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CHAPTER 1

Introduction

1.1. Abstract

This chapter describes the chiral porous metal-organic frameworks (MOF’s)
and their applications towards enantioselective separations. asymmetric catalysis and
nonlinear optics. Chiral porous metal-organic frameworks constructed from reduced

Schiff base ligands and the scope of present investigation are also discussed.
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1.2. Introduction

The significance and impact of self-assembly are demonstrated by the porous
zeolites that combine the acidic properties of the aluminosilicate with the channels
and pores of the supramolecular structure to generate catalytically important
materials.' The presence of cations inside the channels and cavities of zeolites also
make them ideal choices for ion exchange process. They have varied practical
applications in the production of many consumer products such as gasoline,
detergents etc.” In light of importance of chirality in biological and catalytic process,
there have been tremendous research efforts devoted to the development of chiral
zeolites. Several attempts to synthesize chiral zeolites found to be unsuccessful.
Special design strategies are needed to prepare chiral zeolitic type porous materials
that may find application in chirotechnology. °

On the other hand, a major research effort has focused on using the molecular
building block approach to generate analogous materials with 3D organic, metal-
organic and inorganic frameworks. Strategies for the construction of these solids have
utilized metal-ligand coordination, hydrogen-bonding interactions and other non-
covalent interactions to link their molecular components. Number of such
frameworks have been found to exhibit desirable zeolitic properties such as stability
and micro-porosity of the framework, guest exchange, gas storage and selective
catalytic activity.” Recently there has been considerable interest in synthesis of host
frameworks with chiral cavities. These solids have potential applications in the
separation of enantiomers and in asymmetric catalysis.™® Especially chiral porous
metal-organic frameworks are found to be most reliable catalysts for heterogeneous
asymmetric catalysis. Self-assembly of the metal ions linked together by organic
bridging ligands lead to the generation of metal-organic frameworks (MOF’s).
Various structures with interesting composition and topologies have been produced
through judicious choice of chiral ligand and metal coordination to construct chiral

porous materials with defined pore size. Synthesis and applications of some of the
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chiral porous metal-organic frameworks and the aim of the present investigation are

described below.

1.2.1. Homochiral porous MOF’s constructed from achiral ligands

Spontaneous resolution of an achiral compound on crystallization in the
absence of any chiral source is of great interest in recent years.” There are several
examples of achiral molecules including simple metal salts which can crystallize in
chiral space group. One of the serious inaccuracies for such systems that although
single crystals of such compounds lead to homochiral crystals, in bulk sample it may
be racemic. Ayoma and “"’,j‘ti‘ir}%‘?rif?f,‘?‘&{, Igeorted an interesting example of
homochiral crystallization of ~7*  that are built from achiral components.® They
treated Cd(NOj3)»-4H,0 with achiral 5-(9-antharacenyl pyrimidine) (L') and a helical
coordination polymer with composition of Cd(L")(NO3)>(H-O)EtOH) (1) was
obtained. The Cd*" center adopts octahedral geometry with two pyrimidine ligands
(equatorial cis), water and ethanol (equatorial cis). and two nitrate ions (axial /rans).
X-ray crystallographic analysis reveals that this coordination polymer crystallizes in
monoclinic P2; space group and exhibit helical nature through metal-ligand
coordination. Interestingly, adjacent helices adopt the same handedness and linked by
the intrastrand H,O — nitrate hydrogen-bonding interactions. Compound L' also forms
achiral (Pbca) trihydrate adduct Cd(L')(NOj3)23H,0 having nonhelical pyrimidine-
cd* zigzag chains (Scheme 1). Both chiral and achiral coordination polymers are
interconvertable to each other in the solid state upon exchange of volatile ligands.

They used the seeding technique to control the chirality of these coordination

polymers.
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= EtOH
Cd(NO4);.4H,0 + — il HNO; ) (H,ONEtOH)

= I

Scheme 1

1.2.2. Homochiral porous MOF’s constructed from chiral ligands

One of the easy ways for the synthesis of chiral porous solids is to combine
metal salts with well designed chiral ligands. The use of chiral ligand will ensure the
chirality in the resulting network structure. Recently, Hosseini and coworkers have
designed and synthesized a chiral tecton to coordinate metal centers and generated a
perfectly polar 1D network (Figure 1).” The ligand (L?) consists of a pyridine group
on one end and a Cr>-symmetric 2, 6-bis (oxazolyl)-pyridine on the other end, and is
thus chiral owing to the use of optically active oxazoline groups. Slow diffusion of
EtOH solution of Co(ll)Cl; into CHCl; seolution of L? afforded crystals of X-ray
quality. Crystal structure analysis revealed that metal-ligand coordination leads to
perfectly polar 1D coordination polymer with chiral voids. These voids are occupied
by CHCl; molecules. It is well known that polar solids have potential applications

towards nonlinear optics.
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Figure 1. 1D Perfect polar network built from Co(1I) and a chiral tecton L.
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Recently, Kimoon and coworkers have demonstrated the use of homochira]
metal-organic porous material for enantioselective separation and catalysis.'"” The
homochiral open-framework solid having the formula of [Zn;(u3-0)(L3.H)f,]-l2H20
(D-POST) was prepared by the reaction of Zn®" with enantiopure chiral building
block derived from D-tartaric acid. The enantiomorphic L-POST is obtained from the
enantiomer of L? and the Zn®" ion under same condition. In D-POST, three zinc ions
are held together with six carboxylate groups of the deprotonated chiral ligand L’ and
bridging oxo group, to form a triangular unit, in which a three-fold axis parallel to the
c-axis passes through the center of the trinuclear unit. The trinuclear units are further
interconnected through coordinate covalent bonds between the zinc ions and pyridyl
group of L? to generate 2D infinite layers consisting of large edge-sharing chair
shaped hexagons with triangular unit at each corner (Figure 2).

Most notably, large 1D chiral channel exists along the c-axis with side length
of ~ 13.4 A. The solvent access area of D-POST estimated to be ~ 47% and these
voids are occupied by 47 water molecules per unit cell. The presence of accessible
chiral pores in D-POST allows enantioselective inclusion studies. Enantioselective
inclusion of chiral metal complexes was studied by using racemic [Ru(2,2'-bipy)3]C13
and ethanol suspension of L-POST. Such enantioselective inclusion of chiral metal
complexes in porous materials is unprecedented. The pyridyl groups in D-POST were
used to catalyze transesterification reactions. Although the enantiomeric excess in the
product of transesterification was rather low (~ 8%), the enantioselectivity is
unprecedented because this asymmetric induction was observed for reaction promoted
by a modular porous material (Scheme 2). This creative work triggered interest in
using the chiral metal-organic porous materials for asymmetric catalysis. The success
of asymmetric catalysis with this kind of porous metal-organic frameworks was

realized only very recently.®
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Figure 2. (a) Chiral ligand 1>, (b) Trinuclear building unit in POST-L". (¢)
trigonal channels of D-POST, (d) hexagonal framework of POST-L’ that
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Lin and coworkers have designed a variety of chiral bridging ligands based on

atropisomeric 1,1 -binaphthyl framework. These chiral bridging ligands with twisted

di carboxylate group leads to 1D, 2D and 3D MOFs."" When enantiopure 2,2’-
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dihydroxy-1,1°-binaphthylene-6,6’-dicarboxylic acid (H.L") was treated with various
metal salts under slightly basic conditions, 1D homochiral MOF’s 2-6 with interesting
topologies were obtained (Scheme 3). They stated that heterogenation of Noyori's
catalysts could be achieved by insitu formation of chiral porous hybrid solids such as
8 and 9 through the reaction of zirconium tert-butoxide with chiral bisphosphine/Ru
complexes functionalized with phosphonic acid groups, 7 (Scheme 4). Nitrogen
adsorption measurements demonstrated that these hybrid solids are highly porous with
rather wide pore size distributions. The total BET surface areas of the solids ranges
from 328 to 475 ng-t with microporous surface area of 60-161 m’g” and pore
volumes of 0.53-1.02 cm’g’'. The heterogeneous catalysts 8a and 8b show
exceptionally high activity and enantioselectivity in the hydrogenation of aromatic
ketones, 10. With 0.1 mol % of catalyst 8a enantioselectivity up to 99% has been
achieved. Interestingly, these porous binaphthol derived Zr phosphonate catalysts
provide enantioselectivity superior to that of the parent homogeneous counterpart, the
binap/RuCly/dpen (dpen = 1,2-diphenylethylenediamine) system developed by Noyori

I 12

et al.’” The two other catalysts 9a and 9b are also used for the asymmetric

hydrogenation of /keto esters (12) with good enantioselectivities.

|
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1.2.3. Homochiral porous MOF’s constructed from chiral reduced Schiff base
ligands

Transition metal complexes with chiral Schiff base ligands are known for
some time and found applications towards asymmetric catalysis,”® nonlinear optics'
and supramolecular chemistry.”” Recently tremendous research efforts have been
devoted to the synthesis and structural analysis of metal complexes with chiral
reduced Schiff bases. Because of their greater flexibility generated by reduced Schiff
base “CH,—NH— backbone and the influence of ligand chirality often leads to novel
supramolecular networks by self assembly process.'® It is well known that, the
conformational changes in flexible ligands coordinated to metal ions can generate
different but closely related network architectures. The conformationally flexible
reduced Schiff base ligands are ideal choice for this purpose.'” These metal
complexes have also potential applications towards solid state conversion, DNA

cleavage activity'® and in asymmetric catalysis."’

o
A -

H‘/ o Zn "“-o/ \
\ | -—2H20

Scheme 5

Vittal and coworkers have reported an interesting example of 3D homochiral
porous metal-organic framework using the chiral reduced Schiff base N-(2-
hydroxybenzyl)-L-alanine (H,sala).'*'®'® Reaction of Hssala with Zn(OAc), in
presence of NaOH gave a crystalline powder, [Zny(Sala)2(H;0);] (14). X-ray
crystal analysis of this complex revealed that Zn(II) adopts distorted square pyramidal

geometry and the apical position is occupied by a water molecules. These metal
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coordinated water molecules are intermolecularly hydrogen bonded to carboxylate
groups and a 3D hydrogen bonded network with chiral channels is produced (Figure
3). Topochemical conversion of these hydrogen bonded network generate porous 3D
homochiral MOF [Zn{(sala)},] (15) (Scheme 3: Figure 4). A homochiral 3D Cu(Il)
MOF that is isostructural to {5 was also obtained in a topochemical conversion. This

work represents the “solid state supramolecular synthesis™ of MOF. Same authors

very recently reported an intriguing example of porous helical coordination polymer
16h

with water helical chains inside the channels.

Figure 3. 3D Hydrogen bonded structure of [Zns(Sala),(H-0),] (14) with

chiral channels.
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Figure 4. Molecular structure of [ Zn{(sala)},](15)

Ray and coworkers recently reported a self-assembled chiral capsule of an
octameric Cu(ll) complex by using chiral reduced Schiff base N-(2-hydroxybenzyl)-
L-histidine (Hhist) (Figure 5). X-ray analysis shows that unit cell contains two
slightly different cup shaped cyclic tetramers. These cyclic tetramers are on the top of
each other, thus forming a capsule bound through eight hydrogen bonding interactions
between the imidazole NH groups of one tetramer and nonbonded carboxylate-oxygen
atoms of the other tetramer. This capsule has four guest pyridine molecules trapped
inside the cavity, in which two of the pyridine molecules are held with a combination

of hydrogen bonds and Cu(lI) coordination. '

Figure 5. Chiral capsule
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1.3. Aim of the present investigation

Due to the significant applications of organic and inorganic (or coordination
polymers) porous materials in diverse fields, there have been extensive research
attention towards design of new host-guest systems for practical applications. The
organic porous solids are destgned by considering molecular shape, symmetry, and
intermolecular interactions such as hydrogen bonding, weaker halogen---halogen.
electrostatic and van der Waals interactions.”™ On the other hand. inorganic porous
solids are designed primarily by considering metal-ligand coordination. coordination
geometry. chemical structure of the organic ligand, metal to ligand ratio, and the
coordinating nature of the anions.” Recently, significant research efforts have been

devoted to combine the above two approaches.*'

Although numerous
chiral porous materials are known with hydrogen bonded organic and metal-organic
frameworks. there has been shortage of chiral porous solids with organic-inorganic
hybrid materials assembled through hydrogen bonds.

While some metal complexes of Schiff bases derived from salcylaldehyde and
(R) or (S) a-methylbenzylamine are known,*® no complex of its reduced analogues is
reported. We have attempted to synthesize and structurally characterize the copper(11)
complexes with bidentate chiral reduced Schiff bases HL' to HL®. Hydrogen bonding
capability and patterns of these ligands play a key role in the formation of various

types of molecular assemblies. The results and interesting features are summarized in

Scheme 6. The details of these investigations form the subject matter of this thesis.
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1. Selective inclusion of chloroalkanes
2. Enantio- specific inclusion of chiral 1.2-dichloroethane rotamers

3. Chiral voids

Chapter 5
{———3 Chapter2

1. Chiral host-guest system
2. Stabilisation of guest molecules  Dinuclear copper(fl) complexes (1 and 2)

via O-H--0 interactions
(R)-HL! or (S)- HL?

CuCly/ MeOH

X=H
(R)-HL or ($)-HL® % (R)-HL? or ($)-HL®
CuCly/ MeOH/NaOH CuCly/ MeOH/NaOH
Mononuclear - Mononuclear
copper(Il) complexes L1l copper(ll) complexes
(7 and 8) {4 5 OH HI e (5 and 6)
e : X=0Ql
]
S
111 (R-HL or (S)-HL?
CuCly/ MeOH/LIOH
X=NO 1. Helical self-assembly via
= activated C-H+O interactions
— 2. Retains this feature in solvated
Chapter3 C—— copger{il) complaxes and unsolvated forms
(3and 4) *
Chapter 4

1. Perfect polar host and guest alignment

2. Enantio-specfic inclusion of 1,2-dichloroethane rotamers

3. Enantio-specific inclusion of 1.2-dibromoethane
rotamers

4, Chiral channels

Scheme 6
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CHAPTER 2

Synthesis of the enantiomers of a chiral dinuclear copper(Il)
complex: Selective inclusion of chlorinated solvents and enantio-
specific inclusion of chiral 1,2-dichloroethane rotamers in the crystal
lattice
2.1. Abstract

New phenoxy bridged dinuclear copper(Il) complexes, [Cu2Cl;L"] (1 (n=1)
and 2 (n = 2)) have been synthesized using chiral reduced Schiff bases N-(2-
hydroxybenzyl)-(R)-o-methylbenzylamine (HL") and N-(2-hydroxybenzyl)-(S)-a-
methylbenzylamine (HL?) (H represents dissociable phenolic proton). X-ray
crystallographic studies reveal that these complexes can act as good chiral hosts
which can enantioselectively accommodate chiral rotamers of 1,2-dichloroethane. The
host-guest compounds 1-CHCl;, 2-CHCl3, 1-C3H4Cly and 2-C3H4Cly crystallize in
orthorhombic space group P2,2,2;, whereas 1-CH>Cly and 2:CH.Cl; crystallize in
monoclinic space group P2,. In both dinuclear complexes (1 and 2) the metal centres
are in distorted square-planar geometry and each copper is coordinated by NO:Cl
donor sets provided by one secondary amine nitrogen atom, two bridging phenoxide
oxygen atoms and one chloride. Interestingly. the tetrahedral distortions of the square-
planar geometry in 1 and 2 are of opposite chirality. In the crystal lattice of 1-(P)-
C>HyCly and 2-(M)-C;H4Cly. self-assembly via intermolecular hydrogen bonding
interactions leads to the enantio-selective confinement of chiral rotamers of 1,2-

dichloroethane.
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2.2. Introduction

Inclusion compounds of guest molecules with various host molecules are
useful as media for the molecular recognitions and selective reactions in the solid
state.' Inclusion compounds are formed by the non-covalent insertion of guest
molecules into the host lattice during the crystallization process. Several factors, such
as hydrophobic effects, van der Waals and dispersive forces, as well as much stronger
ionic and hydrogen bond interactions play a key role in the formation of inclusion
compounds.” Importance of chirality in chemical and biological systems is well
known. Recently tremendous research efforts have been devoted to careful control of
chirality at the molecular and supramolecular levels.” The separation of enantiomers
by using the inclusion phenomenon was known for long time and proven as one of the
successful strategies.* This is powerful in many cases and further development of this
method 1s being pursued not only in research laboratories but also in industry,
Recently, the enantiocontrol of photocyclization reactions has been studied by using
chiral crystalline inclusion compounds.” Other than very few metal-organic host
systems,” most of the enantioselective inclusions have been carried out using pure
organic chiral host materials.” In this chapter we have discussed the inclusion
properties of the enantiomeric pair of complexes [Cu,L',Cl] (1) and [Cu;L%CL] (2)
with conformationally flexible chiral reduced Schiff bases N-(2-hydroxybenzyl)-(R)-
a-methylbenzylamine (HL') and N-(2-hydroxybenzyl)~(S)-a-methylbenzylamine
(HL?). These complexes are found to be good flexible hosts, which can accommodate
chloro solvents such as dichloromethane, chloroform and 1,2-dichloroethane via weak
C—H-~Cl interactions. Enantio-selective isolation of the right handed (P) and the left-
handed (M) gauche form of 1,2-dichloroethane rotamers has been realized in the host

lattices formed by 1 and 2, respectively.
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OH HN

HL'= N-(2-hydroxybenzyl)-(R)-c.-methylbenzylamine
HL* = N-(2-hydroxybenzyl)-(S)-a-methylbenzylamine

2.3. Experimental
2.3.1. Materials

All commercially available chemicals and the solvents utilized in this work
were of analytical grade and were used as obtained. The chemicals and the sources are
as follows: Salicylaldehyde, (R)-o-methylbenzylamine and (S)-o-methylbenzylamine,
sodium borohydride. Lancaster (England); CDCls, methanol, dichloromethane.
chloroform, 1,2-dichloroethane, Acros (India); CuCl,2H,0, anhydrous sodium
sulphate, S. D. Fine Chem. Ltd. (India).

