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This thesis work stems from our quest to find a simple way to recognize an
enantiomer from a racemic mixture using coordination bond. To do that, we choose to
use Ni (IT)(high-spin) and Fe (II) (low-spin) complexes of chiral bidentate Schiff-base
ligands. Observations on Fe (II) complexes led to finding complexes that show high-
spin <——> low-spin transitions in solution. Digging deeper with more complexes
along with a host of electrochemical and spectrometric tools, we ended up finding an
intimate relationship between donor groups, redox potential, and spin-state. The effect
of replacing pyridine with imidazole on redox and the spin-state properties discussed
in the thesis is relevant to biomimetic chemistry. Imidazole group is a part of L-
histidine amino acid, ubiquitous in metalloenzyme active sites. On the other hand,
pyridine donor is typical in ligands related to biomimetic chemistry.

Chapter 1. This chapter briefly summarizes metal complexes with Schiff bases as
ligands have been playing an important part in the development of coordination
chemistry as a whole and embraces very wide and diversified subjects comprising
vast areas of organometallic compounds and various aspects of bioinorganic
chemistry and also in the field of asymmetric catalysis. The importance of chemistry
between Pyridine and Imidazole as part of an organic molecule and when coordinated
to metal atom. The role of Imidazole in catalysis in various metalloenzymes and
metalloproteins while pharmaceutical relevance and biomimetic complexes having
Pyridine donor groups is proved to be an important area of study. Narrowing it down
to Fe complexes as it changes spin-state with a change in ligand environment,
geometry and temperature. Recognition in biology using non-bonded interaction as
well as recognition in coordination complexes using bonded interaction is also

discussed. A summary of literature on the metal complexes mostly having imidazole

TH-2898_156122044



and pyridine group their effect on chiral resolution, spin-state phenomena,
spectroscopic and electrochemical properties have been presented and the objective of
the thesis was defined.

Chapter II. In this chapter, we have transformed the racemic 1-phenylethylamine
into a bidentate ligand (rac-L2) 1a through Schiff-base condensation (Scheme 1). We
allowed this to bind to a Ni (II) complex with other enantiopure co-ligands (S-L1),
yielding enantiopure crystals of fac-A- [Ni(S-L1)2(S-L2)](ClO4)2 (1b) in which all the
chiral centers at C7, C21, and C35 have the S-conformation. This means that out of
two enantiomers of rac-L2, only the S-L2 was found to bind in the complex. Centroid
to centroid distance between phenyl rings, and either pyridine or imidazole is less than
4 A showing =...n stacking. Groups on the chiral center are still free to interact with
neighboring groups through non-covalent interactions. We expected that the
coordination bond would enhance the fitting of one enantiomer better than the ionic

interaction employed earlier.

Ni+2+2 SL1+12

<X~ Risomer L2 racemicor S-isomer —>» [Ni(S-L1)y(SL2)]2*

e ) —tacrystalline | *06 | (b) +1.38V
r ——1a, precipitate
——1b, crystalline

current (10%)

—1b
——— Complex 1a

+1.49V

s 1 ' ! : 3.0
200 300 400 500 ' 0

wavelength(nm) E/V

Scheme 1. Schematic representation of the reaction pathway and its circular
dichroism studies showing enantiomeric excess.

Vi
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Substituting rac-L2 with R-L2 in the reaction did not yield the diastereoisomer 1c
[Ni(S-L1)2(R-L2)](ClO4)2 (Scheme 1). Instead we got an amorphous solid which was
not structurally characterized. This could be due to the following possibilities; (a) loss
of phenyl...imidazole interaction or (b) it is more likely that the unfavourable
interactions between sterically demanding -CHs ... -C-H interactions. We tried to
detect the two diastereoisomer (1b and 1c¢) -electrochemically. The cyclic
voltammogram of 1b and 1¢ are at the same concentration (4.2 mg/5 mL) compared
(Scheme 1). The complex 1¢ did not show the oxidation couple clearly perhaps due to
the fact that it is a mixture. Thus, the discrimination of one enantiomer is visible in the
CV, but not a clear on-off type. In the past, we used HPLC and chiral columns to
calculate the enhancement in bulk, but it proved to be difficult for the Schiff base
ligands in the chiral column that we have used. So, to calculate chiral enhancement,
we used circular dichroism and optical rotation on 1a [Ni(S-L1)2(S-L2)](ClO4): (from
racemic) using 1b having the same molecular formula [Ni(S-L1)2(5-L2)](ClO4)2 as an
enantiopure reference compound. We observed ~91 % ee in the crystalline state and
~59% ee in the precipitated form using bulk compound measured using optical
rotation and circular dichroism studies. Compared to this, only 40-60% ee in bulk
crystals and no enhancement in precipitated form was achieved in our earlier report.
Chapter III. In the previous chapter, we used a kinetically labile Ni (II) complex
for the chiral resolution of 1-phenylethylamine using direct metal coordination bond
(Scheme 1). We observed % ee in bulk crystals within complex 1a was found to be ~
91% and in bulk amorphous form was found to be ~ 59%. Continuing the work, we
wanted to observe the changes in enantiomeric enhancement that could happen on
moving from a labile to inert complex. In this chapter we have used kinetically inert

Fe (II) complexes which are diamagnetic at room temperature so we could use the

vil
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additional advantage of NMR spectroscopy in this case to monitor the speciation in
solution. We have prepared the mixed ligand complex having the formula [Fe(S-
L1)2(S-L2)](ClO4)2 from three different synthetic pathways (Scheme 2). Products

from reaction I and II have been structurally characterized as well.

H
N
N 7 N\ 5 e E A\ - Me
N N_<='H N \N—éH
S-L1 Ph L2 Ph
* Chiral

Fell(Cl0,), + 2 S-L1  Fel(ClO,), + 2 S-L1 Fe'l(ClO,), + 2 §-1.2

IW,Z I l+ S-L2 + S-L1 I

[Fell(S-L1);]?* <« — - [Fe'l(S-L1),(S-L2)]** - — » [Feli(S-1.2)5]**
minor,
depends on sequence @ S-L.2
of ligand addition

THNMR [Fe''(S-L1)2(5-L2)](C104)2

isolated, major
Crystal structure,
and ' HNMR

Scheme 2. Reactions I — III varying the sequence of ligand addition along with
possible products.

From circular dichroism studies, chiral enhancement (ee) of bulk crystals of 2a was
found to be ~ 66 %, and that of the precipitated form isolated by rapid precipitation
was ~ 54 %. The enhancement from bulk crystallization was relatively less than our
previous report using Ni (II) complex. Analysis of 'H NMR and ESI-MS of 2b
showed the presence of [Fe(S-L1)3](ClOs)2, which was not observed from single
crystal analysis. This could be due to the presence of homoleptic [Fe(S-L1)3](ClO4)2
in equilibrium with [Fe(S-L1)2(S-L2)](ClO4), in solution. The electrochemical study
of this complex also showed an additional peak corresponding to the presence of
[Fe(S-L1)3](ClO4)2. To avoid this, we employed reaction III (Complex 2¢) by
changing the synthetic sequence. This yielded the same product as 2a and 2b. 'HNMR

and cyclic voltammetric studies revealed a substantial decrease in the presence of the

viii
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homoleptic complex [Fe(S-L1)3](ClO4)> but we were not able to eliminate it
completely from the solution (Figure 1). We infer that spin-state plays an important
role in enantiomeric enhancement. We have covered the relationship of spin-state
with varying donor atoms and effect on spectroscopic and electrochemical properties

in a set of mononuclear Fe (IT) complexes in the next two chapters.

c_d \
[Fe(S-L1),J2* h{ﬁ o

[Fe(5-L1),(S-L2)]** from reaction Il

[Fe(5-L1),(S-L2)1** from reaction Ill _

+1.03V

9‘,5 QTD BiS E‘,D 755 7?0 6{5 E‘D 5{5 5!0 20 ]_:6 1‘_2 0_‘8 04 C

& (ppm) E/Vvs.S.C.E

Figure 1. '"H NMR spectra of homoleptic [Fe(S-L1)3]*" complex and isolated products
from reactions Il and III of Scheme 2 in CD3CN. The ‘*’ marked peaks have
contribution from [Fe(S-L1);]*" present in heteroleptic complex. Cyclic voltammetry
of isolated products of (a) reaction I, (b) reaction II of Scheme 2 in MeCN. The redox
couple of [Fe(S-L1):]**, dashed plot in (a), is overlapped to show its presence.

