=N), 3.74(s, 4H, CH,), 7.26(d, 4H, Ar-H), 3.56 (q, 2H,
CH), 2.54(br, 8H, CHy), 2.33(s, 16H, CH,), 1.91(t, 6H, CH3); CD Amax (mdeg)
(CH30H):339 (-4.38), 266 (-6.58), 236 (11.63), 219 (-3.29); UV-Vis (CH3;OH)
[Amax/nm (e/dm’ mol™ ecm™)]: 408 (1474), 333 (8880), 253 (20578), 222 (55150);
CHN Analysis: Calcd: C, 54.55; H, 6.29; N, 11.93%; Found: C, 53.96; H, 6.04; N,
11.69%.

2.3.3.4. Synthesis of nickel complex, 1

To a solution of ligand L! (0.352 g, 0.5 mmol), in acetonitrile (25 mL) was
added NiCl,-6H,0 (0.119 g, 0.5 mmol) and stirred for 12 hours at room temperature.
The resulting reaction mixture was then filtered and the filtrate was kept at room

temperature to allow the solvent evaporate slowly. Orange red crystals suitable for X-
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ray single crystal analysis were obtained after ten days (Yield: 67%). The reaction

sequence is shown in Scheme 2.3.

=N N= =N /EN_
i Ni
Br OHHO Br NiCl,. 6H,0 Br Jd o B
CH5CN/25°C/12h.

Scheme 2.3. Schematic representation of the chiral nickel complex 1.

2.3.3.5. Synthesis of manganese complex, 2

To a solution of ligand L' (0.704 g, 1 mmol), in acetonitrile (25 mL) was added
Mn(OAc),-4H,0 (0.245 g, 1 mmol). The reaction mixture was stirred for 4 hours at
room temperature. To the complex in solution, LiCl (0.086 g, 2 mmol) was added and
stirred for another 3 hours at the same temperature. The solvent was removed by
rotary evaporator and the residue was washed with hexane and recrystallised from
dichloromethane-hexane solutions to obtain a pure sample of chiral manganese
complex, 2 as brown solid (Yield: 85%). The reaction sequence is shown in Scheme

2.4.

=N N= _ -
Br‘C%OHHO%D,Br 1) Mn(OAc),, 4H,0. 2) LiCl 4C<<70 \0%37
CH3CN/25°C /7 h.
N N
() W O

HaC’ L' "CHy HaC' 2 "CHy

Scheme 2.4. Schematic representation of the chiral manganese complex 2.
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2.3.3.6. General synthetic procedure for complexes, 3—6

To a solution of ligand L! (0.704 g, 1 mmol), in acetonitrile (25 mL) was added
MX,nH,O (M = Cu, 3; Co, 4; Fe, 5; Zn, 6; X = Cl; n = 0-6) (1 mmol). The reaction
mixture was stirred for 6 hours at room temperature and the solvent removed by
rotary evaporator. The resulting chiral metal complex solids were washed with hexane
and recrystallised from dichloromethane-hexane to provide good yields of these metal

complexes. The reaction sequence is shown in Scheme 2.5.

=N N= N N=
OHHO Br MXe. nH20
CH3CN/25°C /6 h.
N N (M = Cu,3; Co, 4; Fe, 5;Zn, 6; X =Cl)

() (5 O

HaC L “CHy HaC’

Hj

Scheme 2.5. Schematic representation of the chiral Schiff base metal complexes.

2.3.3.7. Synthesis of nickel complex, 7

To a solution of ligand L! (0.352 g, 0.5 mmol), in acetonitrile (25 mL) was
added Ni(ClO4),'6H,O (0.183 g, 0.5 mmol) and stirred for 10 hours at room
temperature. The reaction mixture was filtered and the filtrate was kept for
crystallization at room temperature. After a week, orange red crystals suitable for X-
ray single crystal determination were obtained (Yield: 70%). The reaction sequence is

shown in Scheme 2.6.

CH4CN /25 °C/10 h.

() W - Q

HaC L “CHy HaC'

Z/I

CHs

Scheme 2.6. Schematic representation of the chiral nickel complex 7.
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2.3.3.8. Characterization data for complexes, 1-7

Characterization data for nickel complex, 1

M. F.: C3,Hy4N4O, BroCLNi-7H,0; M. W.: 960.24 g mol™; IR (v ecm™, KBr pellet):
3390, 3034, 2941, 1618, 1539, 1433, 1332; 'H NMR (CDCls, 5, ppm): 1.25 (s, 6H,
CHs), 1.64 (br, H,0), 2.16 (d, 16H, J = 7 Hz, CH,), 2.4 (s, 4H, CHy), 2.80 (s, 4H,
CH,), 3.06 (s, 4H, CH,), 3.71 (s, 2H, CH), 7.21 - 7.26 (m, 4H, Ar-CH), 7.38 (s, 2H,
HC=N); CD Amax (mdeg) (CH;OH): 410 (-1.63), 340 (-1.1), 249 (-8.96); UV-Vis
(CH30H) [Ama/nm (e/dm’® mol™ cm™)]: 414 (4533), 336 (5406), 249 (43746); CHN
Analysis: Calcd.: C, 40.03; H, 6.09; N, 8.75%; Found: C, 40.10; H, 6.13; N 8.69%.

Characterization data for manganese complex, 2

M. F.: C3,H4NgO, BroCIMn-3H,0; M. W.: 846.96 g mol™'; IR (v cm™, KBr pellet:
3400, 1633, 1543; CD Amax (mdeg) (CH3;0H): 409 (-0.26), 310 (-4.032), 245 (-5.66);
UV-Vis (CH;0H) [Ama/nm (e/dm’ mol™ em™)]: 412 (52211), 350 (64550), 285
(146462), 241(360153); CHN Analysis: Calcd.: C, 45.38; H, 5.71; N, 9.92%; Found:
C,45.63; H, 5.34; N, 9.59%.

Characterization data for copper complex, 3

Yield: 80%; Colour: Brown; M. F.: C3,H44NO, Br,Cl,Cu-6H,0; M. W: 947.08 g mol
1; IR (v cm'l, KBr pellet): 3400, 1622, 1535; CD Amax (mdeg) (CH;0H): 393 (-4.45),
250 (-10.58); UV-Vis (CH3;0H) [Amax/nm (€/dm® mol™! cm™)]: 581(628), 373 (8753),
269 (20990), 230 (42812); CHN Analysis: Calcd.: C, 40.58; H, 5.96; N, 8.87%;
Found: C, 39.41; H, 5.62; N, 9.03%.

Characterization data for cobalt complex, 4

Yield: 85%; Colour: Crystalline black; M. F.: C3;H4N¢O, Br,Cl,Co-3H,0; M. W.:
888.42 g mol™; IR (v cm”, KBr pellet): 3402, 1635, 1537; CD Amax (mdeg)
(CH3;0H): 410 (-0.89), 346 (-0.49), 226 (-8.56); UV-Vis (CH30H) [Apa/nm (g/dm’
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mol™ em™)]: 402 (4973), 254 (39535), 227 (39224); CHN Analysis: Calcd.: C, 43.26;
H, 5.67; N, 9.46%; Found: C, 44.61; H, 6.19; N, 9.81%.

Characterization data for iron complex, 5

Yield: 70%; Colour: Brown; M. F.: C3,H44NeO, Br,Cl,Fe-3H,0; M. W.: 885.34 g
mol™; IR (v cm™, KBr pellet): 3368, 1622, 1543; CD Amax (mdeg) (CH;OH): 427 (-
0.098), 360 (-0.98), 303 (-2.07), 252 (-3.93), 205 (-2.27); UV-Vis (CH30H) [Ap/nm
(e/dm® mol™’ ecm™)]: 412 (4256), 350 (8164), 292 (10975), 240 (35540); CHN
Analysis: Calced.: C, 43.41; H, 5.69; N, 9.49%; Found: C, 43.57; H, 5.56; N, 9.62%.

Characterization data for zinc complex, 6

Yield: 75%; Colour: Yellow; M. F.: C3,H44NO; Br,Cl,Zn-3H,0; M. W: 894.88 ¢
mol'l; IR (v cm'l, KBr pellet): 3414, 1635, 1535; CD Amax (mdeg) (CH3;0H): 390(-
3.143), 353 (2.42), 305 (- 0.01), 246 (-6.05); UV-Vis (CH;0H) [Ama/nm (¢/dm’ mol™
em™)]: 370 (11796), 266 (16810), 230 (54363); CHN Analysis: Caled.: C, 42.95; H,
5.63; N, 9.39%; Found: C, 43.10; H, 5.72; N, 9.51%.

Characterization data for nickel complex, 7

M. F.: C36HsoNsO;0Br,NiCL-2H,0; M.W.: 1080.27 g mol™; IR (v cm™, KBr pellet):
3472, 1628, 1548, 1093; CD Amax (mdeg) (CH30H): 411 (-0.56), 343 (-0.56), 251 (-
5.34); UV-Vis (CH30H) [Ama/nm (e/dm’ mol™ ecm™)]: 412 (3845), 321(7103), 247
(37840); CHN Analysis: Calcd.: C, 40.03; H, 5.04; N, 10.37%; Found: C, 39.95; H,
5.17; N, 9.93%.

2.4. Results and discussion

Synthetic details of the chiral complexes 1-7 are given in the experimental
section 2.3.3. The complexes show IR bands at around 3400 cm™ corresponding to the
water molecules and also at around 1635 — 1618 cm™ due to C=N stretching vibration.
Absence of aldehydic C=0 stretch of 4-bromo-2-formyl-6-(4-methylpiperazin-1-
ylmethyl)phenol (A) at 1680 cm’ confirms that the chiral Schiff base metal

complexes were formed. The strong band at ~1540 cm™ is characteristic of the
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phenolic C-O stretching band. The bands due to C=C stretching and bending modes
appear at ~ 2935 cm™, ~ 2700 cm™ and a strong band at ~1430 cm™.

The CHN analytical data of the complexes match with the mononuclear
composition [LIM]Xz-nHzO. The circular dichroism spectra of the ligand and
complexes have bands at around 400(-0.3) nm, 310(-4) nm and a high intensity T—7*
transition band at near 250(-10) nm. These CD signals confirm that the compounds
are chiral. The circular dichroism and UV-vis spectra of the ligand and complexes are

shown in Figures 2.9 and 2.10.

2.4.1. Nickel complex [L'Ni]-2HCI-7H,0, 1

The chiral nickel complex 1 was synthesized by the procedure given in
section 2.3.3.4. The IR spectrum of the complex shows stretching broad band at 3390
cm™ corresponding to the water molecule and other two strong stretching bands at
1618, 1539 cm™ corresponding to the C=N and phenolic C-O groups. The bands due
to C=C stretching and bending modes appear at 2941 cm™, 2700 cm™” and a strong
band at 1433 cm’.

The electronic spectrum of the complex recorded in methanol shows three
bands at 414 nm, 336 nm and 249 nm. The bands at 336 and 414 nm is due to the intra
ligand n-7* and ligand to metal charge transfer transitions. The band at 249 nm is due
to -1t electronic transitions of the ligand.

Circular dichroism spectrum of the nickel complex recorded in methanol
solution shows band at 410(-1.6). The band at 340(-1.1) nm is due to the intra ligand
transitions and the high intensity T—m* transition band at 249(-9.6) nm confirms the
complex is chiral (Figure 2.9). The CHN analytical data agree with the mononuclear
composition of [LlNi]-ZHC1-7H20. The molecular structure of the nickel complex is

established by X-ray crystal structure analysis.
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X-ray crystallography of nickel complex, 1
The complex 1 gave orange-red coloured single crystals suitable for X-
ray structure determination by the slow evaporation of the reaction mixture
(acetonitrile) at room temperature. The mononuclear nickel complex crystallizes in
monoclinic P2; space group. The asymmetric unit consists of two crystallographically
independent molecules. ORTEP diagram of the molecule with atom numbering is
shown in Figure 2.1. The important crystallographic parameters are given in Table
2.1. The crystal structure of the chiral nickel complex 1 is stabilized by an intricate
array of hydrogen bonding interactions that involve water molecules and chloride
anions leading to the formation of alternate supramolecular aqua-chloro helices. The
enantiopure ligand L' (Scheme 2.2) is prepared in a Schiff-base condensation reaction
of two equivalents of 4-bromo-2-formyl-6-(4-methylpiperazin-1-ylmethyl)phenol and
one equivalent of (R,R)-trans-1,2-cyclohexanediamine in acetonitrile. Reaction of
hydrated Ni(I) chloride and optically pure ligand L' afforded the neutral complex
[NiLl]-2HC1-7H20 1 in good yield (Scheme 2.3). The crystals of [NiLl]-2HCl-7HzO 1
were characterized by elemental and spectral analyses including single crystal X-ray
structure determination. The molecular structure of the Ni(Il) complex is presented in
Figure 2.1. The asymmetric unit consists of two crystallographically independent
molecules. These two complex units are nearly identical as shown in Figure 2.1 (1A
and 1B). The nickel atom in 1 is four-coordinated with two imino nitrogen and two
phenolic oxygen atoms acting as N,O, donors set (from the ligand L'). The Ni-O
(phenolic) bond distances are 1.838(4) and 1.839(4) A and the Ni-N (imine) bond
distances are 1.865(5) and 1.850(5) A.
The coordination geometry around the nickel is nearly square planar. C(14),
C(19), C(46) and C(51) are the chiral centers of the ligand L ( Figure 2.1). The most
exciting feature of the present system is an interesting arrangement of water
molecules and chloride anions, which are inter molecular water-chloride non-covalent

interactions.
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1A 1B
Figure 2.1. ORTEP diagram of the nickel complex 1 (individual molecules in the asymmetric

unit of 1). C(14), C(19), C(46) and C(51) are chiral centers. Thermal ellipsoids are at 50%
probability level. Hydrogen atoms have been omitted for clarity.
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Figure 2.2. View illustrating aqua-chloro helices anchoring points (left: left-handed helix
anchored by a [NiL'] in the asymmetric unit; right: right-handed helix anchored by the other
[NiL'] complex in the asymmetric unit). Inter-connected water decamers have been omitted
for clarity, except those involved in anchoring points by complex 1 (red: oxygen atoms;
green: chloride anions, blue: nitrogens; and cyan: nickel ions).
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We believe that, this is of great significance in current context of aqueous sea-
salt aerosols™ as well as water in mixed-component systems. Very recently,
Chakravarty and co-workers have reported helical supramolecular host system with
aquapores anchoring alternate helical water chains.?! Vittal er al. have shown the
structure of a helical coordination polymer encapsulating a hydrogen-bonded helical
stream of water molecules.”” The crystal lattice of the present compound 1 contains
non-coordinated fourteen water molecules and four hydrochloric acid molecules,
which are inter-connected through hydrogen bonding interactions leading to the
formation of alternate aqua-chloro helical chains (Figure 2.3) anchored by chiral
nickel complex [NiL'] (Figure 2.2).

These alternate helices are inter-connected by a water decamer as shown in
Figures 2.4 and 2.6. All water oxygen atoms and chloride anions, that are responsible
for the formation of both left- and right-handed helices, are located in the asymmetric
unit of 1. O(17), O(18) water oxygen atoms and CI(1) anion constitute the left-handed
helical back bone. Similarly, O(11), O(12) water oxygen atoms and CI(3) anion build
the right-handed helical back bone (Figures 2.3 and 2.4). Interestingly, both left- and
right-handed helices are connected by a common water decamer consisting of O(5),
0(6), O(7), O(8), O(9), O(10), O(13), O(14), O(15) and O(16) water oxygen atoms
(Figure 2.4). This water decamer can be described as consisting of a water tetramer
(formed from O(8), O(9), O(10) and O(16) water oxygen atoms) and its two side-arm
water trimers: O(5), O(6), O(7) and O(13), O(14) and O(15) water oxygens
respectively.

The side arm of O(5), O(6), O(7) water trimer is associated with left handed
helices and the other side arm (O(13), O(14) and O(15) water trimer) is linked with
right handed helices. The helices run parallel to the crystallographic b axis, whereby
the resulting helical layer (that consists of both left- and right-handed helices and
water decamers) runs parallel to the crystallographic ¢ axis as shown in Figures 2.5
and 2.6. The helices are anchored by the host complex [NiL'] (Figure 2.2 and 2.6).

The hydrogen bonding distances of whole supramolecular structure, that includes
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helices, side-arms and water tetramer, are described in Table 2.3. O(1) and N(1)
atoms (Figure 2.1 (1A)) are the anchoring points of one of the complexes in the
asymmetric unit to the side-arms of the left-handed helix and associated water
tetramer respectively. Similarly, O(3) and N(7) atoms of the other complex in the
asymmetric unit (Figure 2.1 (1B)) connect to the side-arms of the right-handed helix
and water tetramer respectively through hydrogen bonding interactions (Table 2.3 for
relevant H-bond distances). The hydrogen atoms of the water molecules were not

resolved in the crystal structure determination.

Figure 2.3. Alternate left-handed and right-handed aqua-chloro helices in the crystal lattice of
1 (inter-connected water decamers have been omitted for clarity). Space-filling plot (red:
water and green: chloride anions).

It is noteworthy that the water molecules can be detected in the IR spectra of
1. In addition to the formation of aqua-chloro helices in the crystal lattice of 1, the
complex [NiL'] undergoes C—H-----Br hydrogen bonding interactions leading to the
formation of both left- and right-handed helical arrangements (Figure 2.7). The
complex of nickel(Il) labelled with Ni(1) in the asymmetric unit is involved in the
left-handed helix and the complex of nickel(II) labelled with Ni(2) is engaged forming
right-handed helix.
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Figure 2.4. View illustrating alternate aqua-chloro helices with inter-connected water
decamers in 1. Ball and stick view with labels.

Interestingly, each nickel complex in the left-handed helix (formed by
C—-H:----Br hydrogen bonding interactions) is hydrogen bonded to a chloride anion
(CI(1)) that is, in turn, involved in forming left-handed aqua-chloro helix. Each nickel
complex in the right-handed helix (formed by C-H----Br hydrogen bonding
interactions) is hydrogen bonded to a chloride anion (Cl(3)) that forms right-handed
aqua-chloro helix (vide supra) as shown in Figure 2.7. Each nickel complex in the
asymmetric unit undergoes C—H:----Br hydrogen bonding interactions. The Ni(1)
complexes (it is a nickel(Il) complex with the nickel ion labeled as Ni(1)) forms are
linked by C(28)-H(28B)-----Br(2) hydrogen bonds forming a left-handed helix.
Similarly, the Ni(2) complexes (it is a nickel(Il) complex with the nickel ion labeled
as Ni(2)) forms are linked by C(61)-H(61A)-----Br(4) hydrogen bonds forming a right-
handed helix (Figure 2.7). The corresponding helical backbones are presented in
Figure 2.8. The relevant hydrogen bonding parameters are: C(28)-H(28)-----Br(2):
0.99, 2.81, 3.797(7), 172.8; C(61)-H(61A)-----Br(4): 0.99, 2.87, 3.858(7), 175.5.



Chapter 2 Synthesis of some chiral... 43

Figure 2.5. The helical layer running parallel to the crystallographic ¢ axis in the crystal
lattice of 1. This view is looking down to the crystallographic b axis. (red: water and green:
chloride anions).

Figure 2.6. The helical layer running parallel to the crystallographic ¢ axis. This view is
looking down to the crystallographic b axis of nickel complex 1.

The optical activity of the Ni(I) complex 1 is induced by the enantiopure
ligand L (Scheme 2.2). The UV-visible spectrum of the Ni(Il) complex 1 is
characterized by an intense band at 249 nm and two relatively weak peaks at 336 nm
and 414 nm respectively. These are charge transfer transitions judging from their
molar extinction coefficient values. The CD spectrum of the synthesized chiral ligand
L' shows negative bands at around 340 and 266 nm. The CD spectrum of 1 as
expected, exhibits negative bands, which are consistent with those in the electronic
spectrum. A strong band at 3390 cm™ is observed in the IR spectra of 1, that reflects
the presence of hydrogen bonded water molecules in the crystal lattice of 1. Selected

bond lengths and bond angles are listed in Table 2.2.
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interactions, that leads to the formation of left- and right-handed helices.
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Table 2.1. Crystallographic parameters of the mononuclear nickel complexes, 1 and 7

Compound

[L'Ni]-2HCI-7H,0, 1

[L'Ni](ClO4),-2CH;CN-
2H,0, 7

Empirical formula
M

T/K

MA

Crystal system
Space group

alk

bIA

c/A

pre

U/A’, Z

D./mg m>

w/mm'™”

F(000)

Crystal size/mm
@range /°

Limiting indices

Reflections collected
Reflections [/ > 20(])]
Data, parameters
Goodness-of-fit on F*
Final R indices[/> 26(])]
R indices (all data)

C32H58N6B1‘2NiC1209

960.24

100(2)

0.71073

Monoclinic

P2,

21.8997(10)

8.8129(4)

22.7230(10)

106.9510(10)

4195.0(3), 4

1.495

2.549

1920

0.33x0.16 x 0.07

1.53 to 28.29
-27<=h<=28,-11<=k<=11,
-29<=1<=29

31325

14174

14174, 937

0.966

R1=0.0448, wR2 = 0.1090
R1=0.0618, wR2 =0.1130

C36Hs54N3012B1,NiCl,
1080.27

273(2)

0.71073

Monoclinic

P2,/c

9.0262(6)

13.2339(8)

38.974(3)

94.9420(10)

4638.2(5), 4

1.530

2.321

2168

0.45x0.36x0.18

1.05 to 28.29
-11<=h<=11,-17<=k<=17,
-50<=1<=49

52884

10954

10954, 505

0.942

R1=0.0762, wR2 = 0.2270
R1=0.1531, wR2 =0.2539
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Table 2.2. Selected bond lengths (&) and bond angles (°) of complex, 1

Bond lengths
Ni(1)-O(1)
Ni(1)-O(2)
Ni(2)-0(3)
Ni(2)-0(4)
Ni(1)-N(3)
Ni(1)-N#4)
Ni(2)-N(9)
Ni(2)-N(10)
O0)-C(8)
0(2)-C(22)

C(14)-N(3)
N(4)-C(19)

Bond angles
O(1)-Ni(1)-0(2)
O(1)-Ni(1)-N(4)
O(2)-Ni(1)-N(4)
O(1)-Ni(1)-N(3)
O(2)-Ni(1)-N(3)
N(4)-Ni(1)-N(3)
0O(4)-Ni(2)-N(9)
0O(4)-Ni(2)-0(3)
C(45)-N(9)-Ni(2)
C(46)-N(9)-Ni(2)
C(22)-0O(2)-Ni(1)

1.838(4)
1.839(4)
1.849(4)
1.838(4)
1.865(5)
1.850(5)
1.839(5)
1.858(5)
1.319(7)
1.310(7)
1.485(7)

1.500(6)

83.54(18)
173.6(2)
94.92(19)
95.1(2)
173.5(2)
87.1(2)
177.5(2)
84.02(18)
126.3(4)
111.3(4)
126.1(4)

0(3)-C(40)
0(4)-C(54)
O(1)-C(8)
N(3)-C(13)
N(4)-C(20)
N(9)-C(46)
N(10)-C(52)
Br(1)-C(10)
Br(2)-C(24)
Br(3)-C(42)
Br(4)-C(56)

N(9)-C(46)

N(9)-Ni(2)-O(3)

O(4)-Ni(2)-N(10)
N(9)-Ni(2)-N(10)
O(3)-Ni(2)-N(10)
C(8)-O(1)-Ni(1)

C(40)-0(3)-Ni(2)
C(54)-0O(4)-Ni(2)
C(45)-N(9)-C(46)
C(13)-N(3)-C(14)
C(13)-N(3)-Ni(1)
C(14)-N(3)-Ni(1)

1.311(7)
1.298(7)
1.319(7)
1.292(8)
1.282(7)
1.493(7)
1.289(7)
1.915(6)
1.902(6)
1.877(6)
1.905(6)

1.493(7)

94.3(2)
94.96(19)
86.7(2)
178.80(19)
127.4(4)
127.2(4)
127.1(4)
122.4(5)
121.4(5)
127.0(4)
111.4(4)
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Table 2.3. Hydrogen bond distances (in A) associated with aqua-chloro helices and
their surroundings of complex, 1(see Figures 2.4 and 2.6).