2.3.2. Physical measurements

Elemental analysis was carried out on a Perkin-Elmer 240C CHN analyzer.
Infrared spectra were collected by using KBr pellets on a Jasco-5300 FT-IR
spectrophotometer. NMR spectra were recorded on a Bruker ACF-200 spectrometer.
A Shimadzu 3101-PC UV/vis/NIR spectrophotometer was used to record the

electronic spectra. X-ray crystallographic experiments were performed using a
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Bruker-Nonius SMART APEX CCD single crystal diffractometer. A Sherwood

scientific magnetic susceptibility balance was used to measure the magnetic moments.

2.3.3. Synthesis of the reduced Schiff bases and the complexes
(a) N-( 2-hydroxybenzyl)-(R)-a-methyl benzyl amine, HL'

A methanol solution (30 ml) of salicylaldehyde (1.22 g, 10 mmol) was added
to a methanol solution (30 ml) of (R)-a-methylbenzylamine (1.21 g, 10 mmol) and
stirred at room temperature for % h. To the resulting yellow solution 0.74 g (20 mmol)
of NaBH,4 was added and the mixture was stirred for another 2 h until a colourless
solution was obtained. The reaction mixture was evaporated to dryness on a rotary
evaporator followed by addition of 100 ml of water. The solid suspended in water was
extracted with (2 x 30 ml) CH,Cl,. The CH,Cl; extracts were dried over anhydrous
Na,SO4 and then evaporated to dryness. The compound (HL') was obtained in the

form of colourless liquid.

Yield 1.7 g, (75%)
M. F. b C|5H|7NO
IR (v em”, KBr pellet) : 3292

'H NMR (CDCls, 5, ppm) : 1.50 (d, 3H, CHs), 3.70 and 3.93(2H, CHHg)
~3.81(q, 1H, CH(CHs)), 6.77 (d, 1H, ortho to phenolic-
OH), 6.86 (d, 1H, ortho to methylene group), 7.19(m,
2H, phenyl protons), 7.27-7.40 (m, 5H, phenyl protons)

Anal. caled. for CisH;sNO  : C, 79.26; H, 7.54; N, 6.16.

Found 00, 79.02; H. 7.67; N, 6.25.

(b) N-( 2-Hydroxybenzyl)-(S)-c-methyl benzyl amine, HL’

HL? was prepared in similar yield by following the same procedure as
described for HL' wusing (S)-a-methylbenzylamine instead of (R)-a-
methylbenzylamine.

Yield : 1.7g, (75%)



Chapter 2 Svnthesis of the enantiomers... 25

M. F. : CisHpsNO

IR (v em’. KBr pellet) 13292

'HNMR (CDsCN. 3, ppm) : 1.50 (d, 3H, CH;). 3.70 and 3.93(2H, CHaHg). ~
3.81(q, 1H, CH(CHs)), 6.77 (d. 1H. ortho to phenolic-
OH). 6.86 (d. 1H, ortho to methylene group), 7.19(m.
2H, phenyl protons), 7.27-7.40 (m. SH, phenyl protons)

Anal. caled. for CjsH\sNO  : C. 79.26; H, 7.54; N. 6.16.

Found :C,79.14; H, 7.71: N, 6.22.

(c) [Cu;Ll:Clg] (1): A methanol solution (10 ml) of CuCl>-2H>0 (0.177 g. 1 mmol)
was added to a methanol solution (20 ml) of HL' (0.227 g, 1 mmol). The mixture was
stirred at room temperature for 1 h. Dark brown solid precipitated was collected by
filtration and washed with 10 ml of methanol. Yield: 0.39 g, (60%). Anal. caled. for
CuaC30HaN>0.Cly: C, 55.38; H, 4.96; N, 4.31. Found: 55.45, 5.02, 4.42. Selected
infrared bands (crn"): 3244(m), 2976(w). 2930(w), 2874(w), 1597(s), 1572(m),
1485(s), 1452(s). 1383(w), 1256(s), 1229(w), 1198(w), 1155(w), 1109(m), 1088(w),
1059(w), 1034(w)., 972(w), 943(w), 918(w), 876(s), 769(s). 752(s), 700(s). 653(w),
628(w), 590(m), 534(m), 462(m). Electronic spectral data in CHC3 (A, nm (e. M'em’
")): 650 sh (345). 430 (3.670), 336 sh (2.520), 268 (12,140). Effective magnetic
moment at 298 K: 1.10 pg.

(d) [Cu;LIICIz] (2): A methanol solution (10 ml) of CuCl;:2H,O (0.177 g, 1 mmol)
was added to a methanol solution (20 ml) of HL” (0.227 g, 1 mmol). The mixture was
stirred at room temperature for 1 h. Dark brown solid precipitated was collected by
filtration and washed with 10 ml of methanol. Yield: 0.39 g, (60%). Anal. caled. for
CupC30H3N-0-Cla: C, 55.38; H, 4.96; N, 4.31. Found: 55.53, 4.92, 4.36. Selected
infrared bands (cm™): 3244(m), 2976(w). 2932(w), 2874(w), 1597(s), 1572(m),
1485(s), 1452(s), 1383(w), 1256(s), 1229(w), 1198(w), 1155(w), 1109(m), 1088(w),
1059(w), 1034(w), 972(w), 943(w).918(w), 876(s), 769(s), 752(s), 700(s), 653(w).
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628(w), 590(m), 534(m), 462(m). Electronic spectral data in CHCI; (A, nm (&, M 'em

"Y): 650 sh (353), 430 (4,200), 336 sh (2,990), 268 (13,930). Effective magnetic
moment at 298 K: 1.11 pg.

2.3.4. X-ray crystallography

X-ray data were collected for dark brown crystals of 1-CH,Cl,, 1-CHCl;,
1:CyH4Cly, 2:CH,Cly, 2:CHCl3 and 2:CoH4Cl; on a Bruker-Nonius SMART APEX
CCD single crystal diffractometer using graphite monochromated Mo-Ka 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 pl'(‘,»gl'an‘La The SHELXTL package’
was used for structure solution and least-square refinement on F2 All the non
hydrogen atoms were refined anisotropically. The secondary amine hydrogen atoms
were located in a difference map and refined with geometric restraints. All other
hydrogen atoms were included in the structure factor calculation by using a riding
model. The ORTEP3" and the PLATON'' software were used for molecular

graphics. The significant X-ray crystallographic data are given in Tables 1 and 2.
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Table 1. Crystallographic data for 1:CH->Cls. 1-CHCl; and 1-C,H,Cls.

Compound

1-CH,Cl,

1:CHCl;

1-C;H,Cly

Molecular formula
Crystal
dimensions / mm
Host-guest ratio
TIK

M

Crystal system
Space group

alA

hIA

c/A

al®

pr

y°
VIA®

Z

Observed
reflections
Parameters

Final R indices
(I>20(ly)
Goodness-of-fit

on F*

Largest hole and
peak ¢/ A’

C:nH_:;CquUgN:O]

0.15x0.28x0.48

1: 1

298

735.5
Monoclinic
P2,
8.5479(6)
13.0697(9)
14.1650(9)
90
90.9410(10)
90
1582.28(19)
2

7370

378
0.0393, 0.1128

1.053

-1.168, 1.123

C_u H_:_:CI_;CU}NJ(J:

032x037x0.11

I:1

298

769.9
Orthorhombic
P2,2,2,
12.7319(6)
13.7805(7)
19.4266(100
90

90
90

3408.4(3)

4

7958

387
0.0516, 0.1327

1.018

-0.832, 1.067

CaHCLCusN, O,
0.32x036x0.24

1:1
298
T47.5
Orthorhombie
P2,2,2,
12.822(3)
14.046(3)
18.744(4)
90
90
90
3375.9(12)
A
7483

387
0.0496, 0.1204

1.019

-0.646, 0.786

v
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Table 2. Crystallographic data for 2-:CH,Cls, 2-CHCl; and 2-C;H4Cl,

Compound 2-CH,Cl, 2:CHCl, 2-C,H,Cl,
Molecular formula C1H34CLCusN>0;  C3H33ClsCusN,OQ,  C33HaCLiCus NLO,
Crystal 027x021x028 040x028x0.16 0.32x0.37x0.07
dimensions / mm
Host-guest ratio 1: 1 1:1 1:1
TIK 298 298 2098
M 735.5 769.9 749.5
Crystal system Monoclinic Orthorhombic Orthorhombic
Space group P2, P2,2,2 P2,2,2,
alA 8.5359(6) 12.7250(7) 12.7982(13)
bIA 13.0565(10) 13.7785(8) 14.0366(14)

c/A 14.1597(10) 19.4192(11) 18. 7009(19)
al® 90 90 90

Br 90.9540(10) 90 90

e 90 90 90

VIA® 1577.9(2) 3404.8(3) 3359.5(6)

Z 2 4 4

Observed reflections 7305 7833 7860
Parameters 378 387 387

Final R indices
(> 20(l))
Goodness-of-fit
on F*

Largest hole
and peak e/ A*

0.0403, 0.1162

1.056

-1.298, 1.151

0.0499, 0.1263

0.968

-0.799, 1.156

0.0493, 0.1229

1.057

-0.777,0.951
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2.4. Results and discussion

2.4.1. Synthesis and some properties

Unsubstituted chiral reduced Schiff bases HL' and HL? are prepared by
condensation of salicylaldehyde with (R)- or (S)- a-methylbenzylamine followed by
reduction with sodiumborohydride in methanol. The elemental analysis and spectral
(infrared and proton NMR) data for HL.' and HL? are very similar and consistent with
the expected molecular formula and structure. The infrared spectra of HL' and HL?
show bands at ~1589 ¢cm™' and at ~3290 cm™ corresponding to symmetric and
asymmetric N—H stretching vibrations respectively. The "H NMR spectra of HL'-HL?
display the methyl protons as a doublet at ~1.50 d. The protons of the methylene
group were observed as an AB type quartet centred at ~3.87 . The signal for the
hydrogen atom attached to the chiral C-atom is expected to be quartet. A signal
observed at ~3.81 J most likely belongs to this quartet. The remaining part buried
under the dp signal of the AB type quartet observed due to the methylene group
protons. A multiplet centred at ~7.31 & corresponding to five protons is assigned to
the phenyl group bonded to the chiral C-atom. Two doublets each corresponding to a
single proton are observed at 6.77 and 6.86 J. The former is assigned to the proton
ortho to the phenolic-OH and the latter is assigned to the proton ertho to the
methylene group. Multiplets centred at ~7.19 & most probably correspond to the
remaining two protons of this aromatic ring.

The reactions of HL' and HL? with CuCly-2H>0 in methanol (1:1 mole ratio)
yielded dark brown microcrystalline complexes of formula [Cu,L",Cl] (1 or 2). The
elemental analysis and infrared spectral data for these complexes (1 and 2) are very
similar and consistent with the expected molecular formula and structure.
Representative chemical diagram of these complex molecules are shown in Figure 1.
Room temperature (298 K) magnetic moments of 1 and 2 are 1.10 and 1.11 pg.
respectively. These values suggest very strong antiferromagnatic spin coupling

between the diphenoxy-bridged Cu(IT) centres.
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cm”™! corresponding to symmetric and asymmetric stretching of the secondary amine
N—H stretching vibrations, respectively. The peaks observed in the range of 2800-
3000 em”'is most likely due to the aliphatic and aromatic C—H stretches. Electronic
spectra of 1 and 2 in CHCI; solutions are essentially identical (Figure 2). The low
intensity absorption at ~650 nm is assigned to the d-d transition. The other intense

bonds observed in the range 430-268 nm are most likely due to ligand-to-metal charge
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Figure 1. General molecular structure of the binuclear complexes.

The infrared spectra of these complexes show bands at 1597 ¢cm™ and 3244

transfer and intraligand transitions.
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Figure 2. Electronic spectrum of 1 in CHCl;,
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2.4.2. CSD search

A search for the crystal structures of complexes having formula [CuLaX5] (L
= monobasic N,O-donor ligand, X = halide) was performed on the Cambridge
Structural Database (November 2004 release). Search was restricted to only the
phenoxy bridged dinuclear copper(ll) complexes. Unexpectedly only eight structures
were found with this type of coordination spherc.12 In all the cases, the ligands are
achiral bidentate Schiff base ligands and crystallized in centrosymmetric space
groups. The CuO; bridging unit is exactly planar for all the complexes because of the
crystallographic centre of inversion at its centre. As we expected the torsion angles
involving X-Cu~-Cu—X are exactly 180for all the complexes. This feature
indicates the frans coordination arrangement of halogen atoms in these complexes.
These search results encouraged us to study the X-ray structural features of

[CusL'5Cly] (1) and [Cual.%Cly] (2).

2.4.3. Crystallization

Crystallization of the complexes [Cu,L';Cla] (1) and [CunggClg] (2) from
various common solvents such as methanol. ethanol, acetonitrile, tetrahydrofuran and
ethyl acetate found to be unsuccessful. Good quality single crystals for X-ray
diffraction were readily obtained from chloroalkane solvents such as
dichloromethane, chloroform and 1.2-dichloroethane. In all the cases, solvent
molecules are included in 1:1 stoichiometric ratio. Recently, similar kind of highly
selective encapsulation of dihalomethanes are reported for myo-inositol derivative."
Dichloromethane inclusion compounds (1-CH:Cl, 2-CH.Cly) crystallize in the
monoclinic space group P2;. Alternatively, both chloroform (1-CHCl, 2-CHCl;) and
1,2-dichloroethane (1-C;H4Cl,), 2-C,H4Clz) inclusion compounds crystallize in the
orthorhombic space group P2,2,2;. All attempts to obtain solvent-free crystals of 1
and 2 were unsuccessful. Thus complexes 1 and 2 are found to provide chiral host

frameworks which can accommodate chlorinated solvents.
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2.4.4. Description of molecular structures

The field of stercoselective synthesis of coordination compounds using the
chiral ligands has developed during the past decade at an increasing rate." To the
date, most of the stereoselective synthesis of coordination compounds are limited to
the helical chiral self-assembled architectures. Secondary amine N-atom of a reduced
Schiff base is a prochiral centre. Metal ion coordination induces chirality to the
nitrogen centre. Generally, but not in all the cases, the use of chiral ligand leads to
stereo-specific chiral induction. The structures of the inclusion compounds described
in this chapter reveal opposite absolute configurations of the chiral C- and N- centres.
The S or sinister configuration of the N-centre is found in each of the inclusion
compounds where the chiral C-centre is of R or rectus configuration. Similarly the N-
centre in the inclusion compounds having S C-centre is found to R. Thus in both the
cases the generation of the new chiral centre is heterogeneous. The absolute
configurations of all these inclusion complexes are successfully confirmed by flack

parameter values' and details were given in the Table 3.

Table 3. Absolute configurations of 1-CH,Cl,, 1-CHCl;, 1-C;H4Cly, 2-CH,Cly,
2-CHCl; and 2-C;H4Cl>

Complex C(8), C(23) N(1), N(2) Flack Parameter
configuration  Configuration value
1:CHJCl, R.R S, 8 0.007(11)
1-CHCl, R,R 5,8 -0.014(17)
1-C,H4Cls R,R 5.8 0.026(17)
2:CHxCl, S, S R,R 0.022(12)
2-CHCI; S, 8 R.R -0.029(16)
2:C,H4Cl, S, 8 R,R -0.001(17)

The crystal structures of the inclusion compounds confirm the molecular
structure shown in Figure 1 for both 1 and 2. The structures of 1 and 2 are shown in
Figure 3. The bond parameters associated with the metal ions are listed in Table 4. In
the dimeric structure, the metal centres are tetra coordinated. The approximately

square-planar NO,Cl donor set for each metal centre is provided by one secondary



Chapter 2 Synthesis of the enantiomers... 33

amine nitrogen atom, two bridging phenolate-oxygen atoms and one chloride. The
Cu-Cl distances are within 2.2090(12) - 2.2189(13) A. The Cu-O distances (1.939(3) -
1.985(3) A) and the Cu-N distances (1.966(3) - 2.011(4) A) are comparable to those
found in similar complexcs.'2 Metal-metal separation is in the range of 3.020-3.027 A
and the Cu-O-Cu bond angles are in the range of 100-103.5°. The molecular
structures of 1 and 2 are mirror images of each other (Figure 3). As described in
section 2.4.2, the Cu;Os unit is planar due to the crystallographic inversion centre at
its centre in structurally known phenoxy-bridged complexes of formula [Cuyl,X5]
where L is N,O- donor chelating ligand. As the ligands in 1 and 2 are chiral, both lack
the inversion centre and the asymmetric unit contains a full complex molecule in each
case. The CuyO; unit is folded along O1, 02 in both molecules. The fold angles are
given in Table 5. The torsion angles involving CI-Cu-Cu-Cl are 105° 111°, 112°,
105.1°, 111.5° and 112° for 1-CH>Cl,, 1:CHCl3, 1:C,H4Cls, 2:CH>Cls, 2:CHCI; and
2:C2H4Cla, respectively. This feature indicates that due to the influence of chirality of
the ligand the coordination arrangements for chlorine atoms are in between cis and
trans. The complete structures of each pair of inclusion compounds with opposite
chirality show the mirror image relationship. This feature is also extended to the basic
coordination sphere in each pair. Mirror image relationships are shown in the Figures
4-6. There is no significant variation in the overall conformations of the dinuclear
complex molecules in 1-CHCI; and 1-CoH;Cls. It may be noted that both crystallize in
the P2,2,2; space group. However, the conformation of 1 in 1-CH,Cl; that crystallize
in the P2, space group is quite different. The same is true for 2-CH>Cl; (space group
P2)), 2:CHCl; and 2:C,H4Cly (space group P2;2,2y). Overlay diagrams of the
dinuclear complex molecules in the inclusion compounds of 1 and 2 are shown in