Chapter IV. From the previous chapter, we inferred that chiral enhancement has
decreased from a high-spin labile complex to a low-spin inert complex. Solution
studies have revealed a relationship between magnetic and electrochemical properties
with donor atoms present. But the analysis of the Fe-mix ligand complex having the
formula [Fe(S-L1)2(S-L2)](ClO4)> was not easy, to begin with. To simplify it and
understand the dependence of donor atoms on the spin-state and electrochemical

properties, we chose to synthesize and study three homoleptic tris Fe (II) complexes.

X
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Complex 1 having pyridine-based ligand S-L1, Complex 2 having 2-imidazole based
ligand S-L2 and Complex 3 having 4-imidazole based ligand S-L3 (Scheme 3). Out of
these three, Complex 2 have been structurally characterized as well. We studied how
substituting pyridine with imidazole analogues has a considerable effect on its
solution magnetic and electrochemical properties. Based on this, we report that the
change in redox potential is associated with an accompanying spin-state change. The

difference between pyridine and imidazole analogue is quite noticeable.

Fe(Q0,),.7H,0 Q \ ®; :
1eq. s{ N -

Complex 1 Low Spin
(dark purple crystal) E,=+112VvsSCE

Complex 3 High Spin Complex 2
(brown solid) E,,=+0.71VvsSCE (darkred crystal) E,,=+0.85VvsSCE

Spin Crossover

Scheme 3. Schematic representation of the homoleptic tris complexes along with their

spin state and cyclic voltammograms.

X-ray structure of 2 showed that Fe-N (imidazole) bond lengths are slightly shorter
than Fe-N (imine), showing a stronger interaction between the iron and the
imidazolate rings. Lattice interactions included the imidazole-NH, which is H-bonded
to the surrounding perchlorate anions and weakly interacted to an imidazole carbon of
the neighboring molecule. Further, 2 (Figure 2b) shows two redox couples for low-
spin and high-spin forms. Complex 2, having the 2-imidazole group, showed a
noticeable difference in the magnetic moment between the solid (uerr = 2.54) and

solution state (uerr= 4.8). Variable temperature magnetic study in solid and in solution
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revealed the spin crossover property of 2 throughout the given temperature range (4-

350) K (Figure 2a).
N 18 18
—— -40°C Complex 2
—— 20°C 16k Jis
— 0°C o
¢ 14 14
N 141 —1.
S (<]
8 x 12 o 4122
38 = ] . » » g
2 g 10 . e 10§
2 1 :
E 08| —0.8
N3 .
06 —06
O Absorbance
041}- "X, -04
0 L L N 02— I I I I I I 1102
330 400 500 600 700 800 230 240 250 260 270 280 290 300
wavelength(nm) Temperature (K)
10 243K 1.0 1.0
(b) 553K ; Complex 6 . 4
—— 263K 09} ™ 409
08 |- — 273K
203K ¥ 08} 408
S 0.7 ° L 07 =
x 0.7]- 40.
S 06 = o z
] o <]
g S 06] o6 5
2 £ 8 ]
a P
= o4 EO.S— o 405 3
Z ]
< 04} 404
0.2 03}- L] o H03
O Absorbance
02 = "X, Ho2
0 L L L 0.1 1 1 1 1 ! ! 1 1 0.1
300 400 500 600 700 230 240 250 260 270 280 290 300
Wavelength(nm) Temperature (K)

Figure 2. Complex 2 plot of (a) Temperature-dependent magnetic susceptibility
within the range (4-350) K, (b) cyclic voltammogram and differential pulse
voltammogram plot, (¢) Temperature-dependent UV-visible spectrum and (d)
comparison between temperature dependence ym and absorbance of the same

respectively.

UV-visible studies have shown intense, less intense MLCT bands in 2 and the
forbidden (d-d) transition corresponding to the high spin state in the solution. With a
decrease in the temperature, 2 showed an increase in the MLCT band intensity, with a
blue shift of ~ 40 nm (Figure 2c). The change in the spin state has been detected
electrochemically as well. 2 showed two redox peaks, one at +0.85V corresponding to
the high spin and one at +1.11 V corresponding to the low spin species. AE, value
suggests that 2 is chemically reversible but electrochemically irreversible (Figure 2d).

X1
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Chapter V. Previously we have discussed the trends in magnetic and
electrochemical behavior of complexes 1-3. Switching from pyridine to imidazole
functionality, we have observed a significant change in the spin-state in solid and
solution as well. 1 (pyridine donor) was found to be low-spin in solid and solution.
3(4-imidazole donor) was found to be high-spin both in solid and solution as well.
2(2-imidazole donor) had an intermediate spin-state in solid and a predominantly
high-spin species in solution. Temperature dependant (VT-UV-visible, VT-Evan’s
NMR and VT- 'HNMR) studies revealed the spin-crossover property of 2 both in
solid and solution but it had no such effect on the spin-state of 1 and 3. Continuing
from this study, we wanted to check the validity of this study over few other set of Fe
(IT) complexes keeping the pyridine, 2-imidazole and 4-imidazole donor group intact
and changing the amine group. This chapter has expanded our work to other
compounds (4, 7, 8 and 9) previously synthesized by Brewer, Struch, and Howson.

Complex 5 and 6 has been newly synthesized, characterized, and studied as well

(Scheme 4).

4 *N& R‘N/ H R‘N%
—¢ W /\/J NH
- N__= N_/ N=/
8 1,487 2,5&8 3,689

9

Low-spin | High-spin
140mV
4 340mv 5 | 6
|e—————————» |~ |
7 300mv 8 9
7 | ——p | 4> |
\) 270mV_ | a— 140mV
g ] «<=—— » |43
| |
1 | | | 1 | |
— 71 T 1 T T T 1
20 16 1.2 08 04 0 42 1.0 0.8 0.6 0.4
E/Vvs.SCE E,,inV

Scheme 4. The redox potential (E;) of the complexes plotted diagrammatically and,
on a scale, illustrates the donor atom's effect. Complexes 1, 4 & 7 contains pyridine,

2,5 & 8 has 2-imidazole, and 3, 6 & 9 has 4-imidazole donor.

xil
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Here, we discuss the spectroscopic properties of the complexes (1-9) in solution
and the relationship of the redox potential with the accompanying spin-state change.
1, 4 and 7 having the pyridine group were low spin in solution. Complex 2, 3, 5, 6, 8
and 9 having 2 and 4-imidazole group were said to have more high-spin species in
solution. 5, 6, 8 and 9 showed crossover property in solution as well. However, the
noticeable difference from 2 is that the electronic spectra showed an increase in
intensity without a shift in wavelength, and spin crossover change in solution is much
faster and occurs at a relatively higher temperature (Figure 2d). We drew a
relationship between potential and spin-state by plotting the potentials on a scale
(Scheme 4). High-spin and low-spin complexes are in two widely different region.
Differences between pyridine (low-spin) and 2-imidazole (high-spin) is accounted for
a shift of ~ 300 mV and between 2-imidazole and 4-imidazole analogue, both of
which are high-spin at room temperature, are lower at ~140mV. These have been
reproducible for different sets (1-3, 4-6 and 7-9) of Fe (II) complexes. Few parameters
of the magnetic, spectroscopic and electrochemical data of 1-9 have been summarized

in (Table 5.1).