O(17)--0(18)#2  2.814(9) | O(11)-O(12) 2.722(9)
O(17)--Cl1)#5  3.118(7) | O(1D)-CI3#2  3.147(6)
O(18)-CI(D#l  3.106(8) | O(12)--CI3M#5  3.163(7)
O(7)--CI(1#2 3.169(12) | O(12)--O(14)#2  2.776(10)
0(6)--O(18)y#4  2.795(10) | O(14)--O(13)#3  2.913(9)

O(6)--O(5)#2 2.976(9) O(14)---0(15) 2.961(11)
O(1)---0O(5) 2.903(7) O(15)---CI(3)#6 3.261(9)
0O(8)---0(9) 3.09(3) 0O(3)--0(13) 2.862(7)
O(10)---0(16)#5  2.93(3) O(8)--O(16)#5  2.787(15)
O(8)---O(7) 2.86(3) O(10)--0(15#5  2.90(2)
O(8)--N(1) 3.190(18) O(10)--N(7)#5 3.19(2)
0O(6)---O(7) 3.19(3) 0(10)--0(9) 3.06(2)
0(9)--N(1) 3.012(13) O(16)---N(7) 2.890(11)
0(9)---Cl(2) 3.098(11) O(10)--Cl(4#6  3.072(11)

O(16)---Cl(4)#3 3.117(8)

Symmetry codes: #1: x,y, z—1; | #2: x, 1+y,z; #3:x,y-1,z;
#4:x, 14y, 14z; #5: 2-x, 0.5+y, 1-z;
#6: 2—x, y=0.5, 1-z.

2.4.2. Manganese complex [Lan(III)Cl]-SHzO, 2

The manganese complex was synthesized in good yields by the procedure
given in section 2.3.3.5. The IR spectrum of the complex shows a broad band at
around 3400 cm™ corresponding to the water molecule and other two strong stretching
bands at around 1633, 1543 cm™ corresponding to the C=N and phenolic C-O groups.

Circular dichroism spectra were recorded in methanol solution.
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The CD spectra of the complex agreed reasonably well with the corresponding
nickel complex. The bands at 409(-0.26), 310(-4.03) nm and high intensity band at
245(-5.66) confirms that the complex is chiral (Figure 2.9). The electronic spectra in
methanol show band at 590 nm due to d-d transitions. The band at 412 nm is due to
the ligand to metal charge transfer transition. An intra ligand n-7* transitions band
(shoulder) at 350 and band at 285 nm due to ®-t* electronic transitions of the ligand
are also observed. The CHN analytical data of complex match with the mononuclear

composition of [L'Mn(III)C1]-3H,0.

2.4.3. Copper complex [L'Cu]ClL,-6H,0, 3

The copper complex was synthesized by the procedure given in section
2.3.3.6. The IR spectrum of the complex shows a broad band at 4000 cm™ due to
water molecule and other two strong stretching bands at 1622, 1535 cm’
corresponding to the C=N and phenolic C-O groups. The bands due to C=C stretching
and bending modes appear at 2930 cm™' and a strong band at 1431 cm™.

The electronic spectrum of the complex recorded in methanol solution shows
three bands at 581 nm, 373 nm and 230 nm. The band at 581 nm is due to the d-d
transitions and at 373 nm is due to the intraligand n-7* transitions and the band at 230
nm is due to m-m* electronic transitions of the ligand. The CD spectrum of the
complex was recorded in methanol and it shows band at 394(-4.4) nm and a high
intensity mT—7* transition band at 250(-10.5) nm (Figure 2.9). The elemental
analytical data of the complex agree with the mononuclear composition of

[L'Cu]Cl,-6H,0.

2.4.4. Cobalt complex [L1C0]Clz-3H20, 4

The chiral cobalt complex was synthesized in good yields by the procedure
given in section 2.3.3.6. The IR spectrum of the complex shows a broad band at
around 3402 cm™' corresponding to the water molecule and other two strong stretching
bands at around 1635, 1537 cm™ corresponding to the C=N and phenolic C-O groups.
Strong band appears for C=C at 1435 cm’".
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Figure 2.9. CD and UV-vis spectra of ligand L' and its Ni**, Mn’" and Cu** complexes in
MeOH solution (concentrations = 1 x 10™*M for CD and 1 x 10°M for UV-vis spectroscopy).

Circular dichroism spectra of the cobalt complex recorded in methanol
solution show bands at 410(-0.9), 346(-0.5) nm and 226(-8.5). These bands confirm
the chirality of the complex (Figure 2.10). The electronic spectrum of the chiral cobalt

complex recorded in methanol shows band at 402 nm due to ligand to metal charge
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transfer transition and an intra ligand transitions band at 254 nm. The analytical data

of the complex match with the mononuclear composition of [LlCo]C12'3H20.

2.4.5. Iron complex [LlFe]Cl 2»:3H,0, 5

The iron complex was synthesized in good yields by the procedure given in
section 2.3.3.6. The IR spectrum of the complex shows a broad band at around 3402
cm™ corresponding to the water molecules and other two strong stretching bands at
around 1635 and 1537 cm™, corresponding to the C=N and phenolic C-O groups.
Strong band appears for C=C at 1435 cm™. Circular dichroism spectra of the iron
complex recorded in methanol solution show bands at 427(-0.1), 360(-0.98) and 252(-
3.9) nm. These bands confirm that the complex is chiral (Figure 2.10). The electronic
spectrum of the iron complex recorded in methanol shows a band at 412 nm due to
ligand to metal charge transfer transition and an intra ligand transitions band at 350
nm. The analytical data of the complex match with the mononuclear composition of

[L'Fe]Cl,-3H,0.

2.4.6. Zinc complex [L'Zn]Cl,-3H,0, 6

The zinc complex was synthesized by the procedure given in section 2.3.3.6.
The IR spectrum of the complex shows broad band at 3414 cm™ due to water
molecules and other two strong stretching bands at 1635, 1535 cm™ corresponding to
the C=N and phenolic C-O groups. The electronic spectrum of the complex recorded
in methanol solution shows three bands at 370, 266 and 230 nm. The band at 370 nm
is due to the intraligand n-m* transitions and the band at 230 nm is due to w-7*
electronic transitions of the ligand. Circular dichroism spectrum of the complex
recorded in methanol shows band at 390(-3.14) nm and the high intensity mw—7*
transition band at 246(-6.05) nm confirming the chirality of the complex (Figure
2.10). The CHN analytical data of the complex agree well with the mononuclear
composition of [LIZn]Clz-SHzO.
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Figure 2.10. CD and UV-vis spectrum of the Co**, Fe**, Zn** and Ni** complexes in MeOH
solution (concentrations = 1 x 10™*M for CD and 1 x 10°M for UV-vis spectroscopy).
2.4.7. Nickel complex [LlNi](ClO4)2-2CH3CN-2H20, 7

The chiral nickel complex was synthesized by the procedure given in section
2.3.3.7. The IR spectrum of the nickel complex shows stretching bands at 1628 and
1548 cm™ corresponding to the C=N and phenolic C-O groups. The strong band at
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1093 cm™ corresponds to the perchlorate anions. The electronic spectrum of the
complex in methanol solution shows three bands at 412 nm, 321 nm and 247 nm. The
bands at 321 and 412 nm are due to the intra ligand n-m* transitions and ligand to
metal charge transfer transitions. The band at 247 nm is due to ©-m* electronic
transitions of the ligand.

The circular dichroism spectrum recorded in methanol solution shows bands at
411(-0.56) and 343(-0.56) nm due to the intra ligand transition and another high
intensity T—7* transition band at 251(-5.34) nm confirming the chirality of the
complex (Figure 2.10). The CHN analytical data agree well with the mononuclear
composition of [LlNi](ClO4)2'2CH3CN'2H20. X-ray crystal structure establishes the

molecular structure of the nickel complex, 7 as shown in Figure 2.11.

X-ray crystallography of nickel complex, 7

The complex 7 gave orange-red coloured single crystals suitable for X-ray
structure determination by on slow evaporation of the reaction mixture (acetonitrile)
at room temperature. The mononuclear nickel complex crystallizes in monoclinic
P2,/c space group. The ORTEP diagram of the molecule with atom numbering is
shown in Figure 2.11. The important crystallographic parameters are given in Table
2.1. The molecule 7 consists of one nickel center, which is coordinated to two
phenolic oxygens and two imino nitrogen atoms, thereby forming a tetra coordinate
structure with N,O, donor set having square planar geometry. In the molecule C(14)
and C(19) are chiral centers. Two perchlorate ions act as counter anions. Two water
molecules and two solvent CH3CN molecules are also involved in the molecular
structure. Selected bond lengths and bond angles are listed in Table 2.4. The average
Ni(1)-O(1) and Ni(1)-O(2) bond distances are 1.850(4) and 1.849(4) A. The average
Ni(1)-N(3) and Ni(1)-N(4) bond distances are 1.847(6) and 1.850(5) A. The average
bond angles of the molecule are N(3)-Ni(1)-O(1) 94.7, N(3)-Ni(1)-O(2) 177.7, O(2)-
Ni(1)-O(1) 84.41, O(1)-Ni(1)-N(4) 178.0, O(2)-Ni(1)-N(4) 94.8 and N(3)-Ni(1)-N(4)

86.1° respectively.
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Table 2.4. Selected bond lengths (&) and bond angles (°) of nickel complex, 7

Bond lengths

Ni(1)-O(1) 1.850(4) O(1)-C(8) 1.319(7)
Ni(1)-0(2) 1.849(4) 0(2)-C(22) 1.306(7)
Ni(1)-N(3) 1.847(6) C(1)-N(1) 1.496(9)
Ni(1)-N(4) 1.850(5) N(6)-C(32) 1.470(8)
N(3)-C(13) 1.287(8) Br(1)-C(10) 1.900(6)
N(3)-C(14) 1.460(9) Br(2)-C(24) 1.899(6)
N(4)-C(19) 1.494(9) C(33)-N(7) 1.073(10)
N(4)-C(20) 1.276(8) C(35)-N(8) 1.120(10)
N(2)-C(6) 1.464(7) N(6)-C(31) 1.445(8)
N(5)-C(28) 1.501(7) N(6)-C(30) 1.479(8)
N(1)-C(2) 1.513(7) C(14)-C(19) 1.250(11)
N(1)-C(3) 1.489(8) C(17)-C(16) 1.343(13)
Bond angles

N(3)-Ni(1)-O(1) 94.7(2) O(1)-Ni(1)-N4) 178.0(2)
N(3)-Ni(1)-0O(2) 177.7(2) O(2)-Ni(1)-N(4) 94.8(2)
0O(2)-Ni(1)-0(1) 84.41(17) N(3)-Ni(1)-N4) 86.1(2)
C(8)-O(1)-Ni(1) 127.3(4) C(19)-N(4)-Ni(1) 110.8(4)
C(22)-0(2)-Ni(1) 127.4(4) C(20)-N(4)-Ni(1) 126.1(5)
N(3)-C(13)-C(12) 125.3(6) C(13)-N(3)-Ni(1) 126.3(4)
N(4)-C(20)-C(21) 125.6(6) C(14)-N(3)-Ni(1) 111.6(5)
C(14)-C(19)-N(4) 114.9(7) N(2)-C(4)-C(2) 109.0(5)
C(18)-C(19)-N(4) 117.6(7) N(5)-C(28)-C(30) 109.1(5)
N(@3)-C(13)-C(12) 125.3(6) C(9)-C(10)-Br(1) 119.1(4)

N(4)-C(20)-C(21) 125.6(6) C(23)-C(24)-Br(2) 118.9(5)
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Figure 2.11. Thermal ellipsoid plot of the nickel complex 7. C(14) and C(19) are chiral
centers. Thermal ellipsoids are at 30% probability level. Hydrogen atoms have been omitted
for clarity.

2.5. Catalysis

To examine the nature of the chiral complexes in the catalytic process, alkenes
oxidation reactions were studied. The catalytic activities of the chiral Schiff base
complexes were investigated for the epoxidation of alkenes by a terminal oxidant. The
oxidations were carried out in CH3CN using iodosylbenzene (PhlO) as the terminal
oxidant at room temperature. In absence of the catalyst under similar reaction
conditions, there is no reaction between oxidant and olefins.

The oxidation products of the olefins were confirmed by "H-NMR spectroscopy. The
oxidation product yields and enantiomeric excess of the styrene were determined by
gas chromatography (GC). The oxidation product yields and enantiomeric excess of

the cis-stilbene and trans-stilbene were determined by HPLC analysis.
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2.5.1. Synthesis of Iodosylbenzene (PhIO)

The iodosylbenzene (PhIO) used in the catalytic study as oxidant is prepared
using a reported procedure.23 Finely ground iodosylbenzene diacetate (32.2 g, 0.10
mol) is placed in a 250 mL beaker and 150 mL of 3N sodium hydroxide is added over
a 5 minute period with vigorous stirring. The lumps of solid formed are triturated with
a stirring rod or spatula for 15 minutes and the reaction mixture kept for an additional
45 minutes to complete the reaction. 100 mL of water is added, the mixture is stirred
vigorously and the crude solid iodosobenzene is collected on a Biichner funnel,
washed there with 200 mL of water and dried by maintaining suction. Final
purification is effected by triturating the dried solid in 75 mL of chloroform in a

beaker. The iodosylbenzene is separated by filtration and air-dried (Yield: 85%).

CsHsI(OCOCH3), + 2NaOH > CgHsIO + 2NaOCOCH3 + H,O

2.5.2. Epoxidation of cis -stilbene catalyzed by manganese complex, 2

The chiral manganese catalyst 2 (0.022 g, 0.025 mmol) and cis -stilbene
(0.180 g, 1 mmol) were dissolved in 5 mL acetonitrile. The reaction was initiated by
the addition of iodosylbenzene (PhIO) (0.220 g, 1 mmol) and stirred at room
temperature under nitrogen atmosphere for 24 hours.

After stirring, the mixture was concentrated in vacuum. Anhydrous ether (10
mL) added to the brown residue and the ether solution was carefully filtered. Then the
ether was removed under reduced pressure and purified with column chromatography
from hexane. The catalytic epoxidation reaction sequence of cis-stilbene is shown in

Scheme 2.7.

O o O . Catalyst-2 O
" CHaCN /Ny /24 h. *

Scheme 2.7. Schematic representation of catalytic epoxidation of cis-stilbene.
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The product was confirmed by 'H-NMR spectroscopy (cis-stilbene epoxide &
~ 434 in CDCl3) of reported stilbene epoxide.** The methylene protons of
diphenylethylene appeared as a singlet at 0 ~ 5.45 in CDCl;. HPLC analyses of cis-
stilbene epoxide product was carried out on a Shimadzu SCL-10A instrument
equipped with CHIRALCEL OD-H using Class-VP program (90:10 hexane / i-PrOH,
0.5 mL/min, 254 nm, retention times: 7.8 min for cis-stilbene; 10.50 min and 11.45
min for epoxides).

The HPLC analysis profile of the cis-stilbene epoxide catalyzed by 2 as a
function of time is shown in Figure 2.12. HPLC analysis data showing yield and
enantiomeric excess of cis-stilbene epoxide catalyzed by complex 2 as a function of
time are given in Table 2.5 and Table 2.6 (entry 1). The manganese catalyst 2 is
cheering for the epoxidation reactions of cis-stilbene yields up to 40% at room

temperature with 74% of enantiomeric excess (Figure 2.12).

E cis-stilbene epoxide |
e enantiomers 3000
T

] 3
s
1000 3
i
-t
0.0 25 5.0 75 00 125 150
M s

Figure 2.12. HPLC analysis profile of cis-stilbene epoxide catalyzed by complex 2.

Table 2.5. HPLC analysis data of cis-stilbene epoxide, showing percentage of
enantiomeric excess catalyzed by complex 2 as a function of time

Pk # Retention Area Area % Height Height %
Time
1 10.508 127135673 87.170 3230203 79.949
2 11.450 18712450 12.830 810126 20.051
Totals 145848123 100.000 4040329 100.000
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2.5.3. Epoxidation of trans-stilbene catalyzed by manganese complex, 2

The chiral manganese catalyst 2 (0.022 g, 0.025 mmol) and trans-stilbene
(0.180 g, 1 mmol) were dissolved in 5 mL acetonitrile. The reaction was initiated by
the addition of iodosylbenzene (PhIO) (0.220 g, 1 mmol) and stirred at room
temperature under nitrogen atmosphere for 24 hours. After stirring, the mixture was
concentrated in vacuum. Anhydrous ether (10 mL) added to the brown residue and the
ether solution was carefully filtered. Then the ether was removed under reduced
pressure and purified with column chromatography from hexane. The catalytic

epoxidation reaction sequence of trans-stilbene is shown in Scheme 2.8.

= PhIO Catalyst-2 2 O
O ¥ CHsCN /N, /24 h. O + O

Scheme 2.8. Schematic representation catalytic epoxidation of trans-stilbene.

The product was confirmed by 'H-NMR spectroscopy (trans-stilbene epoxide
0 ~ 3.85 in CDCls) of reported stilbene epoxide.25 HPLC analyses of trans-stilbene
epoxide product was carried out on a Shimadzu SCL—-10A instrument equipped with
CHIRALCEL OD-H using Class-VP program (90:10 hexane / i-PrOH, 0.5 mL/min,
254 nm, retention times: 9.18 min for trans-stilbene; 10.5 min and 11.45 min for
epoxides). HPLC analysis data of yield and enantiomeric excess of trans-stilbene
epoxide catalyzed by complex 2 as a function of time are given in Table 2.6 (entry 2).
Epoxidation of trans-stilbene catalyzed by 2, yields up to 20% at room temperature

with 32% of enantiomeric excess.

2.5.4. Epoxidation of styrene catalyzed by manganese complex, 2
Epoxidation of styrene by the chiral catalyst 2 with iodosylbenzene (PhIO) as
oxidant were carried out by the following procedure: The chiral catalyst 2 (0.022 g,

0.025 mmol) and styrene (0.104 g, 1 mmol) were dissolved in 5 mL acetonitrile. The
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reaction was initiated by the addition of iodosylbenzene (0.220 g, 1 mmol) and stirred
at room temperature under nitrogen atmosphere for 24 hours. After completion of the
reaction, the solvent was removed under reduced pressure. Anhydrous ether (10 mL)
added to the brown residue and the ether solution was carefully filtered. Then the
ether was removed under reduced pressure and purified using short silica gel column
from hexane. The catalytic epoxidation reaction sequence of styrene is shown in

Scheme 2.9.

N Catalyst-2 P 9
CH3CN /Ny / 24 h.

Scheme 2.9. Schematic representation of catalytic epoxidation of styrene.

The 'H-NMR spectroscopy shows a set of three peaks with a doublet of
doublet at ~ 3.85 ppm and two triplets ~ 2.6-3.2 ppm assigned to the product styrene
epoxide, is comparable with that of reported styrene epoxide.”® Gas chromatographic
analyses were carried out on a Shimadzu GC 14B instrument equipped with a chiral
capillary column (Supelco a-DEX 325, 30m length, 0.25mm id, 0.25pum film
thickness) and a flame ionization detector (FID). Column temperature programmed at
90 °C, Injector and Detector temperatures programmed 200 °C with nitrogen as carrier
gas.

Synthetic standards (Authentic samples) of the products were used to
determine yields by comparison of peak area and retention time are shown in Figure
2.13. The retention time of authentic samples as follows: Styrene ~20 min; 1-phenyl
acetaldehyde ~ 40 min; Phl ~ 56 min; acetophenone ~ 60 min; styrene epoxide ~ 63
and 65 min. The retention time and peak area of the catalytic reaction products were

comparable with that of standard samples.
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Table 2.6. Oxidation products * of olefins using PhIO catalyzed by 2, 3, 4 and 5

Entry Substrate Catalyst | Epoxide Epoxide 1-Phenyl Acetophe
Yield (%) e.e. (%) acetaldehyd none
e Yield(%)¢ | Yield(%)°
1 p—
O O Mn(I1I) 40° 749 _ _
2
2 o g Mn(I1I) 20° 32¢ _ _
v 2
3 N Mn(TII) 97¢ - 2 _
2
4f N Mn(11I) 95°¢ 6° - -
2
5 N Cu(Il) - _ 63 30
3
6 N Co(1ID) _ _ 85 5
4
7 ©/\ Fe(Il) _ _ 97 ~
5

 Products confirmed by 'H-NMR spectroscopy. ° Based on substrate consumed and
determined by chiral column (CHIRALCEL OD-H) HPLC analysis. © Based on substrate
consumed and determined by chiral column GC analysis (Supelco a-DEX 325, 30m length,
0.25mm id, 0.25um film thickness). ¢ Enantiomeric excess of epoxides, determined by chiral
column (CHIRALCEL OD-H) HPLC analysis. © Enantiomeric excess of epoxides,
determined by chiral column GC analysis (Supelco a-DEX 325, 30m length, 0.25mm id,
0.25um film thickness). ' Reaction carried out at 0 °C.
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Figure 2.13. Gas chromatographic (GC) analysis profile of authentic samples.
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Figure 2.14. Representative gas chromatographic (GC) analysis of styrene epoxidation
product catalyzed by manganese complex 2.