Figure 7.
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Table 4. Selected bond parameters for 1-CH,Cl,, 1-CHCl;, 1-C,H4Cls, 2-CH,Cl,,
2-CHCI; and 2-C;H4Cl;,
Bond lengths (A)

S ILALE

~1.93903)

o 1000
Cu(1)-0(2)  1.965(2) 1.985(3) 1.974(3) 1.964(2) 1.981(3) 1.979(3)
Cu(1)-N(1) 1.993(3) 2.011(4) 2.004(4) 1.991(3) 2.010(4) 2.000(4)
Cu(1)-CI(1) 2.2108(11) 22176(13) 2.2131(13) 2.2090(12) 22163(12) 2.2126(13)
Cu(1)-Cu(2) 3.0238(5)  3.0280(8)  3.0253(9)  3.0240(6)  3.0266(7)  3.0198(8)
Cu(2)-0(1) 1.920(2) 1.922(3) 1.926(3) 1.920(3) 1.921(3) 1.924(3)
Cu(2)-0(1)  1.963(2) 1.954(3) 1.961(3) 1.959(3) 1.951(3) 1.962(3)
Cu(2)-N(2)  1.967(3) 1.970(4) 1.978(4) 1.966(3) 1.971(3) 1.971(3)

Cu(2)-Cl(2) 2.2102(10) 2.2189(14) 2.2189(13)  2.2105(11) 2.2174(13)  2.2141(13)

Bond angles (°)

Compoundeges s LCH.ClL = FCHCHER L CHGLSE 2CH.Cly 6 ZEHCE & 22 CH(Cly

0'(1)-c'u{"1 0Q)  76.65(10)  76.07(12)  76.44(13) "76.?'50('"1'6) 35950 7663012
O()-Cu(1)}N(1)  91.53(11)  91.00(16) 91.23(15) 91.56(13)  9L11(14)  91.42(15)
0O(2)-Cu(1)-N(1) 167.41(11) 166.79(16) 166.95(15) 167.19(13) 166.72(15) 167.28(15)
O(1)-Cu(1)-CI(1)  161.45(9) 164.92(12) 165.03(13) 161.51(10) 164.80(11)  164.96(13)
0@2)-Cu(1)-CI(1)  100.40(8) 100.47(10) 100.47(10) 100.59(9)  100.61(9)  100.48(10)
N(I)-Cu()-CI(1)  92.19(9)  92.72(14) 92.54(12) 9220(11)  92.66(13)  92.18(12)
O()-Cu(1)-Cu(2)  38.23(7)  3820(9) 3835(10) 3821(7)  38.17(8)  38.39(8)
0@2)-Cu(1}-Cu2)  39.63(7)  39.37(9)  39.60(9)  39.52(8)  3932(9)  39.78(9)
N(1)-Cu(1)-Cu(2)  129.35(9) 128.41(13) 12899(11) 129.38(10) 128.51(12) 129.24(12)
CI(1-Cu(1)-Cu(2)  132.84(4)  133.69(4) 13389(5) 132.90(4)  133.68(4)  13395(4)

O(1)-Cu(2)-O(2)  77.24(10)  77.30(13)  77.05(13)  77.08(10) 77.12(12) 77.41(12)
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O(1)-Cu(2)-N(2)

0(2)-Cu(2)-N(2)

0(1)-Cu(2)-CI2)
0(2)-Cu(2)-CI(2)
N(2)-Cu(2)-CI(2)
0(1)-Cu(2)-Cu(1)
0(2)-Cu(2)-Cu(1)
N(2)-Cu(2)-Cu(1)
CI(2)-Cu(2)-Cu(1)
Cu(2)-0(1)-Cu(1)

Cu(2)-0(2)-Cu(1)

165.17(12)
93.25(11)
98.70(8)
153.36(9)
94.84(9)
38.78(7)
39.68(7)
132.93(9)
126.87(3)
102.98(11)

100.69(10)

167.55(17)
93.15(15)
97.85(11)
155.40(12)
94.12(13)
38.71(9)
40.12(9)
133.07(12)
126.46(4)
103.09(13)

100.50(14)

166.32(17)
92.90(14)
98.28(11)
156.11(11)
94.61(12)
38.65(9)
39.92(9)
132.72(11)
127.15(5)
103.00(16)

100.48(15)
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165.14(12)
93.28(11)
98.75(9)
153.55(10)
94.85(10)
38.70(8)
39.63(7)
132.91(9)
126.90(3)
103.09(1)

100.85(11)

167.28(17)
93.26(14)
97.92(10)
155.58(11)
94.23(13)
38.65(8)
40.03(8)
133.11(11)
126.53(4)
103.18(12)

100.65(12)

166.49(17)
92.60(14)
98.05(11)
156.46(12)
94.69(12)
38.76(9)
40.20(8)
132.68(11)
127.12(4)
102.84(13)

100.01(12)
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Figure 3. Molecular structures of (a) [Cu,L',Cl,] (1) and (b) [Cu,L%Cl,)] (2) with the

atom-labeling schemes. Hydrogen atoms other than the chiral center hydrogens are

omitted for clarity. All non-hydrogen atoms are represented by their 30% probability

thermal ellipsoids.

Table 5. Dihedral angle between the Planes defined by Cul, O1, Cu2 and

Cul, 02, Cu2

Inclusion

compound

Dihedral angle

between the planes

1-CH.Cl,
1-CHCly
1-CoH4Cl
2-CH,Cl,
2-CHCl;
2-C;HCl,

18.61 (0.09)
20.79 (0.14 )
20.74 (0.13)
18.89 ( 0.09 )
20.98 (0.13)
20.89 (0.14)
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Figure 4. Structures and the CusN,0,Cl; cores of 2:CH,Cl; (a and ¢) and

]CH;CI: (b and d)
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Figure 5. Structures and the Cu;N,0,Cl; cores of 2-CHCI; (a and ¢) and 1-CHCls(b

and d).
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Figure 6. Structures and the Cu;N>O>Cl; cores of 2:C>H4Cl; (a and c) and 1-C;H4Cl;

(b and d).
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(a) (b)
Figure 7. (a) Overlay diagrams of the molecule of 1 in 1-CH,Cl; (green), 1:CHCl;

(red) and 1-C5;H4Cl: (blue) (b) Overlay diagrams of the molecule of 2 in 2:CH.Cl,
(green), 2-CHCI; (red) and 2-C-H4Cl; blue)

2.4.5. Host-guest interactions

The complexes with opposite chirality, 1 and 2 are new chiral host materials
with considerable structural adaptability to accommodate a range of chlorinated
solvents. Recently much effort has been concentrated to hydrogen bond acceptor

' 1t has been shown both

capabilities of the Cl-atom in C—Cl and M—CI moieties.
experimentally and theoretically that M—Cl (M = transition metal) moiety is much
better hydrogen bond acceptor when compared with C—Cl moiety.'” In the case of
inclusion compounds 1-CH-Cl, and 2-:CH-Cl,, the Cl-atom of the guest C—Cl moiety
acts as hydrogen bond acceptor. On the other hand, for inclusion compounds 1-CHCl;,
2:CHCl;, 1'C;H4Cl; and 2-C,H4Cly, metal coordinated Cl-atom acts as hydrogen bond
acceptor. The parameters associated with the C—H--Cl interactions involving the host
and guest molecules in the present series of inclusion compounds are listed in Table 5.

These C—H--Cl interactions play the decisive roles in enclatheration of small

chloroalkane molecules in the host lattices formed by 1 and 2. Calculations using
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PLATON squeeze program show that the effective volume for inclusion is in between
12.1-20.6 % of the total crystal volume (Table 6).'® The individual packing patterns of
enantiomeric pairs of the present series of inclusion compounds are described in the

following sub-sections.

Table 6. Details of the solvent access area for all inclusion compounds

Inclusion Effective volume  Unit cell Volume % of crystal

compound for inclusion / A® /A volume
1-(CHyCly) 193.5 15823 12.2
2-(CH,Cly) 191.6 1577.9 12.1
1-(CHCl3) 690.7 3408.4 20.3
2-(CHCly) 700.2 3404.8 20.6
1-(C;H4Cly) 679.8 33759 20.1

2+(C5H4Cly) 663.6 3359.5 19.8
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2.4.5.1. 1-CH,Cl; and 2-CHCl;

Crystallization of binuclear complexes 1 and 2 from dichloromethane results
in the formation of lattice inclusion compounds with 1:1 stoichiometric ratio. These
inclusion compounds with opposite chirality crystallized in the monoclinic space
group P2,. There is one host and one guest molecule in the asymmetric unit. The
crystal structure analysis reveals that the inclusion of solvent molecules is facilitated
by weak inter-molecular C—H--Cl interactions. The C-H of the methylene group
(C22) and the C-H of an aromatic ring (CIl1) participate in these C—H:Cl
interactions as donors (Table 7). On the other hand, two chlorine atoms of
dichloromethane participate as acceptors. These two inclusion compounds are
enantiomeric pairs. They exhibit the mirror image relationship in the molecular level

as well as in the crystal packing features (Figure 8).

2.4.5.2. 1':CHCI; and 2-CHClL,

Crystallization of binuclear complexes 1 and 2 from chloroform results in the
formation of lattice inclusion compounds with 1:1 stoichiometric ratio. The inclusion
compounds with opposite chirality crystallized in the orthorhombic space group
P2,2,2,. There is one host and one guest molecule in the asymmetric unit. The crystal
structure analysis reveals that the solvent molecules are stabilized in the lattice
through weak inter-molecular C—H--Cl interaction. The C-H fragment of solvent
chloroform (C31) participates as the donor and the metal coordinated chlorine (C12)
acts as the acceptor (Table 7). As these two inclusion compounds are enantiomeric
pairs, they exhibit mirror image relationship in the molecular level as well as in the

supramolecular level (Figure 9).
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Figure 8. Projections of the crystal lattices of 1-CH,Cl, and 2-CH2Cl; onto the (a)

be-plane (b) ac-plane and (c) ab-plane
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(b)

Figure 9. Projections of the crystal lattices of 1:CHCl; and 2:CHClI; onto the (a) bc-
plane and (b) ac-plane
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2.4.5.3. 1:C;H4Cl; and 2-C;H,Cl,

Crystallization of binuclear complexes 1 and 2 from 1.2-dichloroethane results
in the formation of lattice inclusion compounds with 1:1 stoichiometric ratio. The
inclusion compounds with opposite chirality crystallized in the orthorhombic space
group P21212. There is one host and one guest molecule in the asymmetric unit. The
crystal structure analysis reveals that the inclusion of solvent molecules are aided by
weak intermolecular C—H---Cl interactions. The C-H moiety of the methylene group
of solvent 1.2-dichloroethane (C31) participates as hydrogen bond donor and the
metal coordinated chlorine (CI2) acts as a hydrogen bond acceptor (Table 7). As
observed in the other two inclusion compounds, 1-C,H,Cly and 2-C,H,Cls exhibit
mirror image relationship in molecular as well as supramolecular level. Projections of
the crystal packing of these two enantiomeric compounds onto different planes
(Figure 10) display the mirror image relationship of the molecules as well as packing

patterns.

Table 7. Geometrical parameters of hydrogen bonds in compounds 1:CH,Cl;.

2:CH,Cl,, 1-CHCl3, 2-CHCl3, 1-CoH4Cls and 2-C>HaCls

Compound DA (D-H)YA  dH-~AYA DD-A)A D-H-A/°
1:(CH2Cla) C(11)--Cl(3) 0.93 275 3.444(7) 132
C(22)~-Cl(4) 0.97 2.79 3.726(4) 161
2-(CH,Cl,) C(11)--CI(3) 0.93 2.74 3.451(8) 134
C(22)~-Cl(4) 0.97 2.79 3.724(4) 161
1:(CHCl3) C(31)-CI(2) 1.00 253 3.450(11) 153
2:(CHCl3) C(31)-Cl(2) 0.98 2.55 3.446(10) 152
1-(C;HsCL)  C(31)-Cl(2) 0.968 2.886 3.697 142

2-(C2H4Cly) C(31)-Cl(2) 0.970 2.843 3.679 145
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(c)
Figure 10. Projections of the crystal lattices of 1-C;H4Cl> and 2-C5H4Cl5 onto the (a)
be-plane and (b) ac-plane

2.4.6. Enantio-specific inclusion of chiral 1,2-dichloroethane rotamers

The conformations of 1,2-dihaloethanes have been extensively studied by
various physical methods especially by dipole moment measurements, raman, IR and
microwave spectroscopy.’” A molecule without a plane of symmetry, a centre of

inversion, or an improper axis of rotation is chiral. 1,2-dichloroethane is, of course, an
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achiral molecular system. However, this is true when the CI-C—C~ClI torsion angle is
either 0° or 180° Three rotamers (rotational isomers) are possible for 1.2-
dichloroethane (Figure 11). These are trans or anti, cis or eclipsed and gauche forms.
Eclipsed form (6 = 0) is energetically most unfavourable due to the strong repulsions
between not only the chlorine atoms but also hydrogen atoms. Between the rrans and
the gauche forms the former is more stable (by ~1 kcal mol™"). The existence of 1.2-
dichloroethane in the trans form (8 = 180) has been shown by X-ray analysis of 1,2-
dichloroethane crystallized at 212 K using a miniature zone melting procedures.'™
However, the isolation of the gauche form has never been reported.

The molecules which adopt the gauche form are chiral. One of the
enantiomers has the right-handed (P) helical form and the other one has the lefi-
handed (M) helical form. Recently, Toda et al reported a nearly eclipsed form of
chiral 1.2-dichloromethane rotamer as inclusion crystal with the chiral host
compound, (S)-(—)-2-bromo-3.3a,8-triphenyl-1,3a-dihydrocyclopenta[a]inden-1-one
using the X-ray crystallographic ’[c{:hrlique.?-Il In the crystal lattices 1:C;H4Cly and
2-C>HyCly, the C—H--Cl interactions between host and guest molecules play a crucial
role in stabilizing the gauche form (chiral form) of 1,2-dichloroethane. The torsion
angles involving CI-C—C-Cl are 58.2° and 50.3° in 1-C;H4Cly and 2-CoHiCls,
respectively. We have mentioned in the previous section that 1-C;HsCl; and
2-C;H4CL, have the mirror image relationship in the crystal lattice. The interesting
implication of this relationship is enantio-selective trapping of the chiral rotamers of
1.2-dichloroethane in the host lattices formed by 1 and 2. The 1.2-dichloroethane
molecule is in the P-form in 1:C>H4Cl. On the other hand, in the case of 2:C;HyCly
only the M-form of it exists (Figure 12). To the best of our knowledge, this is the first
example of enantio-specific isolation of nearly gauche form of the right handed (P-
form) and left handed (M-form) chiral 1.,2-dichloroethane rotamers using the

enantiomeric pair of an inorganic chiral host compound.
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Cl Cl
H H
H H
H H
Cl
(a) (b)
Gl Cl
H Cl Cl H
H H H H
H H
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Figure 11. Possible conformations of 1,2-dichloroethane: (a) eclipsed form (&= 0°)
(b) staggered form (6 = 180°) (c) (P)-gauche form (& = +60°) and (d) (M)-gauche
form (& = -60°)

(a)

(b)

Figure 12, (a) The right-handed (P) and (b) the left-handed (M) helical forms of 1,2-

dichloroethane in 1-C,H4Cl; and 2-C,H4Cls, respectively.
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2.5. Conclusion

We have synthesized and characterized the enantiomers (1 and 2) of a chiral
dinuclear copper(1l) complex with the R- and S- form of a chiral reduced Schiff base
(HL). The deprotonated chelating ligand coordinates a metal ion via the secondary
amine N-atom and the phenolate-O atom. In the two complexes of general formula
[CuL2Cl;], the phenoxy bridged copper(Il) centres have distorted square-planar
geometry. These complexes are found to be good chiral hosts, which can
accommodate selectively chlorinated solvents such as dichloromethane. chloroform
and 1,2-dichloroethane vig intermolecular C-H-Cl interactions. All the inclusion
compounds are structurally characterized and the compounds with opposite chirality
show mirror image relationship in both molecular and supramolecular level. The
crystal structures of 1-(P)-C,H4Cly and 2-(M)-C,H4Cly reveal the unprecedented
enantio-specific trapping of right handed (P) and the lefi-handed (M) gauche form of

1,2-dichloroethane rotamers.
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CHAPTER 3
Inclusion compounds of polar solvents with chiral Cu(II) complexes:

perfectly polar alignment of guest and host molecules and enantio-

specific inclusion of chiral 1,2-dihaloethane rotamers

3.1. Abstract
Two chiral square-pyramidal Cu(IT) complexes having the general formula

[CuL"(H:0)] (3 (n = 3) and 4 (n = 4); HL* = N-(2-hydroxy-5-nitrobenzyl)-(R)-a-

Il

methylbenzylamine and HL* N-(2-hydroxy-5-nitrobenzyl)-(S)-c-
methylbenzylamine) are shown to form 1:1 inclusion compounds with acetonitrile,
1,2-dichloroethane and 1,2-dibromoethane. All the inclusion compounds (3-CH;CN,
4:CH;CN, 3-C;HsCl,, 4:CoHsCly, 3:CoHyBro and 4-CoHyBra) crystallize in the
monoclinic space group C2. The homo chiral host frameworks, constructed by
intermolecular hydrogen bonding interactions, sustain one dimensional channels that
are occupied by guest molecules during the crystallization. In each case, the chiral
host framework is polar and it guides the alignment of guest molecules into a
perfectly polar order. In addition, the structures of 3-CoH4Cly, 4:CoHaCly, 3-CoHaBro
and 4-C,H;Br; reveal the enantio-selective confinement of chiral rotamers of 1.2-

dihaloethane (halo = chloro, bromo) due to intermolecular hydrogen bonding.
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3.2. Introduction
Polar and non-centrosymmetric organization of molecules in the crystalline

state is a prerequisite for molecular materials having technologically important
physical properties such as ferro-, pyro- or piezo-electricity and nonlinear optical
effects.’ Inclusion of chirality in the molecule is a common approach to ensure non-
centrosymmetric organization in the crystals.” On the other hand, perfectly polar
assembly in the crystal lattice is rare and requires special design strategies.” Synthesis
of inclusion compounds having polar host frameworks that can confine and align
guest molecules in a polar order is one of the successful strategies.* In this regard, it
may well be noted that the synthesis of host frameworks with chiral cavities is a
noteworthy challenge as these solids also have potential applications in the separation
of enantiomers and in asymmetric catalysis.’ Recently some studies on coordination
complexes of metal ions with chiral Schiff bases and their non-linear optical
properties have been reported.” Compared to the Schiff bases, reduced Schiff bases
are expected to be more flexible as they are not constrained to be planar.’