Xiii
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Introduction

Schiff bases are imines having a hydrocarbyl group on the nitrogen atom R,C=NR'
(R'# H) and is formed by the condensation reaction between a primary amine and an
aldehyde or ketone. The metal complexes with Schiff bases as ligands have been
playing an important part in the development of coordination chemistry as a whole.'
Professor H. Schiff reported on the first synthesis of Schiff base metal complexes as
early as the 1860s.> In the early days the main efforts were directed toward synthesis
and characterization of rather fundamental complexes, which do not look striking
nowadays but were strongly needed earlier. Some of typical examples included metal
complexes M(II)(X-Sal-NR),, M(II)(X-Sal-NR);, and so on, where X-Sal-NR
(formula IT) denotes bidentate Schiff bases.’ To cite another example, it was regarded
as significant to synthesize complexes of the formula Co(X-Sal-NR)3, R-i-Pr, where X
= 5-Br and 5-NO,.* West and coworkers synthesized heteronuclear oxo-bridged
compounds of the type (porphyrin)Cr—O-M(L) from the one-electron redox reactions
of CrO(porphyrin) and Fe(II), Mn(II) or Mo(IV) complexes containing ligands such
as salicylideneaminates and dithiocarbamates.” Nowadays, the research field dealing
with Schiff base metal complexes has expanded enormously, and embraces very wide
and diversified subjects comprising vast areas of organometallic compounds and
various aspects of bioinorganic chemistry and also in the field of asymmetric

caltallysis.6

1.1 Chiral metal salen ligand catalyst.

Salen ligands bind metal ions securely through four atoms. This tetradentate
binding motif is reminiscent of the porphyrin framework in heme base oxidative
enzymes. The design of the chiral manganese-salen complex was originally inspired
by consideration of the oxo-transfer mechanism of heme-containing enzymes such as
cytochrome P-450. However, salen derivatives are more easily synthesized than
porphyrins, and their structures are more easily manipulated to create an asymmetric
environment around the metal active site.” A few examples of chiral Metal-salen
complex (M = Mn"™, Co™ and Cu") catalyst (Figure 1.1) and their functions are
discussed in brief. Zhang and coworkers reported a chiral Mn""-salen catalyst for the
asymmetric epoxidation of simple olefins yielding both cis and trans epoxides with
cis-epoxide as the major product (Figure 1.1a).® Chang and group thereafter prepared

another chiral Mn"-salen catalyst for the epoxidation of olefins but this time with
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trans-epoxide as the major product (Figure 1.1b).” While conversion of olefins has
been successful but progress in the development of catalysts for enantioselective
nitrogen-group transfer to alkenes has been slow.'® Zhen Li and coworkers prepared
Cu"-salen complexes for alkene aziridination with good enantioselectivity. They even
showed an increase in enantioselectivity up to 90% by using Cu’-Otf as a catalyst
(Figure 1.1c)."" Thomas Belser incorporated into self-assembled thiolate monolayers
(SAMs) on gold colloids and coated with Co™ salen ligands which was an efficient
method of catalytic conversion of hydrolytic kinetic resolution (HKR) of 1,2-
epoxyhexane to the respective diol (Figure 1.1d). '2 Annis and coworker the synthesis
i

of polystyrene- and silica-bound chiral Co (salen) complexes catalyzing highly

efficient and enantioselective ring opening of terminal epoxides (Figure 1.1e)."

= 90 um Hydroxymethylpolystyrene

Figure 1.1. Examples of chiral Salen Schiff Base ligand metal (Mn", Cu" and Co™)

complexes used as asymmetric catalyst.

1.2 Importance of Imidazole and Pyridine groups as a part of ligands.

1.2.1 Role of Imidazole in some metalloenzymes and metalloproteins.

The field of bioinorganic chemistry is at a propitious stage of development. R. H.
Holm and E. I. Solomon classified different metalloproteins and metalloenzymes

based on their structure/function analysis (e.g dismutases, oxidases and oxygenase,
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nitrogenases and hydrogenases, oxotransferases, hydrolases etc.).'"t As a part of
histidine, imidazole is one such functional group which is present in the active site of
these proteins either as a coordinating group to the metal atom or helps in catalyzing a
specific reaction."” This ring system is present in important biological building blocks,
such as histidine and the related hormone histamine. Many drugs contain an imidazole
ring, such as certain antifungal drugs, the nitroimidazole series of antibiotics, and the
sedative midazolam.'® This is the reason why it behaves both as an acid and a base at
different pH range. Some of the examples of the active sites having single metal atom
(e.g. Fe", Fe", Cu", Mn", Mg" and Zn") is shown in (Figure 1.2.1). All of these
contain Imidazole donor atom which actively takes part in catalyzing a reaction

specific to that enzyme.14

H OH )
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Figure 1.2.1. The active site of (a) protocatechuate 3,4-dioxygenase, (b) 2,3-
dihydroxybiphenyl 1,2-dioxygenase, (¢) isopenicillin N-synthase, (d) amine oxidase,

(d) galactose oxidase, (e) bovine heart, (f) Zn-finger protein and (g) transferrin.

We take a few examples of biomolecules with mononuclear metal centers and
discussed about their function. Protocatechuate 3,4-dioxygenase and 2,3-

dihydroxybiphenyl 1,2-dioxygenase belong to the group of intramolecular

5
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dioxygenase type of enzyme which catalyzes the oxidation of catechol to acid through
dioxygen intermediate. Iron in both +2 and +3 has been used to catalyze similar
reactions (Figure 1.2.1a, 1.2.1b).17'20 Isopenicillin N-synthase, amine oxidase and
galactose oxidase all belong to the oxidase type of enzymes. Their function is
cyclization of secondary amine”' (Figure 1.2.1¢) and oxidation of the primary amine
to respective aldehyde (Figure 1.2.1d).2* It also selectively catalyzes one of the -OH
of the catechol group to ketone.”** Bovine heart serum which has substituted MgH
where two proton transfer pathways, one for protons consumed in water formation
and one for proton pumping are discussed (Figure 1.2.1¢).® Zn(Il) has a very
significant, purely structural role in metallobiomolecules in addition to serving as a
catalytic metal. Zinc finger proteins is one such example. Tetrahedral coordination
Zn(II) results in the folding of protein minidomains which are recognized and bound
to DNA. In addition to the foregoing site, [Zn(NaHis),-(SaCys),] is a frequent
structural unit in zinc fingers (Figure 1.2.1).%” Transferrin belong to the class of

storage and transport protein whose function is to solubilize, transport, and deliver

Fe'" ions to cells (Figure 1.2.1 g).28
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Figure 1.2.2 The active site of (a) carbonic anhydrase, (b) Cu-Zn Superoxide

dismutase, (c¢) cytochrome C oxidase, (d) hemerythrin and (e) hemocyanin.