The amount of epoxide formed and the enantiomeric excess of the epoxide
catalyzed by complex 2 as a function of time as shown in Figure 2.14. The percentage
of product yields and the enantiomeric excess of the epoxides are given in Table 2.6
(entries 3 and 4). The manganese catalyst 2 is encouraging for the epoxidation

reactions of the styrene, yields up to 97% at room temperature.
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The same procedure was followed for the catalytic activity of other complexes
viz. Ni*2, Cu*?, Co** and Fe** (1, 3, 4 and 5) for the styrene oxidation reactions were
also investigated. Catalysts, 3, 4, 5 are favour the oxidation of styrene to 1-
phenylacetaldehyde as the major product and acetophenone as the side product. The
percentages of product yields are given in Table 2.6 (entries 5-7). However; no
epoxidation product was detected for these catalysts. Nickel complex is not

catalytically active for the oxidation reaction of olefins.

2.6. Conclusions

New optically active chiral Schiff base metal complexes 1-7 were
characterized by analytical and spectral methods. The nickel complexes 1 and 7 were
structurally characterized by X-ray single crystal analysis. The coordination geometry
around the metal centers in complexes 1 and 7 is square planar. Ligand L' and its
metal complexes 1-7 exhibit circular dichroism confirming their chirality.

There is extensive hydrogen bonding in the molecular structure of 1, which
results in the simultaneous formation of supramolecular left- and right-handed aqua-
chloro helices in the crystal lattice of chiral complex 1. In complex 1 chirality is
induced by the enantiopure ligand Ll; however, we have observed both handed aqua-
chloro helices. This tells us that, the formation of alternative left- and right-handed
aqua-chloro helices is not due to the chirality of the complex, but by the directional
nature of the hydrogen bonds in the crysal lattice. It is unique that all water molecules
and chloride anions, present in the crystal lattice of 1, are exclusively involved in
hydrogen bonding interactions. The nickel complex 1 seems to act as a template in the
formation of such alternate aqua-chloro helices.

Catalytic activities of the chiral Schiff base complexes for the oxidation
reactions of the styrene, cis-stilbene and trans-stilbene were carried out in CH3;CN
using iodosylbenzene as the terminal oxidant at room temperature. The manganese
catalyst 2 favours the epoxidation reactions of the alkenes. The catalytic activity of
the other complexes viz. Cu*?, Co* and Fe*™ (3, 4 and 5) for the styrene oxidation

reactions were also investigated. These catalysts favour oxidation of styrene to 1-
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phenylacetaldehyde as the major product and acetophenone as the side product. No

styrene epoxide product was detected for these catalysts. Manganese catalyst 2 is

promising catalyst for styrene epoxidation, yields up to 97% at room temperature.

Epoxidation of trans-stilbene catalyzed by complex 2, yields up to 20% at room

temperature with 32% of enantiomeric excess. Epoxidation of cis-stilbene catalyzed

by 2, yields up to 40% at room temperature with 74% of enantiomeric excess.
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Chapter 3

Chiral Schiff base metal complexes derived from 4-methyl
2,6-di[(S)-(+)-1-phenylethyliminomethyl]phenol and relevant

catalysis

3.1. Abstract

New chiral Schiff base ligand L2 (L2 = 4-methyl-2,6-di[(S)-(+)-1-
phenylethyliminomethyl]phenol) and its complexes of first-row transition metals (Zn,
Cu, Ni, Co, Fe and Mn) have been synthesized starting from 2,6-diformyl-4-
methylphenol and S-(-)-1-phenylethylamine. Characterization of the ligand L? and its
metal complexes 8-14 (M = Zn**, 8; Cu*?, 9; Ni*?, 10; Co*?, 11; Fe*?, 12; Mn*%, 13;
Cu+2, 14) were carried out by microanalysis, IR, UV/Vis, fluorescence and CD
spectral studies. Structures of zinc complex 8 and copper complex 9 were determined
by single crystal X-ray crystallographic methods. Chiral Zn(II) complex, [ZnL’Cl,] 8
self-assembles via C—H----Cl hydrogen bonding into supramolecular helices.

Ligand L? and the complexes 8-14, exhibit circular dichroism and emission
signals at room temperature. Of these complexes zinc complex 8 is highly fluorescent
(A = 496 nm, 0., = 0.46) in methanol solution. Crystal data for zinc complex 8:
Orthorhombic space group P2,2,2;, a = 9.614(2) 10%, b =13.825(3) 10%, c = 18.667(3)
A, V=2481.1(8) A’, Z = 4. Crystal data for copper complex 9: Orthorhombic space
group P2,2:2,, a = 16.9457(6) A, b = 18.1124(7) A, ¢ = 30.9295(11) A, V =
9493.11(6) 10\3, Z = 8. The coordination geometry around the metal center in both
complexes is distorted-tetrahedral.

Catalytic activities of the chiral Schiff base complexes for the oxidation
reactions of styrene, cis-stilbene and trans-stilbene were carried out in CH3CN using

iodosylbenzene (PhIO) as the terminal oxidant at room temperature. Epoxidation of
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cis-stilbene catalyzed by 13, yields up to 25% with 70% of enantiomeric excess at

room temperature.

3.2. Introduction

Asymmetric epoxidation of alkenes is one of the important methods for the
synthesis of chiral intermediates in the field of pharmaceuticals and agrochemicals.'
The enantioselective preparation of epoxides is a challenging and important synthetic
problem since these compounds are highly valuable chiral synthons. Of the numerous
approaches, the most well known one is the Sharpless method.’

Commonly studied metal catalysts for the asymmetric epoxidation of
unfunctionalized olefins are chiral metalloporphyrins and manganese-salen
complexes. Among the most useful systems for the asymmetric epoxidation of non-
functionlized olefins is the Jacobsen-Katsuki salen-Mn catalyzed reactions.’
Metalloporphyrins usually exhibit high turnover numbers and moderate
enantioselectivities.* Recently, several other types of metal catalysts for the
asymmetric epoxidation of olefins have been reported. These include nickel
complexes bearing cyclic or acyclic tetraaza multidentate ligands.

There has been considerable interest on helical supramolecular architectures,
particularly on helices from coordination compounds.® In most of these helical
structures, the building units, e.g., coordination compounds are linked via covalent
bonds.” Even though supramolecular architecture has largely capitalized on non-
covalent (e.g., hydrogen bonding) interactions,® hydrogen-bonded assemblies of
coordination compounds that lead to helical structures have not been explored much.
Supramolecular left-handed helix, formed by C-H:--Cl hydrogen bonding
interactions, using a chiral Zn(II) complex, [ZanClz] 8 (L2 = 4-methyl-2,6-di[(S)-(+)-
1-phenylethyliminomethyl] phenol) as a building unit. Compound 8 exhibits both
chirality and emissive properties. Coordination compounds with both circular
dichroism and emission signals at room temperature are well documented in

literature.’
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Chiral Schiff base metal complexes are useful catalysts for selective organic
transformation reactions. View of this aspect, we synthesized new chiral Schiff base
ligand L2 and its complexes with first-row transition metals (Zn, Cu, Ni, Co, Fe and
Mn). Herein we discuss the characterization of the ligand L? and its metal complexes
8-14 and examined their catalytic activity towards the oxidation reactions of the

styrene, cis-stilbene and trans-stilbene.

3.3. Experimental
3.3.1. Chemicals and reagents

All the chemicals used in this study were commercially available and used as
received. 2,6-diformyl-4-methylphenol was synthesized starting from p-cresol using
published procedure.10 S-(-)-1-phenylethylamine was purchased from Lancaster.
HPLC grade solvents were used for spectral analysis. All metal salts were purchased
commercially and used as received. All other solvents were purified and dried by the
usual methods."! Iodobenzenediacetate, styrene, cis-stilbene and frans-stilbene were
purchased from Aldrich chemicals. Iodosylbenzene was prepared according to

literature procedure.**

3.3.2. Physical measurements

Elemental analyses were carried out on a Perkin-Elmer 240C CHN analyzer.
The 'H-NMR spectra were recorded with a Bruker DRX-400 spectrometer using
CDCl; as the solvent. Tetramethylsilane (TMS) was the internal standard. Infrared
spectra were recorded on a Jasco Model 5300 FT-IR spectrophotometer. The spectra
of the solid samples were recorded using KBr pellets. The UV-visible spectra were
recorded with Shimadzu model UV-3101PC UV-vis spectrophotometer. The CD
spectra were measured with a JASCO J-810 spectropolarimeter.

The pale yellow single crystal of zinc complex 8 was mounted on a glass fiber on
CAD4 Nonius Enraf MACH 3 diffractometer, equipped with graphite monochromated
Mo-K, radiation (A = 0.71073 A). 25 carefully centered reflections were used to

determine cell parameters. XTAL 3.5 version was employed for the data reduction.'” The



68 Chapter 3 Chiral Schiff base...

solution and refinement were carried out using SHELX-97."* The X-ray intensity data
for the copper 9 was measured at 100(2) K on a Bruker SMART APEX CCD area
detector system equipped with a graphite monochromator and a Mo-Ka fine-focus
sealed tube (A = 0.71073A) operated at 1500 W power (50 kV, 30 mA). The detector
was placed at a distance of 4.995 cm from the crystal. The SMART software was used
for intensity data acquisition and the SAINT-Plus software was used for data
extraction. Data were corrected for absorption effects using the multi-scan technique
(SADABS). The solution and refinement of the data were obtained using SHELXL-
97" program.

Optical rotation was measured with an AUTOPOL-II automatic polarimeter
(readability +0.01°). Gas chromatographic analyses were carried out on a Shimadzu
GC 14B instrument equipped with a stainless steel packed column (5 m, 5 % SE 30)
and a chiral capillary column (Supelco a-DEX 325, 30m length, 0.25mm id, 0.25um
film thickness) and a flame ionization detector (FID). HPLC analyses of cis-stilbene
epoxide and frans-stilbene epoxide products were carried out on a Shimadzu SCL~-

10A instrument equipped with CHIRALCEL OD-H using Class-VP program.
3.3.3. Synthesis

3.3.3.1. Synthesis of chiral Schiff base ligand, L*

To a solution of 2,6-diformyl-4-methylphenol (0.492 g, 3 mmol) in 20 mL of
acetonitrile was added S-(—)-1-phenylethylamine (0.727 g, 6 mmol) in 5 mL of
acetonitrile. The reaction mixture was refluxed for 4 hours. The solution was filtered,
concentrated on rotary evaporator to dryness. The resulting chiral Schiff base ligand
L? (4-methyl-2,6-di[(S)-(+)-1-phenylethyliminomethyl|phenol) is semi solid (Yield:

0.9 g, 81%). The reaction sequence is shown in Scheme 3.1.
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CHj
CHg
CHsg
HoN HsC CH
+ 2 3 N| OH |N 3
| | CH3CN / Reflux / 4 h.
o OH o
L2

Scheme 3.1. Schematic representation of the chiral Schiff base ligand L.

Characterization data for L2

Optical rotation [ot]p™ : + 116 (c 1, ethanol); M. F.: Co5H2¢N,O; M. W: 370.49 g mol
L IR (v em™, KBr pellet): 1641, 1598; "H NMR (CDCls): & 1.63 (d, 6H, J = 5.86 Hz,
CH3), 2.29 (s, 3H, Ar-CH3), 4.59 (q, 2H, J = 6.61 Hz, CH), 7.28 - 7.38 (m, 12H, Ar-
CH), 8.64 (s, 2H, HC=N); CD Amax (mdeg) (CH;0H): 350 (+4.98), 244 (+24.03);
CD Amax (mdeg) (CH3CN): 343 (+5.83), 265 (+25.75); UV-Vis (CH;CN) [Aya/nm
(¢/dm’ mol ™ cm™)]: 350 (7000), 244 (34600); UV-Vis (CH3;0H) [Apa/nm (€/dm’ mol
"em™)]: 440(264), 350 (693), 244 (3645).

3.3.3.2. Synthesis of [L*ZnCl,], 8

To a solution of 2,6-diformyl-4-methylphenol (2.46 g, 15 mmol) in 40 mL of
acetonitrile was added S-(-)-1-phenylethylamine (3.63 g, 30 mmol) in 10 mL of
acetonitrile. The reaction mixture was refluxed for 4 hours. To the resulting Schiff
base, formed in situ, anhydrous ZnCl, (2.04 g, 15 mmol) was added and refluxed for
another 2 hours. It was then filtered and the filtrate was kept in an open conical flask
at room temperature for one week yielding 5.62g of pale yellow crystals of [L*ZnCl,]

8 (Yield: 74%). The reaction sequence is shown in Scheme 3.2.

CH3 GHa
HG | | ) Hs ZnCl HG | | CHs
g OH 2 %
—N N —N_ 2 N
CH;CN / Reflux / 2 h. ~ 7 e
o \CI
L2

Scheme 3.2. Schematic representation of the chiral Schiff base zinc complex 8.
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3.3.3.3. Synthesis of [L22Cu](ClO4)2, 9

To a solution of 2,6-diformyl-4-methylphenol (0.164 g, 1 mmol) in 20 mL of
methanol was added S-(-)-1-phenylethylamine (0.242 g, 2 mmol) in 10 mL of
methanol. The reaction mixture was refluxed for 4 hours. To the resulting Schiff base,
formed in situ, Cu(ClO4),-6H,O (0.370 g, 1 mmol) was added and refluxed for
another 2 hours. The solvent evaporated using rotary evaporator. The resulting copper
complex was recrystallized from methanol solution. Green single crystals were
obtained by the slow evaporation at room temperature (Yield: 70%). The reaction

sequence is shown in Scheme 3.3.

CHs C 1 [ ; ? \
H /
3G ’\} OH IN CHs Cu(Cl0y),.6H,0 \u
d CH;OH / Reflux /2 h. “CHj3
L2 d U b

9

Scheme 3.3. Schematic representation of chiral Schiff base copper complex 2.

3.3.3.4. General synthetic procedure for complexes, 10-14

To a solution of 2,6-diformyl-4-methylphenol (0.164 g, 1 mmol) in 20 mL of
acetonitrile was added S-(-)-1-phenylethylamine (0.242 g, 2 mmol) in 10 mL of
acetonitrile. The reaction mixture was refluxed for 4 hours. To the resulting Schiff
base, formed in situ, hydrated MX, (M = Ni, 10; Co, 11; Fe, 12; Mn, 13 and Cu, 14; X
= C]) (1 mmol) was added and refluxed for another 2 hours. The solvent was removed
using rotary evaporator. The resulting metal complexes were washed with hexane and

recrystallized from acetonitrile. The reaction sequence is shown in Scheme 3.4.
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GHs CHg

H3C |

% on L CHs MX,.nH,0 HoG, | |
—N N “ o]
CH,CN /Reflux /2 h. NG N
Mo H
/N
Cl Cl

(M=Zn, Ni, Co, Fe, Mn; X=Cl)

Scheme 3.4. Schematic representation of chiral Schiff base metal complexes.

3.3.3.5. Characterization data for complexes, 8-14

Characterization data for [LZZnClz], 8

M. F.: CysHy6N>0ZnCly; M. W.: 506.78 g mol™; IR (v cm™, KBr pellet):1660, 1628,
1547; '"H NMR (CDCls) 8: 1.76 (d, 3H, J = 6.82 Hz, CH3), 2.06 (d, 3H, J = 6.82 Hz,
CH3), 2.13 (s, 3H, Ar-CHz), 4.58 (q, 2H, J = 6.84 Hz, CH), 7.16 - 7.48 (m, 12H, Ar-
CH), 7.97 (s, 1H, HC=N), 8.18 (s, 1H, HC=N); CD Amax (mdeg) (CH3CN): 411
(+24.79), 302 (+0.51), 256 (+52.71), 217(-123.74); UV-Vis (CH;CN) [Ama/nm
(¢/dm® mol™ cm™)]: 414 (4400), 353 (6700), 243 (34500); UV-Vis (CH30H) [Ama/nm
(e/dm® mol™ ecm™)]: 407(630), 361 (342), 247 (2515); CHN Analysis :Calcd.: C,
59.25; H, 5.17; N, 5.53%; Found: C, 59.26; H, 5.24; N, 5.47 %.

Characterization data for 9

M. F.: CsoH5;N4010CuCly; M. W.: 1003.42 ¢ mol™; IR (v cm™, KBr pellet): 1649,
1548, 1091, 621; CD Amax (mdeg) (CH;0H): 406 (-1.91), 310 (-2.56), 250 (-6.04),
230 (3.79); UV-Vis (CH3;0H) [Ana/nm (¢/dm’ mol™ cm™)]: 663 (1166), 408(1172),
246 (3765); CHN Analysis: Calcd.: C, 59.85; H, 5.22; N, 5.58%; Found: C, 59.92; H,
5.28; N, 5.63%.

Characterization data for 10
Yield: 75%; Colour: Pale green; M.F.: C,5H2sN>ONiCly; M. W.: 500.09 g mol'l; IR
(v cm’’, KBr pellet): 3414, 1647, 1543; CD Amax (mdeg) (CH3;0H): 493 (1.16), 310
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(-1.06), 255 (-3.66), 221 (2.03), 208 (-2.41); UV-Vis (CH30H) [Apa/nm (€/dm’ mol™
ecm™)]: 616 (360), 395 (826), 319 (359), 250 (3248); CHN Analysis: Calcd.: C, 60.04;
H, 5.24; N, 5.60%; Found.: C, 60.13; H, 5.18; N, 5.64%.

Characterization data for 11

Yield: 80%; Colour: Brown; M. F.: C,sHysN,OCoCly; M. W.: 500.33 g mol'l; IR (v
cm™, KBr pellet): 3468, 1649, 1545; CD Amax (mdeg) (CH;OH): 500 (1.10), 410 (-
0.87), 275 (-2.82), 220 (-2.20); UV-Vis (CH;0H) [Ama/nm (g/dm’ mol cm™)]: 407
(941), 358 (787), 245 (4810); CHN Analysis: Calcd.: C, 60.01; H, 5.24; N, 5.60%;
Found.: C, 59.97; H, 5.33; N, 5.57%.

Characterization data for 12

Yield: 65%; Colour: Dark brown; M. F.: C;sHysN,OFeCl,; M. W.: 497.24 ¢ mol'l; IR
(v cm’', KBr pellet): 3414, 1643, 1548; CD Amax (mdeg) (CH;0H): 711 (1.66), 463
(1.21), 353 (0.93), 280 (-0.58), 243 (1.64), 205 (-9.23); UV-Vis (CH30H) [Ama/nm
(e/dm’ mol™ cm™)]: 523 (7013), 415 (366), 343 (779), 260 (2196), 244 (3059); CHN
Analysis: Calced.: C, 60.39; H, 5.27; N, 5.63%; Found.: C, 60.43; H, 5.35; N, 5.79%.

Characterization data for 13

Yield: 85%; Colour: Brown; M. F.: C,sHysN,OMnCl,; M. W.: 496.33 g mol'l; IR (v
cm’', KBr pellet): 3500, 1649, and 1541; CD Amax (mdeg) (CH;OH): 456 (1.66), 356
(0.7), 247 (1.44), 212 (-5.57); UV-Vis (CH;0H) [Ama/nm (e/dm’ mol™ cm™)]: 436
(326), 351 (856), 245 (4247); CHN Analysis: Calcd.: C, 60.50; H, 5.28; N, 5.64%;
Found.: C, 60.43; H, 5.31; N, 5.67%.

Characterization data for 14

Yield: 90%; Colour: Green; M. F.: C,sHysN,OCuCly; M. W.: 504.94 ¢ mol'l; IR (v
cm™, KBr pellet): 3485, 1630, 1548; CD Amax (mdeg) (CH;OH): 380 (-1.40), 270 (-
4.03); UV-Vis (CH;0H) [Ama/nm (¢/dm’® mol™ em™)]: 714 (4020), 367 (640), 257
(2610); CHN Analysis: Caled.: C, 59.47; H, 5.19; N, 5.55%; Found.: C, 59.43; H,
5.17; N, 5.62%.
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3.4. Results and discussion

Synthetic details of the chiral complexes 8-14 are given in the experimental
section 3.3.3. In all the complexes, chiral source is 4-methyl-2,6-di[(S)-(+)-1-
phenylethyliminomethyl|phenol) L* The IR spectrum of the ligand shows stretching
bands at around 1641, 1598 cm’ corresponding to the C=N and the phenolic C-O
groups respectively. The formation of chiral Schiff base ligand was confirmed by the
absence of aldehydic C=0 stretch of 2,6-diformyl-4-methylphenol at 1680 cm™. The
CHN analytical data of the complexes match with the mononuclear compositions. The

ligand L? and its metal complexes 814 are CD active.

3.4.1. Zinc complex [L2ZnC12], 8

The optical activity of the zinc complex is induced by the chiral ligand LY
The UV-visible spectrum of the zinc complex is characterized by an intense band at
243 nm and two peaks at 353 and 414 nm respectively as shown in Figure 3.1. The
circular dichroism (CD) spectrum of the chiral ligand L?* shows positive bands around
350 nm and 245 nm. The CD spectrum of 8, as expected, exhibits positive bands
(Figure 3.1).