In the preceding chapter, we have discussed the synthesis and inclusion
properties of dinuclear Cu(Il) complexes with unsubstituted chiral reduced Schiff
bases. In this chapter, we have discussed the synthesis and inclusion properties of two
chiral square-pyramidal Cu(II) complexes of general formula [CulL"x(H;0)] (3 (n =3
and 4 (n = 4); HL? = N-(2-hydroxy-5-nitrobenzyl)-(R)-a-methylbenzylamine and HL*
= N-(2-hydroxy-5-nitrobenzyl)-(S)-a-methylbenzylamine). The inclusion compounds
3-CH;CN, 4-CH;CN, 3-C,H4Cls, 4-CoH4Cly, 3-CoHyBr and 4-C,H4Br; crystallize in
the non-centrosymmetric space group C2. Intermolecular hydrogen bonding leads to a
perfectly polar alignment of both host and guest molecules in all these inclusion
compounds. As observed in the previous chapter inclusion of the chiral rotamers of
1,2-dichloroethane as well asl,2-dibromoethane molecules in the host lattices formed

by 3 and 4 occurs in enantioselective manner.
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NO,

OH HN

HL}= N-(2-hydroxy-5-nitrobenzyl)-(R)-c-methylbenzylamine
HL*= N-(2-hydroxy-3-nitrobenzyl)-(S)-o.-methylbenzylamine

3.3. Experimental
3.3.1. Materials

All commercially available chemicals and the solvents utilized in this work
were of analytical grade and were used as obtained. The chemicals and the sources are
as  follows:  S-nitrosalicylaldehyde, (R)-a-methylbenzylamine and  (S)-a-
methylbenzylamine, sodium borohydride, Lancaster (England); CDClsy, methanol,
dichloromethane, chloroform. 1.2-dichloroethane, Across (India); CuCly-2H-0,

LiOH-1H,0, anhydrous sodium sulphate, S. D. Fine Chem. Ltd. (India).

3.3.2. Physical measurements

Elemental analysis was carried out on a Perkin-Elmer 240C CHN analyzer.
Infrared spectra were collected by using KBr pellets on a Jasco-5300 FT-IR
spectrophotometer. NMR spectra were recorded on a Bruker ACF-200 spectrometer.
A Shimadzu 3101-PC UV/vis/NIR spectrophotometer was used to record the
clectronic spectra. X-ray crystallographic experiments were performed using a
Bruker-Nonius SMART APEX CCD single crystal diffractometer. A Sherwood

scientific magnetic susceptibility balance was used to measure the magnetic moments.
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3.3.3. Synthesis of ligand and complexes
(a) N-(2-hydroxy-5-nitrobenzyl)-(R)-a-methylbenzylamine, HL?

A methanol solution (30 ml) of 5-nitrosalicylaldehyde (1.67 g, 10 mmol) was
added to a methanol solution (30 ml) of (R)-a-methylbenzylamine (1.21 g, 10 mmol)
and stirred at room temperature for 4 h. To the resulting yellow solution 0.74 g (20
mmol) of NaBH; was added and the mixture was stirred for another 2 h until a
colourless solution was obtained. The reaction mixture was evaporated to dryness on
a rotary evaporator followed by addition of 100 ml of water. The solid suspended in
water was extracted with (2 x 30 ml) CH,Cl,. The CH>Cl> extracts were dried over
anhydrous Na,SO, and then evaporated to dryness. The compound (HL?) was

obtained in the form of light yellow solid.

Yield : 1.9 g, (70%).
M. F. T C]sH]{,NzO}
IR (vem™, KBr pellet) :3298, 1593, 1335

'H NMR (CDCls, 5, ppm)  : 1.52 (d, 3H, CH3), 3.84 and 3.98 (2H, CHAHg), ~ 3.83
(g, 1H, CH(CHj3)), 5.68 (br, 2H, NH and OH), 6.87 (d,
1H, ortho to phenolic-OH), 7.28-7.44 (m, 5H, phenyl
protons), 7.85 (s, 1H, ortho to both NO, and CH;). 8.08
(d, 1H, ortho to NOy)

Anal. caled. for C;sHgN,O; : C, 66.16; H, 5.92; N, 10.21

Found :C, 65.88: H, 5.97; N, 10.15.

(b) N-(2-hydroxy-5-nitrobenzyl)-(S)-c-methylbenzylamine, HL*

HL* was prepared in similar yield by following the same procedure as
described for HL® wusing (S)-o-methylbenzylamine instead of (R)-o-
methylbenzylamine.

Yield : 1.9 g, (70%).
M. F. : CisH 6N203
IR (v em™, KBr pellet) : 3298, 1593, 1335
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'HNMR (CDCls, 8, ppm)  : 1.52 (d, 3H. CHj3), 3.84 and 3.98 (2H. CHAHj), ~ 3.83
(q. 1H, CH(CHy)). 5.68 (br, 2H, NH and OH). 6.87 (d,
1H, ortho to phenolic-OH), 7.28-7.44 (m., SH. phenyl
protons), 7.85 (s, 1H, ortho to both NO> and CH,). 8.08
(d, 1H. ortho to NO,)

Anal. caled. for CsHigN2Os : C, 66.16; H, 5.92; N, 10.21

Found : C. 65.76; H, 5.88: N, 10.18.

(¢) [CuLsz(H;O)] (3): A methanol solution (10 ml) of CuCl,2H,O (0.089 g, 0.5
mmol) was added to a methanol solution (20 ml) of HL® (0.272 g, 1 mmol) and
LiOH-1H,O (0.042 g, Immol). The mixture was stirred at room temperature for 1 h.
The green solid separated was collected by filtration, washed with methanol and dried
in vacuum. Yield, 0.40 g, 76%. Anal. calcd. for CuC;0H32N4O5: C, 57.73; H, 5.17; N,
8.98. Found: 58.04, 5.10, 8.91. Selected infrared bands (cm") 1 3462(br), 3271(w),
2972(w), 2926(w), 1597(s), 1566(s), 1477(s), 1439(w), 1294(s). 1180(m), 1128(w).
1089(m), 1047(w). 1016(w), 968(w), 923(m), 837(m), 756(m), 736(w), 702(m),
657(m), 555(m), 532(w), 491(w). 447(w), 420(w). Electronic spectral data in CHCl;
(k. nm (g, Mlem™)): 645 sh (190), 377 (22,400), 337 sh (16,500), 306 sh (11,500),
237 (13.700). Effective magnetic moment at 298 K: 1.88 pg

(d) [CuL*(H,0)] 4): A methanol solution (10 ml) of CuCly:2H,O (0.089 g, 0.5
mmol) was added to a methanol solution (20 ml) of HL* (0.272 g. 1 mmol) and
LiOH-1H,0 (0.042 g, 1mmol). The mixture was stirred at room temperature for 1 h.
The green solid separated was collected by filtration, washed with methanol and dried
in vacuum. Yield, 0.40 g. 76%. Anal. calcd. for CuCsoH3:N4O7: C, 57,73: H, 5.17: N,
8.98. Found: 58.10, 5.11, 8.87. Selected infrared bands (em’'): 3462(br), 3271(w),
2972(w), 2926(w), 1597(s), 1566(s), 1477(s). 1439(w). 1294(s), 1180(m), 1128(w),
1089(m), 1047(w), 1016(w), 968(w), 923(m), 837(m), 756(m), 736(w). 702(m),
657(m), 555(m), 532(w), 491(w), 447(w), 420(w). Electronic spectral data in CHCly
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(A, nm (g, M'em™)): 645 sh (255), 377 (22,450), 335 sh (16,300), 303 sh (11,300),
237 (14,000). Effective magnetic moment at 298 K: 1.87 pg.

3.3.4. X-ray crystallography

X-ray data were collected for green crystals of 3-CH;CN, 3-C;H,Cl,,
3-C,H4Br2, 4-CH;3CN, 4-C,H4Cl; and 4-C,H4Br; on a Bruker-Nonius SMART APEX
CCD single crystal diffractometer using graphite monochromated Mo-Ka 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-square refinement on F2. All the non
hydrogen atoms were refined anisotropically. The secondary amine hydrogen atoms
were located in a difference map and refined with geometric restraints. All other
hydrogen atoms were included in the structure factor calculation by using a riding
model. The ORTEP3'' and the PLATON'? software were used for molecular
graphics. The significant X-ray crystallographic data are given in Tables 1-3.
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Table 1. Crystallographic data for 3-CH;CN and 4-CH;CN

Compound

3-CH;CN

4-CH;CN

Molecular formula
Crystal
dimensions / mm
Host-guest ratio
T/K

M

Crystal system
Space group

a/A

bIA

c/A

al®

B~

¥°

VIA®

4

Observed reflections
Parameters

Final R indices
(I>2a(D)
Goodness-of-fit on F*
Largest hole

and peak e/ A’

C}EHJENEO';CU
031x0.14x0.22

1:1

293(2)
662.18
Monoclinic
2

20.0776 (19)
8.1722 (8)
12.7012 (12)
90
127.9370(10)
90

1643.6 (3)

5

3850
214
0.0486, 0.1057

1.069
-0.232, 0.841

C;gH;;NsoyCu
0.28 x0.36 x0.30

132

293(2)
662.18
Monoclinic
c2

20.080 (2)
8.1754 (8)
12.7018 (13)
90

127.9380 (10)
90

1644.5 (3)

72
3844
214

0.0345, 0.0840

1.062
-0.308,0.383

59
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Table 2. Crystallographic data for 3-C;H4Cl; and 4-C;H4Cl;

Compound 3-C,H,Cl,

C32H35N407CUC12

4-C,H.CL,
CUC];H;@N;;O‘[CUC 12

Molecular formula

036x034x0.18 041x0.22x0.18

Crystal
dimensions / mm
Host-guest ratio
T/K

M

Crystal system
Space group

alA

bIA

c/A

ol

pe

w°

VIA®

Z

Observed reflections
Parameters

Final R indices
(> 2a(h)
Goodness-of-fit on F*
Largest hole

and peak ¢/ A’

1:1

293(2)
723.09
Monoclinic
2
20.2834(12)
8.1769(5)
12.8799(7)
90
128.6480(10)
90
1667.94(17)
2

3572

215

0.0411, 0.1035

1.068
-0.451, 0.647

1:1

293(2)
723.09
Monoclinic
G2
20.1329(17)
8.0328(6)
12.7987(13)
90
128.290(2)
90
1624.6(2)

2

3661

215
0.0433,0.1063

1.053
-1.080, 1.187
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Table 3. Crystallographic data for 3-C;H,Br> and 4-C,H,Br,

Compound

3-C,H Br,

4-C,H,Br,

Molecular formula
Crystal
dimensions / mm
Host-guest ratio
/K

M

Crystal system
Space group

alA

b/A

cfA

al®

pr

s

VIA®

Z

Observed reflections
Parameters

Final R indices
U= 2a(l)
Goodness-of-fit on F*
Largest hole

and peak e/ A’

CJ_?H_}(,N;;O?CLIBT;
0.35x0.19x0.09

Bl

293(2)
812.01
Monoclinic
c2
20.4437(15)
8.1977(6)
13.0089(9)
90
129.0990(10)
90

1691.9(2)

2

3972

218
0.0675,0.1793

1.039
-1.711, 0.969

C_}_?I"i_‘{(,NJO"CUBrE
0.38x028x022

=]

293(2)
812.01
Monoclinic
2

20.4407 (16)
8.1984 (7)
13.0093 (10)
90
129.1040(10)
90

1691.8 (2)

~

3966
218
0.0676, 0.1824

1.056
-1.723, 0.967

61



62  Chapter 3 Inclusion compounds of...

3.4 Results and discussions

3.4.1 Synthesis and some properties
HL? and HL* were prepared by condensation reactions of one mole equivalent

of S-nitrosalicylaldehyde with one mole equivalent of the corresponding
enantiomerically pure a-methylbenzylamine in methanol followed by reduction with
NaBH,. The elemental analysis and spectral data (infrared and proton NMR) for HL®
and HL* are very similar and consistent with the expected molecular formula and
structure.”” Infrared spectrum collected with a CH,Cls solution of HL displays a broad
and weak band at ~3400 cm™' possibly due to the phenolic OH group. The N-H stretch
appears as a sharp band at ~ 3300 cm™!, Two strong bands observed at 1593 and 1335
cm” are most likely due to the viym and the vy, stretches of the nitro group. The
proton NMR spectrum was recorded with a CDCl; solution of HL. The methyl
protons appear as a doublet at 1.52 &. The protons of methylene group are observed as
an AB type quartet centred at 3.91 8. A broad signal spreaded in the range 5.0-6.2 8
corresponds to two protons. This signal is most likely associated with the N-H and O-
H groups. The signal for the hydrogen atom attached to the chiral C-atom of HL is
expecled to be quartet. A signal observed at ~3.83 & most likely belongs to this
quartet. The remaining part buried under the g signal of the AB type quartet observed
due to the methylene group protons. A multiplet centred at ~ 7.36 § corresponding to
five protons is assigned to the phenyl group protons. Two doublets, each
corresponding to a single proton, are observed at 6.87 and 8.08 §. The former is
assingned to proton orthe to the phenolic-OH and the latter is assigned to the proton
ortho to the nitro group. The protons ortho to both nitro and methylene groups appear
as a singlet at 7.85 §.

Reactions of CuCly2H,0, HL" (n = 3, 4) and LiOH-1H,0 (1:2:2 mole ratio) in
methanol produce the complexes, [CuL*;(H,0)] (3) and [CuL*)(H,0)] (4) in good
yields. Both complexes are electrically non-conducting in solutions. The elemental
analysis data for these complexes 3 and 4 are consistent with the expected molecular

formula. Representative chemical diagram of these complex molecules are shown in
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Figure 1. The room temperature magnetic moments suggest an S = ' spin state
indicating the +2 oxidation state of the metal ions in both complexes. The infrared
spectra of 3 and 4 are very similar. The same is true for the electronic spectral features
of 3 and 4. Infrared spectra of the complexes display the N-H stretch as a sharp band
at ~ 3271 em™. Two strong bands observed at ~1597 and 1294 cm™ are most likely
due to the Vaym and veyy stretches of the nitro group, respectively. A broad peak
observed at ~ 3460 cm™ is assigned to the metal coordinated water molecule. Two
medium to strong bands observed at 1566 and 1477 cm™ are most probably due to the
C=C stretches from the aromatic part of the ligands. The electronic spectral features
of 3 and 4 are very similar. A weak absorption observed near 645 nm is assigned to d-

d transition. Intense absorption in the range 377-237 nm is likely to be due to

HN\J:“:/,D NO;
o, 0/ \NH

Figure 1. General molecular structure of 3 and 4.

intraligand transition.