Here are some of the examples of active site of biomolecules having binuclear metal
centers where we see the catalytic activity as well. Electron transfer is also an
important factor in these types of mechanism. The basic nitrogen of histidine abstracts
a proton from serine, threonine, or cysteine to activate it as a nucleophile. For
instance, in carbonic anhydrase, a histidine proton shuttle is utilized to rapidly shuttle
protons away from a zinc-bound water molecule to quickly regenerate the active form
of the enzyme. (Figure 1.2.2a) Cu-Zn Superoxide dismutase Dismutation involves the
conversion of superoxide into O, and H,O,. During the catalytic cycle, imidazole
attracts the proton working as a base and then later on supplies the proton to ensure
the release of peroxide. (Figure 1.2.2b) Imidazole group also helps in electron transfer
reactions. In cytochrome C oxidase, the central Fe is hexa-coordinated with porphyrin
ring equatorially and two histidine residues at the axial positions. The electron transfer
redox process is assisted by the flow of electron from the t,g orbitals of Low spin Fe
(II) to m* orbitals of the porphyrin ring. (Figure 1.2.2¢) Imidazole is not only present
in vertebrates but also very common in invertebrates. Hemerythrin and Hemocyanin
are oxygen storage and transport proteins that are found in some invertebrates. In
these proteins, metals are directly coordinated only to the imidazole group of histidine
residues. This core helps the metal to directly bind with oxygen and with its transport
as well in difficult conditions as well as compared to the vertebrates.”” (Figure 1.2.2d

and 1.2.2e)
1.2.2 Role of pyridine in biomimetic complexes and pharmaceutical drugs.

Simultaneously, there was development in the field of functional synthetic models
and the consequent application of various spectroscopic techniques to elucidate the
active site structure and the role of the metal center in catalysis.”> Complexes with
ligands containing pyridine donor are more common in biomimetic chemistry
presumably due to the structural similarity between imidazole and pyridine and the

ease of incorporating pyridine unit within a ligand framework.>'

These pyridine
model complexes can also be achieved through synthesis and can be optimized to a
broader range of physical conditions (pH and temperature) than more or less be quite

effective to mimic with biological systems. The complexes exhibit a range of
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spectroscopic parameters has been critical to assigning metalloenzyme structural and
spectroscopic features. However, most of the characterized synthetic Fe complexes
have used primarily N-donor supporting ligands such as tertiary amines and pyridines
and O-donors like carboxylate and alkoxide functional groups to mimic the active
sites respectively. Some of the ligands were designed such that it occupies most of the
coordination site of the metal leaving cis positions labile sites to bind solvent and/or
oxygen.33 Lippard and coworkers reported a Fe (III)-complex which contains the
quadrilateral {Fe2(u-0)2} core believed to be present in the diiron (IV) intermediate
Q of sMMOH, a remarkable enzyme that is capable of transforming methane group to
methanol (Figure 1.2.32).%* Rybak-Akimova and group introduced electron donating
substituents onto the pyridine donors a previously reported compound with the goal of
stabilizing higher-valent intermediates in the catalytic cycles of these complexes, an
approach previously demonstrated in diiron (IV) chemistry. Here they describe new
intermediates generated from H,0,, and RCOOH (Figure 1.2.3f).35 Que and group
have reported a-KG-dependent enzyme taurine dioxygenase (TauD), the oxoiron(IV)
moiety is postulated to be ligated by two carboxylate ligands cis to the oxo ligand
while for phenylalanine hydroxylase (PheH, a pterin-dependent hydroxylase) the
oxoiron(IV) species is believed to have a single bidentate carboxylate ligand cis to the
oxo (Figure 1.2.3d).*® Structural changes accompanying substrate binding to an
extradiol dioxygenase. Catechol chelates asymmetrically to the iron center, a binding
mode found for a mono-anionic catecholate. This feature has been assigned to one of
the catecholate oxygens by comparison to the structural data for the first example of a
synthetic Fe' catecholate complex (Figure 1.2.3¢).”” The R-keto acid-dependent
enzymes require an R-keto acid cofactor as well as Fe'' and O, for reactivity. The R-
keto acid moiety can coordinate to the iron either as a monodentate or bidentate
ligand. The reaction is also monitored spectroscopically with UV/vis spectra for the
bidentate-bound Fe'"(6-Me3-TPA)-BF (Figure 1.2.3e) complex has absorbances at
544 nm (¢ = 690 m! cm‘l) and at 590 nm (¢ = 600 M'lcm'l) which are attributed to (e
= Fe (II)-to-BF) charge transfer transitions.”® A Bleomycin model complex is
proposed to coordinate to the Fe (II) center via five ligands, as shown in (Figure
1.2.3g). The sixth coordination site is therefore available to bind O,. Spectroscopic
studies following the reaction of Fe"-BLM and O, have identified two transient

39,40

species. Upon exposure to O,, the EPR-silent, high-spin Fe"-BLM. is rapidly
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converted to FeH—BLM—Oz, the Mossbauer parameters of which are most consistent
with an Fe'"-superoxide species.41 The advantage of using Iron is that switching of its
spin-state throughout the catalytic reaction helps us to identify the intermediates and
monitor the course of the reaction. Due to the flipping of the spin state Fe'Vl!
positively responds to some spectroscopic techniques and negatively to others

simultaneously.

H,NOC

( 'ﬁ}e,...‘\\\““‘
N\\N/ \ (%
TN

H,N

- .
@)
Figure 1.2.3. Pyridine incorporated ligand framework of a few biomimetic Fe-

complexes.

N-containing heterocycles has been reported to be associated with a wide range of
biological activity.42 In the field of six membered heterocyclic structures, pyridine
nucleus shows various properties. The high therapeutic properties of the Pyridine
related drugs have encouraged the medicinal chemists to synthesize a large number of
chemotherapeutic agents.*® Flupirtine is an aminopyridine that functions as a centrally
acting non-opioid analgesic that for acute and chronic pain. It is used in case of
moderate to severe pain. It’s muscle relaxant properties make it popular for back pain
and other orthopaedical uses, but it is also used to medicate migraine pain (Figure

1.2.4a).** Enpirolin is used as an anti-malarial drug (Figure 1.2.4b).** Nikethamide is a

9
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stimulant which mainly affects the respiratory cycle. It was used before as a medical
countermeasure against tranquilizer overdoses. It is available as a short-acting over-
the-counter drug combined with glucose in form of lozenges especially useful for
mountain climbers to increase endurance at high altitudes (Figure 1.2.4(:).45 Indinavir
does not cure HIV/AIDS, but it can extend the length of a person's life for several

years by slowing the progression of the disease (Figure 1.2.4d).%

Figure 1.2.4 Pyridine containing therapeutic drugs (a) Flupirtine, (b) Enpirolin, (c)
Nikethimide and (d) Indinavir.

1.3. Spin-crossover phenomena in some mononuclear Fe (II) complexes.

Spin-crossover compounds are becoming increasingly popular for device and
sensor applications, and in soft materials, that make use of their switchable colour,
paramagnetism and conductivity. Spin-crossover is most commonly observed in six-
coordinate iron (II) Complexes.47 As we intend to use simple metal complexes of
Schiff-base ligands, we have narrowed down our focus on mononuclear Fe (II)
bidentate and tridentate Schiff base complexes (Figure 1.3). We found that some of
the iron complexes with these ligands have interesting electrochemical, spin-state, and

spectroscopic properties.

10
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Figure 1.3. A few examples of mononuclear spin crossover Fe (II) complexes with

Schiff Base ligands having imidazole and pyridine donors.