The fluorescence properties of L* and [ZnLCl,] 8 examined in methanol and
acetonitrile reveal that Zn®* ion enhances the fluorescence. The fluorescence spectra
of L? and [ZnL2C12] 8 in methanol and acetonitrile solutions are shown in Figure 3.2.
There is significant band shift and increase in fluorescence intensity for [ZnL*Cl,] 8.
The maximum excitation of the zinc complex is at 414 nm, and the maximum
emission is at 504 nm. The fluorescence intensity at 504 nm is ca. 12 times of that of
the ligand at 580 nm (Figure 3.2). The emission band (at 580 nm) of the free ligand L2
does not shift with its varying concentrations in MeCN solutions. On the other hand,
the emission band of the complex [ZnL’Cl,] 8 is concentration dependent. The band
maxima gradually shift to lower energy region with increasing concentrations. This
shift could be due to the inter-molecular hydrogen bonding association of the complex

[ZnL’Cl,] 8 (Figure 3.2) at relatively higher concentrations. The emission quantum
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yield (¢em) of the free ligand L?* at ambient temperature, using 1,6-diphenyl 1,3,5-
hexatriene (dpht) in MeCN as standard, was found to be 0.0053 and that of the
complex [ZnL’Cl,] 8 at 0.051.
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Figure 3.1. CD spectra and UV-vis spectra of ligand L? and its Zn**, Cu®*, Ni** complexes in
MeOH solution (concentrations = 1 x 10*M for CD and 1 x 10°M for UV-vis each

experiment).
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The emission quantum vyield (Qem) of the free ligand L* at ambient
temperature, using 1,6-diphenyl 1,3,5-hexatriene (dpht) in MeOH as standard, was
found to be 0.0053 and that of the complex [ZnL*Cl,] 8 is highly enhanced as (e, =
0.46 (Figure 3.2). The blue shift of the emission band (504 nm) in the complex 8 as
compared to the emission band at 580 nm of free ligand L*is quite unexpected as one
would expect the emission maximum of the free ligand L* to be at higher energy
relative to the complex due to its relatively high-energy excitation band. This anomaly
can be explained by the fact that excited states resulting from complexes of Zn(Il) are
typically ligand-centered (LC) owing to the inability of the d'° metal center to

participate in low energy charge transfer or metal-centered transitions.*

3x10

2x107

Intensity (a.u)

1x10"

T T T T
400 500 600 400 500 600
MeOH Wavelength (nm) MeCN

Figure 3.2. Fluorescence spectra of ligand L?, 8 and dpht (standard) at 298 K in (0.2 OD)
Left : methanol and right: acetonitrile solutions.

Therefore, the emission from [ZnL2C12] 8 is believed to arise from an excited
state centered on the L? which contains a phenolic proton. It is well-established that
the emissive organic phenol, e.g., 2,6-diformyl-4-methylphenol undergoes blue shift

of its emission band (from 530 nm to 445 nm) on treatment with a base B (e.g.,
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piperidine or triethylamine) and this observation is interpreted to support the existence
of an equilibrium between undissociated phenol and a proton-transferred species of
phenol with the formation of phenoxide anion and BH* cation.'

The same analogy can be extended to the present system, because the phenolic
proton of the ligand L? (Scheme 3.1) gets deprotonated on complexation with Zn**
and this proton is transferred to the adjacent imine nitrogen (of the same ligand L?
with the formation of NH'. This proton transfer is also evidenced by IR spectral
studies and crystal structure determination of complex [ZnL*Cl,] 8. Indeed, this

proton is nicely located on uncoordinated imine nitrogen in the crystal structure of 8.

1.2x10" e M2

8.0x10°
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0.0
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Figure 3.3. Emission spectra of ligand L? and Cu®*, Ni**, Co®, Fe**, Mn** complexes in
MeOH (concentrations = 1 X 10™*M for each experiment).

An emission experiment on the free ligand L? in presence of an added base,
triethylamine in MeCN solution indicates the existence of an equilibrium between an
undissociated L? and a proton transferred species of L The emission spectra of other

metal complexes were shown in Figure 3.3.
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X-ray crystallography of [L*ZnClL,), 1

The enantiopure ligand L*> (Scheme 3.1) is prepared by Schiff-base
condensation reaction of one equivalent of 2,6-diformyl-4-methyl phenol with two
equivalents of (S)-(—)-1-phenylethylamine in acetonitrile. Reaction of Zn(II) chloride
and optically pure ligand L? afforded the neutral complex [Zn"L*Cl,) 8 in good yield
(Scheme 3.2). Crystals of [ZnL’Cl,] 8 were characterized by elemental and spectral
analyses. Single crystal X-ray structure determination data are given in Table 3.1.
Bond lengths, bond angles are given in Table 3.2. The molecular structure of the

Zn(II) complex 8 is presented in Figure 3.4.

Figure 3.4. Thermal ellipsoid plot of the structure of [ZnL>Cl,] 8. C(18) and C(10) are chiral
centers. Thermal ellipsoids are at 40% probability level. Hydrogen atoms have been omitted
for clarity. Hydrogen atoms, involved in the intra-molecular hydrogen bonding interactions,
are shown.

The zinc atom in 8 is four-coordinated with N(1), O(1) donors (from the
ligand L% and two chloride ligands, in a distorted tetrahedral geometry. The chiral
ligand L2 (Chiral centers are C(18) and C(10)) has two arms with two donor nitrogen
atoms. One nitrogen N(1) of one arm is coordinated to zinc and the nitrogen N(2) of
the other arm remains uncoordinated. This is because the phenolic hydroxyl O(1) gets

deprotonated and N(2) gets protonated during complexation. This is also evidenced in
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the IR spectrum of the complex, in which the hydroxyl stretching of the free ligand L?
at ~3400 cm™' is not observed. This kind of proton transfer is known in literature. "
There are two intra-molecular hydrogen bonds: N(2)-H(2)----O(1) (2.615(5)) and
C(17)-H(17)---C1(1) (3.533(7)). Complex 8 self-assembles via hydrogen bonding into
supramolecular helices. It is the C(13)-H(13)---C1(2) intermolecular hydrogen bond

(3.665(6) Ain length) that drives the formation of the helix as shown in Figure 3.5.

Figure 3.5. Intermolecular C—H----Cl hydrogen bonded interactions between adjacent
molecules that leads to the formation of hydrogen bonded helices in [ZnL’Cl,] 8. Left: ball
and stick presentation, middle: wire-frame presentation and right: space-filling plot (helical
backbone). All the hydrogen atoms except those involved in hydrogen bonding have been
omitted for clarity. Colour: red: oxygen; blue: nitrogen; green: Chlorine; cyan: zinc; gray:
carbon.

A systematic investigation of C—H------CI hydrogen bonding interactions, using
inorganic supramolecular synthons, has recently been reported.® The hydrogen
bonding parameters of the C—H:-----Cl bond (present work) are quite comparable to

those of C—H:-----Cl bonds in other reported systems.w’17

The path of the helix (Figure
3.5) can be traced by following the hydrogen bonds counter clockwise around the
two-fold screw axis of the helix. At the molecular level, the crystal contains a single

enantiomer of the complex 8.
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Table 3.1. Crystallographic parameters of the mononuclear zinc 8 and copper 9

79

Compound

[L*ZnCl,], 8

[L%Cu](C10y),, 9

Empirical formula
M

T/K

MA

Crystal system
Space group

ali

bIA

c/A

U/A, 7

D./mg m>

p.L/mm'1

F(000)

Crystal size/mm
@range /°

Limiting indices

Reflections collected
Reflections [/ > 20(])]
Data, parameters
Goodness-of-fit on F*
Final R indices [/ >

26(D]
R indices (all data)

Ca5Ho6N,OCl1Zn
506.75

293(2)
0.71073/3197
Orthorhombic
P212,2,

9.614(2)
13.825(3)
18.667(3)
2481.1(8), 4
1.357

1.224

1048

0.62 x 0.60 x 0.60
1.83 to 27.45
O<=h<=12, O<=k<=17,
O<=1<=24

3197

3197

3197, 284

1.065

R1=0.0352, wR2 = 0.0743

R1=0.0580, wR2 =0.0907

Cs0Hs2N4040Cl,Cu
1003.42

100(2)

0.71073
Orthorhombic
P2,2,2,
16.9457(6)
18.1124(7)
30.9295(11)
9493.1(6), 8
1.401

0.636

4168

0.21 x 0.40 x 0.06
1.30 to 28.26

-21<=h<=22, -20<=k<=23,

-40<=1<=38
60245
22058
22058, 1207
1.037

R1=0.0793, wR2=10.1567

R1=0.1305, wR2 =0.1794
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Table 3.2. Selected bond lengths (&) and bond angles (°) of zinc complex, 8

Bond lengths
Zn(1)-0(1)
Zn(1)-N(1)
Zn(1)-CI(1)
Zn(1)-Cl1(2)
O(1)-C(1)
N(2)-C©9)
N(2)-C(18)
N(1)-C(8)
N(1)-C(10)
C(1)-C2)

C(1)-C(6)
C(13)-C(14)

Bond angles
O(1)-Zn(1)-N(1)
O(1)-Zn(1)-CI(1)
N(1)-Zn(1)-CI(1)
O(1)-Zn(1)-C1(2)
N(1)-Zn(1)-CI(2)
CI(1)-Zn(1)-C1(2)
C(1)-0(1)-Zn(1)
C(9)-N(2)-C(18)
C(8)-N(1)-C(10)
N(2)-C(18)-C(20)
N(2)-C(18)-C(19

1.984(3)
2.036(3)
2.2137(13)
2.2149(16)
1.298(5)
1.259(6)
1.465(6)
1.271(5)
1.498(5)
1.411(6)
1.446(6)

1.385(8)

92.17(13)
110.15(9)
122.67(11)
108.32(11)
109.18(11)
112.04(6)
120.1(3)
128.3(4)
115.5(4)
111.7(4)
107.8(4)

C(2)-C(3)
C(2)-C(8)
CR)-CH4)
CH-CO)
CHH-C(7)
C(5)-C(6)
C(6)-C(9)
C(10)-C(12)
C(10)-C(11)
C(12)-C(13)
C(12)-C(17)

C(14)-C(15)

C(8)-N(1)-Zn(1)
C(10)-N(1)-Zn(1)
O(D)-C(1)-C(2)
O(1)-C(1)-C(6)
N(D-C(8)-C(2)
N(2)-C(9)-C(6)
N(1)-C(10)-C(12)
N(1)-C(10)-C(11)
C(2)-C(1)-C(6)

C(12)-C(10)-C(11)
C(20)-C(18)-C(19)

1.384(6)
1.462(6)
1.388(7)
1.360(7)
1.499(7)
1.388(6)
1.419(6)
1.513(7)
1.539(7)
1.371(7)
1.383(7)

1.353(10)

119.4(3)
124.4(3)
123.7(3)
120.1(4)
127.1(4)
126.1(4)
110.2(4)
107.9(4)
116.2(4)
113.8(4)
112.8(5)




Chapter 3 Chiral Schiff base... 81

This local chirality translates throughout the crystal into the formation of only
left-handed helices at the supramolecular level (Figure 3.5). Three zinc complex
fragments form one helix turn in 8 with a pitch of 13.825 A. The absolute
configuration of the compound molecule was successfully determined by refining the
Flack parameter [0.017(19)]."® The important crystallographic parameters are given in

Table 3.1. Selected bond lengths and bond angles are listed in Table 3.2.
3.4.2. Copper complex [L*Cu](ClOy), 9

The chiral copper complex was synthesized in methanol in good yields by the
procedure given in section 3.3.3.3 (Scheme 3.3). The IR spectrum of the complex
[L22Cu](ClO4)2 shows strong bands at around 1091 and 621 cm™! corresponding to the
perchlorate anions and other two strong stretching bands at around 1649, 1548 cm’

corresponding to the C=N and phenolic C-O groups.

Circular dichroism spectrum of the complex in methanol solution is shown in
Figure 3.1. Bands appear at 406(-1.91), 310(-2.56) nm and the high intensity T—7*
transition band at 250(-6.04). Appearance of these signals confirms that the complex
is chiral. The electronic spectrum of the chiral copper complex in methanol exhibits
three bands in the range of 220-900 nm. The broad band at 663 nm is due to d-d
electronic transitions, the strong band at 408 nm is due to ligand to metal charge
transfer transition and an intra ligand transition band appears at 246 nm. The
analytical data of the complex match with the mononuclear composition of
[L%Cul(ClOy), 9. The complex was well studied by single crystal X-ray structure

determination.

X-ray crystallography of [L2,Cu](ClO4),, 9

The mononuclear copper complex crystallizes in orthorhombic P2,2,2; space
group. The asymmetric unit consists of two crystallographically independent
molecules and four perchlorate anions in the molecular structure of 9. The ORTEP

diagram of the copper complex with atom numbering scheme is shown in Figure 3.6
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(9A and 9B). The important crystallographic parameters are given in Table 3.1. The
copper atoms in each molecule (9A and 9B) are four coordinated with two phenolic
oxygens and two imine nitrogens, from two ligands, in a distorted tetrahedral
geometry. The chiral ligand L? in molecule, 9A (chiral centers are C(7), C(18), C(32)
and C(43)) and in molecule, 9B (chiral centers are C(57), C(68), C(82) and C(93)) has
two arms with two donor nitrogen atoms. Nitrogen atoms N(1) and N(3) of one arm is
coordinated to copper and the nitrogens N(2) and N(4) of the other arm remain
uncoordinated in molecule, 9A. Nitrogen atoms N(5) and N(7) of one arm is
coordinated to copper and the nitrogen N(6) and N(8) of the other arm remain

uncoordinated in molecule, 9B.

9A 9B

Figure 3.6. ORTEP diagram of the copper complex 9 (Individual molecules in the
asymmetric unit of 9). Chiral centers C(7), C(18), C(32), C(43) in 9A and C(57), C(68),
C(82), C(93) are in 9B. Thermal ellipsoids are at 30% probability level. Hydrogen atoms have
been omitted for clarity.
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Table 3.3. Selected bond lengths (&) and bond angles (°) of copper complex, 9
Bond lengths
Cu(2)-0(3) 1.925(4) 0(1)-C(16) 1.306(7)
Cu(2)-N(5) 1.948(5) CI(1)-O(6) 1.425(5)
Cu(2)-N(7) 1.972(4) CI(1)-0(8) 1.427(4)
Cu(2)-0(4) 1.900(4) CI(1)-0(5) 1.442(5)
Cu(1)-0(2) 1.902(4) 0(10)-Cl1(2) 1.383(5)
Cu(1)-N(3) 1.946(5) CI(2)-O(11) 1.385(7)
Cu(1)-N(1) 1.975(5) C1(2)-0O(9) 1.376(6)
Cu(1)-O(1) 1.897(4) N(2)-C(17) 1.278(8)
0(2)-C(41) 1.308(7) N(2)-C(18) 1.485(7)
N(1)-C(9) 1.273(7) 0O(3)-C(66) 1.309(6)
N(1)-C(7) 1.487(7) 04)-C(91) 1.320(7)
Bond angles
O(1)-Cu(1)-0(2) 88.60(17) 04)-Cu(2)-0(3) 91.12(16)
O(1)-Cu(1)-N(3) 146.7(2) O(4)-Cu(2)-N(5) 149.8(2)
0O(2)-Cu(1)-N(3) 92.50(18) O(3)-Cu(2)-N(5) 93.10(18)
O(1)-Cu(1)-N(1) 94.06(19) O(4)-Cu(2)-N(7) 92.77(18)
0O(2)-Cu(1)-N(1) 142.64(19) 0(@3)-Cu(2)-N(7) 148.12(18)
N(3)-Cu(1)-N(1) 104.7(2) N(5)-Cu(2)-N(7) 99.15(19)
C(66)-0O(3)-Cu(2) 123.0(4) C(7)-N(1)-Cu(1) 113.9(4)
C(91)-0(4)-Cu(2) 124.0(4) C(59)-N(5)-Cu(2) 123.8(4)
C(9)-N(1)-Cu(1) 123.5(4) C(57)-N(5)-Cu(2) 113.2(3)
C(41)-0O(2)-Cu(1) 122.4(3) C(9)-N(1)-C(7) 121.9(5)
C(16)-O(1)-Cu(1) 127.2(4) C(59)-N(5)-C(57) 122.7(5)
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The phenolic groups are gets deprotonated and free arm of the imine-nitrogen
are gets protonated. This suggests that they are securely bound in the second cavity of
the coordination site by intra molecular hydrogen bonding to the nitrogen atoms. The
free arms of the imine-N are far to coordinate with second metal. This is due to the
fact that phenolic hydroxyl group gets deprotonated O(1) and O(2) in molecule, 9A
and O(3) and O(3) in molecule, 9B during complexation. This is also evidenced in the
IR spectrum of the complex, in which the hydroxyl stretching of the free ligand L? at
~ 3400 cm™ is not observed. Nearly the two ligands are structurally perpendicular to
each other in the complex. Selected bond lengths and bond angles are given in Table
3.3. The average bond distances of the molecule, 9A (Figure 3.6) are Cu(l)-
O(1)(phenolic) 1.897(4) A, Cu(1)-O(2)(phenolic) 1.902(4) A, Cu(1)-N(1)(imine)
1.975(5) A and Cu(1)-N(3)(imine) 1.946(5) A. In molecule, 9B (Figure 3.6) Cu(2)-
O(3)(phenolic) 1.925(4) A, Cu(2)-O(4)(phenolic) 1.900(4) A, Cu(2)-N(5)(imine)
1.948(5) A and Cu(2)-N(7)(imine) 1.972(4) A bond lengths are slightly deviated. The
average bond angles of the molecule, 9A are between O(1)-Cu(1)-N(1) 94.06(19)°,
O2)-Cu(1)-N(1) 142.64(19)°, O(1)-Cu(1)-N(3) 146.7(2)° and O(2)-Cu(1)-N(3)
92.50(18)° respectively. In the molecule, 9B bond angles are between O(3)-Cu(2)-
N(5) 93.10(18)°, O(4)-Cu(2)-N(5) 149.8(2)°, O(3)-Cu(2)-N(7) 148.12(18)° and O(4)-
Cu(2)-N(7) 92.77(18)° respectively.

3.4.3. Nickel complex [L°NiCl,], 10

The nickel complex was synthesized by the procedure given in section 3.3.3.4.
and recrystallized from acetonitrile. The IR spectrum of the complex shows band at
3414 cm™ corresponding to hydroxyl group and other two strong stretching bands at
1647, 1543 cm™ corresponding to the C=N and phenolic C-O groups. The electronic
spectrum of the complex in methanol solution shows bands at 616, 395, 319 and 250
nm. The broad band at 616 nm is due to d-d electronic transitions, the band at 395 nm
is due to the ligand to metal charge transfer transition and the band at 319 nm is due to

the intraligand n-7* transitions. The band at 250 nm is due to m-7* electronic
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transitions of the ligand. CD spectrum of the complex recorded in methanol shows
bands at 493, 310 and the high intensity T—7* transition bands at 255, 221 and 208
nm. These bands confirm that the complex is chiral (Figure 3.1). The elemental

analytical data of the complex agree with the mononuclear composition of [L*NiCl,].
3.4.4. Cobalt complex [L>CoCl,], 11

The chiral cobalt complex 11 was synthesized in good yields by the procedure
given in section 3.3.3.4. The IR spectrum of the complex [L*CoCl,] shows stretching
broad band at around 3468 cm™ corresponding to the hydroxyl group and other two
strong stretching bands at around 1649, 1545 cm™ corresponding to the C=N and
phenolic C-O groups. Circular dichroism spectra of the cobalt complex recorded in
methanol solution show bands at 500(1.10), 410(-0.87), 275(-2.82) and 220(-2.20).
Appearance of these bands confirms that the complex is chiral (Figure 3.7). The
electronic spectrum of the chiral cobalt complex recorded in methanol shows bands at
407 nm due to the ligand to metal charge transfer transitions and at 358 nm due to the
intraligand n-t* interactions. The band at 245 nm is due to 7-7* electronic transitions
of the ligand. The analytical data match with the mononuclear composition of

[L’CoCl,].

3.4.5. Iron complex [L*FeCl,], 12

This complex was synthesized in good yields by the procedure given in
section 3.3.3.4. The IR spectrum of the complex [L*FeCl,] shows stretching broad
band at around 3414 cm™ corresponding to the hydroxyl group and other two strong
stretching bands at around 1643, 1548 cm™ corresponding to the C=N and phenolic C-
O groups. Circular dichroism spectrum of the iron complex recorded in methanol
solution shows bands at 463(1.21), 280(-0.58), 243(1.64) and a high intensity band at
205(-9.23) nm. These bands confirm that the complex is chiral. The electronic

spectrum of the iron complex in methanol solution shows broad band at 663 nm due
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to d-d electronic transitions. Ligand to metal charge transfer transition band at 415 nm

and an intra ligand transitions band at 343 nm are observed.
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Figure 3.7. CD and UV-vis spectra of the Co™, Fe**, Mn®* and Cu*™* complexes in MeOH
solution (concentrations = 1 X 10™*M for CD and 1 x 10°°M for UV-vis each experiment).
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The band at 244 nm is due to ©-7t* electronic transitions of the ligand (Figure 3.7).
The analytical data of the complex match with the mononuclear composition of

[L?FeCl,].

3.4.6. Manganese complex [L*MnCl,], 13

The manganese complex 13 was synthesized in good yields by the procedure
given in section 3.3.3.4. The IR spectrum of the complex [L*MnCl,] shows stretching
broad band at around 3500 cm™ corresponding to the hydroxyl group and other two
strong stretching bands at around 1649, 1541 cm™ corresponding to the C=N and
phenolic C-O groups. Circular dichroism spectra was recorded in methanol solution.
The CD spectra of the complex agreed well with the corresponding zinc complex.
Bands appear at 456(1.66), 356(0.7), 247(1.44) nm and the high intensity n—m*
transition bands at 212(-5.57) nm. The electronic spectrum of the manganese complex
recorded in methanol shows bands at 436 nm due to ligand to metal charge transfer
transition and intra ligand n-7* transition bands at 351 and 245 nm (Figure 3.7). The

analytical data match with the mononuclear composition of [LZMnCIZ].

3.4.7. Copper complex [L*CuCl,], 14

The copper complex 14 was synthesized by the procedure given in section
3.3.3.4. The copper complex was recrystallised from acetonitrile. The IR spectrum of
the copper complex shows hydroxyl stretching broad band at 3484 cm™ and other two
strong stretching bands at 1630, 1548 cm’ corresponding to the C=N and phenolic C-
O groups. The electronic spectrum of the complex in methanol solutions shows band
at 714 nm due to the d-d electronic transitions. The band at 367 nm is due to the
intraligand n-7t* and the band at 257 nm is due to ©-t* electronic transitions of the
ligand. CD spectrum of the complex was recorded in methanol solutions. The charge
transfer region of the spectra shows band at 380(-1.40) nm and the high intensity
T—7* transition band at 270(-4.03) nm confirming that the complex is chiral (Figure
3.7). The analytical data of the complex agree with the mononuclear composition of

[L2CuCl,].
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3.5. Catalysis

To examine the nature of the chiral complexes in the catalytic process, we
studied the alkenes oxidation reactions. The oxidations were carried out in CH3;CN
using iodosylbenzene (PhIO) as the terminal oxidant at room temperature for 24
hours. In absence of the catalyst under similar reaction conditions, there is no reaction

between oxidant and olefins.