3.4.2 Crystallization
The complexes 3 and 4 with opposite chirality are proved to be excellent

chiral hosts for inclusion of acetonitrile, 1.2-dichloroethane and 1.2-dibromoethane.
X-ray quality crystals from acetonitrile. 1.2-dichloro- and 1,2-dibromoethane are

grown very easily. In each inclusion compound the stoichiometric ratio for the host
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and the solvent guest molecules is 1:1. The crystals of 3-CHiCN, 4-CH;CN,
3-C,H4Cly, 4-C;H4Cl,, 3-CoH4Br; and 4-C;H4Br have plate like morphology.
3.4.3 Description of the molecular structures of 3 and 4

In the inclusion compounds 3-CH;CN, 3-C>H4Cl> and 3-C;H4Br3, the chiral C-
centre of the ligand has absolute configuration R or rectus. After metal coordination
the N-atom of the ligand becomes chiral. The absolute configuration of this N-centre
is also found to be R or rectus. Similarly the ligand in the inclusion compounds
4-CH1CN, 4-C;H4Cl; and 4-C,H4Br> contains the S or sinister C-centre. Here also the
nitrogen center becomes chiral due to metal coordination and the absolute
configuration of the N-centre is found to be S or sinister (Table 4)."* In both the cases,
the generation of new chiral centre is homogeneous. The molecular structures of 3 and
4 having the opposite chirality are mirror images of each other. The thermal ellipsoid
plots with the atom labeling schemes are shown in Figure 2. In each molecule, the
metal centre is in a distorted square-pyramidal N»O; coordination sphere. Two
bidentate chelating ligands form the N,O, basal plane and the water oxygen occupies
the apical site. The bidentate ligands are related by a crystallographically imposed
two-fold axis passing through the Cu and the apical water O. Both atoms are at special
positions on the b-axis. The Cu—N distances are significantly longer than the Cu—0O
distances. The former range is in the 2.020(2)-2.036(4) A whereas the latter is within
1.913(3)-1.9207(17) A. The apical Cu(I1)~O distance is significantly longer than the
equatorial bond distances. The bond parameters associated with the Cu(Il) centres are
given in Table 5. The dihedral angles between the planes defined by Cu, N1 and Ol
and that defined by Cu, N1’ and O1’ are in the range of 8.76(5)-18.97(5)° for all the
inclusion compounds of 3 and 4 (Table 6). These values indicate a tetrahedral
distortion of the N,O, basal plane. In the inclusion compounds of 3, the (R)-isomeric
ligands exhibit right handed (A = P) helical twist, whereas in the inclusion compounds
of 4, the (S)-isomeric ligands exhibit left handed (A = M) helical twist of N,O, basal

plane around the copper centres (Figure 3).
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Table 4. Absolute configurations and the values of Flack parameters for 3-CH;CN,
3.C2H4C]2, 3-C,H4Br;, 4-CH3CN, 4-C,H,4Cl; and 4-C>H,Brs

Compound C(8,C(8)  N({),N(I)  Flack Parameter
o __configuration ~ Configuration _ value
3-CH;CN R.R R.R 0.018(14)
3-C-H4Cl R.R R, R -0.012(13)
3:C,H4Brm R.R R, R 0.05(2)
4-CH;CN S.S 8.8 0.016(9)
4-C,H,Cly 5.8 8.5 -0.005(14)

4-C:HsBry 8.8 S. S 0.05(2)
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Figure 2. Molecular structures of (a) [CuL*,(H,0)] (3) and (b) [CuL*,(H,0)] (4) with
the atom-labeling schemes. All non-hydrogen atoms are represented by their 35 and

50% probability thermal ellipsoids for 3 and 4, respectively.
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Figure 3. Absolute configuration of the tetrahedrally distorted N;O; basal
plane viewed down the (' axis: (a) A configuration in 3-CHsCN, (b) A
configuration in 4:CH;CN (c¢) A configuration in 3-C.HiCl, (d) A
configuration in 4C;H4Cl; (e) A configuration in 3-C;HyBr, (f) A

configuration in 4:C;H4Br>
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Table 5. Selected bond lengths and bond angles for 3-:CH;CN, 3-C;H4Cl3, 3-C;H4Br,
4-CH;CN, 4-C;H4Cl, and 4-C,H,Br;

Bond lengths (A)

Cu—0(1) 19117(17)

Cu —o(1y 1.9117(17)
Cu —N(I)  2.032(2)
Cu -N(l)  2.032(2)
Cu -0  2.307(5)

19152(15)  1915(3)  1.9127(12)  1.9207(17)
19152(15)  1915(3)  1.9127(12)  1.9207(17)
2.030(2)  2.034(4)  2.0310(16)  2.020(2)
2.030(2)  2.034(4)  2.0310(16)  2.020(2)
2.326(4)  2331(8)  2.309(3) 2271(4)

1.913(3)
1.913(3)
2.036(4)
2.036(4)
2.336(8)

O(1)-Cu -0 (1)

O(1)-Cu-N(l)
0 (1)=Cu-N(1)
O(l)-Cu-N()
0()-Cu-N()
N (1)~ Cu-N (1))
O(l)-Cu -0
0o(1h-Cu -0
N()-Cu -0
N(1)-Cu -0

177.8(3)
92.93(8)
87.44(8)
87.44(8)
92.93(8)
161.14(14)
88.88(13)
88.88(13)
99.43(7)
99.43(7)

177.5(2)
93.14(8)
87.25(8)
87.25(8)
93.14(8)
161.65(12)
88.76(10)
88.76(10)
99.17(6)
99.17(6)

176.0(4)
93.21(16)
87.41(17)
87.41(17)
93.21(16)

161.8(3)

88.0(2)

88.0(2)
99.08(14)

99.08(14)

177.54(18)
93.08(6)
87.32(6)
87.32(6)
93.08(6)
161.54(9)
88.77(9)
88.77(9)
99.23(5)
99.23(5)

178.54(19) 175.8(41

92.94(9)
87.30(9)
87.30(9)

92.94(9)

93.35(18
87.32(17
87.32(17)

93.35(16

161.04(13) 161.9031

§9.27(10)

87.9(2)

89.27(10) 87.9(2)

99.48(7)
99.48(7)

99.03(13
99.03(13
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Table 6. Dihedral angles between the planes defined by Cu. N1, O1 and Cu, NI/, 01/

Inclusion Dihedral angle
compound between the planes
3-CH;CN 8.97 (3)
3-C,H4Cly 18.41(4)
3-C,H,4Br, 8.76 (5)
4-CH;CN 8.83(2)
4-C,HCly 18.97(5)
4-:CoHyBr> 9.05 (5)

3.4.5. Perfectly polar alignment of host and guest molecules

The complexes with opposite chirality. 3 and 4 are found to be good chiral
hosts and crystallize in acetonitrile, 1,2-dichlroethane and 1,2-dibromoethane to give
inclusion compounds. All these inclusion compounds crystallize in the non-
centrosymmetric monoclinic space group C2. The consistency in the crystal packing
is reflected in the small variations of the unit cell parameters a (20.0776(19)-
20.4437(15) A). b (8.0328(6)-8.1984(7) A), ¢ (12.7012(12)-13.0093(10) A) and B
(127.9370(10)-129.1040(10)°). These cell parameter values indicate that the host
framework is highly rigid and the guest molecules are only altered. Calculations using
PLATON squeeze program'’ show that the effective volume for inclusion is in
between the 14.6-16.0 % of the total crystal volume in these inclusion compounds
(Table 7).
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Table 7. Details of the solvent access area in all the inclusion compounds using the

PLATON squeeze program

Inclusion Effective volume  Unit cell Volume % of crystal
compound for inclusion / A’ IA® volume
3:CH;CN 239.7 1643.6 14.6
4-CH;CN 237.8 1644.5 14.6
3-C;H4Cly 258.6 1667.9 155
4-CoH,Cly 236.7 1624.6 14.6
3-C;H4Br; 270.1 1691.9 16.0
4-CoH4Bry 270.5 1691.8 16.0

In the crystal lattice of each structure, the apical water molecule of the
complex molecule is involved in hydrogen bonding interactions with the nitro groups
of the neighboring molecules and leads to perfectly polar self-assembly. Most likely
these O—H-O interactions are primarily responsible for the alignment of the host
molecules in a head-to-tail manner along the h-axis. In all the compounds, the O4—H.
H--02 and 0402 distances and O4-H--O2 angles are in the range of 0.64(4)-
0.89(6) A, 1.98(6)-2.30(7) A and 2.816(3)-2.871(6) A and 130(7)-167(7)",
respectively. The same O-atom of the nitro group participates in an additional weak
intermolecular C—H--O interaction involving one of the methylene hydrogens. The
C7--02 distances and the C7-H--02 angles are in the ranges of 3.336-3.407 A and
146-147°, respectively. These O—H:O and C-H-O interactions connect the complex
molecules and a polar two-dimensional layered structure is formed (Figures 4). In the
channels formed by the parallel layers of the complex molecules, the guest molecules
are trapped and oriented in a polar order. The methylene groups of the 1,2-
dihaloethane are involved in intermolecular C—H'O interactions with the other O-
atom of the nitro group (Figures 5 and 6). The C16-+03 distance and the C16-H--O3
angle are within of 3.195(11)-3.35(4) A and 149-157° for 3-C,H4Cly, 4:CH.Cls,
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3.C,H4Br> and 4-C;HyBr,. These C—-H-O interactions act as bridges between the
parallel layers of the complex molecules and a three-dimensional network with the
polar alignment of both host and guest molecules is formed. In the asymmetric units
of 3-CH3sCN and 4-CH;CN, the CH3CN molecules are on the crystallographic two-
fold axis. The N- and the two C-atoms are at special positions. Thus the hydrogen
atoms of the methyl group are disordered. However. the distance between this methyl
(-atom and one of nitro group O-atom indicates a C—H--O type of interaction in both
cases. As a result the CH3CN molecules are oriented in a perfectly polar manner and
the C—H--O interactions bridge the parallel layers of the complex molecules (Figure
7).

Table 8. Geometrical parameters for the hydrogen bonds

Compound DA (D-H)/A  d(H-AYA  D(D-A)YA D-H-A/F°
3CH,CN 0(4)— 0(2) 0.64(4) 2.20(4) 2.824(3) 167(7)
C(NH—0(2) 0.97 2.55 3.392(5) 146
C(16)—0(3) 3.339
4-CH,CN 0(4)— 0(2) 0.66(3) 2.19(3) 2.827(2) 163(5)
C(7)—0(2) 0.97 2.54 3.390(4) 146
C(16) — 0(3) 3.347
3C,H,CL, 0(4)—0(2) 0.86(6) 2.03(7) 2.846(3) 160(9)
C(7)—0(2) 0.97 2.54 3.388(4) 146
C(16)—0O(3) 0.97 2.41 3.285(14) 150
4-C,H,Cl, O(4) — 0(2) 0.89(5) 1.98(6) 2.816(3) 156(7)
C(7)—0(2) 0.97 248 3.336(4) 147
C(16)—0(3) 097 2.33 3.195(11) 149
3-C,H,Br 0(4) — 0(2) 0.78(6) 2.30(7) 2.871(6) 130(7)
(1) —0(2) 0.97 2.56 3.403(8) 146
C(16)—0O(3) 0.97 2.43 3.34(4) 156
4-C,HBr, 0(4)—0(2) 0.76(8) 2.26(8) 2.868(6) 138(7)
C(7)—0(2) 0.97 2.56 3.407(8) 146

C(16)—0(3) 0.97 2.44 3.35(4) 157
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In each case, the polar alignments of host and guest molecules are along the 5-
axis. It may be noted that for all the inclusion complexes with 3 and 4 the molecular
dipole axis is along the b-axis or parallel to the b-axis. The polar alignments are in
opposite directions due to the enantiomeric relationship between the two host
molecules and that between the two guest molecules for all the inclusion complexes
with opposite chirality (Figures 8,9,10). Details of the hydrogen bonding parameters

are given in Table 8.

Figure 4. View of the two-dimensional layered structures of (a) 3 and (b) 4 along
the c-axis in all the inclusion compounds; Only the H,O and the CH» group H-

atoms involved in the non-covalent interactions (dashed lines) are shown.
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Figure 5. Projections of the crystal lattices of (a) 3-C2H,Cl; and (b) 4-C5H,Cl5 onto

the ac-plane.

(a) (b)
Figure 6. Projections of the crystal lattices of (a) 3-C2HyBr; and (b) 4:C;H.Br; onto the

ac-plane.
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(b)
Figure 7. Projections of the crystal lattices of (a) 1:CH;CN and (b) 2:CH;CN onto the

ac-plane.
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(b)

Figure 8. Polar alignments of (a) 3-C;HsCl; and (b) 4-CoHyCly viewed along the a-

axis; H-atoms of the ligands and 1,2-dichloroethane are omitted for clarity.
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Figure 9. Polar alignments of (a) 3-CoH4Br; and (b) 4-CoH4Br; viewed along the a-

axis; H-atoms of the ligands and 1,2-dibromoethane are omitted for clarity.
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(b)
Figure 10. Polar alignments of (a) 3-(CH;CN) and (b) 4-(CH;CN) viewed along the

a axis.
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3.4.6. Enantio-specific inclusion of chiral 1,2-dichloroethane rotamers

As discussed in the previous chapter, three rotamers are possible for 1,2-
dichloroethane. These are frans or anti, cis or eclipsed and gauche forms. Eclipsed
form is energetically most unfavorable. Between the trans and the gauche forms the
former is more stable (by ~1 kcal mol™).'"® The gauche form is chiral and also polar.
One of the enantiomers has the right-handed (P) helical form and the other one has
the left-handed (M) helical form. Report on inclusion crystal of a chiral host
compound with an optically active rotamer of 1,2-dichloroethane is very rare."”
Enantiomeric pair of inclusion compounds with opposite chirality, 3-CoH4Cl, and
4-C;H4Cl, exhibit mirror image relationship in both molecular level as well as in
supramolecular level. In both the structures, the asymmetric unit contains one-half of
the 1,2-dichloroethane molecule. The other half can be generated by rotation about a
two-fold axis passing through the mid-point of the C—C bond. The molecule is in
gauche form in each structure (Figure 11). The torsion angles involving C1-C—-C—Cl
are 63(1)° and 64.6(9)° in 3-C;H4Cl; and 4-C;HCly, respectively. The 1,2-
dichloroethane molecule is trapped in the P-form in 3-CoH4Cl, (Figure 11a). On the
other hand, in the case of 4-C;H4Cl, only the M-form of it exists (Figure 11b). Thus
the chiral host complexes 3 and 4 produce the appropriate frameworks in the crystal
lattice for exclusive accommodation of the P- and M-form of 1,2-dichloroethane,
respectively (figure 12). There is no report on inclusion crystals of a chiral rotamers
of 1,2-dichloroethane with the polar order of the guest molecules in the host
framework. The crystals of 3-C;H4Cl> and 4-C,H4Cl, provide examples for not only
enantio-selective isolation of the P- and M-form of the chiral rotamers but also for the
unprecedented perfectly polar alignment of both host and guest molecules in the

crystal lattice.
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i

(a) b)

Figure 11: (a) The right-handed (P) and (b) the left-handed (M) helical forms of 1.2-
dichloroethane in 3:(P)-C;HyCl; and 4+(M)-CoH,Cla, respectively.
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Figure 12: Molecular structures of 3+(P)-C,H4Cl; and 4-(M)-C.H4Cl,

3.4.7. Enantio-specific inclusion of chiral 1,2-dibromoethane rotamers

Three rotamers are also possible for 1,2-dibromoethane (Figure 13). These are
irans or anti, cis or eclipsed and gauche forms.'® The trans form (6 = 180°) is less
energetic and favorable conformation. On the other hand. the eclipsed form (6= 0°) of
the 1,2-dibromoethane is most unfavorable, because of instability due to the strong
repulsions between not only the heavier bromo atoms but also between the hydrogen
atoms. In the solid state, the isolation of the gawuche form (6 = 60°) of 1.2-

dibromoethane never been reported.
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Br Br
H H
H H
H H
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H Br Br H
H H H H
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Figure 13. Possible conformations for 1,2-dibromoethane (a) eclipsed form (&= 0°),
(b) staggered form (€ = 180°), (c) (P)-gauche form (€ = +60°) and (d) (M)-gauche
form (8= -60°)

The molecules which adopt gauche, nearly gauche or nearly eclipsed forms
are chiral and also polar. One of the enantiomers has the right-handed (P) helical form
and the other one has the lefi-handed (M) helical form. The inclusion compounds
3:C;H4Bry and 3-C;H4Cly are isostructural. Similarly the inclusion compounds
4-C;H4Br, and 4-CoH4Cl; are isostructural. In the structures of 3-C,HyBr, and
4-C;H.4Br; (Figure 15) the asymmetric unit contains one-half of the 1,2-dibromoethane
molecule. The other half can be generated by rotation about a two-fold axis passing
through the mid-point of the C—C bond. The molecule is in nearly gauche form in
each structure (Figure 14). The torsion angles involving Br—C—C—Br are 54.06° and
52.74° in 3-C,H4Br; and 4-C,H4Br3, respectively. The 1,2-dibromoethane molecule is
trapped in the P-form in 3-C;H4Br; (Figure 14a). On the other hand, in the case of
4:C5H4Br; only the M-form of it exists (Figure 14b). To the best of our knowledge,
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this is the first example of enantio-specific isolation of right handed (P) and left
handed (M) nearly gauche forms of 1.2-dibromoethane using the inclusion
phenomenon. The structural features of the inclusion compounds 3-(2)-C>HsBr, and
4(M)-C2H,Br; show not only the first isolation of chiral forms of 1.2-dibromoethane.
but also perfectly polar alignment of 1,2-dibromoethane in the crystal lattice (see
section 3.4.5).

Figure 14. (a) The right-handed (P) and (b) the left-handed (M) helical forms of 1.2-
dibromoethane in 3+(2)-C;H,Br; and 4-(M)-C,H4Brs. respectively.

. a o Q0O g
i qp ]p !
_(gh_; T },{ f\[ =g
r \ (i F—Ci, f - f-‘\ J_:;"-f
TP S EFN SRS

Figure 15. Molecular structures of 3+(P)-C;H4Br; and 4-(M)-C,H4Br,
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3.5. Conclusion

Self-assembly via intermolecular non-covalent interactions is one of the
powerful tools for designing and synthesising polar crystals as well as enantio-
selective chiral host frameworks. The spatial disposition of the functional groups
participating in the intermolecular non-covalent interactions is expected to control the
alignment of the host and guest molecules as well as spontaneous resolution of chiral
guest compounds. The structures of 3-(P)-C,H4Cls, 4-(M)-C>H,4Cls. 3-(P)-C;H4Br; and
4-(M)-C,H4Br, reveal this functional group directed alignment of molecules and
enantio-selective trapping of guest molecules. The self-assembly of the host
molecules (3 and 4) occurs through the O—H-O interactions and the guest molecules
are held via the C—H--O interactions. In both intermolecular interactions, ligand nitro
group O-atoms act as the acceptors. The positions and orientations of the nitro groups
on the enantiomeric ligands in 3 and 4 are befitting for a perfectly polar alignment of
the host molecules and for enantio-selective confinement of the chiral rotamers of 1,2-

dihaloethane in a polar order.
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CHAPTER 4

Mononuclear Copper(Il) complexes with chloro-substituted chiral
reduced Schiff bases: Activated C—H--O interaction induced Self-

assembly to homo chiral helices.