Katz and co-worker reported a room temperature crystal structure determination of
mononuclear [Fe(Il)aminoethylpyridine]l, showed that its asymmetric unit contains a
1:1 mixture of the fac and mer isomers of the complex (Figure 1.3¢).*® The mer
molecule in the crystal is high-spin, while the Fe—N bond lengths in the fac molecule
imply that it is predominantly low-spin. Maeda and group prepared compound
[F@II(L)3][CIO4]2 shows a gradual thermal spin-transition centred near 160 K, that is
70% complete at 5 K from susceptibility and Mossbauer measurements (Figure
1.30).% Onggo and Harris and their coworkers altered the reduction in ligand field
required to afford a spin-transition centre with this ligand type by substitution at the 6-
position of one of the pyridyl rings, as in [FeLs]** (Figure 1.3g, 1.3h).>>>' This
induces steric repulsion within the coordination shell, making the high-spin state (with
its longer Fe-N bonds) more favourable. Sunatski and group reported a homochiral
spin crossover iron (II) complex, fac-A was synthesized and its crystal structures in
both the high-spin (HS) and low-spin (LS) states were determined which showed

abrupt crossover at Ty - 195 K (Figure 1.3i).5 2 Gu and coworkers on the other hand
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reported a similar ligand with a different substitution yielding both fac-A (using S-
isomer)and fac-A (using R-isomer) homochiral crystals which showed crossover
property at Ty, ~ 370 K (Figure 1.3g).5 3 Ling also reported a Fe (II) SCO fac complex
with Ty, ~ 375K (Figure 1.3k).™* Struch and coworkers showed that changing
electronic properties and tuning the spin-state set of Fe (II) with electron-deficient
pyridylimine ligands have resulted in a change in their supramolecular chemistry
(Figure 1.3a).” Naohide and coworkers showed anion-dependent one-dimensional
and two-dimensional Spin-Crossover in Iron (II) complexes bridged by cooperative
intermolecular interactions (Figure 1.3b).”® Brachiiakova and coworkers Low-spin and
spin-crossover Iron (II) complexes with pyridyl-benzimidazole ligands. They have
reported thermal and light-induced spin-state switching of the compounds in solid-
state accompanied with their redox potential (Figure 1.3d).”’ Kruger and coworkers
had reported the solvent-dependent spin-crossover in Imidazolylimine Fe (II)
Complexes and the effect on its photomagnetic properties (Figure 1.3¢).”® Solid-state
studies on these have been quite common and well documented. Solution properties
especially spin-state in solution, and electrochemical properties on these complexes,

are fewer.
1.4 Importance of Chirality and how recognition in Biology

Stereoisomers are isomers that differ in spatial arrangement of atoms, rather than
order of atomic connectivity. One of their most interesting type of isomer is the
mirror-image stereoisomers, a non-superimposable set of two molecules that are
mirror image of one another. The existence of these molecules is determined by

concept known as chirality (Figure 1.4.1).

Mirror

I

CF:

Varuba (strong drug) Varuba (no effect)

~

Enantiomers

Figure 1.4.1. A pair of enantiomers where one is more potent drug than the other.
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Recognition in biology is omnipresent as a result of interactions occur between a
host and an incoming guest molecule. It takes place when one of the enantiomers is
preferred over the other due to the formation of a favored host-guest adduct. The
interactions between host guest is mainly due to a combination of strong and weak
non-covalent interactions. Theoretically recognition results because of the differences
in Gibbs free energy between the two diastereoisomeric enantiomer-selector
complexes.sg'62 In recognition, there are four types commonly known non-bonded

. . 63-65
1nteractions.

namely hydrogen bonds, ionic bonds, van der Waals forces and
hydrophobic interaction. These are mostly responsible for the three-dimensional
structure of large molecules, such as proteins and enzymes. A recognition site of
adrenaline molecule shows a combination of electrostatic interactions, H-bonding and
aromatic m-interactions with the P,-adrenergic receptor comprising of amino acid

residues (Figure 1.4.2).66‘70

Figure 1.4.2. Non-covalent interactions between noradrenaline and the [3,-adrenergic

receptor.68

1.5 Chiral Recognition by supramolecular cages and Host-guest complex using

non-bonded interactions.

Synthetic supramolecular assemblies have demonstrated their ability to encapsulate

organic guests based on their size, shape, and functional group cornplementarity.71'74
The encapsulation of chiral organic guest molecules into chiral cage like host

structures has been reported to proceed with moderate to good diastereoselectivity.75'
78
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Figure 1.5. Chiral recognition of few metal complexes using bonded interactions.

Raymond and group report here the encapsulation of organometallic complexes
which have been reported to be catalytically active, into a chiral, well-defined cavity.
The encapsulations of the chiral ruthenium complexes proceed with
diastereoselectivities up to 70% (Figure 1.52).” Yong Cui an coworkers report here
the assembly of a homochiral helicate cage from the pyridyl-functionalized salen
ligand and ZnCl,. The cage exhibits enantioselective luminescence enhancement by
chiral amino acids, and its crystalline samples can serve as hosts for adsorption
separation of racemic organic molecules (Figure 1.5b).% Kim and group reported an
enantiopure chiral organic building block, which can be easily synthesized from D-
tartaric acid, reacts with Zn** ions to produce a homochiral open-framework solid
whose formula is given as [Zn3(p3-O)(1-H)s].2H30.12H,0 (Figure 1.5¢).%' Gao Li
and group reported the efficient assembly of a nanotubular supramolecular structure
based on hexametallic Zn-macrocycles. Chiral channel and hydrophobic functionality
make it an excellent host to recognize and separate racemic alcohols with high

enantioselectivity up to 99.5% (Figure 1.5d).** Ray and group showed the chiral

14
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resolution of 1-phenylethylamine with an enhancement of (40-60 % ee) in bulk
crystals and amino alcohol with an enhancement of (93-100 % ee) using a binuclear

Ni (II) anionic host (Figure 1.5e, 1.5f).83

1.6 Chiral Recognition by metal complexes through bonded interactions.

While more focus has been given to recognition through non-covalent
interactions as it is closer to what happens in biology, examples of recognition using
covalent interactions is less in comparison. However, in recent years transition-metal
complexes have been extensively used in recognition and asymmetric catalytic
transformations of racemic, prochiral, and optical substrates to yield single-
enantiomer compounds through bonded interactions.**™ Chin and others used
kinetically inert cobalt (III) complexes to show different chiral interactions that
change the rate of epimerization(Figure 1.6e).*” Willock and coworkers reported the
asymmetric interaction of the chiral amines (R-/S-methylbenzylamine) with the chiral
[Cu(1,2)] complexes was revealed by CW EPR and DFT. The spectroscopic data
revealed that only one MBA substrate bound weakly to the copper complexes having
86:14 preference for the heterochiral adducts (RR-S and SS-R) in [Cu(1)] (Figure
1.6b).* Imai and group reported a chiral water-soluble Zn-porphyrin was optically
resolved, and the binding data with amino carboxylates indicated that this porphyrin
shows chiral recognition (Figure 1.6a). Shionoya and others recognized D-
phenylglycine over corresponding L-enantiomer (20 % ee) within a mixed ligand
environment around cobalt (III) complex (Figure 1.60).90 Ye and others recognized
chiral bidentate sulphoxides using an enantiopure Ir (III) complex (Figure 1.66).°" Li
and group reported A pair of 2D chiral coordination polymers were constructed
through the self-assembly of a chiral metal-camphor-10-sulfonate salt and a bidentate
linker, which show selective inclusion of S and R enantiomers of 1-phenylethanol

respectively with an enantioselectivity of 9:1 (Figure 1.6d).°>
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Figure 1.6. Chiral recognition of few metal complexes using bonded interactions.
1.7. Conclusions from the literature survey and objectives of the thesis

From the survey of literature, Firstly, we observed the importance of Schiff base
ligand complexes with transition metals and understanding their cooperative
relationship in catalysis. During many biocatalytic reactions, Fe-complexes especially
Fe (IT) changes its spin-state (HS=LS) based on the ligand environment, geometry
and other thermodynamic parameters. Secondly, imidazole functionality is very

. . . . . . 14-15
important in biological active sites.