3.5.1. Synthesis of Iodosylbenzene (PhIO)

The iodosylbenzene (PhlO) used in the catalytic study as oxidant is prepared
using a reported procedure.22 Finely ground iodosylbenzene diacetate (32.2 g, 0.10
mol) is placed in a 250 mL beaker and 150 mL of 3N sodium hydroxide is added over
a 5 minute period with vigorous stirring. The lumps of solid that formed are triturated
with a stirring rod or spatula for 15 minutes and the reaction mixture stands for an
additional 45 minutes to complete the reaction. 100 mL of water is added, the mixture
is stirred vigorously and the crude solid iodosobenzene is collected on a Biichner
funnel, washed there with 200 mL of water and dried by maintaining suction. Final
purification is effected by triturating the dried solid in 75 mL of chloroform in a

beaker. The iodosylbenzene is separated by filtration and air-dried (Yield: 85%).

CsHsI(OCOCH3), + 2NaOH > CeHsIO + 2NaOCOCH3 + H,O

3.5.2. Epoxidation of cis-stilbene catalyzed by manganese complex, 13

The chiral manganese catalyst 13 (0.025 g, 0.05 mmol) and cis--stilbene
(0.180 g, 1 mmol) were dissolved in 5 mL acetonitrile. The reaction was initiated by
the addition of iodosylbenzene (PhIO) (0.220 g, 1 mmol) and stirred at room
temperature under nitrogen atmosphere for 24 hours. After stirring, the mixture was
concentrated in vacuum. Anhydrous ether (10 mL) added to the brown residue and the
ether solution was carefully filtered. Then the ether was removed under reduced
pressure and purified with column chromatography from hexane. The catalytic

epoxidation reaction sequence of cis-stilbene is shown in Scheme 3.5.
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Catalyst-13
CHaCN /N, /24 h.

O O + PhIO

Scheme 3.5. Schematic representation of catalytic epoxidation of cis-stilbene.

The product was confirmed by 'H-NMR spectrum (cis-stilbene epoxide O ~
4.35 in CDCl3) of reported stilbene epoxide.23 HPLC analyses of cis-stilbene epoxide
product was carried out on a Shimadzu SCL-10A instrument equipped with
CHIRALCEL OD-H using Class-VP program (90:10 hexane / i-PrOH, 0.5 mL/min,
254 nm, retention times: 7.8 min for cis-stilbene; 10.55 min and 11.52 min for
epoxides).

The HPLC analysis profile of the cis-stilbene epoxide catalyzed by 13 is
shown in Figure 3.8. HPLC analysis data percentage of enantiomeric excess of cis-
stilbene epoxide catalyzed by complex 13 as a function of time are given in Table 3.4
and Table 3.5 (entry 1). Epoxidation of cis-stilbene catalyzed by 13, yields up to 25%

with 70% of enantiomeric excess at room temperature.
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Figure 3.8. HPLC analysis profile of cis-stilbene epoxide catalyzed by complex 13.

Table 3.4. HPLC analysis data of cis-stilbene epoxide, showing percentage of
enantiomeric excess catalyzed by complex 13 as a function of time

Pk # Retention Area Area % Height Height %
Time
1 10.558 56181269 85.022 1987757 82.475
2 11.525 9896957 14.978 422363 17.525
Totals 66078226 100.000 2410120 100.000
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3.5.3. Epoxidation of trans-stilbene catalyzed by manganese complex, 13

The chiral manganese catalyst 13 (0.025 g, 0.025 mmol) and trans-stilbene
(0.180 g, 1 mmol) were dissolved in 5 mL acetonitrile. The reaction was initiated by
the addition of iodosylbenzene (PhIO) (0.220 g, 1 mmol) and stirred at room
temperature under nitrogen atmosphere for 24 hours. After stirring, the mixture was
concentrated in vacuum. Anhydrous ether (10 mL) added to the brown residue and the
ether solution was carefully filtered. Then the ether was removed under reduced
pressure and purified with column chromatography from hexane. The catalytic

epoxidation reaction of trans-stilbene is shown in Scheme 3.6.

_ ! BhIO Catalyst-13 9 Q 2
O ¥ CHsCN /N, /24 h. O + O

Scheme 3.6. Schematic representation catalytic epoxidation of trans-stilbene.

The product was confirmed by "H-NMR spectrum (frans-stilbene epoxide & ~
3.86 in CDCls) of reported stilbene epoxide.”* HPLC analyses of rrans-stilbene
epoxide product was carried out on a Shimadzu SCL-10A instrument equipped with
CHIRALCEL OD-H using Class-VP program (90:10 hexane / i-PrOH, 0.5 mL/min,
254 nm, retention times: 9.18 min for trans-stilbene; 10.6 min and 11.55 min for
epoxides). HPLC analysis percentage of enantiomeric excess of frans-stilbene
epoxide catalyzed by complex 13 as a function of time are given in Table 3.5 (entry

2).
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3.5.4. Oxidation of styrene catalyzed by chiral complexes 9, 10, 11, 12 and 13

All the oxidation reactions of styrene were carried out by the same procedure.
The catalytic reaction sequence is shown in Scheme 3.7. The oxidation of styrene by
the chiral catalysts of manganese 13, copper 9, nickel 10, cobalt 11, and iron 12 with

iodosylbenzene (PhIO) as oxidant were carried out by the following procedure.

O .\\\O
C(\ + PhIO CataIVSt +
CHgCN /Ny / 24 h.

Scheme 3.7. Schematic representation of catalytic epoxidation of styrene.

The chiral catalyst (0.05 mmol) and styrene (0.104 g, 1 mmol) were dissolved
in 5 mL acetonitrile. The reaction was initiated by the addition of iodosylbenzene
(0.220 g, 1 mmol) and stirred at room temperature under nitrogen atmosphere for 24
hours.

After completion of the reaction, solvent was removed under reduced pressure.
Anhydrous ether (10 mL) was added to the brown residue and the ether solution was
carefully filtered. Then, the was ether removed under reduced pressure and purified
using short silica gel column from hexane. The products of the styrene were
confirmed by 'H-NMR spectroscopy (styrene epoxide O ~ 3.84 in CDCl;3). The
oxidation product yields and enantiomeric excess of styrene were determined by gas
chromatography (GC). The gas chromatographic profile of authentic samples are
shown in Chapter 2 (Figure 2.13). The amount of epoxide formed on epoxidation of
styrene and the enantiomeric excess of the epoxide catalyzed by copper complex 9 as
a function of time are shown in Figure 3.9.

The percentages of product yields and of the epoxides are given in Table 3.5
(entries 3-6). Copper(Il) 9 and cobalt(Il) 11 catalysts are encouraging epoxidation

reactions Table 3.5 (entries 4 and 5), Iron(Il) 12 catalyst is favours the oxidation of
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styrene to 1-phenylacetaldehyde as major product and acetophenone as a side product.
No oxidation product was detected by the Mn(II) 13 and Ni(II) 10 complexes for the

styrene.

Table 3.5. Oxidation products * of olefins by PhIO catalyzed by 13, 9, 11 and 12

Entry Substrate Catalyst | Epoxide Epoxide 1-Phenyl Acetophe
Yield (%) e.e. (%) | acetaldehyde none
Yield(%)¢ Yield(%)¢
1 Mn(II) 25° 70¢ - -
13
2 . g Mn(II) 5° 35¢ _ _
I 13
N Mn(II) No - _ _
3 13 reaction
4 N Cu(Il) 26° - 32 34
9
5 N Co(ID) 23¢ _ 26 38
11
6 N Fe(Il) - B 65 34
12

* Products confirmed by 'H-NMR spectroscopy. ° Based on substrate consumed and
determined by chiral column (CHIRALCEL OD-H) HPLC analysis. © Based on substrate
consumed and determined by chiral column GC analysis (Supelco a-DEX 325, 30m length,
0.25mm id, 0.25um film thickness). ¢ Enantiomeric excess of epoxides, determined by chiral
column (CHIRALCEL OD-H) HPLC analysis.
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Figure 3.9. Gas chromatographic (GC) analysis of styrene oxidation products catalyzed by
copper complex 9.

3.5.5. Catalytic oxidative coupling reaction of f-naphthol

The chiral copper catalyst 14 (0.025 g, 0.05 mmol) and 2-naphthol (0.144 g, 1
mmol) were dissolved in 15 mL dichloromethane. The reaction was initiated by
passing molecular oxygen and stirred at room temperature for 24 hours.

After completion of the reaction, solvent was removed under reduced pressure.
Anhydrous ether (10 mL) was added to the residue and the ether solution was
carefully filtered. Then, the product BINOL (see Scheme 3.8) was purified using

silica gel column from hexane-ethylacetate (Yield: 65%). The product was confirmed

by 'H-NMR spectroscopy.

Copper complex 14
Oy, CHoClp, rt/ 24 h

OH

Scheme 3.8. Catalytic oxidative coupling of B-naphthol catalyzed by 14.
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3.6. Conclusions

New chiral Schiff base metal complexes were synthesized and characterized
by microanalysis, UV-vis, IR, CD and fluorescence spectral studies. X-ray structure
determination of the [ZnL’Cl,] 8, self-assembles via hydrogen bonding interactions
into supramolecular helices. It is observed that in the crystal structure of 8, the
phenolic groups are deprotonated and free arm of the imine-nitrogen gets protonated.
This perhaps suggests that protons are securely bound in the second cavity of the
coordination site by intra-molecular hydrogen bonding to the nitrogen atoms. The
uncoordinated arm of the ligand plays an important role in forming mononuclear
complex. The X-ray crystal structure determination of the copper complex 9 revealed
the formation of mononuclear complex with two ligand molecules L? binding to the
metal center. All the complexes 8-14 show chirality (proved by circular dichroism)
and exhibit remarkable emission properties at room temperature. Among these metal
complexes, zinc complex 8 is highly fluorescent in methanol solution.

The copper 9 and cobalt 11 catalysts favour for the epoxidation reactions of
the styrene. Epoxidation reaction of the cis-stilbene catalyzed by manganese complex
13, yields up to 25% at room temperature with 70% of enantiomeric excess.
Interestingly, copper complex 14 is catalytically active for the oxidative coupling of

B-naphthol.
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Chapter 4

Synthesis of some optically active binuclear metal complexes

and their catalytic activities towards organic oxidation

4.1. Abstract

New chiral Schiff base ligand L= 1,4-bis[3-(1-phenylethyliminomethyl)-
2-hydroxy-5-bromobenzyl]piperazine) and its complexes complexes 15-20 (M =
Mn*?, 15; Cu*?, 16; Co*?, 17; Ni*%, 18; Fe*?, 19; Zn*%, 20) have been synthesized
starting from one equivalents of 6,6'-piperazine-1,4-diyldimethylenebis(4-bromo-2-
formylphenol) and two equivalents of (S)-(—)-1-phenylethylamine. Characterization
of the ligand L* and its metal complexes 15—20 were carried out by microanalysis, IR,
UV/Vis-, and CD spectral studies. Structure of the ligand L* was determined by single
crystal X-ray crystallographic methods. Crystal data for ligand L*: Orthorhombic
space group P212,2,, a = 13.7894(8) A, b = 14.3556(8) A, ¢ = 17.3043(10) A, V =
3425.5(3) A3, Z = 4. Ligand L} and its complexes 15-20, exhibits circular dichroism
signals at room temperature.

To examine the nature of the chiral complexes in the catalytic process, we
have studied the catalytic activities of the chiral Schiff base complexes towards the
oxidation reactions of the styrene, cis-stilbene and frans-stilbene. The reactions were
carried out in CH3CN using iodosylbenzene (PhIO) as the terminal oxidant at room
temperature. Quantification of the styrene epoxidation products was determined by
gas chromatography (GC). The quantification of the cis-stilbene and trans-stilbene
products was determined by HPLC. Epoxidation of cis-stilbene catalyzed by complex

15, yields up to 40% at room temperature with 46% of enantiomeric excess.
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4.2. Introduction

The design of catalysts that ensure high enantioselectivity in the epoxidation
of un-functionalized alkenes constitutes one of the most significant importance in the
asymmetric synthesis." The major advances in this field have been achieved with
complexes of chiral porphyrins’, with the systems of Jacobsen® and Katsuki er al.®,
based on chiral Mn(IlI) Schiff base complexes using NaOCI as oxidant. A series of
achiral bimetallic Mn(III) complexes were synthesized and characterized from the
monomanganese complex Mn(III)LCI. The catalytic activity of the complexes shows
that the second metal ion shows down formation of the active intermediate Mn(IV)=0
and reduces the efficiency of the transfer of oxygen atom to the alkene.’
Mononuclear, as well as dinuclear metal centers, are commonly found in the active
site of various oxygenase’ and the information on key structural features and factors
governing oxygenase activity is rapidly increasing.” Amongst various catalysts
developed so far for enantioselective epoxidation, chiral metalloporphyrins® and
macrocyclic ligands are of special interest.” Recently Katsuki have reported an
efficient catalytic system for the epoxidation of several kinds of olefins with moderate
to high enantioselectivity depending on the substitution degree of double bond using
iodosylbenzene, NaOCl, H,0, and periodates as terminal oxidant.'° Kureshy et al.
have also reported various chiral catalysts for the asymmetric epoxidation reactions of
olefins."!

Natural L-Amino acids would be ideal chiral sources, as they are inexpensive
and readily available from natural materials. The asymmetric epoxidation catalyzed
by chiral salen-Mn complexes is one of the most intensively studied reactions with the
results showing that the size and configuration of the C3 and C3' groups on the salen
structure play very important roles on directivity or chiral induction.'? As a result, this
is a suitable reaction for evaluating amino acid-Schiff-base groups, which are
incorporated at the C3 and C3' positions of the Katsuki salen-Mn catalysts."® L-Amino
acids as inexpensive and readily available natural products showed significant chiral

induction and stereo-directing abilities. The mononuclear new chiral Mn(III)-Schiff
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base complexes with L-Amino acid ethyl esters were found to be highly effective
catalysts for the enantioselective epoxidation of conjugated olefins while the
corresponding binuclear Mn(IIT) complexes showed lower enantioselectivity.'*

In the present work, chiral Schiff base metal complexes are useful catalysts for
selective organic transformation reactions. View of this aspect we synthesized new
chiral schiff base ligand L? and its complexes with first-row transition metals (Mn,
Cu, Co, Ni, Fe and Zn). Herein we discuss the structural characterization of the ligand
L? and its metal complexes 1520 and their catalytic activity towards asymmetric

epoxidation of un-functionalized olefins.

4.3. Experimental

4.3.1. Chemicals and reagents
All the chemicals used in this study were commercially available and used as

received. The chemicals and the sources are as follows: 5- bromosalicylaldehyde and
piperazine were purchased from Lancaster (England) for the preparation of 6, 6'-
piperazine-1,4-diyldimethylenebis(4-bromo-2-formylphenol).

S-(-)-1-phenylethylamine was purchased from Lancaster, CDCl; was obtained from
Acros (India). All metal salts were purchased commercially and used as received.
HPLC grade solvents were used for spectral analyses. All other solvents were purified
and dried by the usual methods. " Iodobenzenediacetate, styrene, cis-stilbene and
trans-stilbene were purchased from Aldrich chemicals. Iodosylbenzene was prepared

according to literature procedure.

4.3.2. Physical measurements

Elemental analyses were carried out on a Perkin-Elmer 240C CHN analyzer.
The 'H-NMR spectra were recorded with a Bruker DRX-400 spectrometer using
CDCl; as the solvent. Tetramethylsilane (TMS) was the internal standard. Infrared
spectra were recorded on a Jasco Model 5300 FT-IR spectrophotometer. The spectra
of the solid samples were recorded using KBr pellets. The UV-visible spectra were
recorded with Shimadzu model UV-3101PC UV-vis spectrophotometer. The CD

spectra were measured with a JASCO J-810 spectropolarimeter. The X-ray intensity
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data for the ligand L? was measured on a Bruker SMART APEX CCD area detector
system equipped with a graphite monochromator and a Mo-Ko fine-focus sealed tube
(A =0.71073A) operated at 1500 W power (50 kV, 30 mA). The detector was placed
at a distance of 4.995 cm from the crystal. Data were corrected for absorption effects
using the multi-scan technique (SADABS). The SMART software was used for
intensity data acquisition and the SAINT-Plus software was used for data extraction.
The solution and refinement of the data were done using SHELXL-97' program.
Optical rotation was measured with an AUTOPOL-IV automatic polarimeter
(readability £0.01°).

Gas chromatographic analyses were carried out on a Shimadzu GC 14B
instrument equipped with a stainless steel packed column (5 m, 5 % SE 30) and a
chiral capillary column (Supelco a-DEX 325, 30m length, 0.25mm id, 0.25um film
thickness) and a flame ionization detector (FID). HPLC analyses of cis-stilbene
epoxide and frans-stilbene epoxide products were carried out on a Shimadzu SCL~-

10A instrument equipped with CHIRALCEL OD-H using Class-VP program.

4.3.3. Synthesis
4.3.3.1. 6,6'-piperazine-1,4-diyldimethylenebis(4-bromo-2-formylphenol)

A mixture of piperazine (2.2 g, 0.025 mol), paraformaldehyde (1.8 g, 0.06
mol) and 5-bromosalicylaldehyde (10.2 g, 0.05 mol) in ethanol-acetic acid solutions
(100 mL 4:1 v/v) was refluxed for 72 hours and neutralized with a saturated solution
of sodium carbonate after cooling to room temperature. Ethanol was removed by
distillation and the product was further purified by silica gel column chromatography
using chloroform-light petroleum (1:4 v/v) as the eluent (Yield: 90%). M. W.: 512.20
g mol'l; M. P.: 217 °C; '"H-.NMR (CDCls): & 1.8 (m, 8H, piperazine CH;), 3.6 (m, 4H,
benzylic CH,), 7.0-7.4 (d, 4H, aromatic CH) and 9.85 (s, 2H, CHO); IR (KBr): 3450
(phenolic OH), 2840-2940 (N-CH,), 1670 (CHO) and 1450 cm’! (aromatic skeleton).
(This is the modified procedure from the literature procedure'). The reaction

sequence is shown in Scheme 4.1.
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Scheme 4.1. Schematic representation of the Mannich reaction.

4.3.3.2. Synthesis of chiral ligand L’ (1,4-bis[3-(1-phenylethyliminomethyl)-2-
hydroxy-5-bromo benzyl]piperazine)

To a solution of 6,6-piperazine-1,4-diyldimethylene bis(4-bromo-2-
formylphenol) (0.256 g, 0.5 mmol) in acetonitrile (25 mL) was added (S)-(—)-1-
phenylethylamine (0.121 g, 1 mmol). The reaction mixture was refluxed for 6 hours.
The reaction mixture was then concentrated using rotary evaporator. The resulting
yellow solid was recrystallized from acetonitrile solution. Yellow crystals of the
desired chiral ligand L? suitable for X-ray single crystal analysis were obtained after
ten days at room temperature (Yield: 80%). The reaction sequence is shown in

Scheme 4.2.

Reflux / 6 h.

OH | OH I‘\I CH;
N 0 CH, N—\
[ ] + 2 HzN - 1\} N
N CH,CN H;C, OH

Br

Scheme 4.2. Synthetic scheme for the chiral Schiff base ligand L°.
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Characterization data for L*

Optical rotation [oc]Dzs: + 435-61 (c 1, chloroform); M. F.: C36H33Br,N4O»; M. W.:
718.52 g mol'; IR (v ecm™, KBr pellet): 3057, 3016, 2939, 2885, 2818, 1630, 1620,
1575, 1446, 1373, 1294, 1124, 864, 752, 696; '"H NMR (CDCl3): § 1.62(d, 6H, CH3),
2.61 (s, 8H, piperazine), 3.62 (q, 4H, CH,), 4.55 (q, 2H, CH), 7.24 - 7.48 (m, 14H,
Ar-CH), 8.33 (s, 2H, HC=N), 13.75 (br, 2H, phenolic C-OH); CD Amax (mdeg)
(CH30H): 422 (+0.94), 330 (+3.31), 257 (+5.55), 227 (+2.38); UV-Vis (CH30H)
[Ama/nm (e/dm® mol™ em™)]: 415(509), 331 (1510), 253 (4612), 219 (11083); CHN
Analysis: Caled.: C, 60.18; H, 5.33; N, 7.80%; Found.: C, 60.24; H, 5.26; N, 8.10%.

4.3.3.3. General synthetic procedure for complexes, 15-20

To a solution of 1,4-bis[3-(1-phenylethyliminomethyl)-2-hydroxy-5-bromo
benzyl|piperazine L} (0.360 g, 0.5 mmol) in 25 mL of methanol was added
MX,nH,O (M = Mn, 15; Cu, 16; Co, 17; Ni, 18; Fe, 19; Zn, 20; X = CI; n=0-6) (1
mmol) and refluxed for 4 hours. The solvent was removed by using rotary evaporator.
The resulting metal complexes were washed with diethylether and recrystallized from

methanol. The reaction sequence is shown in Scheme 4.3.

H;C,

7N
Br clr d

L} Br
(M=Mn*?, Cu*?, Co*?, Ni*?, Fe*?, Zn*?; X=CI’)

r c a
OHN CH; MX,.nH,0 M,
N 22 /~N g CH
) O (0] 3
L om Nﬁ MeOH / Reflux / 4 h. HC, I\B\M/ N i J

Scheme 4.3. Schematic representation of acyclic chiral Schiff base metal complexes.
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4.3.3.4. Characterization data for complexes, 15-20

Characterization data for [L3Mn2Cl4]-2H20, 15

Yield: 75%; Colour: Brown; M. F.: C36H33Br,N4O,Mn,Cly-2H,0; M. W.: 1006.24 g
mol™; IR (v em™, KBr pellet): 3449, 3040, 2937, 2816, 1630, 1541, 1448, 1292, 1124,
1026, 972, 864, 752, 698; CD Amax (mdeg) (CH;CN): 473 (+0.68), 330 (+2.13), 257
(+3.65), 217 (-2.40); UV-Vis (CH;0H) [Ama/nm (e/dm’ mol™ ecm™)]: 400 (348), 335
(763), 250 (2384), 217 (5080); CHN Analysis: Calcd.: C, 42.97; H, 4.21; N, 5.57%;
Found.: C, 43.06; H, 4.18; N, 5.64%.

Characterization data for [L3Cu2Cl4]-2H20, 16

Yield: 70%; Colour: Dark green; M. F.: C36H33Br,N4O>Cu,Cly-2H,0; M. W.: 1023.45
g mol™; IR (v ecm™, KBr pellet): 3426, 3032, 2918, 1622, 1541, 1456, 1280, 1209,
1028, 761, 698; CD Amax (mdeg) (CH30H): 358 (-1.91), 307 (-1.16), 287 (-0.85),
232 (+4.80); UV-Vis (CH3;0H) [Ana/nm (€/dm® mol™ em™)]: 695 (69), 400 (523), 354
(998), 266 (3077), 244 (4984); CHN Analysis: Calcd.: C, 42.25; H, 4.14; N, 5.47%;
Found: C, 42.38; H, 4.22; N, 5.56%.