4.1. Abstract

The enantiomerically pure chiral reduced Schiff bases N-(2-hydroxy-5-
chlorobenzyl)-(R)-c-methylbenzylamine (HLS ). N-(2-hydroxy-5-chlorobenzyl)-(S)-o-
methylbenzylamine (HL®) were prepared by condensation of 5-chlorosalicylaldehyde
with (R)- or (S)- o-methylbenzylamine followed by reduction with sodium
borohydride in methanol. Reactions of these ligands with CuCl>:2H>0 and NaOH in
2:1:2 stoichiometric ratio produced mononuclear complexes of general formula
[Cul";] (n = 5, 6). We were able to crystallize these complexes in both solvated and
unsolvated forms. X-ray crystallographic studies revealed that the solvated complexes
(5A. 6A) crystallize in the space group P2,2,2 and the unsolvated complexes (5, 6)
crystallize in the space group P2,2,2,. The Cu(ll) center is in distorted N2O; square
planar assembled by the two N,O-donor ligands. The complexes (5, SA) with HL?
have the A absolute configuration and the complexes (6, 6A) with HL® have the A
absolute configuration around the metal center. In the crystal lattice, the molecules
self assemble via C—H-Q interactions into infinite supramolecular helices. The
C-H--O interactions are highly specific and involve the activated C-H group (ortho to
the chloro group) and metal coordinated phenolate (MCP) oxygen. The complexes
with the (R)- enantiomeric ligand form right handed helices. On the other hand, the
complexes with the (S)-enantiomeric ligand form left-handed helices. Thus the
complexes with opposite chirality exhibit mirror image relationship in molecular as

well as in supramolecular level.
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4.2. Introduction

Helical architecture is vital for biologically important molecules such as
proteins, peptides and nucleic acids.' In self assembly process, chiral molecules
assemble vig non-covalent interactions such as metal-ligand binding, hydrogen bonds
and m-m interaction which often lead to the generation of helical architectures.
Applications are therefore anticipated as functional solid materials for nonlinear
optics,” molecular recognition® and asymmetric catalysis.” The combined coordination
chemistry and hydrogen bonding approach have given particularly interesting
supramolecular systems.® Recently, weak hydrogen bonds (such as C—H--O) have
received much attention in the construction of novel self assemblies like helices, host-
guest, square grids and so on.” Evidence for C-H--O hydrogen bond assisted
recognition of a pyrimidine base in the parallel DNA triple helical motif is reported.”
The C-H group is activated if it is a to the carbon atom bound to an electron
withdrawing group.g Such hydrogen bonds between main-chain C,-H groups and
back bone or side chain oxygen atoms are often observed in protein molecules."” In
our earlier work we reported that chiral C; symmetric ferrocene molecule and pseudo
C, symmetric zinc(1I) complex exhibit helical self assembly via weak hydrogen
bonded interactions.'" The flexibility and the influence of intrinsic ligand chirality
generate novel supramolecular networks like helical coordination polymers, chiral
capsules etc. These studies were focused on how the metal-ligand coordination leads
to generation of this interesting supramolecular networks."

In the previous chapters, we have described Cu(Il) complexes with chiral
reduced Schiff bases and enantio-specific inclusion of chiral rotamers in their crystal
lattices. In this chapter, synthesis and structural investigations of new mononuclear
Cu(Il) bis complexes with R- and S- enantiopure reduced Schiff bases HL® and HL'
are discussed. In the crystal lattice, the complex molecules exhibit helical and/or host-
guest self assemblies via hydrogen bonded interactions. Interestingly, these
complexes crystallize in both solvated and unsolvated forms. The solvated forms

crystallize in the orthorhombic space group P2,2,2, whereas the unsolvated forms
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(apohost) crystallize in the orthorhombic space group P2,2,2,. All these complexes
show infinite one dimensional helical self assembly via activated C—H-O

interactions.
Cl

OH HN

HL® = N-( 2-hydroxy-3-chlorobenzyl)-(R )-a-methylbenzylamine
HL®= N-(2-hydroxy-5-chlorobenzyl)-(S)-a-methylbenzylamine

4.3. Experimental
4.3.1. Materials

All commercially available chemicals and the solvents utilized in this work
were of analytical grade and were used as obtained. The chemicals and the sources are
as  follows: 5-chlorosalicylaldehyde, (R)-o-methylbenzylamine and  (S)-a-
methylbenzylamine, sodium borohydride Lancaster (England); CDCl;, methanol,
dichloromethane. hexane, acetonitrile. Acros (India); CuCls-2H>0, anhydrous sodium

sulphate, sodium hydroxide, S. D. Fine Chem. Ltd. (India).

4.3.2. Physical measurements
Elemental analysis was carried out on a Perkin-Elmer 240C CHN analyzer.
Infrared spectra were collected by using KBr pellets on a Jasco-5300 FT-IR

spectrophotometer. NMR spectra were recorded on a Bruker ACF-200 spectrometer.
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A Shimadzu 3101-PC UV/vis/NIR spectrophotometer was used to record the
electronic spectra. X-ray crystallographic experiments were performed using a
Bruker-Nonius SMART APEX CCD single crystal diffractometer. A Sherwood

scientific magnetic susceptibility balance was used to measure the magnetic moments,

4.3.3. Synthesis of the reduced Schiff bases and the complexes
(a) N-( 2-hydroxy-5-chlorobenzyl)-(R)-c-methyl benzyl amine, HL®
A methanol solution (30 ml) of 5-chlorosalicylaldehyde (1.56 g, 10 mmol)

was added to a methanol solution (30 ml) of (R)-a-methylbenzylamine (1.21 g, 10

mmol) and stirred at room temperature for 'z h. To the resulting yellow solution 0.74

g (20 mmol) of NaBH4 was added and the mixture was stirred for another % h until a

colourless solution was obtained. The reaction mixture was evaporated to dryness on

a rotary evaporator followed by addition of 100 ml of water. The suspended solid in

water was extracted with (2 x 30 ml) CH,Cl,. The CH,Cl; extracts were dried over

anhydrous Na;SO; and then evaporated to dryness. The compound (HL®) was

obtained in the form of white solid.

Yield :2.01 g, (80 %)

M. F. : CysHsNOCI

IR (viycm™, KBrpellet)  :~ 3302

'HNMR (CDCls, 5, ppm)  :1.48 (d, 3H, CHj), 3.71 and 3.88 (2H, CHaHp), ~ 3.78
(g, 1H, CH(CHj3)), 6.86 (s, 1H, ortho to both CI and
CH,), 6.79 (d, 1H, ortho to phenolic-OH), 7.09 (d, 1H,
ortho to Cl), 7.24-7.39 (m, 5H, phenyl protons).

Anal. caled. for CsH(NOCI : C, 68.83; H, 6.16; N, 5.35

Found : C, 69.07; H, 6.06; N, 5.48.
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(b) N-( 2-Hydroxy-5chlorobenzyl)-(S)-a-methyl benzyl amine, HL®
HL® was prepared in similar yield by following the same procedure as

described  for HL® using  (§)-a-methylbenzylamine instead of (R)-a-

methylbenzylamine.

Yield :2.0g,(79 %)
M.F. : C15H1,CINO
IR (VN-H em’!, KBr pellet) 1 ~3302

'"HNMR (CDiCN, &, ppm) : 1.48 (d, 3H. CH;), 3.71 and 3.88 (2H, CHHg), ~ 3.78
(q. 1H, CH(CH3)). 6.86 (s. 1H. ortho to both Cl and
CHo). 6.79 (d, 1H. ortho to phenolic-OH). 7.09 (d. 1H,
ortho to Cl), 7.24-7.39 (m, 5H. phenyl protons).

Anal. caled. for C;sH,NOCI : C, 68.83: H. 6.16; N, 5.35

Found :C, 68.96; H, 6.08: N, 5.43.

(c) [CuLsz] (5): A methanol solution (10 ml) of CuCly-2H,0 (0.089 g, 0.5 mmol) was
added to a methanol solution (20 ml) of HL? (0.261 g. 1 mmol) and NaOH (0.040 g, 1
mmol). The mixture was stirred at room temperature for 1 h. The solvent was
removed under vacuum and the residue was dissolved in dichloromethane and dried
over sodium sulphate. Evaporation of the dichloromethane under vacuum condition
gave dark brown solid. The complex thus obtained was recrystallized from
acetonitrile and obtained in the unsolvated form. Yield 0.41 g (70%), Anal. caled. for
CuCs3gH3gN-05Cls: C, 61.59; H, 5.17; N, 4.79. Found: 61.42, 5.31, 4.64. Selected
infrared bands (em™): 3260(w), 3032(w). 2964(w), 1591(s). 1550(w). 1469(vs),
1354(w). 1292(vs), 1180(w), 1087(m), 1045(m), 1005(m), 970(m). 895(w). 873(w).
823(w), 777(m), 754(w). 704(s), 679(s), 611(w), 557(w). 536(w), 493(w). Electronic
spectral data in CHC3 (A, nm (g, M'em™)): 676 sh (198). 438 (2.130), 346 sh (1.407),
272 (8.254). Effective magnetic moment at 298 K: 1.77 pp
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(d) [CuL®] (6): A methanol solution (10 ml) of CuCl,-2H-0 (0.089 g, 0.5 mmol) was
added to a methanol solution (20 ml) of HL® (0.261 g, 1 mmol) and NaOH (0.040 g,
Immol). The mixture was stirred at room temperature for 1 h. The solvent was
removed under vacuum and the residue was dissolved in dichloromethane and dried
over sodium sulphate. Evaporation of the dichloromethane under vacuum gave dark
brown solid. The complex thus obtained was recrystallized from acetonitrile and
obtained in the unsolvated form. Yield 0.41 g, (70%). Anal. caled. for
CuCaHs3oN2OoCly: C, 61.59; H, 5.17; N, 4.79. Found: 61.38, 5.26, 4.71. Selected
infrared bands (cm™): 3260 (w), 3032(w), 2964(w), 1591(s), 1552(w), 1469(vs),
1354(w), 1292(vs), 1180(w), 1086(m), 1045(m), 1005(m), 970(m), 895(w), 873(w),
823(w), 775(m), 754(w), 704(s), 679(s), 611(w), 557(w), 536(w), 493(w). Electronic
spectral data in CHCl; (A, nm (g, M"cm"')): 676 sh (208), 438 (2,341), 346 sh (1,555),
272 (8,882). Effective magnetic moment at 298 K: 1.76 pg

4.3.4. X-ray crystallography

Single crystals of 5 and 6 were grown from acetonitrile while SA and 6A were
grown from CH;Cly-hexane (1:1) mixture by slow evaporation at ambient
temperature. X- ray data were collected for dark brown crystals of 5, 6, 5A and 6A on
a Bruker-Nonius SMART APEX CCD single crystal diffractometer using graphite
monochromated Mo-Ka 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.I4
The SHELXTL package'*was used for structure solution and least square refinement
on F2. All the non hydrogen atoms were refined anisotropically. The secondary amine
hydrogen atoms and lattice water hydrogen atoms were located in a difference map
and refined with geometric restraints. All other hydrogen atoms were included in the
structure factor calculation by using a riding model. The hexane molecules found in

the lattice of 5A and 6A showed disorder. The ORTEP3'® and the PLATON'"
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softwares were used for molecular graphics. The significant X-ray crystallographic

data are given in Tables 1 and 2.

Table 1. Crystallographic data for 5 and 6

Compound

3

6

Molecular formula

Crystal
dimensions / mm
Host-guest ratio
K

M

Crystal system
Space group
alA

hlA

clA

al®

Br

¥°

VIA®

Z

Observed reflections
Parameters

Final R indices
(1> 20(1)
Goodness-of-fit on F*
Largest hole

and peak e/ A

C_‘LUH_‘@(}CIECUN}O]
024x031x0.18

298

585.00
Orthorhombic
P2,212
12.5356(9)
13.3293(10)
16.4773(12)
90

90

90

2753.2(3)

4

6383

344

0.0519, 0.0956

1.011
-0.250, 0.758

C1HzxCLCUN-O,

0.40x0.34x0.32

298

585.00
Orthorhombic
P2,2,2
12.5430(10)
13.3376(10)
16.4855(12)
90

90

90

2757.9(4)

4

6438

332

0.0350. 0.0827

1.011
-0.224, 0.489
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Table 2. Crystallographic data for 5A and 6A

Mononuclear copper(Il)...

Compound 5A 6A _
Molecular formula Ci35H3CLCuN;Oz 5 Caa sHy CL,CuN,O5 5
Crystal 0.30x0.03x0.2 0.32x0.05x0.24
dimensions / mm
Host-guest ratio 1: 0.5: 0.5 1: 0.5: 0.5
7K 100 298
M 630.04 630.04
Crystal system Orthorhombic Orthorhombic
Space group P2,2,2 P2,2,2
alA 16.9258(14) 16.9060(13)
blA 13.6056(11) 13.5845(11)

c/A 14.1338(11) 14.1040(11)
al® 90 90

Br 90 90

e 90 90

ViA*® 3254.8(5) 3239.1(4)

Z 4 4

Observed reflections 7635 7540
Parameters 378 378

Final R indices
(I>2a(D)
Goodness-of-fit on F*
Largest hole

and peak e/ A*

0.0736, 0.1242

1.001
-0.221, 0.438

0.0816, 0.1347

1.013
-0.240, 0.330
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4.4. Results and discussion

4.4.1. Synthesis and some properties

Chloro substituted chiral reduced Schiff bases HL? and HL® were prepared by
condensation of 5-chlorosalicylaldehyde with (R)- or (S)- a-methylbenzylamine
followed by reduction with sodium borohydride in methanol. The elemental analysis
and spectral (infrared and proton NMR) data for HL® and HL® are very similar and
consistent with the expected molecular formula and structure. Reactions of HL.® and
HL® with CuCl; and NaOH in 2:1:2 stoichiometry gave mononuclear complexes of
general formula [CuL] (n =53, 6). Representative chemical diagram of these complex

molecules are shown in Figure 1.

Ci

Figure 1: General molecular structure of the 5 and 6.

The infrared spectra of both reduced Schiff bases and their complexes exhibit
the N-H stretching band (3250-3300 cm™) for the secondary amine. The broad band
around 3200 <m’' is likely to be due to the lattice water molecule for solvates SA and
6A. The weak bands in the range 2900-3100 em’" are most likely due to the aliphatic
and aromatic CH stretches.

Electronic spectra of 5 and 6 in CHCl; solutions are essentially identical
(Figure 2). The low intensity absorption at ~676 nm is assigned to the d-d transition.
The other intense absorptions observed in the range 438-272 nm are most likely due

10 the ligand-to-metal charge transfer and intraligand transitions.
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Figure 2: Electronic spectrum of 5 in CHCl;,

4.4.2. CSD search

A Search for activated C—H-+O interactions was performed on the Cambridge
Structural Database (November 2004 release). Primary search was performed for
complexes where 4-chloro substituted metal coordinated phenolate oxygen, and the
ortho to chloro substituent aromatic C—H participate in intermolecular C-H--O
interaction with H--O distance in the range 1.8 to 2.8 A and C—H--O angle in the
range 120°-180° (three carbon atoms of the aromatic ring contain hydrogen or alkyl
group). Search analysis shows 66 hits within this range. Second search defined for 4-
chloro substituted metal coordinated phenolate (four carbon atoms of aromatic ring
contain hydrogen or alkyl group) yielded 184 hits. The analysis of these results show
that in 35.86 % of metal-organic crystals, C—H groups ortho to chloro substituent are
activated and participate in C—H---O interactions. These search results encouraged us
to study the activated C—H-O interactions in the present complexes.
4.4.3. Crystallization

Unsolvated forms (5 and 6) were obtained by recrystallization of the
complexes from acetonitrile as dark brown block shaped crystals. X-ray

crystallographic analysis reveals that both the complexes crystallize in the
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orthorhombic space group P2,2,2; Ineach case, the asymmetric unit contains one full
molecule. Alternatively, solvated forms (5A and 6A) were obtained by
recrystallization of these complexes from dichloromethane/hexane as dark brown

plate like crystals. X-ray crystallographic analysis reveals that both complexes
crystallize in slightly different orthorhombic space group P2,2,2. In each case. the
asymmetric unit contains one full complex molecule, half water and half n-hexane
molecules. The n-hexane molecule is disordered and the water oxygen sits at the
special position. Notably, both solvated complexes (5A and 6A) of opposite chirality
crystallize in plate-like morphology in similar crystallization conditions. On the other
hand, guest-free complexes (5 and 6) of opposite chirality crystallize in cubic
morphology in similar crystallization conditions. The R factors of the solvated
complexes are slightly higher when compared with those of the unsolvated
complexes. This is most probably due to severe guest disorder. However, the host
molecules are well ordered for solvated complexes. The absolute configurations of the

complex molecules (Figure 3) are successfully confirmed by flack parameter values'

and details are given in Table 3.

Table 3: Absolute configurations of 5. 5A, 6 and 6A

Compound C(8), C(23) N(1), N(2) Flack Parameter
configuration Configuration value
5 R.R R.R 0.001(13)
5A R, R R, R 0.01(2)
6 S,8 5,8 0.002(9)
6A 8.8 S, S 0.02(2)

4.4.4. Description of Structures

The coordination environment around the metal ion in all the mononuclear
complexes of the solvated and unsolvated forms is grossly similar with respect to
bond parameters (Table 4). In these complexes, the ligands coordinate through the
phenolato-O and the secondary amine N-atoms forming two five-membered chelate
rings and a distorted N;O; square plane around the Cu(II) center. The Cu-N distances

(2.021(3)-2.037(3) A) are significantly longer than Cu-O distances (1.880(2)-1.897(4)
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A). The chelate bite angles are in the range of 84.79(7)° - 94.30(8)°. The trans O-Cu-0
angles are in the range of 163.85(19)°- 167.06(9)°. Although there are no significant
changes in the metal to coordinating atom bond distances for the solvated and the
unsolvated complexes, noticeable changes are observed in the case of bond angles.
The molecular structures of 5 and 6 are mirror images of each other (Figure 3). The
dihedral angles between the plane defined by Cu, N1 and Ol and that defined by Cu,
N2 and O2 are 13.1(2)°, 21.37(31)°, 12.98(13)° and 21.29(33)" for 5, 5A, 6 and 6A,
respectively. These values indicate a tetrahedral distortion of the N,O» plane. Solvated
complexes show more tetrahedral distortion when compared with unsolvated
complexes. The chiral information of the helical structure very often is embedded in
the preferred coordination geometry at the metal ions. Unsymmetrical bidentate
ligands in pseudo-tetrahedral and pseudo-octahedral mononuclear metal complexes
already posses helical twist and are loosely called helical.®*® Alternatively, in a
tetrahedrally distorted square planar complex the metal ion will also force the ligands
to adopt a helically twisted configuration. Herein complexes with HL® exhibit right
handed helical twist (A or P), where as complexes with HL® exhibit left handed helical
twist (A or M) of the ligands around the central copper ion (Figure 4). This feature is
retained for both solvated and unsolvated forms of the complexes with opposite

chirality.
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(b)
Figure 3. Molecular structures of (a) [CULSQ] (5) and (b) [CuL’] (6) with the atom-

labeling schemes. Hydrogen atoms other than the chiral center hydrogen atoms are
omitted for clarity. All non-hydrogen atoms are represented by their 40% probability

thermal ellipsoids.