Many pyridine and imidazole containing
biomimetic intermediate have been stabilized and studied extensively. Pyridine has
been a part of many clinical drugs and still used as precursors in preparing drug
molecule.’®?* ** Lastly, recognition of a single enantiomer from their racemic
mixture through non-covalent interaction is also very important in biology and drug

industry.sg'65

Recognition metal complexes using bonded interaction in biology might
be less important but its an important tool to understand the binding mode, geometry

and mechanism. Combining these factors, we chose to understand the chemistry

16
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between imidazole and pyridine donor group as a part of chiral Schiff Base ligands
with their respective mononuclear Ni(Il) and Fe(Il) complexes. The literature survey
lacks a comparative study between imidazole and pyridine functionality in
coordination complexes. A detailed study on their chiral recognition, spin-crossover
and spectroscopic behavior within metal complexes having similar coordination

environment were found to be rare in literature.

Based on these facts, the set objectives of this thesis are:

e Synthesizing both chiral and achiral bidentate Schiff base having either
pyridine or imidazole group as the donor atom with their respective sets of

Ni(II) and Fe(II) mononuclear complexes for our study.

e We tried to improve the enantiomeric enhancement of 1-phenylethylamine by
using a different approach and transformed the chiral amine into its Schiff
base form using both imidazole and pyridine aldehyde. Keeping the pyridine
containing imine and the metal as the host, we tried to recognize the incoming
imidazole containing imine from its racemic mixture using covalent bond
formation. Not only this we even tried to understand the difference and assign
the problems that have raised between a kinetically labile Ni (II) complex and

a kinetically inert Fe (II) complex in a mixed ligand environment.

e From the chiral resolution studies, we infer that chiral enhancement does
depend on the spin-state of Fe (II) inert complexes. We prepared a set of
homoleptic Fe (II) complexes having different spin-state (LS, HS and SCO)
based on different coordination environment (keeping pyridine and imidazole
intact). Our main focus was as to how these complexes’ magnetic, electronic
and electrochemical behave in solution with respect to the change in donor
atom and temperature. This study is also complimented by solid state magnetic

study as well.
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Introduction

Most chiral amines and amino alcohols are biologically active, and usually, one
enantiomer is more active than the other.'™ Chiral recognition of amines and amino
alcohols in biology works mostly through non-covalent interactions.” The earlier
report from our group using an anionic host was effective for amino alcohol
recognition ( > 95 % ee) but not with 1-phenylethylamine (40-60 % ee).6’7 Unlike
amino alcohols, amines lack the H-bonding capability of -OH group which makes it
harder to recognize.8 In the present work, we have transformed the racemic 1-
phenylethylamine into a bidentate ligand (rac-L2) through Schiff-base condensation
(Scheme 2.1). We allowed this to bind to a Ni(II) complex with other enantiopure co-
ligands (S-L1). Groups, on the chiral center, are still free to interact with neighboring
groups through non-covalent interactions. We expected that the coordination bond
will enhance the fitting of one enantiomer better than the ionic interaction employed

earlier.”®

The use of coordination bonds in chiral recognition has been used
occasionally. Using kinetically inert cobalt (III) complex, within a mixed ligand
environment, Chin & others showed that different chiral interaction leads to a
different rate of epimerization.” Shionoya and others recognized D-phenylglycine
over corresponding L-enantiomer (20 % ee) within a mixed ligand environment
around cobalt (III) complex.10 At least two groups probed the chiral interactions
between chiral guest singly bonded to structurally different zinc (II) porphyrin using

. . 11,12
spectroscopic techniques.

Resolutions observed were not very high. Ye and others
recognized chiral bidentate sulphoxides using an enantiopure Ir (III) complex.13 In
this case, the resolution was almost quantitative. However, none of this were with a
chiral amine. The ligand S-L1 and it’s complex, [Ni(S-L1)3;](ClO4), has been
structurally characterized by Scott and others.'* Mixed ligand complexes with the

present ligands have not been reported before.
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Scheme 2.1. The ligands, their NMR labeling and syntheses of the complexes 1a-1d.
1b and 1d are enantiomers. 1b and 1lc are diastereomers. 1la and 1b are indentical
complex but isolated from different reaction sequences.

2. Experimental Section
2.1 Materials and Methods

Solvents were obtained from commercial sources and used without further
purifications unless otherwise stated. Imidazole-2-carbaldehyde, pyridine-2-
carboxaldehyde, the racemic and both enantiomers of 1-phenylethylamine,
electrochemical grade tetrabutylammonium perchlorate (TBAP) and Ni(ClOy4),-6H,O
purchased from Aldrich Chemical Co. The complex [Ni(S-L1)3](ClO4), was prepared

following the reported procedure.'*

The FTIR spectra recorded on PerkinElmer Spectrum One FT-IR
spectrophotometer with KBr discs in the range 4000-400 cm™ and electronic spectra
on Perkin Elmer Lambda 25 UV-vis spectrophotometers. Solid-state magnetic
susceptibility of the complexes at room temperature was recorded using Sherwood
Scientific magnetic balance MSB-1. Electrospray Ionization mass (ESI-MS) spectra
recorded on AGILENT Q-TOF 6520 High-Resolution Mass Spectrometer. 'HNMR
spectra were recorded using Bruker ASCEND-600 600 MHz instruments. Powder X-

ray diffraction patterns were recorded using MAKE Bruker, D2 Phaser instrument
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with Cu-Ko radiation (A = 1.5418 A) equipped with an integrated PC and
DIFFRAC.SUITE software. Diffraction patterns were collected over 26 range
between 3-50° at a step scan rate of 0.02°. Samples for powder diffraction were stored
inside the vacuum desiccator before measurement. Circular Dichroism measurements
were performed using JASCO J-1500 CD Spectrometer and the spectra were analyzed
using JASCO spectra manager version 2.0. All the CD spectra were recorded under
inert N, atmosphere using HPLC grade acetonitrile as a solvent and a High Precision
Cell made of Quartz SUPRASIL cuvette having a path length of Imm. Cyclic
Voltammetric measurements were performed using CH instruments Electrochemical
Workstation. Potentials are reported at 25 °C relative to a 0.01 M Ag/AgNO;
reference electrode using 0.15 M TBAP as a supporting electrolyte. A glassy carbon
electrode used as the working electrode. Measurements in dry acetonitrile solvent
under inert N, atmosphere and a scan rate of 100 mV s™' was found to give the most
appropriate results. The system calibrated against ferrocene [Fe(n’-CsHs),] and
tris(2,2-bipyridine)-Iron(Il) perchlorate [Fe(bpy)3](ClO4)2.15 Using this setup, the E;»
of ferrocene and [Fe(bpy)3;](ClOy4), were observed at 0.09 V and 0.75 V respectively.
AE, values are calculated by taking the average of cathodic (E,.) and anodic (Ep.)

peak potentials.
2.2 Syntheses
2.2.1 (S,E)-N-(1-phenylethyl)-1-(pyridin-2-yl)methanimine (S-L1).

(8)-a-1-Phenylethylamine (0.500 g, 4.12 mmol) was stirred in 10 mL methanol.
A solution of distilled pyridine-2-carbaldehyde (0.441 g, 4.11 mmol) in 10 mL
methanol was added dropwise to the first solution. The solution turned yellowish, but
no precipitation was formed. It was stirred for 3 h at room temperature. The solvent
was evaporated and ~ 10 mL ethyl acetate was added. To remove the unreacted
amine, which is soluble in water, the solution was extracted 7-8 times with 20 mL of
diluted brine solution (10 mL of saturated brine & 10 mL distilled water) each time.
The ethyl acetate layer was dried over anhydrous sodium sulfate for 10-15 min and
filtered. The solvent was evaporated under vacuum to obtain the Schiff base as a
yellowish-brown oily liquid. The quantity of the oil obtained was measured by the
difference in weight with the empty flask. Yield, 0.570 g, 66 %. FTIR (KBr, cm™):
V(C=N)stretch 1646 (5). '"H NMR (600 MHz, CDCl3, ppm): 8.50 (Imine, s, 1 H), 8.63
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(Py-H*,d, 1 H, ] = 6 Hz), 8.12 (Py-H*, d, 1 H, ] =8 Hz), 7.71 (Py-H”, t, L H, I = 8
Hz), 7.46 (Ph-H"/H', d, 2H, J = 8),7.37 (Py-H", t, 1 H), 7.37 (Ph-H, t, 1 H), 7.27 (Ph-
H/H*, m, 2 H), 4.67 (Chiral-H, q, 1 H, J = 6 Hz), 1.64 (Methyl-H, d, 3 H, J = 6 Hz).
ESI-MS ([M + HI*): caled 211.1235; found 211.1246.