Characterization data for [L3 Co,Cl4]-:2H,0, 17

Yield: 80%; Colour: Dark brown; M. F.. CssH3sBroN4O,Co,ClLy-2H,O; M. W.:
1014.23 g mol™"; IR (v em™, KBr pellet): 3435, 3032, 2957, 1647, 1618, 1541, 1456,
1199, 873, 1020, 761, 698; CD Amax (mdeg) (CH;OH): 398 (+2.11), 337 (+1.73),
257 (+5.0), 210 (-7.19); UV-Vis (CH30H) [Ama/nm (e/dm’ mol™ cm™)]: 382 (1258),
340 (1256), 219 (8245); CHN Analysis: Calcd.: C, 42.63; H, 4.17; N, 5.52%; Found.:
C,42.54; H, 4.10; N, 5.64%.

Characterization data for [L3Ni2Cl4]-4H20, 18

Yield: 73%; Colour: Pale green; M. F.: C3sH33sBroN4O,Ni,Cly-4H,0; M. W.: 1049.78
gmol™; IR (v ecm™, KBr pellet): 3468, 2957, 1635, 1541, 1456, 1203, 1026, 765, 698;
CD Amax (mdeg) (CH;0H): 325 (+1.18), 260 (+2.63); UV-Vis (CH30H) [Ap./nm
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(e/dm® mol™' cm™)]: 403 (931), 345 (687); CHN Analysis: Calcd.: C, 41.19; H, 4.42;
N, 5.34%: Found.: C, 41.27; H, 4.33: N, 5.50%.

Characterization data for [L3Fe2Cl4]-2H20, 19

Yield: 67%; Colour: Black; M. F.: CscH3gBr,N4O,Fe,Cly-2H,0; M. W.: 1008.05 g
mol'l; IR (v cm'l, KBr pellet): 3395, 2914, 1633, 1616, 1456, 1317, 761, 698; CD
Amax (mdeg) (CH;0H): 543 (+1.64), 378 (+0.66), 281 (+0.76), 221 (-0.65); UV-Vis
(CH30H) [Amw/nm (¢/dm® mol™ ecm™)]: 427 (589), 330 (1264), 288 (2014), 212
(8721); CHN Analysis: Calcd.: C, 42.89; H, 4.20; N, 5.56%; Found.: C, 42.75; H,
4.23; N, 5.67%.

Characterization data for [L3Zn2Cl4]-2H20, 20

Yield: 70%; Colour: Yellow; M. F.: C3cH33Br,N4O,Zn,Cly-2H,0; M. W.: 1027.14 g
mol™; IR (v em™, KBr pellet): 3445, 2936, 1651, 1548, 1481, 1456, 1271, 1238, 1213,
1033, 877, 756, 698, 621, 515; CD Amax (mdeg) (CH3;0H): 331 (+3.28), 255 (+5.43),
229 (-1.89), 212 (-4.33); UV-Vis (CH30H) [Amax/nm (€/dm’ mol™ cm™)]: 380 (1614),
231 (7425); CHN Analysis: Calcd.: C, 42.10; H, 4.12; N, 5.45%; Found.: C, 41.97; H,
4.16; N, 5.56%.

4.4. Results and discussion

Synthetic details of the chiral Schiff base ligand L* and its metal complexes
15-20 are given in the experimental section 4.3.3. In all the complexes chiral source
is  1,4-bis[3-(1-phenylethyliminomethyl)-2-hydroxy-5-bromobenzyl]piperazine L.
The IR spectrum of the ligand shows stretching bands at around 1630, 1446 cm™
corresponding to the C=N and the phenolic C-O groups respectively. The formation
of chiral Schiff base ligand was confirmed by the absence of aldehydic C=0 stretch of
6, 6'-piperazine-1,4-diyldimethylene bis(4-bromo-2-formylphenol) at 1670 cm™. The
CHN analytical data of the complexes match with the binuclear compositions. The

ligand L? and its metal complexes 1520 are CD active.
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4.4.1. Chiral ligand, L

The circular dichroism (CD) spectrum of the chiral ligand L? shows positive
bands around 330 nm, 257 nm and 227 nm. The appearance of the CD bands confirms
that the compound is chiral as shown in Figure 4.2. The UV-visible spectrum of the
ligand is characterized by an intense band at 253 nm and two peaks at 331 and 415

nm respectively.

X-ray crystallography of chiral ligand, L

The enantiopure ligand L} is prepared in good yields by Schiff-base
condensation reaction of one equivalent of 6, 6'-piperazine-1, 4-diyldimethylene
bis(4-bromo-2-formylphenol) with two equivalents of (S)-(—)-1-phenylethylamine in
acetonitrile solution (Scheme 4.2). Crystals of L* were characterized by elemental and
spectral analyses. Single crystal X-ray structure determination data are given in Table
4.1. Selected bond lengths and bond angles are given in Table 4.2. The molecular
structure of the ligand L is presented in Figure 4.1. In crystal structure of L?, the
phenolic protons are involving in intra—molecular hydrogen bonding O-H:-N
interactions with the imine nitrogens. Two intra-molecular hydrogen bonds:
O(1)-H(1)----N(1) (2.578(5)) and O(2)-H(2)---N(2) (2.594(5)).

o2 C3

co=_

cl C4

C8 C6

)
36 \e‘
C35 C34

Figure 4.1. Thermal ellipsoid plot of the structure of ligand L*. C(7) and C(29) are chiral
centers. Thermal ellipsoids are at 30% probability level. Hydrogen atoms have been omitted
for clarity.
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Table 4.1. Crystallographic parameters of the chiral Schiff base ligand, L

Compound Chiral ligand, L*
Empirical formula C36H33BraNJO,
M 718.52

T/K 2932) K

AMA 0.71073

Crystal system Orthorhombic
Space group P2:2:24

alh 13.7894(8)

bIA 14.3556(8)

/A 17.3043(10)
U/A’, Z 3425.5(3), 4
D/mg m™ 1.393

wWmm’ 2.403

F(000) 1472

Crystal size/mm 0.36 x0.16 x 0.14
@range /° 1.84 to 28.28
Limiting indices -17<=h<=18,-16<=k<=18,-22<=1<=21
Reflections collected 21833
Reflections [I > 26(1)] 7963

Data, parameters 7963, 398
Goodness-of-fit on F* 0.949

Final R indices [/ > 20(l)] R1=0.0458, wR2 =0.0727
R indices (all data) R1=0.1293, wR2 = 0.0902
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Table 4.2. Selected bond lengths (&) and bond angles (°) of ligand, L3

Bond lengths

N(1)-C(7) 1.453(5) N(1)-C(9) 1.278(5)
N(2)-C(16) 1.450(4) N(2)-C(17) 1.465(5)
N(2)-C(18) 1.464(4) Oo()-C(11) 1.349(4)
0(2)-C(23) 1.351(4) C(19)-N(3) 1.443(4)
N(3)-C(21) 1.454(4) N(3)-C(20) 1.457(4)
C(29)-N4) 1.467(5) C(28)-N4) 1.269(4)
Br(1)-C(13) 1.896(4) Br(2)-C(25) 1.921(4)
C(22)-C(24) 1.381(5) C(22)-C(23) 1.393(5)
C(22)-C(21) 1.502(5) C(3)-C4) 1.348(9)
C(3)-C(2) 1.372(9) C(27)-C(26) 1.384(5)
C(7)-C(8) 1.518(5) C(7)-C(6) 1.526(6)
C(29)-C(30) 1.512(6) C(29)-C(31) 1.502(6)
Bond angles

C9)-N(1)-C(7) 119.7(4) N(1)-C(7)-C(8) 108.2(3)
N(1)-C(7)-C(6) 110.5(4) N(1)-C(9)-C(10) 122.5(4)
C(16)-N(2)-C(17) 110.4(3) C(16)-N(2)-C(18) 111.8(3)
C(18)-N(2)-C(17) 108.9(3) C(19)-N(3)-C(20) 109.1(3)
C(19)-N(3)-C(21) 112.3(3) C(21)-N(3)-C(20) 110.5(3)
C(28)-N(4)-C(29) 118.3(4) N(4)-C(28)-C(27) 121.9(4)
N#4)-C(29)-C(30) 107.3(4) N(4)-C(29)-C(31) 111.2(3)
N(@3)-C(21)-C(22) 113.1(3) 0(2)-C(23)-C(22) 117.7(3)
0(2)-C(23)-C(27) 121.6(4) C(14)-C(13)-Br(1) 120.0(3)
C(24)-C(25)-Br(2) 117.8(3) N(3)-C(19)-C(18) 110.0(3)

N(2)-C(17)-C(20) 110.4(3) N(3)-C(20)-C(17) 111.5(3)
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Figure 4.2. CD and UV-vis spectra of ligand L* in MeOH solutions (concentrations = 1 x 10
*M for CD and 1 x 10°M for UV-vis).
4.4.2. Manganese complex [L3Mn2Cl4]-2H20, 15

The acyclic chiral binuclear manganese complex 15 was synthesized in good
yields by the procedure given in section 4.3.3.3. The IR spectrum of the complex
shows a broad band at around 3449 cm™ corresponding to the water molecule and
other two strong stretching bands at around 1630 and 1541 cm™ corresponding to the
C=N and phenolic C-O groups. Circular dichroism spectra were recorded in methanol
solutions. The CD spectra of the complex show bands at 473(+0.68), 330(+2.13) nm
and a high intensity band at 257(+3.65), which confirm that the complex is chiral
(Figure 4.3). The electronic spectrum in methanol appears band at 400 nm due to the
ligand to metal charge transfer transition. An intra ligand n-7t* transitions band at 335
nm and another band at 250 nm due to ©-7t* electronic transitions of the ligand are

also observed. The analytical data of the complex match with the binuclear

composition of [L3Mn2Cl4]-2HzO.
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4.4.3. Copper complex [L3Cu2Cl4]-2H20, 16

The chiral copper complex was synthesized by the procedure given in section
4.3.3.3. The binuclear copper(Il) complex formation was evident from the C=N
stretching vibration frequency observed at 1622 cm™ which is lower then the C=N
frequency (at 1630 cm™) observed for the free ligand L. Moderately strong band at
1541 cm™ appear for the complex corresponding to the phenolic C-O stretching
vibrations. A broad band at 3426 cm™ suggests the presence of lattice water. The
electronic and the circular dichroism spectrum of the complex is measured in
methanol solution (Figure 4.3). The complex exhibits d-d transitions band at 695 nm
and the band at 355 nm is due to the charge-transfer band from phenolic oxygen to the
vacant d-orbital of the copper(Il). Two high intensity bands also appear at 266 nm and
244 nm. The circular dichroism spectrum of the copper complex shows the charge

transfer transitions band at 358 (-1.91) and the band at 307 (-1.16) nm is due to the

15
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Figure 4.3. CD and UV-vis spectra of binuclear manganese 15 and copper 16 complexes
recorded in MeOH solutions (concentrations = 1 x 10*M for CD and 1 x 10°M for UV-vis).
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intra ligand transitions. These bands confirm that the complex is chiral. The CHN

analytical data agree with the binuclear composition of [L*Cu,Cly]-2H,0.

4.4.4. Cobalt complex [L’Co,Cl;]-2H,0, 17

The binuclear cobalt complex was synthesized in good yields by the procedure
given in section 4.3.3.3. The IR spectrum of the complex shows a broad band at
around 3435 cm’' corresponding to the water molecule and other two strong stretching
bands at around 1647, 1541 cm™ corresponding to the C=N and phenolic C-O groups.
Strong band appears for C=C at 1456 cm™. Circular dichroism spectra of the cobalt
complex recorded in methanol solution shows bands at 398 (+2.11), 337 (+1.73) and
257 (+5.0) nm. These bands confirm the chirality of the complex (Figure 4.4). The
electronic spectrum of the chiral cobalt complex shows band at 382 nm due to the
ligand to metal charge transfer transition and an intra ligand transitions band at 340
nm. The analytical data of complex match with the binuclear composition of

[L3Co,Cl,4]-2H,0.

4.4.5. Nickel complex [L*Ni,Cls]-4H,0, 18

The chiral binuclear nickel complex was synthesized in good yields by the
procedure given in section 4.3.3.3. The IR spectrum of the complex shows strong
stretching band at around 1635 cm™ corresponding to the C=N group and the phenolic
C-O band appear at 1541 cm™. Strong band appears for C=C at 1456 cm™ and a broad
band at around 3468 cm™ corresponding to the water molecules. The electronic and
the circular dichroism spectra of the complex were recorded in methanol solutions
(Figure 4.4). The electronic spectrum of the complex shows band at 403 nm due to the
ligand to metal charge transfer transitions and a band observed at 345 nm corresponds
to intra ligand transitions. The circular dichroism spectrum shows two positive bands
at 325 (+1.18) and 260 (+2.63) nm. These bands confirm that the complex is chiral.
The analytical data of complex match with the binuclear composition of

[L*Ni,Cl,]-4H,0.



Chapter 4 Synthesis of some optically... 111

09+ 17 18
0.6
[0]
8 06+ 3
= UV-vis e 049
el 2 UV-vis
2 o
(7]
2 034 2 02
0.6 0.0
3 24
04
S =3
g 5 3
E ] co £ o]
0 6 (=] CDh
O | (@)
,9 -
i 24
-12 T T T T T T g T T T T T T T
200 300 400 500 600 200 300 400 500 600

Wavelength (nm) Wavelength (nm)

Cobalt complex (17) Nickel complex (18)

Figure 4.4. CD and UV-vis spectra of cobalt 17 and nickel 18 complexes recorded in MeOH
solutions (concentrations = 1 X 10™*M for CD and 1 x 10°M for UV-vis).

4.4.6. Iron complex [L3Fe2Cl4]-2H20, 19

The iron complex was synthesized in good yields by the procedure given in
section 4.3.3.3. The IR spectrum of the complex shows strong stretching band at
around 1633 cm™ corresponding to the C=N groups and band appears for C=C at
1456 cm™. Circular dichroism spectrum of the iron complex recorded in methanol
solution shows bands at 543 (+1.64), 378 (+0.66) and 281 (+0.76) nm. Appearance of
these bands confirms that the complex is chiral (Figure 4.5). The electronic spectrum
of the complex shows bands at 427 nm due to the ligand to metal charge transfer
transitions and at 330 nm due to the intra ligand n-7t* transitions. The band at 288 nm
is due to m-1* electronic transitions of the ligand. The analytical data match with the

binuclear composition of [L3Fe2Cl4]'2H20.
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Figure 4.5. CD and UV-vis spectra of iron 19 and zinc 20 complexes recorded in MeOH
solution (concentrations = 1 X 10™*M for CD and 1 x 10°M for UV-vis).

4.4.7. Zinc complex [L3Zn2Cl4]-2H20, 20

Zinc complex was synthesized in good yields by the procedure given in
section 4.3.3.3. The IR spectrum of the complex shows two strong stretching bands at
around 1651 and 1548 cm™ corresponding to the C=N and phenolic C-O groups.
Circular dichroism spectrum of the complex recorded in methanol solution shows
bands at 331 (+3.28) and a high intensity band at 255 (+5.43) nm. These bands
confirm that the complex is chiral as shown in Figure 4.5. The electronic spectrum of
the zinc complex in methanol solution shows broad band at 380 nm due to the ligand
to metal charge transfer transitions and a band at 231 nm due to m-m* electronic

transitions of the ligand. The analytical data of the complex match with the binuclear

composition of [L3Zn2C14] 2H,0.
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4.5. Catalysis

To examine the activity of the chiral complexes in the catalytic process, the

alkenes oxidation reactions were studied. The epoxidation reactions were carried out
in CH3CN using iodosylbenzene (PhlIO) as the terminal oxidant at room temperature.
The oxidation reactions were run for 24 hours. In absence of the catalyst under similar
reaction conditions, there is no reaction between oxidant and olefins.
The gas chromatographic analyses of authentic samples are given in Chapter 2 (Figure
2.13). The products were confirmed by 'H-NMR spectroscopy. The oxidation product
yields and enantiomeric excess in the case of styrene were determined by gas
chromatography (GC). The oxidation product yields and enantiomeric excess of the
cis-stilbene and trans-stilbene were determined by HPLC analyses.

The amount of epoxide formed on epoxidation of trans- and cis-stilbene and
the enantiomeric excess of the stilbene epoxide catalyzed by manganese complex 15
as a function of time are shown in Figures 4.6 and 4.7. The amount of epoxide formed
on epoxidation of styrene and the enantiomeric excess of the epoxide catalyzed by
cobalt complex 17 as a function of time are shown in Figure 4.8. The percentage of
epoxide yields and the enantiomeric excess of the epoxides are given in Table 4.4.
Manganese catalyst 15 is encouraging for the epoxidation reactions of the styrene
(yield 98%) and for the trans-stilbene epoxidation giving up to 20% of enantiomeric
excess and for the cis-stilbene epoxidation yielding up to 40% at room temperature

with 46% of enantiomeric excess.

4.5.1. Synthesis of Iodosylbenzene (PhIO)

The iodosylbenzene (PhIO) used in the catalytic study as oxidant is prepared
using a reported procedure.16 Finely ground iodosylbenzene diacetate (32.2 g, 0.10
mol) is placed in a 250 mL beaker and 150 mL of 3N sodium hydroxide is added over
a 5 minute period with vigorous stirring. The lumps of solid that formed are triturated
with a stirring rod or spatula for 15 minutes and the reaction mixture stands for an
additional 45 minutes to complete the reaction. 100 mL of water is added, the mixture

is stirred vigorously and the crude solid iodosobenzene is collected on a Biichner
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funnel, washed there with 200 mL of water and dried by maintaining suction. Final
purification is effected by triturating the dried solid in 75 mL of chloroform in a

beaker. The iodosylbenzene is separated by filtration and air-dried (Yield: 85%).

CsHsI(OCOCH3), + 2NaOH > CeHsIO + 2NaOCOCH3 + H,O

4.5.2. Epoxidation of cis / trans-stilbene catalyzed by manganese complex, 15

The chiral manganese catalyst 15 (0.025 g, 0.025 mmol) and cis / trans-
stilbene (0.180 g, 1 mmol) were dissolved in 5 mL acetonitrile. The reaction was
initiated by the addition of iodosylbenzene (PhIO) (0.220 g, 1 mmol) and stirred at
room temperature under nitrogen atmosphere for 24 hours. The general reaction
sequence is shown in Scheme 4.4. After stirring, the mixture was concentrated in
vacuum. Anhydrous ether (10 mL) added to the brown residue and the ether solution
was carefully filtered. Then the ether was removed under reduced pressure and

purified with column chromatography from hexane.
QO

R R
R Ro Catalyst-15 1 2
>—< + PhO
R R3 CH3CN / No atm

25°C / 24 h. R Rs

Scheme 4.4. Schematic representation of catalytic epoxidation reaction.
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Figure 4.6. HPLC analysis of frans-stilbene epoxide enantiomers catalyzed by complex 15.
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The HPLC analysis profile of the trans-stilbene epoxide catalyzed by 15 is
shown in Figure 4.6 and data percentage yields of enantiomeric excess are given in
Table 4.4 (entry 2). The HPLC analysis profile of the cis-stilbene epoxide catalyzed
by 15 is shown in Figure 4.7. HPLC analyses data percentage of enantiomeric excess
of cis-stilbene epoxide catalyzed by complex 15 as a function of time are given in

Table 4.3 and 4.4 (entry 1).

4000

cis-stilbene epoxide
enantiomers -

11.642

oo 25 50 A 175

Figure 4.7. HPLC analysis profile of cis-stilbene epoxide catalyzed by complex 15.

Table 4.3. HPLC analysis data percentage of enantiomeric excess catalyzed by
complex 15 as a function of time

Pk # Retention Area Area % Height Height %
Time
1 10.658 137554919 72.996 3197331 62.131
2 11.642 50886532 27.004 1948801 37.869
Totals 188441451 100.000 5146132 100.000

4.5.3. Epoxidation of styrene catalyzed by chiral complexes 15, 16, 17 and 19

All the reactions were carried out by the same procedure. Oxidations of
styrene by the chiral complexes, manganese 15, copper 16, cobalt 7 and iron 19 with
iodosylbenzene (PhIO) as oxidant were carried out by the following procedure:
The chiral catalyst (0.025 mmol) and styrene (0.104 g, 1 mmol) were dissolved in 5
mL acetonitrile. The reaction was initiated by the addition of iodosylbenzene (0.220
g, 1 mmol) and stirred at room temperature under nitrogen atmosphere for 24 hours
(Scheme 4.5). After completion of the reaction, the solvent was removed under

reduced pressure.
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Table 4.4. Oxidation products * of olefins by PhIO catalyzed by 15, 16, 17 and 19

Entry Substrate Catalyst | Epoxide | Epoxide | 1-Phenyl Acetophenone
Yield (%) | e.e.(%) | acetaldehyde | Yield(%)°
Yield(%)*
1 — Mn(II) 40° 46° - _
J U
Q Mn(II) 25° 20° _ _
2 O — 15
Mn(II) 98° - - 1
N
3 15
4 ©/\ Cu(II) - - 50 42
16
: ©/\\\ Co(Ih 53 - 20 24
17
6 ©/\ Fe(Il) - _ 67 30
19

® Products confirmed by 'H-NMR spectroscopy.  Based on substrate consumed and
determined by chiral column (CHIRALCEL OD-H) HPLC analysis. © Based on substrate
consumed and determined by chiral column GC analysis (Supelco a-DEX 325, 30m length,
0.25mm id, 0.25um film thickness). 4 Enantiomeric excess of epoxides, determined by chiral
column (CHIRALCEL OD-H) HPLC analysis.

Anhydrous ether (10 mL) was added to the brown residue and the ether
solution was carefully filtered. Then the ether was removed under reduced pressure
and purified using short silica gel column from hexane. The product of the styrene

was confirmed by '"H-NMR spectroscopy (styrene epoxide & ~ 3.84 in CDCls). The
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oxidation product yields and enantiomeric excess of styrene were determined by gas
chromatography (GC). The gas chromatographic profile of authentic samples are

shown in Chapter 2 (Figure 2.13). Gas chromatographic (GC) analysis of styrene

oxidation products catalyzed by cobalt catalyst 17 is shown in Figure 4.8.

O .\\\O
N S
C(\ * PhIO Cotalyst +
CH3CN /Ny / 24 h.