Table 4. Selected bond parameters for 5, SA. 6 and 6A

Compound 5 SA 6 6A
Cu(1)-0(1) 1.885(3) 1.897(4) 1.8897(16) 1.897(4)
Cu(1)-0(2) 1.880(2) 1.870(4) 1.8821(16) 1.878(4)
Cu(1)-N(1) 2.037(3) 2.030(5) 2.0368(18) 2.031(5)
Cu(1)-N(2) 2.021(3) 2.028(5) 2.0232(18) 2.023(5)
O(2) - Cu(l)-O(1) 166.96(13) 163.85(19) 167.06(9) 164.1(2)
O(2) - Cu(l) - N(2) 94.24(12) 94.0(2) 94.30(8) 94.3(2)
O(1) - Cu(l) - N(2) 84.85(11) 90.0(2) 84.79(7) 89.6(2)
O(2) - Cu(1) - N(1) 87.42(12)f 87.9(2) 87.50(7) 88.2(2)
O(1) - Cu(1) - N(1) 94.09(12) 92.2(2) 94.01(7) 91.9(2)

N(2) - Cu(1) - N(1) 177.00(13) 165.1(2) 176.93(8) 165.0(2)



98  Chapter 4 Mononuclear copper(ll)...

(d)

Figure 4. Absolute configuration viewed down (> axis: (a) right handed configuration
(A or P) in 5 (b) left handed configuration (A or M) in 6 (c¢) right handed
configuration (A or P) in 5A and (d) left handed configuration (A or M) in 6A.

4.4.5. One-dimensional helical self assembly via intermolecular C-H--O
interactions

In the crystal lattices, all these molecules (solvated and unsolvated) exhibit
infinite one-dimensional helical self assembly via intermolecular C-H--O
interactions. This C—H--O interaction is highly specific and involves the C-H group at
ortho position with respect to the chloro substituent on the benzene ring of one
molecule and the metal coordinated phenolate O-atom of another molecule. The C---O
distances and the C-H--O angles are in the ranges 3.2-3.5 A and 145-152°
respectively. The C--O distances observed for the unsolvated complexes are longer
when compared with those observed for the solvated ones (Table 5). The orthe C-H
group with respect to the electron withdrawing chloro substituent on the benzene ring

is expected to be more activated hydrogen bond donor compared to the other C-H
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groups. It is interesting to note that although each molecule contains four such ortho
C-H groups, only C5-H participates in C—H---O interaction and other three remain as
spectators. Although we cannot give any specific reason for this observation, but it
may be assumed that this is because of the position of this C-H group is most suited
due to the chirality of ligand for the observed C—H--O interaction which leads to
efficient crystal packing. The studies on hydrogen bonding have led to the
establishment of several experimental scales of H-bonding acidity / basicity and donor
/ acceptor ability."” Herein probably the C-H group ortho to chloro substituent is
acidic and therefore participates in C—H--O interaction. On the other hand, the metal
coordinated phenolate oxygen, is the best available with respect to acceptor ability
and its position in the molecular architecture for this C-H--O interactions. This

C-H--0 interaction pattern is shown in the Figure 5.

e |
i .

/.

Figure 5. C-H--O pattern in the complexes 5, 5A, 6 and 6A.

The path of the helix can be traced by following the hydrogen bonds clock
wise / counter clock wise around the two-fold screw axis of the helix. It is worth
mentioning that if compounds contain at least one two-fold screw axis, symmetry

elements may favor the helical organization. The copper(Il) complexes (5 and 5A)
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containing (R)-isomeric chloro substituted ligand form right handed helices (P-form),
whereas copper(II) complexes (6 and 6A) of (S)-isomeric chloro substituted ligand
form left handed helices (M-form) in the supramolecular level (Figures 6-9). The
chirality at the C8 and C23 and the flexibility of the CH,-NH bond (Figure 3) lead to
a twisted conformation around the metal ion and this feature is translated to right or
left handed helical self assembly via C—H--O interactions. It has been shown in the
previous section and in earlier work that molecular helicity around the central metal
atom is right handed for (R) enantiomeric ligands and left handed for (S) enantiomeric
ligands. Although the extent of tetrahedral distortion in each of these complex
molecules is rather low, it may be sufficient to dictate the handedness of the helical
supramolecular structure. Pitch distances of these helices vary from 12-13 A. In each
case, a full turn comprises of three molecules. To the best of our knowledge this is the
first example where homochiral metal-organic molecules self assemble through weak
hydrogen bonding interactions leading to helical organization and this feature is
retained for both solvated and unsolvated forms. As expected the helices formed by
[CuL®,] and [CuL®] show mirror image relationship (Figures 7 and 9). Thus these
molecules exhibit helical chirality not only in the molecular level, also in the

supramolecular level.

Table 5. Geometrical parameters for hydrogen bonds in 5, 5A, 6 and 6A

Compound DA D-H)Y/A  dH~A)Y/A DD-AYA D-H-A’
5 C5--02° 0.93 2.56 3.408(3) 152
5A C5::02° 0.93 2.53 3.356(8) 148
03--01 0.82(6) 1.89(5) 2.667(5) 156(5)
N2---03 0.80(5) 2.29(5) 3.074(7) 171(4)
C30---03 0.93 2.58 3.475(8) 162
6 C5--02° 0.93 2.55 3.403(4) 152

6A C5--02"° 0.93 2.54 3.366(7) 148
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03--01 0.73(6) 1.97(5) 2670(5)  160(6)
N2--03 0.73(5) 2.35(5) 3.078(7)  175(6)
C30--03 0.93 2.59 3.483(10) 162

“ activated C-H:--O interaction
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Figure 6. Helical packing of [Cul’;) (5) and [CuL®j] (6) through C-H-O
Interactions: (a) the right handed helical packing of 5 (view perpendicular to a- axis),
(b) channel through the helix (view down a-axis), (c) the left handed helical packing

of 6 (view perpendicular to a- axis), (d) channel through the helix (view down g-axis).
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Figure 7. Mirror image relationship of the helices formed by 5 and 6.
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(a) (b)

() (d)

Figure 8. C~H-O interactions and the helical packing of [CuL®;] and [CuL®] in 5A
and 6A, respectively: (a) the right handed helical packing of [Cul’;] (view
perpendicular to b- axis), (b) channel through the helix (view down b-axis), (c) the left
handed helical packing of [CuL%] (view perpendicular to b- axis), (d) channel through

the helix (view down b-axis). ]
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Figure 9. Mirror image relationship of the helices formed by [Cul;] and

[Cul®,] present in SA and 6A. respectively.

4.5.6. Non-covalent interactions involving the solvent molecules in SA and 6A
One serious difficulty for construction of isostructural hydrogen bonded
networks for solvates is the influence of polar solvents. Such solvents (e.g. H,O.
DMF, DMSO.etc) are themselves very efficient in hydrogen bond formation with the
building blocks. Thus they can disturb the intended network.” The n-hexane molecule
present in both 5A and 6A are severely disordered. We also could not find any weak
interaction involving the disordered molecule in either case. However in both solvated
complexes (5A and 6A) water molecules are not disordered and play an importan!
role in interconnecting the two parallel helices without disturbing the path of the helix
caused by this activated C—H-O interactions. Herein water molecule is involved in

six hydrogen bonding interactions. It acts as tetra furcated hydrogen bond acceptor for
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two N—H-~-O and two C—H--O interactions, whereas it is hydrogen bond donor to two
metal coordinated phenolate oxygen of the two molecules (Figure 10 and 11). Each
helix is connected to adjacent helices through the N—-H--O--H-N, C—H:0-+H-C and
(--H-O-H--O interactions and an infinite two-dimensional network is formed. Only
one of the N-H groups of each complex is involved in connecting parallel helices
while other N-H remains a noninteractive spectator. Calculations using PLATON

squeeze program show that effective volume for inclusion is ~517 A, which is ~16 %

of the crystal volume.?!

Figure 11. Water molecule involved in six hydrogen bonding interactions in 6A.
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4.6. Conclusions

In summary, we have synthesized and structurally characterized mononuclear
Cu(Il) complexes with chloro substituted chiral reduced schiff bases. X-ray
crystallographic studies reveal that both solvated and unsolvated forms of these

complexes exhibit helical self assembly via activated C—H--O interactions. In all the

cases, the C—H-O interactions are highly specific and involve the ortho C-H with
respect to the chloro substitutent on the benzene ring of one molecule and the metal
coordinated phenolate oxygen atom of another molecule. The complexes with (R)-
enantiomeric ligand show right handed absolute configuration (A or P) around metal
ion in molecular level and this feature is translated to right handed single helix self-
assembled through activated C-H+-:O interactions in supramolecular level. The
complexes with (S)-enantiomeric ligand show opposite handedness in both molecular

level as well as supramolecular level.
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CHAPTER 5

Inclusion properties of Cu(Il) complexes of bromo substituted chiral
reduced Schiff bases: Stabilization of guest molecules via O-H+O

interactions

5.1. Abstract:

Mononuclear copper(Il) complexes with enantiomerically pure N-(2-hydroxy-
5-bromobenzyl)-(R)-a-methylbenzylamine (HL7) and N-(2-hydroxy-3-bromobenzyl)-
(S)-o-methylbenzylamine (HL®) have been synthesized and structurally characterized.
Crystal packing features reveal that the complex (7) with HL’ exhibit host-guest
interactions with solvent molecules. Inclusion of solvent (methanol, ethanol and
acetonitrile) molecules is facilitated by intermolecular hydrogen bonding interactions.
The molecules of 7 form zig-zag chain like structure vie C-H:--O interactions
involving the metal coordinated phenolate-O and the C-H group oriho to the bromo
substituent. Interestingly. the complex (8) with HL® crystallizes in the unsolvated form
and assembles to a helical superstructure via the same bromo activated C-H--O

interactions.
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5.2. Introduction

In the previous chapters we have shown that copper(II) complexes with chiral
reduced Schiff bases (HL'-HL®) are good flexible chiral hosts and capable of
inclusion of various solvent molecules vig intermolecular non-covalent interactions.
Binuclear copper(Il) complexes (1 and 2) with unsubstituted ligands (HL' and HL?)
display enantio-specific inclusion of chiral 1,2-dichloroethane rotamers and other
achiral chloroalkanes. Mononuclear copper(Il) complexes (3 and 4) with nitro-
substituted ligands (HL’ and HL*) show the perfectly polar alignment of guest and
host molecules and also the enantio-specific inclusion of chiral 1,2-dihaloethane
rotamers in the crystal lattice. On the other hand, the mononuclear Cu(II) complexes
(5 and 6) with chloro substituted ligands (HL® and HL®) exhibit helical self assembly
via activated C-H--O interactions. This feature is retained for both solvated and
unsolvated forms of 5 and 6.

In this chapter, we have described the synthesis and the structural features of
the mononuclear Cu(Il) complexes with bromo substituted enantiomerically pure
chiral reduced Schiff bases N-(2-hydroxy-5-bromobenzyl)-(R)-c-methylbenzylamine
(HLT) and N-(2-hydroxy-5-bromobenzyl)-(S)-a-methylbenzylamine (HLS). The
crystal structure analysis of these complexes reveals that the Cu(II) complex (7) with
HL are capable of host-guest interactions with solvent molecules. The inclusion of
the solvent molecules in the crystal lattice occurs via intermolecular hydrogen
bonding interactions. The host molecules (7) form a zig-zag chain due to bromo
activated intermolecular C—H--O interactions, when the guest molecule in small size.
However, for larger guest molecule the C—H-+-O interactions do not take place. On the
other hand, the complex (8) with HL® crystallizes in the unsolvated form and self-
assembly via activated C—H--O interactions leads to a helical superstructure. Herein,
we have described the similarities and the differences between the packing patterns of
the complexes with the chloro substituted ligands (Chapter 4) and with the bromo
substituted ligands.
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OH HN

HL = N-(2-hydroxy-5-bromobenzyl)-(R)-a-methylbenzylamine
HL?= N-(2-hydroxy-5-bromobenzyl)-(S)-c.-methylbenzylamine

5.3. Experimental

5.3.1. Materials

All commercially available chemicals and the solvents utilized in this work
were of analytical grade and were used as obtained. The chemicals and the sources are
as follows: 5-bromeosalicylaldehyde, (R)-c-methylbenzylamine and  (S)-a-
methylbenzylamine, sodium borohydride, Lancaster (England); CDCls. methanol,
dichloromethane, chloroform. 1,2-dichloroethane, Acros (India); CuCly,-2H,0. sodium

hydroxide, anhydrous sodium sulphate, S. D. Fine Chem. Ltd. (India).

5.3.2. Physical measurements

Elemental analysis was carried out on a Perkin-Elmer 240C CHN analyzer.
Infrared spectra were collected by using KBr pellets on a Jasco-5300 FT-IR
spectrophotometer. NMR spectra were recorded on a Bruker ACF-200 spectrometer.
A Shimadzu 3101-PC UV/vis/NIR spectrophotometer was used to record the
electronic spectra. X-ray crystallographic experiments were performed using a
Bruker-Nonius SMART APEX CCD single crystal diffractometer. A Sherwood

scientific magnetic susceptibility balance was used to measure the magnetic moments.
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5.3.3. Synthesis of ligand and complexes
(a) N-(2-hydroxy-5bromobenzyl)-(R)-a-methylbenzylamine, HL’
A methanol solution (30 ml) of 5-bromosalicylaldehyde (2.01 g, 10 mmol)

was added to a methanol solution (30 ml) of (R)-a-methylbenzylamine (1.21 g, 10

mmol) and stirred at room temperature for 2 h. To the resulting yellow solution 0.74

£ (20 mmol) of NaBH, was added and the mixture was stirred for another '2 h until a

colourless solution was obtained. The reaction mixture was evaporated to dryness on

a rotary evaporator followed by addition of 100 ml of water. The suspended solid in

water was extracted with (2 x 30 ml) CH»Cly. The CH,Cl, extracts were dried over

anhydrous Na;SO4 and then evaporated to dryness. The compound (HL') was

obtained in the form of white solid.

Yield 12.26 g, (74%)

M. F. : C5HsNOBr

IR (v cm™, KBrpellet)  : 3304

'H NMR (CDCl, 5, ppm)  : 1.48 (d, 3H, CH3), 3.71 and 3.88 (2H, CHaHg), ~ 3.78
(g, 1H, CH(CHzs), 6.99 (s, 1H, ortho to both Br and
CH,), 6.74 (d, 1H, ortho to phenolic-OH), 7.00 (d, 1H,
ortho to Br), 7.23-7.40 (m, 5H, phenyl protons).

Anal. caled. for C;sH¢NOBr : C, 58.84; H, 5.27; N, 4.57

Found 1 C, 58.42; H, 5.12; N, 4.40.

(b) N~(2-hydroxy-5bromobenzyl)-(S)-o-methylbenzylamine, HL®
HL® was prepared in similar yield by following the same procedure as

described for HL’ wusing (S)-a-methylbenzylamine instead of (R)-o-

methylbenzylamine.
Yield :2.28 g, (74%)
M. F. 3 C[sH[ﬁNOBl’

IR (vnncm”, KBrpellet) ;3304
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'"HNMR (CDCls, &, ppm)  : 1.48 (d. 3H. CHj3), 3.71 and 3.88 (2H, CHAHg). ~ 3.78
(g, 1H, CH(CH3), 6.99 (s. 1H. ortho to both Br and
CHa,). 6.74 (d, 1H, ortho to phenolic-OH), 7.00 (d, 1H.
ortho to Br). 7.23-7.40 (m, SH. phenyl protons).

Anal. caled. for CsH;sNOBr : C, 58.84: H, 5.27: N. 4.57

Found 1 C, 59.18; H, 5.08; N, 4.35.

(¢) [CuL’;] (7): A methanol solution (10 ml) of CuCl,-2H,0 (0.089 g, 0.5 mmol) was
added to a methanol solution (20 ml) of HL (0.306 g, 1 mmol) and NaOH (0.040 g, |
mmol). The mixture was stirred at room temperature for 1 h. The resulting dark brown
precipitate was filtered and the slow evaporation of filtrate gave dark brown crystals
(yield: 0.54 g, 80%). Anal. caled. for CuCsgH3oN202Bra: C. 53.47: H, 4.49; N, 4.16.
Found: C, 53.31; H, 4.42: N, 4.07. Selected infrared bands (cm™): 3265(w), 2969(w).
2926(w), 2860(w), 1583(s). 1551(vs), 1469(m). 1408(s), 1292(w), 1182(w). 1116(w),
1080(m), 1045(m), 1011(m), 962(m), 875(m), 845(m), 815(m), 771(m). 758(m),
702(s), 652(m), 555(w). 532(w), 499(m). Electronic spectral data in CHCI; (4. nm (&,
M 'em™)): 678sh (235), 444 (2.313). 355sh (1.,774), 282 (7.270). Effective magnetic
moment at 298 K: 1.68 pg

(d) [CuL®,] 8: A methanol solution (10 ml) of CuCl>2H-0 (0.089 mg, 0.5 mmol) was
added to a methanol solution (20 ml) of HL? {0.306 g, 1 mmol) and NaOH (0.040 g,
Immol). The resulting solution was stirred for 1h. Slow evaporation of solvent gave a
dark brown crystalline material (vield 0.55 g, 82%). Anal. caled. for
CuC3H3oN,0:Bra: C, 53.47; H, 4.49; N, 4.16. Found: C, 53.40; H, 4.38: N, 4.21.
Selected infrared bands (ecm™): 3264(w). 2969(w), 2924(w), 2860(w). 1583(s).
1551(vs), 1470(m). 1408(s). 1292(w). 1182(w). 1116(w). 1078(m), 1045(m),
1011(m), 962(m), 875(m), 845(m), 815(m). 771(m). 758(m), 702(s), 652(m), 555(w),
532(w), 499(m). Electronic spectral data in CHCl; (A, nm (e, M'em™)): 678sh (226).
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444 (2,578), 355sh (1,811), 282 (7,932). Effective magnetic moment at 298 K: 1.68

HB

5.3.4. X-ray crystallography

X-ray data were collected for dark brown crystals of 7-CH3;OH and
7-CH3CN-H,0 (obtained from solution of 7 in CH3OH and CH3CN, respectively) on a
Bruker-Nonius SMART APEX CCD single crystal diffractometer using graphite
monochromated Mo-Ka 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 the help of SADABS
progrza.rn.2 The SHELXTL package’ was used for structure solution and least-square
refinement on F°. All the non hydrogen atoms were refined anisotropically. The
secondary amine hydrogen atoms were located in a difference map and refined with
geometric restraints. All other hydrogen atoms were included in the structure factor
calculation by using a riding model.