2.2.2 (R,E)-N-(1-phenylethyl)-1-(pyridin-2-yl)methanimine (R-L1).

This was prepared following the same procedure as S-L1 using (R)-a-1-
Phenylethylamine instead of (S)-a-1-Phenylethylamine. Yield, 0.535 g, 61 %. FTIR
(KBr, cm'l): V(C=N)sreten 1643 (s). "H NMR (600 MHz, CDCl3, ppm): 8.49 (Imine, s,
1 H), 8.65 (Py-H* d, 1 H, J = 6 Hz), 8.12 (Py-H", d, 1 H, J = 8 Hz), 7.75 (Py-H", t, 1
H,J =8 Hz), 7.46 (Ph-H"/H', d, 2 H,J =8), 7.37 (Py-H', t, 1 H), 7.37 (Ph-H', t, 1 H),
7.29 (Ph-H/H, m, 2 H), 4.67 (Chiral-H, q, 1 H, J = 6 Hz), 1.64 (Methyl-H, d, 3H, J =
6 Hz). ESI-MS (M + H]"): caled 211.1235; found 211.1272.

2.2.3 (E)-1-(1H-imidazol-2-yl)-N-(1-phenylethyl)methanimine (racemic-L2).

I-phenylethylamine (0.500 g, 4.12 mmol, 1 eq.) was stirred in 10 mL methanol.
A solution of imidazole-2-aldehyde (0.396 g, 4.12 mmol, 1 eq.) in 10 mL methanol
was added dropwise to the first solution. The initial colorless solution turned
yellowish upon warming in a water bath for 30 mins. The mixture was stirred for 3 h
at room temperature. The solvent was evaporated to obtain a white solid. Solid was
washed with 10 mL of n-hexane followed by 10 mL of undistilled diethyl ether. The
solid was dried overnight in a desiccator to obtain the product as off-white solid.
Yield ~ 0.500 g, 60 %. FTIR (KBr, cm™): v(C=N)qeicn 1648 (s). 'H NMR (600 MHz,
CDCl3, ppm): 'H NMR (600 MHz, CDCl3, ppm): 8.34 (Imine-H, s, 1 H), 7.26 (Ph-H,
m, 5 H), 7.15 (Im-H, s, 1 H,), 6.85 (Im-H, s, 1 H), 4.59 (Chiral-H, q, 1 H, J = 10 Hz),
1.57 (Methyl-H, d, 3 H, J = 10 Hz). ESI-MS ([M + H]"): caled 200.1187; found
200.1199.

2.2.4 (S,E)-1-(1H-imidazol-2-yl)-N-(1-phenylethyl)methanimine (S-L2).

This was prepared using the same procedure as racemic-L2 using (S5)-a-1-
Phenylethylamine instead of racemic amine. Yield ~ 0.600 g, 73 %. FTIR (KBr, cm
1 v(C=N)greren 1642 (s). '"H NMR (600 MHz, CDCls, ppm): 8.36 (Imine-H, s, 1 H),
7.26 (Ph-H, m, 5 H), 7.15 (Im-H, s, 1 H,), 6.79 (Im-H, s, 1 H), 4.60 (Chiral-H, q, 1 H,
J =10 Hz), 1.58 (Methyl-H, d, 3 H, J = 10 Hz). ESI-MS ([M + H]"): calcd 200.1187;
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found 200.1203.
2.2.5 (R,E)-1-(1H-imidazol-2-yl)-N-(1-phenylethyl)methanimine (R-L2).

This was prepared using the same procedure as racemic-L2 using (R)-o-1-
Phenylethylamine instead of racemic amine. Yield 0.506 g, 62 %. FTIR (KBr, cm™):
V(C=N)stretch 1642 (8). 'H NMR (600 MHz, CDCl3, ppm): 8.26 (Imine-H, s, 1 H), 7.20
(Ph-H, m, 5 H), 7.09 (Im-H, s, 1 H,), 6.81 (Im-H, s, 1 H), 4.52 (Chiral-H, q, 1 H,J =
10 Hz), 1.50 (Methyl-H, d, 3 H, J = 10 Hz). ESI-MS (M + H]"): calcd 200.1187;
found 200.1205.

2.2.6 [Ni(S-L1)2(S-L2)](Cl04); (1a) from racemic L2 .

The ligand S-L1 (0.150 g, 0.71 mmol, 2 eq.) was dissolved in 3 mL of acetonitrile and
stirred initially at room temperature. To the stirred solution, Ni(ClO4),-6H,0 (0.130 g,
0.36 mmol, 1 eq.) in 4 mL of acetonitrile was added dropwise which turned it to
slightly reddish clear solution followed by the addition of racemic-L2 (0.144 g, 0.71
mmol, 2 eq.) in 3 mL acetonitrile and stirred for 4 h. The solvent was layered with
ethyl acetate, covered properly and kept in the refrigerator for crystallization.
Reddish-orange crystals appeared after 1-2 days. The complex is soluble in both
methanol and acetonitrile. Yield ~ 0220 g, (68 %). Anal. Calcd. for
[Ni(C14H14N2)2(C12Hi13N3)]-2(ClO4)-1.75H,0: C, 52.93; H, 4.94; N, 10.81; found C,
53.08; H, 4.76; N, 10.92. FTIR (KBr, cm™): ¥(C=N)gyeen 1641 (s), 1622 (s) and 1600
(s) . Mefr (powder, 298 K): 2.79. Visible spectra in dry MeCN: A« in nm (g, M'lcm'l)
539 (13), 878 (10).

2.2.7 Complex 1b from enantiopure S-L2 (1b)

This was prepared using the same procedure and quantity as for 1a but using 1
equiv. of S-L2 instead of 2 equiv. of rac-L2. Reddish-orange crystals appeared after 3
days. Soluble in methanol, acetonitrile. Yield ~ 0.213 g, (66 %). Anal. Calcd. for
[Ni(C14H14N2)2(C12H13N3)]-2(Cl04)-2H,0: C, 52.67; H, 4.97; N, 10.75; found C,
52.66; H, 4.67; N, 10.78. FTIR (KBr, cm™): 0(C=N)gyeien 1641 (s), 1622 (s) and 1599
(8). Uer (powder, 298 K): 2.89 .Visible spectra in dry MeCN: Ap,x in nm (g, M'lcm'l)
543 (10), 877 (9).

2.2.8 [Ni(R-L1)2(R-L2)](C104); (1d).
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This was prepared using the same procedure as for 1b ( Section 2.2.7) but using R-
L1 and R-L2 instead of S-L1 and S-L2. The quantities used are R-L1 (0.100 g, 0.475
mmol, 2 eq.) , Ni(ClO4),-6H,0 (0.087 g, 0.24 mmol, 1 eq.) and R-L2 (0.048 g, 0.24
mmol, 1 eq.). Reddish-orange crystals appeared after 2 days. Soluble in methanol,
acetonitrile. Yield ~ 0.147 g. (70 %). Anal. Calcd. for [Ni(Ci4H;4N2)2(Ci2H;3N3)]
-2(Cl04)-3.5H,0-2CH3CN: C, 51.75; H, 5.33; N, 12.35; found C, 51.85; H, 5.40; N,
12.44. FTIR (KBr, cm™): 0(C=N)gyeien 1641 (s), 1622 (s) and 1599 (s).