Scheme 4.5. Schematic representation of catalytic epoxidation of styrene.
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Figure 4.8. A representative gas chromatographic (GC) analysis of styrene oxidation products
catalyzed by cobalt complex 17.

The manganese catalyst 15 is promising for the epoxidation reactions of the
styrene (yield 98%). The cobalt complex 17 favour for the oxidation of styrene yields
to styrene epoxide (yield 53%). Complexes 16 and 19 favour for the oxidation of
styrene yields to 1-phenylacetaldehyde and acetophenone.
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4.6. Conclusions

New optically active Schiff base ligand L* and its acyclic binuclear metal
complexes 15-20 were characterized by analytical and spectral methods. All
complexes show optical activity was confirmed by the circular dichroism studies.

The catalytic activities of the chiral Schiff base complexes were analyzed for
the epoxidation of alkenes by a terminal oxidant. The manganese catalyst 15 is
promising for the epoxidation reactions of the styrene (yield 98%). The cobalt
complex 17 favour for the oxidation of styrene yields to styrene epoxide (yield 53%).
Epoxidation of trans-stilbene catalyzed by 185, yields up to 25% at room temperature
with 20% of enantiomeric excess. Epoxidation of cis-stilbene catalyzed by 15, yields

up to 40% at room temperature with 46% of enantiomeric excess.
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Chapter 5

Synthesis and structural characterization of some chiral
acyclic and macro cyclic binuclear metal complexes and

epoxidation reactions

5.1. Abstract

A new class of first row transition metal complexes of general formula
[M2L4]C12-nH20 with unsymmetrical dicompartmental chiral Schiff base macrocyclic
ligand L* was synthesized using 6, 6'-piperazine-1,4-diyldimethylene bis(4-bromo-2-
formylphenol), (R,R)-trans-1,2-diaminocyclohexane and metal salts. Structure of the
chiral acyclic binuclear copper complex 21 was determined by X-ray crystallographic
methods. Crystal data for copper complex 21: Monoclinic space group P2, a =
7.6061(6) A, b = 22.2607(16) A, ¢ = 12.0995(9) A, V =2017.0(3) A’, Z = 2. In the
macrocyclic ligand system there are two different N,O, compartments; one has two
piperazinyl nitrogens (amino) and two phenolic oxygens and the other compartment
has two azomethine nitrogens (imino) and two phenolic oxygens as the coordination
sites. Characterization of the acyclic binuclear copper(Il) complex 21, ligand L* and
its binuclear metal complexes 22-27 (M = Cu*?, 22; Mn*?, 23; Co™, 24; Ni*?, 25;
Fe*?, 26; Zn*?, 27) was carried out by microanalysis, 'H-NMR, IR, UV/Vis- and CD
spectral studies. They exhibit circular dichroism signals at room temperature.

The catalytic properties of these complexes in the olefins (cis-stilbene, trans-
stilbene and styrene) oxidation reactions were investigated. The oxidations were
carried out in CH3CN using iodosylbenzene (PhIO) as the terminal oxidant at room
temperature for 24 hours. The manganese catalyst 23 is promising for the epoxidation
reactions of styrene (yield 96%). Catalytic activity of the other complexes viz. Cu*?,

C0+2, Fe*? (22, 24 and 26) for the styrene oxidation reactions was also investigated.
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Among these catalysts only Co*? catalyst gave minor yields of epoxide. Epoxidation
of cis-stilbene catalyzed by manganese complex 23, yields up to 33% at room

temperature with 85% of enantiomeric excess.

5.2. Introduction

Metal catalyzed oxidation of various organic substrates is of biochemical
interest.! Optically active epoxides are known as versatile chiral building blocks in
organic synthesis.” Many studies have been directed towards asymmetric epoxidation
reaction of olefins. Sharpless ef al. found that epoxidation of allylic alcohols using
Ti(O'Pr)4/diethyl tartarate/s-butyl hydroperoxide derived system proceeded with high
enantioselectivity.3 The iron complexes of porphyrins were found to be effective for
the asymmetric epoxidation of unfuntionalized olefins.* Kochi er al. reported
manganese salen complex to be a useful catalyst for the epoxidation of olefins.’
Jacobsen et al. reported chiral (salen) manganese(III) complex was effective catalyst
for the enantioselective epoxidation of unfunctionalized olefins.® Katsuki et al.
discovered a number of chiral (salen) manganese(Ill) complex by replacement of
carbons by stereogenic centers on the aromatic ring part (C-3 and C-3' substituents)
and those on the ethylenediamine part (C-8 and C-8' stereogenic centers).” Very
recently Jacobsen and Katsuki have reported an efficient catalytic system® for several
types of olefins with moderate to high enantioselectivity depending on the substitution
degree of double bond using iodosylbenzene, NaOCl, H,O, and periodates as terminal
oxidants. Jian Gao et al. reported structurally defined chiral macrocyclic dicopper
complexes for enantioselective oxidative coupling reactions.’
The aim of present work is to synthesize new macrocyclic chiral Schiff base ligand L
and its metal complexes 22-27 and to examine the catalytic activity of the chiral

Schiff base metal complexes.
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5.3. Experimental
5.3.1. Chemicals and reagents

All chemicals and the solvents used in this work were of analytical grade and
were used as obtained. The chemicals and the sources are as follows: 5-
bromosalicylaldehyde and piperazine were purchased from Lancaster (England),
CDCl; was obtained from Acros (India). (R,R)-trans-1,2-diaminocyclohexane was
separated from the mixture of cis- and trans-1,2-diaminocyclohexane, according to the
literature procedure.'” All metal salts were purchased commercially and used as
received. HPLC grade solvents were used for spectral analysis. lodobenzenediacetate,
styrene, cis-stilbene and trans-stilbene were purchased from Aldrich chemicals.

Todosylbenzene was prepared according to literature procedure.'’

5.3.2. Physical measurements

The '"H-NMR spectra were recorded with a Bruker DRX-400 spectrometer
using CDCl; as the solvent. Tetramethylsilane (TMS) was the internal standard.
Elemental analyses were carried out on a Perkin-Elmer 240C CHN analyzer. Infra red
spectra were recorded using KBr pellets on a Jasco-5300 FT-IR spectrophotometer.
The UV-visible spectra were recorded with a Shimadzu model UV-3101PC
spectrophotometer. The CD spectra were measured with a JASCO J-810
spectropolarimeter. Optical rotation was measured using an AUTOPOL-IV automatic
polarimeter (readability £0.01°).

Gas chromatographic analyses were carried out on a Shimadzu GC 14B
instrument equipped with a stainless steel packed column (5 m, 5 % SE 30) and a
chiral capillary column (Supelco a-DEX 325, 30m length, 0.25mm id, 0.25um film
thickness) and a flame ionization detector (FID). HPLC analyses of cis-stilbene
epoxide and trans-stilbene epoxide products were carried out on a Shimadzu SCL~-

10A instrument equipped with CHIRALCEL OD-H using Class-VP program.
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X-ray crystallography

X- ray data were collected for the crystal of copper complex 21 on Bruker-
Nonius SMART APEX CCD single crystal diffractometer using graphite
monochromated Mo-Ko radiation (0.71073A). The SMART software was used for
intensity data acquisition and the SAINT-Plus software'' was used for data extraction.
In each case, absorption correction was performed with help of SADABS program.'?
The SHELXTL package'® was used for structure solution and least-squares refinement
on F?. All the non-hydrogen atoms were refined anisotropically. The ORTEP3'* and

the PLATON" softwares were used for molecular graphics.

5.3.3. Synthesis
5.3.3.1. 6, 6'-piperazine-1,4-diyldimethylene bis(4-bromo-2-formylphenol)

A mixture of piperazine (2.2 g, 0.025 mol), paraformaldehyde (1.8 g, 0.06
mol) and 5-bromosalicylaldehyde (10.2 g, 0.05 mol) in ethanol-acetic acid solutions
(100 mL 4:1 v/v) was refluxed for 72 hours and neutralized with a saturated solution
of sodium carbonate after cooling to room temperature. Ethanol was removed by
distillation and the product was further purified by silica gel column chromatography
using chloroform-light petroleum (1:4 v/v) as the eluent (Yield: 90%). M. W.: 512.20
g mol'l; M. P.: 217 °C; '"H.NMR (CDCl3): & 1.8 (m, 8H, piperazine CH»), 3.6 (m, 4H,
benzylic CH,), 7.0-7.4 (d, 4H, aromatic CH) and 9.85 (s, 2H, CHO); IR (KBr): 3450
(phenolic OH), 2840-2940 (N-CH,), 1670 (CHO) and 1450 cm’! (aromatic skeleton).
(This is the modified procedure from the literature procedure). Synthetic route is

shown in Scheme 5.1.

Br

Br

H |
N N, OH §
2 +2(CH20)n+[j—,[j
EtOH-CH;COOH
‘ N Reflux / 72 h. N oH ?

OH o

Br

Scheme 5.1. Schematic representation of the Mannich reaction.
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5.3.3.2. Resolution of cis/trans-1,2-diaminocyclohexane

A 500 mL beaker with magnetic stirrer was charged with L-(+)-tartaric acid
(75 g, 0.50 mol) and distilled water (200 mL). The mixture was stirred at room
temperature until complete dissolution occurred at which point a mixture of cis- and
trans-1,2-diaminocyclohexane (120 mL, 97 mol) was added at a rate such that the
reaction temperature just reached 70 °C. To the resulting solution was added glacial
acetic acid (50 mL, 0.88 mol) at a rate such that the reaction temperature just reached
90 °C. A white precipitate was formed immediately upon addition of the acid, and the
slurry was vigorously stirred as it was cooled to room temperature over 2 h.

The mixture was then cooled to <5 °C in an ice bath for 2 hours and the
precipitate was collected by vacuum filtration. The wet cake was washed with 5 °C
water (50 mL) and then rinsed with methanol (5 x 50 mL). The solid was dried by
drawing air through the filter cake for 1 h. The product was then dried at 40 °C under
reduced pressure to yield (R,R)-1,2-diaminocyclohexane mono-(+)-tartarate salt as a
white solid (Yield: 80 g, 99%). To the dry compound in a separating funnel, saturated
KOH (73 mL) solution was added and separated the upper layer. The compound was
distilled under vacuum at 165-170 °C. The resulting enantiomeric excess of (R,R)-

trans-1,2-diaminocyclohexane is 299 %.

5.3.3.3. Synthesis of new macrocyclic chiral Schiff base ligand, L

To a solution of 6, 6'-piperazine-1,4-diyldimethylene bis(4-bromo-2-
formylphenol) (0.512 g, 1 mmol), in acetonitrile (25 mL) was added (R,R)-trans-1,2-
diaminocyclohexane (0.114 g, 1 mmol). The reaction mixture was refluxed for 12
hours. The resulting yellow solid was collected by filtration and washed with
acetonitrile. Recrystallization from chloroform gave the desired chiral ligand L'asa

yellow crystalline solid (Yield: 76%). The reaction sequence is shown in Scheme 5.2.
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NH,

o N
OHW\‘

“NH, Reflux/12h

Br Br
L4

Scheme 5.2. Synthetic scheme for the macrocyclic chiral Schiff base ligand L*.

Characterization data for L*

Optical rotation [oc]Dzs: — 78010 (c 1, chloroform); M. F.: Cy,cH30N4O;Br;; M. W.:
590.35 g mol™; IR (v cm™, KBr pellet): 3443, 2930, 2856, 2810, 1628, 1448, 1375,
1290, 1134, 1024, 869, 700; 'H NMR (CDCls, 5, ppm): 8.26(d, 2H, HC=N), 7.17-
7.4(m, 4H, Ar-H), 3.71(s, 4H, CH,), 3.54 (q, 2H, CH), 2.55(s, 8H, CH,), 1.88(s, 8H,
CH,); CD Amax (mdeg) (CHCls): 344 (-130), 270 (-166); UV-Vis (CHCl3) [Ama/nm
(e/dm® mol™ cm™)]: 335 (16000), 256 (34300); CHN Analysis: Calcd: C, 52.90; H,
5.12; N, 9.49%; Found: C, 53.06; H, 5.24; N, 9.63%; LCMS (m/z): 591 (M™).

5.3.3.4. Synthesis of chiral acyclic binuclear copper complex, 21

To a solution of 6, 6'-piperazine-1,4-diyldimethylene bis(4-bromo-2-
formylphenol) (0.256 g, 0.5 mmol), in methanol (25 mL) was added CuCl,.4H,0O
(0.170 g, 1 mmol) under reflux conditions for 1 hour. Then (R,R)-trans-1,2-
diaminocyclohexane (0.114 g, 1 mmol) was added. The reaction mixture was refluxed
for another 4 hours. The resulting reaction mixture was then concentrated using rotary
evaporator. Recrystallization from methanol solution gave the green crystals suitable

for X-ray single crystal analysis were obtained after 14 days (Yield: 68%).

5.3.3.5. General Synthetic procedure for complexes, 22-27

To a solution of ligand L4 (0.295 g, 0.5 mmol) in chloroform (20 mL) was added
MX,nH,O (M = Cu, Mn, Co, Ni, Fe, Zn; X = CI; n = 0-6) (1 mmol) dissolved in



Chapter 5 Synthesis and structural... 127

methanol (20 mL). The reaction mixture was refluxed for 4 hours. The resulting
solution was evaporated to half the volume and then allowed to cool by standing at
room temperature. Solid compound was collected after the slow evaporation of the
solvent at room temperature. The resulting chiral macrocyclic binuclear complex was
recrystallised from chloroform to provide good yields. Generalized synthetic reaction
sequence is shown in Scheme 5.3. Metal complex numbering sequences: (M = Cu*?,

22: Mn*?, 23; Co™, 24; Ni*, 25; Fe*?, 26; Zn*?, 27).

Br Br

(N oH 2 MXs. nH,0 rN\M/O\M/#\I
[ @ CHCl3-MeOH EN/ Y \1\,

(M = Cu*2, Mn*2, Co*2, Ni*2, Fe*?, Zn*?; X = CI")

Br Br
Scheme 5.3. Schematic representation of the macrocyclic chiral metal complexes.

5.3.3.6. Characterization data for complexes, 21-27

Characterization data for 21

M. F.: C3;H46BroN¢O,CuyCly-4H,0; M. W.: 1047.52 g mol'l; IR (v cm'l, KBr pellet):
3402, 3288, 3223, 3113, 2922, 2852, 1639, 1577, 1442, 1116, 1033, 684; CD Amax
(mdeg) (DMF): 397 (-134), 320 (-5); UV-Vis (DMF) [Ampa/nm (e/dm® mol™ ecm™)]:
585 (400), 375 (2375), 273 (6632); CHN Analysis: Calcd.: C, 36.69; H, 5.20; N,
8.02%; Found: C, 36.73; H, 5.29; N, 8.16%.
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Characterization data for 22

Yield: 70%; Colour: Green; M. F.: CysHsN4O; Br,Cl,Cu,-4H,0; M. W.: 858.39 g
mol™; IR (v cm™, KBr pellet): 3447, 1635, 1541, 1435; CD Amax (mdeg) (DMF): 400
(-126), 317 (-5); UV-Vis (DMF) [Ama/nm (€/dm’ mol™ cm™)]: 580 (374), 377 (1315);
CHN Analysis: Caled.: C, 36.38; H, 4.23; N, 6.53 %; Found: C, 36.32; H, 4.35; N,
6.65%.

Characterization data for 23

Yield: 85%; Colour: Black; M. F.: CysH2sN40, Br,Cl,Mny-4H,0; M. W.: 841.18 g
mol'l; IR (v cm'l, KBr pellet): 3468, 1624, 1547, 1431; CD Amax (mdeg) (DMF): 477
(-2.36), 410 (-13), 330 (-45); UV-Vis (DMF) [Apa/nm (¢/dm® mol™ cm™)]: 414
(4947), 334 (6723); CHN Analysis: Calcd.: C, 37.12; H, 4.31; N, 6.66 %; Found: C,
37.26; H, 4.25; N, 6.74%.

Characterization data for 24

Yield: 73%; Colour: Brown; M. F.: CcH2sN4O; Br,Cl,Co,-4H,0; M. W.: 849.17 g
mol'l; IR (v cm'l, KBr pellet): 3402, 1637, 1541, 1454; CD Amax (mdeg) (DMF): 624
(32), 513 (-6), 423 (-37), 346 (-60); UV-Vis (DMF) [Ama/nm (¢/dm’ mol” ecm™)]: 667
(600), 600 (580), 393 (7359); CHN Analysis: Calcd.: C, 36.77; H, 4.27; N, 6.60 %;
Found: C, 36.69; H, 4.36; N, 6.82%.

Characterization data for 25

Yield: 85%; Colour: Orange; M. F.: Cy;sH2sN4O, Br,CI,Ni-4H,0; M. W.: 848.69 g
mol™; IR (v cm™, KBr pellet): 3406, 1624, 1543, 1454; CD Amax (mdeg) (DMF): 413
(-24), 348 (-23); UV-Vis (DMF) [Ama/nm (e/dm’ mol™ cm™)]: 540 (127), 420 (3885),
340 (4952); CHN Analysis: Calced.: C, 36.80; H, 4.28; N, 6.60 %; Found: C, 36.73; H,
4.16; N, 6.78%.
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Characterization data for 26

Yield: 70%; Colour: Black; M. F.: Cy6HsN40, BryClFe,-4H,0; M. W.: 842.99 g
mol'l; IR (v cm'l, KBr pellet): 3368, 1626, 1554, 1435; CD Amax (mdeg) (DMF): 550
(-9), 427 (-10), 368 (-34), 296 (-63); UV-Vis (DMF) [Amu/nm (¢/dm® mol™ cm™)]:
490 (1813), 343 (7684); CHN Analysis: Calcd.: C, 37.04; H, 4.30; N, 6.65 %; Found:
C,37.16;H, 4.21; N, 6.83 %.

Characterization data for 27

Yield: 65%; Colour: Yellow; M. F.: C,cH23N4O, BryCl,Zny; M. W.: 790.02 g mol'l; IR
(v cm’', KBr pellet): 1647, 1543, 1456; CD Amax (mdeg) (DMF): 390(-121), 313 (-
13), 280 (- 63); UV-Vis (DMF) [Apu/nm (e/dm® mol™" em™)]: 370 (13525); CHN
Analysis: Calced.: C, 39.53; H, 3.57; N, 7.09%; Found: C, 39.60; H, 3.62; N, 7.16%.

5.4. Results and discussion

The IR spectrum of the dicompartmental macrocyclic ligand L* shows a
v(C=N) peak at 1628 cm’. Absence of v(C=0) peak of 6,6’-piperazine-1,4-
diyldimethylene bis(4-bromo-2-formylphenol), at 1670 cm’ is indicative of Schiff
base condensation. The IR spectra of the complexes 21-27 show bands at around
3400 cm™ corresponding to water molecules. v(C=N) stretching bands at 1647 — 1624
cm™ confirm that the chiral Schiff base metal complexes are formed. A moderately
new strong band appears at ~1543 cm™ and is indicative of a binuclear structure
bridged by phenolic oxygens, which is not observed in the free ligand. The bands due
to v(C=C) stretching and bending modes appear at ~ 2935 cm™', ~ 2700 cm™ and as a
strong band at ~1430 cm™'. The CHN analytical data of the complexes match with the
binuclear composition [M2L4]C12'nH20. The circular dichroism (CD) and UV-vis
spectra of the ligand L* recorded in CHCI; solutions are shown in Figure 5.1. The
UV-vis spectrum of the ligand L* shows absorption bands at 335 nm and 256 nm.

Circular dichroism bands appear at 344 nm and 270 nm. The electronic and circular
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dichroism spectra of the binuclear complexes are recorded in N, N-
dimethylformamide solution. The CD spectra bands of the complexes appeared at
around 400 nm, 340 nm and the high intensity T—7* transition band at near 280 nm.
These CD signals confirm that the compounds are chiral. The circular dichroism and

UV-vis spectra of the macrocyclic complexes are shown in Figure 5.6.
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Figure 5.1. The CD and UV-vis spectra of the chiral macrocyclic ligand L* (concentrations=1
x 10°M for UV-vis and 1 x 10™*M for CD spectra in CHCl; solution).

5.4.1. X-ray crystallography of acyclic binuclear copper complex, 21

Single crystals suitable for X-ray structure determination were obtained from
methanol solution by the slow evaporation at room temperature. The binuclear copper
complex crystallizes in monoclinic P2; space group.

Crystals of [LCu,Cly]-4H,O 21 were characterized by elemental and spectral
analyses. Single crystal X-ray structure determination data are given in Table 5.1.
Bond lengths and bond angles are given in Table 5.2. The molecular structure of the
acyclic binuclear copper(1l) complex 21 is presented in Figure 5.2. In the molecular
structure, each copper atom is five-coordinate with amino-nitrogen of cyclohexyl
group (amine), imino-N (imine) and phenolic-O donors (from the chiral ligand) and

two chloride ligands in a distorted square pyramidal geometry. The molecular
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structure (chiral centers are C(1), C(6), C(27) and C(32)) has two imine nitrogen
atoms, two amine nitrogen atoms and two piperazine nitrogen atoms are donor
nitrogens. Interestingly, the two nitrogen atoms of the piperazine ring remains

uncoordinated.

Figure 5.2. ORTEP diagram of the chiral acyclic binuclear copper(Il) complex 21. C(1),
C(6), C(27) and C(32) are chiral centers. Thermal ellipsoids are at 30% probability level.
Hydrogen atoms have been omitted for clarity.