X-ray data were collected for dark brown crystals of 7-C;HsOH (obtained
from C,HsOH solution of 7) and 8 on a Enraf-Nonious Mach3 diffractometer using

graphite monochromated Mo Ka radiation (0.71073 A). Unit cell parameters were

determined by least-squares fit of 25 reflections having 20 values in the range 18-30°.
Stability of the crystal was monitored by measuring the intensities of three check
reflections after every 1.5 h during the data collection. The structure was solved by
direct methods and refined on F* by full-matrix least-square procedures. The semi-
empirical absorption correction based on y-scan was applied for the both complexes.”
All non-hydrogen atoms were refined using anisotropic thermal parameters.
Geometric constraints were applied for the refinement of the secondary amine
hydrogens after locating them from difference maps. Other hydrogen atoms of the
complexes were added at calculated positions using a riding model. The ORTEP3’
and the PLATON® software were used for molecular graphics. The significant X-ray

crystallographic data are given in Tables | and 2.
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“able 1. Crystallographic data for 7-CH3;OH and 7-C>H;OH

Compound

7-CH;OH

7'Cz“50“

Molecular formula
Crystal
dimensions / mm
Host-guest ratio
TIK

M

Crystal system
Space group

alA

biA

c/A

a®

Be

i

VIA®

Z

Observed reflections
Parameters

Final R indices
(/> 20(1))
Goodness-of-fit on F*
Largest hole

and peak e/ A’

C3|H34BF3CUN30_1
0.28 x 0.30 < 0.16

| 530 |

100

705.96
Monoclinic
P2,
10.6569(14)
10.2104(14)
13.6498(18)
90
92.706(2)
90

1483.6(3)

2

6798
362
0.0336,0.0817

1.028
-0.485, 1.146

C3:H3Br,CuN,O;4
030 %042 =036

B

203

719.99
Monoclinic
P2
11.0104(14)
10.326(2)
14.3339(18)
90
101.582(10)
90
1596.5(5)

2

3869

366
0.0862,0.2011

0.997
-1.268. 0.835
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Table 2. Crystallographic data for 7-CH3CN-H,0 and 8
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Compound

7-CH;CN-H,O

Molecular formula
Crystal
dimensions / mm
Host-guest ratio
TIK

M

Crystal system
Space group

alA

b/A

¢/A

al®

Ve

¥°

VIA®

4

Observed reflections
Parameters

Final R indices
(/> 2o()
Goodness-of-fit on F*
Largest hole

and peak e/ A’

C3;H3sBr,CuN; 05
0.32 % 0.26 x 0.38

l:l:1

293

732.99
Monoclinic
P2I
10.8817(8)
10.5154(7)
13.9207(10)
90
101.7090(10)
90
1559.74(19)
2

7258

377

0.0220, 0.0521

1.030
-0.339, 0.697

C3oH3Br,CuN, 0,
0.40 x 0.38 = 0.24

293

673.92
Monoclinic
P2,
10.9424(12)
10.036(5)
13.8223(15)
90
90.893(10)
90
1517.8(8)

2

3662

342

0.044, 0.0805

1.045
-0.406, 0.349
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5.4. Results and discussions
5.4.1. Synthesis and Some properties

Bromo substituted chiral reduced Schiff bases HL and HL® were prepared as
described in the experimental section 5.3.3. IR, NMR and elemental analysis data of
these compounds are satisfactory with their empirical formulae. Reactions of these
reduced Schiff bases with CuCl, and NaOH in 2:1:2 stoichiometry gave mononuclear
complexes of general formula [Cul",] (n = 7. 8). Representative chemical diagram of
these complex molecules are shown in Figure 1. The infrared spectra of both ligands
and complexes exhibited N-H stretching bands (3250-3300 em™') of the secondary
amine. Electronic spectra of 7 and 8 in CHCl; solutions are essentially identical
(Figure 2). The low intensity absorption at ~678 nm is assigned to the d-d transition.
The other intense bands observed in the range 444-282 nm are most likely due to

ligand-to-metal charge transfer and intraligand transitions.

NH

Br

Figure 1. General molecular structure of 7 and 8.
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Figure 2. Electronic spectrum of 7 in CHCl;,

5.4.2. Crystallization

Suitable crystals of inclusion compounds for X-ray crystallographic studies
7-CH,OH, 7-C,HsOH were grown by slow evaporation of mother liquor over a period
of 3 days. The X-ray quality single crystals of the inclusion compound 7-CH;CN-H-0
were grown by recrystallization of 7 in acetonitrile. Suitable crystals of compound 8
were grown by slow evaporation of mother liquor over a period of 3 days. All these
compounds crystallize in monoclinic space group P2,. The crystals are needle shaped
and loose the guest solvent molecules over a period of 7 days. The absolute
configurations of all these complexes are successfully confirmed by flack parameter

values and details are given in Table 3.”

Table 3. Absolute configurations of 7-CH;OH, 7-C,HsOH, 7-CH;CN-H-O and 8

~ Complex  C@®),C23) = N@),N@2)  Flack Parameter
~ configuration  Configuration = value
7-CH;0H R, R R,R 0.001(7)
7-C-HsOH R,R R,R -0.04(3)
7-CH;CN-H>0 R,R R, R 0.005(5)
8 S, S 5,8 0.007(13)
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5.4.3. Description of Structures

The molecular structures of 7 and 8 are very similar. In these complexes, the
ligands coordinate through the phenolato-O and the secondary amine N- atoms
forming a distorted N2O; square plane around the Cu(Il) centers. As shown by most
of the Cu(ll) complexes with Schiff bases and reduced Schiff bases derived from
salicylaldehyde, the Cu-N bond distances are significantly longer than Cu-O bond
distances. Slight changes are observed for bond angles and bond distances around the
coordination spheres which are common for crystalline inclusion compounds. The
bond parameters associated with the coordination spheres of all the compounds are
given in Table 4. The molecular structures of 7 and 8 are shown in Figure 2. The
dihedral angles between the planes defined by Cu, N1 and O1 and that defined by Cu,
N2 and O2 are 19.98(16)°, 20.04(84)°, 17.71(11)° and 18.84(31)° for 7-CH;0H,
7:C;HsOH, 7-CH3CN-H-O and 8, respectively. These dihedral angles indicate the
distortion of NO» coordination sphere from square planar geometry. The complexes
with HL’ exhibit right handed helical twist (A or P), where as complexes with HL?

exhibit left handed helical twist (A or M) around the central copper ion (Figure 3).

(a) (b)

Figure 2. Molecular structures of (a) 7 and (b) 8 with the atom-labeling schemes.
Hydrogen atoms other than the chiral center hydrogens are omitted for clarity. All
non-hydrogen atoms are represented by their 40 and 30% probability thermal

ellipsoids.



120 Chapter 5

Inclusion properties of...

Table 4. Selected bond parameters for 7-CH3;0OH, 7-C;HsOH, 7-CH3;CN-H,0 and 8

Compound 7-CH;0H 7-C-sHsOH  7-CH3:CN-H,O 8
Cu(l) - O(1) 1.915(2) 1.910(13) 1.9082(15) 1.881(4)
Cu(1)- 0(2) 1.877(2) 1.894(12) 1.8829(14) 1.872(5)
Cu(1) - N(1) 2.027(3) 2.019(12) 2.0246(17) 2.022(5)
Cu(1) - N(2) 2.015(2) 2.047(14) 2.0197(17) 2.024(4)
0(2)-Cu(l)-O(1)  166.41(10) 163.9(5) 166.61(7) 165.6(2)
O(2)-Cu(1)-N(2)  93.72(10) 92.5(5) 93.55(7) 94.2(2)
O(1)-Cu(1) - N(2)  90.01(10) 86.8(5) 91.63(7) 89.5(2)
O(2) - Cu(1) - N(1) 86.61(10) 92.7(5) 84.42(7) 85.8(2)
O(l)-Cu(1) - N(1)  93.29(10) 91.5(5) 93.29(7) 93.8(2)
N(2) - Cu(l) - N(1) 164.42(11) 166.8(5) 166.63(7) 166.66(19)
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Figure 3. Absolute configurations viewed down (> axis: (a) right handed configuration

(A or P) in 7:CH;0H (b) right handed configuration (A or P) in 7-C;HsOH (¢) right
handed configuration (A or P) in 7:CH3;CN-H20 and (d) left handed configuration (A or
M) in 8.

5.4.4. Host-guest interactions

Complex [CuL?g] (7) is found to be good chiral host and crystallizes in
methanol, ethanol and acetonitrile to give inclusion compounds. X-ray
crystallographic studies reveal that all these solvates are isostructural and crystallizes
in monoclinic space group F£2;. In all the cases, O-H-O hydrogen bonding
interactions are found to exist between the alcoholic hydroxyl group or water
molecule and the metal coordinated phenolate oxygen (Figure 4). The consistency in
the crystal packing is reflected in the very small variation of the unit cell parameters ¢
(10.6569-11.0104 A), b (10.2104-10.5154 A) and ¢ (13.6498-14.3339A) in the three
structures. However, the cell parameter B varies significantly. The f- values are
92.71°, 101.71° and 101.58° for 7-CH;0OH. 7-CH;CN-H.O and 7-C-HsOH,
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respectively. This may be due to accommodation of the larger or more than one guest
molecules in the crystal lattice. Hydrogen bonding distances and angles for all the

compounds are given in Table 5.

Table 5. Geometrical parameters of hydrogen bonds in 7-CH;OH, 7-C,HsOH,
7-CH3CN-H;0 and 8

A7 dD-AVA DH-AF

3.486 146
2.828(4) 150
3.133 “
C7--03 0.97 2.53 3.360(4) 143
C28--02 0.93 2.50 3.273(4) 141
7-C;HsOH 03--02" 0.82 1.86 2.67(2) 173
N1--03 1.00(12)  235(11)  3.23(2) 146(8)
7CH;CN-H,0  C3.-03° 0.93 2.51 3.295(3) 142
03--01" 0.78 1.94 2.709(2) 168
N2--03 0.80(2) 2342)  3.120Q2) 1642
0--N 0.87 2.13 2.9908(9) 170
C--Br 0.97 2.88 3514 124
8 c3--01° 0.93 2.58 3.391(8) 145

@ activated C-H--O interaction

? 0-H-0 interaction between the host and guest molecules

(a) 7-CH;OH: A closer scrutiny of the structure reveals that the inclusion of
methanol solvent is not only through O—H--O interactions, but C—H--O and Br--O
interactions also play some roles in hosting the guest molecules. All these interactions
are found to be shorter than the sum of Van der Walls radii of the involved atoms.

Host and guest molecules form an infinite one dimensional chain via alternating



Chapter 5 Inclusion properties of... 123

O-H-0 (2.828 A, 151°) and Br+O (3.134 A) interactions (Figure 5a). The ortho
C-H with respect to the bromo substituent participates in activated C—H:--O
interaction involving the metal coordinated phenolate O- atom and lead to an infinite
one dimensional zigzag chain (Figure 5b) instead of a helical chain observed for 5 and
6 (chapter 4). Along with the activated C—H---O interactions. the CH, (C7) which is
adjacent to the NH group and the aromatic C28-H also participate in the C=H-~O
interactions (Table 5). Calculations using PLATON squeeze program show that
effective volume for inclusion is 147.3 A%, comprising 9.9% of the crystal volume.®

The packing diagram of 7-CH3;OH is shown in Figure 6.

(c)
Figure 4. Inclusion of guest solvent via O-H-O interaction in (a) 7-CH;0H, (b)

7-C,HsOH and (¢) 7-CH3CN-H20.
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Figure 5. (a) Host molecules aggregate with guest methanol molecules to form
infinite one-dimensional chain via alternating O—H:~-O and Br--O interactions.

(b) One-dimensional zigzag chain via C—H--O interactions.
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Figure 6. Packing of 7-CH;OH in the crystal lattice.
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(b) 7-C,HsOH: Here the inclusion of ethanol solvent is stabilized by
intermolecular O—H-O interaction involving the metal coordinated phenolate oxygen
and the alcoholic OH group of the guest molecule. Calculations using PLATON
squeeze program shows that effective volume for inclusion (251.5 A%) comprises
15.8% of the crystal volume. The packing diagram of 7-CaH:OH is shown in Figure 7.
Interesting the halo activated intermolecular C—H--O interactions leading to helical
(as observed for 5 and 6) and zig-zag chain structure (as observed for 7-CH;OH) are
absent here. Possibly the larger guest molecules (C:HsOH) in the lattice do not allow
the complex molecules to approach each other for activated C—H---O interactions.

(¢) 7-CH3CN-H,O: Here, on crystallization from acetonitrile results into
inclusion of water molecules along with acetonitrile molecules in the crystal lattice.
The asymmetric unit contains the complex. acetonitrile and water molecules in 1:1:1
stoichiometric ratio. The water oxygen acts as acceptor in bifurcated hydrogen
bonding (N-H--O and C—H---O) interactions. The C—H ortho 1o the bromo substituent
participates in hydrogen bonding with water molecules and is not exhibiting any
helical arrangement of host molecules. On the other hand, water molecules act as
hydrogen bond donors to metal coordinated phenolate oxygen atoms (O-H-0, 2.7A.
168°) and to the cyano group of acetonitrile molecule (O-H-N, 3.0A, 168°).
Calculations using PLATON squeeze program show that the effective volume (241.7
A?%) comprises 15.5% of the crystal volume. The packing diagram of 7:CH3;CN-H20 is

shown in Figure 8.
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5.4.5. Helical self assembly

The copper(Il) complex (8) with the (S)-enantiomeric reduced Schiff base HL*
was crystallizes from methanol in the monoclinic space group P2, with Z = 4. The
asymmetric unit contains one complex molecule with no inclusion of solvent
molecule. Under similar crystallization conditions the copper(Il) complex (7) with the
(R)-enantiomeric reduced Schiff base HL’ crystallizes in the same monoclinic space
group P2, but with solvent methanol. It may be noted that the packing features of
solvated 7-CH3;OH and guest free crystals of complex 8 are somewhat different
although the crystallization conditions for both are similar.

Crystal packing of 8 reveals helical self assembly via activated C-H--0O
interaction as observed for the chloro substituted copper(Il) complexes (chapter 4).
Here also orthe C—H group with respect to bromine atom is activated and participates
in C-H--O interaction. Metal coordinate phenolate oxygen acts as hydrogen bond
acceptor. These intermolecular C-H-O hydrogen bonds drive the formation of the
helix. The path of the helix can be traced by following the hydrogen bonds counter
clockwise around the two-fold screw axis of the helix. Only one of the ortho to
bromine C-H groups is involved in intermolecular hydrogen bonding while other
three C—H groups act as spectators. The local chirality at the C8 and C23 and the
flexibility of the CH,-NH fragment (Figure 2b) lead to a twisted conformation and
this feature is translated via C-H--O interactions into the formation of only right
handed (P-form) helices at the supramolecular level (Figure 9). Interestingly absolute
configuration around the metal centre is left handed (A or M) and the molecules
assembled through C—-H--O interactions form right handed helices. Two complex
molecules make up a single turn of the helix generating a helical pitch of 10.04 A.
Copper(II) complex (6) with the (S)-enantiomeric chloro substituted reduced Schiff
base shows larger helical twist and opposite handedness (chapter 4). when compared
with the copper(Il) complex (8) of the (S)-enantiomeric bromo substituted reduced
Schiff base. In 6, C5-H (ortho to both CH, and Cl) participates in the C-H--O

interaction. On the other hand. C3-H (ortho to only Br) participates in the C-H---O
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interaction in 8. Perhaps this difference in the location of C—H group that participates
in the helix forming C—H--O interactions is responsible for the opposite handedness

of two helical structures formed by 6 and 8.
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Figure 9. The right handed helical packing of [CuL®] (8) molecules through
C—H--O interactions; (a) view perpendicular to the a.axis and (b) channel of the

helix (view down a-axis). Only the 4-bromophenolate moiety is shown for clarity.

5.5. Conclusion

The copper(ll) complex (7) with R-enantiomeric ligand forms host-guest
species when crystallized form CH;OH, C5HsOH and CH;CN. However, under same
crystallization condition the copper(Il) complex (8) with S-enantiomeric ligand
crystallizes in the unsolvated form. All the species crystallize in the same non-
centrosymmetric monoclinic space group P2,. The intermolecular C-H--O
interactions involving the ortho C—H with respect to the bromo substituent and the
metal coordinated phenolate oxygen are present in all the cases expect for 7-C;HsOH.
The other solvated species of 7 form zig-zag chain structures via these C-H--O
interactions. However, the unsolvated species (8) form a helical superstructure via this

interaction.
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