Figure 5.3. Molecular diagram of copper complex 21 (left: molecular twist; middle: inter
molecular helix through the water molecules (red balls); right: crystallographic c-axis of inter
molecular twist).(Colour: cyan: copper, red: oxygen, green: chlorine and blue:nitrogens).
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Table 5.1. Crystallographic parameters of the binuclear copper complex, 21

Compound [LCu,Cl4].4H,0, 21
Empirical formula C32Hs4BraNsOsCuaCly
M 1047.52

T/K 293(2) K

AMA 0.71073

Crystal system Monoclinic

Space group P2,

alA 7.6061(6)

bIA 22.2607(16)

/A 12.0995(9)

pB/° 100.0840(10)

U/A’, Z 2017.0(3), 2

D/mg m™ 1.715

wWmm’ 3.350

F(000) 1052

Crystal size/mm 0.06 x 0.14 x 0.30
@range /° 1.71 to 28.28
Limiting indices -10<=h<=10, -29<=k<=29, -16<=I<=15
Reflections collected 23441

Reflections [ > 206(1)] 9372

Data, parameters 9372, 493
Goodness-of-fit on F* 0.954

Final R indices [/ >20(l)] R1=0.0494, wR2 =0.1028
R indices (all data) R1=0.0935, wR2 =0.1209
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Table 5.2. Selected bond lengths (&) and bond angles (°) of complex, 21

133

Bond lengths
N(1)-Cu(1)
N(3)-Cu(2)
O(1)-Cu(l)
CI(1)-Cu(1)
CI(3)-Cu(2)
C(1)-N(1)
C(7)-N(2)
C(15)-N(5)
C(19)-N(6)
C(9)-0(1)

C(11)-Br(1)
C(13)-C(14)

Bond angles
O(1)-Cu(1)-N(1)
O(1)-Cu(1)-N(2)
N(1)-Cu(1)-N(2)
O(1)-Cu(1)-Cl1(2)
N(1)-Cu(1)-Cl(2)
N(2)-Cu(1)-Cl(2)
O(1)-Cu(1)-Cl1(1)
N(1)-Cu(1)-Cl(1)
N(2)-Cu(1)-CI(1)
Cl1(2)-Cu(1)-CI(1)
C(9)-0(1)-Cu(1)

1.970(6)
1.998(6)
1.912(4)
2.643(2)
2.298(2)
1.447(9)
1.277(8)
1.471(8)
1.492(9)
1.320(9)
1.901(7)

1.496(10)

164.2(2)
89.6(2)
83.1(2)
89.85(15)
94.46(19)
168.15(17)
93.94(15)
100.5(2)
94.42(16)
97.43(8)
123.1(4)

N(2)-Cu(1)
N(4)-Cu(2)
0(2)-Cu(2)
CI(2)-Cu(1)
CI(4)-Cu(2)
C(6)-N(2)

C(14)-N(5)
C(32)-N(3)
C(27)-N(4)
C(21)-0(2)
C(23)-Br(2)

C(19)-C(20)

0(2)-Cu(2)-N(4)
0(2)-Cu(2)-N(3)

N(4)-Cu(2)-N(3)

0(2)-Cu(2)-CI(3)
N(4)-Cu(2)-CI(3)
N(3)-Cu(2)-CI(3)
0(2)-Cu(2)-Cl(4)
N(4)-Cu(2)-Cl(4)
N(3)-Cu(2)-Cl(4)
CI(3)-Cu(2)-Cl(4)
C(21)-0(2)-Cu(2)

1.992(6)
1.982(6)
1.919(4)
2.309(2)
2.687(2)
1.477(7)
1.534(8)
1.477(9)
1.465(8)
1.323(8)
1.907(7)

1.506(10)

91.8(2)
157.4(3)
84.5(2)
89.25(16)
175.54(17)
92.84(19)
96.65(16)
85.77(16)
105.3(2)
98.42(8)
123.6(4)
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This is because the phenolic hydroxyl gets deprotonated and piperazine-N
gets protonated during complexation. This kind of proton transfer is known in
literature.'® There are two intra-molecular hydrogen bonds: N(5)---O(1) (2.641(5))
and N(6)----O(2) (2.637(7)). Also there is extensive inter-molecular hydrogen bonding
interactions in the molecular structure 21. The hydrogen bonding is extended through
the uncoordinated lattice water molecules. The inter-molecular hydrogen bonded

packing diagram of 21, as shown in Figure 5.4.

Figure 5.4. Inter-molecular hydrogen bonded packing diagram of the copper complex 21.

There are four water molecules in the crystal lattice. The water molecule
forms hydrogen bonding interactions to the coordinated axial chloride atom of the
copper complex 21. This hydrogen bonding is extended through the water molecules
(Figure 5.3). The conformations of the piperazine and cyclohexyldiamine groups are
found to be chair forms. Selected bond lengths and bond angles are given in Table
5.2. The average Cu(1)-N(1) and Cu(1)-N(2) bond distances are 1.970(6) and
1.992(6) A, and the average Cu(2)-N(3) and Cu(2)-N(4) bond distances are 1.998(6)
and 1.982(6) A. The average Cu(1)-O(1) and Cu(2)-O(2) bond lengths are 1.912(4)
and 1.919(4) A. The average Cu(1)-CI(1) and Cu(1)-CI(2) bond distances are 2.643(2)
and 2.309(2) A and the average Cu(2)-Cl(3) and Cu(2)-Cl(4) bond distances are
2.298(2) and 2.687(2) A respectively. The coordination geometry around the copper

centre is distorted square pyramidal.
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The IR spectrum of the acyclic copper complex 21 shows strong stretching
band at around 1639 cm™ due to the coordinated imine groups (C=N) and two bands
at 3288 cm™ and 3223 cm™ are corresponding to the coordinated amine groups (C—

NH) and band at 1577 cm™ corresponds to coordinated phenolic oxygens.
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0.4 - UV-vis

Absorbance
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-100
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300 400 500 600 700
Wavelength (nm)
Copper complex (21)

Figure 5.5. The CD and UV-vis spectra of the chiral acyclic binuclear copper complex 21
(concentrations=1 x 10°M UV-vis and 1 X 10”*M for CD spectra in DMF solution).

The broad band around 3402 cm™ corresponds to the water molecules. The
electronic and the circular dichroism spectra of the complex recorded in N,N-
dimethylformamide solution (Figure 5.5) show a band at 585 nm and other strong
absorption bands are observed at 375 nm and 273 nm. The 585 nm band is of d—d
transition in square pyramidal geometry and the other bands correspond to ligand to
metal charge transfer transitions and intra ligand charge transfer transitions. The
circular dichroism spectrum shows two bands at 397(-134) and 320(-6) nm. These
bands confirm that the complex is chiral. The analytical data of complex match with

the binuclear composition of [LCu,Cly]-4H,0.

5.4.2. Copper complex [Cu2L4]Clz-4H20, 22
The chiral macrocyclic binuclear copper complex was synthesized by the

procedure given in section 5.3.3.5. The binuclear copper(Il) complex formation was
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evident from the C=N stretching vibration frequency observed at 1635 cm™ which is
higher then the C=N frequencies (at 1628 cm™) observed for the free macrocyclic
ligand L*. A moderately strong band at 1541 cm™ appears in the complex which
corresponds to the bridging C-O stretching vibrations. A broad band at 3447 cm’
suggests the presence of lattice water.

The electronic and the circular dichroism spectra of the complex are measured
in N,N-dimethylformamide solution (Figure 5.6). The complex exhibits d—d transition
band at 580 nm. It may be noted that the A.x values are observed at relatively lower
energies compared to analogous symmetrical binuclear copper(1l) complexes in which
the metal ions are in planar environments. The moderately intense band observed at
377 nm is due to the overlap of the transition of the azomethine with the charge-
transfer band from bridging phenolic oxygen to the vacant d-orbital of the copper(Il).
The circular dichroism spectrum of the copper complex shows the charge transfer
transition band at 400(-126) and the band at 317(-5) nm is due to the intra ligand
transition. The CHN analytical data agree with the binuclear composition of

[Cu,Y1CL,-4H,0.

5.4.3. Manganese complex [Mn2L4]C12-4H20, 23

The chiral macrocyclic binuclear manganese complex was synthesized in good
yields by the procedure given in section 5.3.3.5. The IR spectrum of the complex
shows strong stretching band at around 1624 cm™ due to the C=N group which is
lower than the free ligand (C=N) frequency. Band at 1547 cm™ corresponds to
coordinated bridging phenolic oxygens. The broad band around 3450 cm’
corresponds to the water molecules. The electronic and the circular dichroism spectra
of the complex were recorded in N,N-dimethylformamide solution (Figure 5.6). The
complex shows d-d transition band at 586 nm. An intense charge transfer band
appears at 414 nm. This band is due to the charge transfer from phenolic oxygen to
metal and also due to azomethine transitions. A strong peak observed at 344 nm is due

to the intra ligand 7-7* transitions.
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Figure 5.6. CD and UV-vis spectra of Cu®*, Mn**, Co**, Ni**, Fe** and Zn>* complexes
recorded in DMF solutions (concentrations = 1 x10°M for CD and 1 x 10™*M for UV-vis

spectra).
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The circular dichroism spectrum of the complex shows intense peak at 332 (-
45) nm and a shoulder band at 411(-12) nm. Appearance of these bands confirms the
chirality. The analytical data of the complex match with the binuclear composition of

[Mn,L*]Cl,-4H,0.

5.4.4. Cobalt complex [C02L4]C12~4H20, 24

The chiral macrocyclic binuclear cobalt complex 24 was synthesized by the
procedure given in section 5.3.3.5. The IR spectrum of the complex shows C=N
stretching band at 1637 cm” and additional supporting band at 1454 cm’ is indicative
of bridging phenolic C-O groups. The broad band at 3402 cm™ is due to the presence
of lattice water. The electronic and circular dichroism spectra of the complex are
recorded in N,N-dimethylformamide solution (Figure 5.6). The absorption spectrum
shows three d-d transition bands at 667, 600 and 581 nm. A high intensity absorption
band at 393 nm is due to the ligand to metal charge transfer transitions, band at 373
nm is due to the intraligand transition and the band at 230 nm is due to ©-t* electronic
transitions of the ligand.

The CD spectrum of the complex shows d-d transition bands at 624 (32) and
513 (-6) nm. The charge transfer region of the spectra shows band at 423(-37) nm and
the high intensity T—7* transition band at 346 (-60) nm confirms that the complex is
chiral. The elemental analytical data of the complex agree with the binuclear

composition of [C02L4]C12-4H20.

5.4.5. Nickel complex [Ni2L4]Clz-4H20, 25

The chiral macrocyclic binuclear nickel complex was synthesized in good
yields by the procedure given in section 5.3.3.5. The IR spectrum of the complex
shows strong stretching band at around 1624 cm™ corresponding to the C=N group
and bridging phenolic oxygen band appears at 1543 cm™. Strong band appears for
C=C at 1435 cm™ and a broad band at around 3405 cm™ corresponds to the water

molecules.
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The electronic and the circular dichroism spectra of the complex recorded in
N,N-dimethylformamide solution (Figure 5.6) shows a shoulder band at 540 nm and
two strong absorption bands are observed at 420 and 340 nm. The 540 nm band is of
d—d transition in square planar geometry and the other bands correspond to the ligand
to metal charge transfer transitions and intra ligand transition. The circular dichroism
spectrum shows two bands at 413(-9) and 348(-10) nm. These bands confirm that the
complex is chiral. The analytical data of complex match with the binuclear

composition of [Ni2L4]C12.4H20.

5.4.6. Iron complex [Fe,L‘]Cl,-4H,0, 26

The chiral macrocyclic binuclear iron complex 26 was synthesized by the
procedure given in section 5.3.3.5. The IR spectrum of the complex exhibits three
characteristic bands. The coordinated C=N stretching band occurs at 1626 cm™ and
phenolic bridging oxygen band appear at 1554 cm™. A broad band at around 3370 cm
! corresponds to the water molecules. The electronic and circular dichroism spectra of
the complex are recorded in N,N-dimethylformamide solution (Figure 5.6). The
electronic spectrum shows d—d transition band at around 490 nm and a shoulder band
at 440 nm due to the ligand to metal charge transfer transitions. A high intensity band
observed at 343 nm is due to the intra ligand charge transfer transitions. In the circular
dichroism spectrum, bands appear at 550 (-9), 427(-10) nm and high intensity bands
at 368(-34) and 296(-63) nm. These bands confirm that the complex is chiral. The
analytical data of the complex match with the binuclear composition of

[Fe,L.*]Cl,-4H,0.

5.4.7. Zinc complex [Zn,L*|Cl,, 27

The chiral macrocyclic binuclear zinc complex was synthesized by the
procedure given in section 5.3.3.5. The IR spectrum of the complex shows two strong
stretching bands at 1647 cm™ and 1543 cm™ corresponding to the C=N and bridging
phenolic oxygen groups. The electronic and CD spectra of the complex are recorded

in N,N-dimethylformamide solution (Figure 5.6). The complex electronic spectrum
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shows band at 370 nm due to the ligand to metal charge transfer transitions. The
charge transfer region of the complex shows a high intensity band at 390(-121) nm
and intra ligand transition band at 313 (-13) nm in the circular dichroism spectrum.
These bands confirm that the complex is chiral. The analytical data of the complex

agree with the binuclear composition of [Zn2L4]C12.

5.5. Catalysis

To examine the activity of the chiral macrocyclic Schiff base metal complexes
in the catalytic process, the alkenes oxidation reactions were studied. The epoxidation
reactions were carried out in CH3CN using iodosylbenzene (PhIO) as the terminal
oxidant at room temperature. The oxidation reactions were run for 24 hours. In
absence of the catalyst under similar reaction conditions, there is no reaction between

oxidant and olefins.

5.5.1. Synthesis of Iodosylbenzene (PhIO)

The iodosylbenzene (PhlO) used in the catalytic study as oxidant is prepared
using a reported procedure.'” Finely ground iodosylbenzene diacetate (32.2 g, 0.10
mol) is placed in a 250 mL beaker and 150 mL of 3N sodium hydroxide is added over
a 5 minute period with vigorous stirring. The lumps of solid that formed are triturated
with a stirring rod or spatula for 15 minutes and the reaction mixture stands for an
additional 45 minutes to complete the reaction. 100 mL of water is added, the mixture
is stirred vigorously and the crude solid iodosobenzene is collected on a Biichner
funnel, washed there with 200 mL of water and dried by maintaining suction. Final
purification is effected by triturating the dried solid in 75 mL of chloroform in a

beaker. The iodosylbenzene is separated by filtration and air-dried (Yield: 85%).

CsHsI(OCOCH3), + 2NaOH > CgHsIO + 2NaOCOCH3 + H,O
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5.5.2. Epoxidation of cis -stilbene catalyzed by manganese complex, 23

The chiral manganese catalyst 23 (0.022 g, 0.025 mmol) and cis -stilbene
(0.180 g, 1 mmol) were dissolved in 5 mL acetonitrile. The reaction was initiated by
the addition of iodosylbenzene (PhIO) (0.220 g, 1 mmol) and stirred at room
temperature under nitrogen atmosphere for 24 hours.

After stirring, the mixture was concentrated in vacuum. Anhydrous ether (10
mL) added to the brown residue and the ether solution was carefully filtered. Then the
ether was removed under reduced pressure and purified with column chromatography
from hexane. The catalytic epoxidation reaction sequence of cis-stilbene is shown in

Scheme 5.4.

O T O PhIO Catalyst-23 O
¥ CHsCN /N, /24 h. *

Scheme 5.4. Schematic representation of catalytic epoxidation of cis-stilbene.

The product was confirmed by 'H-NMR spectrum (cis-stilbene epoxide O ~
4.33 in CDCl3) of reported stilbene epoxide.18 HPLC analyses of cis-stilbene epoxide
products were carried out on a Shimadzu SCL-10A instrument equipped with
CHIRALCEL OD-H using Class-VP program (90:10 hexane / i-PrOH, 0.5 mL/min,
254 nm, retention times: 7.8 min for cis-stilbene; 10.78 min and 11.83 min for
epoxides). The HPLC analysis profile of the cis-stilbene epoxide catalyzed by
complex 23 is shown in Figure 5.7. HPLC analyses data percentage of enantiomeric
excess of cis-stilbene epoxide catalyzed by complex 23, as a function of time are
given in Table 5.3. Epoxidation of cis-stilbene catalyzed by 23 yields up to 33% at

room temperature with 85% of enantiomeric excess (Table 5.4 entry 1).
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Figure 5.7. HPLC analysis profile of cis-stilbene epoxide catalyzed by complex 23.

Table 5.3. HPLC analysis data profile of cis-stilbene epoxide, showing enantiomeric
excess catalyzed by complex 23 as a function of time

Pk # Retention Area Area % Height Height %
Time
1 10.783 125290187 92.643 3236765 88.515
2 11.833 9950004 7.357 419994 11.485
Totals 135240191 100.000 3656759 100.000

5.5.3. Epoxidation of trans-stilbene catalyzed by manganese complex, 23

The chiral manganese catalyst 23 (0.022 g, 0.025 mmol) and trans-stilbene
(0.180 g, 1 mmol) were dissolved in 5 mL acetonitrile. The reaction was initiated by
the addition of iodosylbenzene (PhIO) (0.220 g, 1 mmol) and stirred at room
temperature under nitrogen atmosphere for 24 hours. After stirring, the mixture was
concentrated in vacuum. Anhydrous ether (10 mL) added to the brown residue and the
ether solution was carefully filtered. Then the ether was removed under reduced
pressure and purified with column chromatography from hexane. The catalytic

epoxidation reaction of frans-stilbene is shown in Scheme 5.5.

8

Catalyst-23

+ PhlO

CHaCN /Ny /24 h.

Scheme 5.5. Schematic representation catalytic epoxidation of trans-stilbene.
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The product was confirmed by "H-NMR spectrum (frans-stilbene epoxide & ~
3.83 in CDCls) of reported stilbene epoxide.”” HPLC analyses of rrans-stilbene
epoxide products were carried out on a Shimadzu SCL-10A instrument equipped with
CHIRALCEL OD-H using Class-VP program (90:10 hexane / i-PrOH, 0.5 mL/min,
254 nm, retention times: 9.18 min for frans-stilbene; 10.53 min and 11.49 min for
epoxides).

HPLC analysis data showing percentage of trans-stilbene epoxide catalyzed
by complex 23, as a function of time are given in Table 5.4 (entry 2). Epoxidation of
trans-stilbene catalyzed by 23, yields up to 17% at room temperature with 20% of

enantiomeric excess.

5.5.4. Epoxidation of styrene catalyzed by chiral complexes 22, 23, 24 and 26

All the reactions were carried out by the same procedure. Oxidations of
styrene by the chiral catalysts copper 22, manganese complex 23, cobalt 24 and iron
26 with iodosylbenzene (PhlO) as oxidant were carried out by the following
procedure: The chiral catalyst (0.025 mmol) and styrene (0.104 g, 1 mmol) were
dissolved in 5 mL acetonitrile. The reaction was initiated by the addition of
iodosylbenzene (0.220 g, 1 mmol) and stirred at room temperature under nitrogen
atmosphere for 24 hours (Scheme 5.6). After completion of the reaction, the solvent
was removed under reduced pressure. Anhydrous ether (10 mL) was added to the
brown residue and the ether solution was carefully filtered. Then the ether was
removed under reduced pressure and purified using short silica gel column from
hexane. The products were confirmed by 'H-NMR spectroscopy (styrene epoxide &~
3.84 in CDCl).

O .\\\O
N s
@(\ . PhIO Catalyst .
CH3CN /Ny / 24 h.

Scheme 5.6. Schematic representation of catalytic epoxidation of styrene.
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Table 5.4. Oxidation products * of olefins catalyzed by 22, 23, 24 and 26

Entry Substrate Catalyst | Epoxide | Epoxide 1-Phenyl Acetophenone
Yield(%) | e.e.(%) | acetaldehyde Yield(%)*
Yield(%)°
1 — Mn(II) 33 85¢ - _
J O =
2 — Mn(II) 17° 20¢ _ _
SEE
AN Mn(II) 96° 5¢ _ -
3 23
4 ©/\ cuny | 50° - 44 3
22
5 ©/\ con | 14° _ 54 ”
24
6 \ Fe(II) 65°¢ 4° 32 _
26

* Products confirmed by 'H-NMR spectroscopy. ° Based on substrate consumed and
determined by chiral column (CHIRALCEL OD-H) HPLC analysis. © Based on substrate
consumed and determined by chiral column GC analysis (Supelco a-DEX 325, 30m length,
0.25mm id, 0.25um film thickness). ¢ Enantiomeric excess of epoxides, determined by chiral

column (CHIRALCEL OD-H) HPLC analysis. °

Enantiomeric excess of epoxides,

determined by chiral column GC analysis (Supelco a-DEX 325, 30m length, 0.25mm id,
0.25pum film thickness).
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The oxidation product yields and enantiomeric excess of the styrene were
determined by gas chromatography (GC) analysis. Gas chromatographic analyses
were carried out on a Shimadzu GC 14B instrument equipped with a chiral capillary
column (Supelco a-DEX 325, 30m length, 0.25mm id, 0.25um film thickness) and a
flame ionization detector (FID). Column temperature programmed at 90 °C, Injector

and Detector temperatures programmed 200 °C with nitrogen as carrier gas.
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Figure 5.8. A representative gas chromatographic (GC) analysis of styrene oxidation products
catalyzed by copper catalyst 22.

The oxidation product yields and enantiomeric excess of styrene were

determined by gas chromatography (GC). Gas chromatography of authentic samples
is shown in Chapter 2 (Figure 2.13). The amount of epoxide formed on epoxidation of
styrene and the enantiomeric excess of the epoxide catalyzed by complex 22 as a
function of time are shown in Figure 5.8. The percentage of epoxide yields and the
enantiomeric excess of the epoxides are given in Table 5.4 (entries 3-6). The

manganese catalyst 23 is encouraging for the epoxidation reactions of the styrene
(yield 96%).
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5.6. Conclusions

New optically active macrocyclic binuclear Schiff base metal complexes have
been synthesized. The chiral acyclic binuclear copper complex 21 was characterized
by X-ray crystallographic analysis. The chiral macrocyclic ligand L* and its
macrocyclic binuclear complexes 22-27 were characterized by analytical and spectral
methods. All complexes show optical activity was confirmed by the circular
dichroism studies.

The catalytic activities of the chiral Schiff base complexes were determined
for the epoxidation of alkenes by a terminal oxidant. The manganese catalyst 23 is
promising for the epoxidation reactions of the styrene (yield 96%). The other
complexes favour for the epoxidation reactions of styrene yields to styrene epoxide
with 1-phenylacetaldehyde and acetophenone as side products. Epoxidation of trans-
stilbene catalyzed by manganese complex 23, yields up to 17% at room temperature
with 20% of enantiomeric excess. Epoxidation of cis-stilbene catalyzed by 23, yields

up to 33% at room temperature with 85% of enantiomeric excess.
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Scope of the future research work

The present study revealed the synthesis and structural characterization of
chiral Schiff base metal complexes and their catalytic activity.

We examined the asymmetric epoxidation of cis-stilbene, trans-stilbene and
styrene using some of the synthesized complexes as catalysts. But we did not make
any further attempt to optimize the reaction conditions like the optimum amount of
catalyst needed and other conditions normally required to be done for asymmetric
epoxidation of several olefins.

One can explore these chiral catalysts for cyclopropanation reactions, borohydride
reduction reactions, hydroxylation reactions, alkynyl addition reactions,

hydrocyanation reactions and aziridination of olefins...etc.
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