2.2.9 Reaction with R-L2 instead of S-L2 (1c¢).

A reaction identical to the one for 1b (Section was performed with R-L2 substituting
the S-L2. Unlike 1b, No precipitation of crystals was obtained even after doubling the
amount of precipitant ethyl acetate. The solvent was evaporated to dryness, washed
with (2x5 mL) of ethyl acetate followed by 5 mL of diethyl ether. A light brown solid
powder was obtained. Soluble in methanol, acetonitrile. (yield ~ 0.141 g starting with
0.100 g of S-L1). FTIR (KBr, cm'l): V(C=N)streten 1640 (s), 1624 (s) and 1599 (s). ESI

Mass is given in Figure S3.
2.3 X-ray Data Collection, Structure Solvation and Refinement

All the crystals show desolvation to a different degree. Thus, the crystals were
covered with grease (Vaseline) and mounted on glass fiber for data collection. All
geometric and intensity data for the crystals of 1a and 1b were collected at a low
temperature using a ‘CrysAlisPro 1.171.40.23a (Rigaku Oxford Diffraction, 2018)’
diffractometer equipped with a fine focus 1.75 kW sealed tube Mo-Ka (A = 0.71073
A) X-ray source. The SMART software was used for data acquisition and the
‘CrysAlisPro 1.171.40.23a (Rigaku OD, 2018)’ software for data extraction and
reduction. Absorption corrections were done using spherical harmonics, implemented
in SCALE3 ABSPACK scaling algorithm. The final refinements were performed on
WinGX'® environment. The crystals of 1d were collected at room temperature using a
Bruker SMART APEX CCD diffractometer equipped with a fine focus 1.75 kW
sealed tube Mo-Ko. (A = 0.71073 A) X-ray source. The SMART software was used
for data acquisition and the ‘Bruker SAINT’ software for data refinement and
reduction. Absorption corrections were done using SADABS. After the initial solution
and refinement with SHELXL, the final refinements were performed on WinGX '

environment. Almost all non-hydrogen atoms in the complexes were refined
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anisotropically. In 1a, 1b and 1d, ‘SQUEEZE’ was performed in order to remove the
disordered solvent molecules.'” All of the hydrogen atoms were added in the
refinement stage. The molecular weight from structure and bulk may not match as the

dry powdered form of crystals was used for elemental analysis and other studies.

2.4 Results and Discussion
2.4.1 Syntheses

The Schiff base ligands were synthesized by condensing the chiral amine and the
aldehyde in methanol. The S-L1 or R-L1 was isolated as oil while all three Schiff
bases containing imidazole were white powder. The FTIR spectra showed a strong
vibration near 1650 cm™ assigned as C=N stretch of the imine formed. The ligands
were characterized by proton NMR and Mass spectrometry (Experimental section).
Proton NMR assignments are consistent with the respective chemical structure. The
mixed ligand complexes were synthesized by the sequential addition of the ligands
(ref. Scheme 2.1). The enantiopure S-L1 was reacted with nickel (II) salt first before
the addition of racemic-1.2 or S-L2. For 1a, the ratio of Ni: S-L1: racemic-L2 used
was 1:2:2. The use of racemic-L2 at double the quantity than required for [Ni(S-
L1)>(L2)]** was to maximize yield in case only one of the enantiomers of L2 binds. In
the case of 1b, the ratio of Ni: S-L1: S-L2 was 1:2:1 as required by the formula. For
1d, everything is identical to 1b except ligands used are R-L.1 and R-L2. Complex 1a
and 1b are identical but as they were isolated from difference reaction sequence, bulk
compound of 1a may contain 1¢ (Scheme 2.1) as minor product along with 1a as the
major product. The complex 1b do not have 1c as synthetic sequence doesn’t not
involve R-L2 and hence considered as enantiomerically pure. The complex 1b and 1d,
enantiomer to each other (Scheme 2.1), have been used as references in circular
dichroism (CD) spectroscopy. The complexes were isolated as crystals with ~70%
yield. Reaction identical to that of 1b with enantiopure R-L2 instead of S-L2 did not
yield crystals of [Ni(S-L1),(R-L2)](ClO4);.

2.4.2 Molecular structures of the complexes

The complex 1a was crystallized in a chiral space group P2; with one molecule of
the cationic complex, two perchlorate cation, and one acetonitrile molecule in the

asymmetric unit. The crystals showed solvent disorder. We applied SQUEEZE on the
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data.!” The final structural parameters are in Table 2.1, and the selected bond and
lengths are in Table 2.2. The ORTEP diagram of the complex cation showed it to be
an octahedral Ni (II) complex (Figure. 2.1a). The geometry around Ni (II) slightly
deviated from the perfect octahedron. This is evident from the deviation of angles
from the ideal value of 90° for in-plane angles and 180° for axial angles (Table 2.2).
All the Ni-N (pyridine or imidazole) are slightly shorter (<2.09 A) compared to Ni-N-
imine lengths (> 2.1 A). The other bond lengths are within the expected range.'* The
crystal also contains H-bonded interactions between imidazole NH and one of the
perchlorate oxygen. The number of CH...O interactions were observed as well (Table
2.4). The structure of 1b is identical to that of 1a (Table S1 and S2, Supplementary
data). It further supports that the chirality of L2 in 1 has S configuration. The complex
1d, with the formula [Ni(R-L1),(R-L2)](ClOy4),, was prepared using enantiopure
ligands R-L1 and R-L2. The solved structure showed it to be the mirror image

enantiomer of 1 (Figure S1). The structural data for 1d are given in Table S3 and S4.

a

b

Figure 2.1. (a) ORTEP diagram of the cationic part of Complex 1la. Thermal
ellipsoids are set to 50% probability level. Hydrogens removed for clarity. (b) A
chemical diagram of the same. (¢) A spacefilling model highlighting the methyl and
C-H groups of the chiral carbon.
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The structural data i.e bond lengths and angles, inter and intramolecular interactions
of 1b and 1d are same as 1la with no such observable difference to mention. The
complex 1a is a facial (fac) isomer with all three imines are on a triangular face. The
pyridines and imidazole are in the opposite triangular face. The complex is an
A isomer (Figure 2.1b). This is one out of 16 possible isomers (Figure. 2.2a). In all the
reported single crystal X-ray structures of [M(S-L1)3]**, where M is either nickel (II)
or iron (II), have this pr(—*;ference.14 All the chiral centers at C7, C21, and C35 have the
S-conformation. This means that out of two enantiomers of rac-L2, only the S-L2 was

found to bind in the complex.14

Table 2.1. Crystallographic data and refinement parameters of complexes.

la 1b 1d
Empirical C42 H44 N8 C42 H44 N8 C40 H41 CI2 N7
formula Nil O8 CI2 Nil O8 CI2 Nil O8
fw 918.46 918.46 877.41
crystal system Monoclinic Monoclinic Monoclinic
space group P2, P2, P2,
a, A’ 12.1838(11) 12.1363(5) 12.2356(11)
b, A’ 13.3956(8) 13.3803(5) 13.5952(12)
c, A 15.3606(13) 15.3352(7) 15.5863(14)
B 105.753(8) 106.039(5) 105.287(3)
v, A 2412.8(3) 2393.31(18) 2501.0(4)
Z/p (g cm™) 2/1.264 2/1.275 2/1.165
T(K) 100.01(11) 99.99(10) 273(2)
u (mm™) 0.568 0.573 0.544
coll.reflns 6773 6580 8813
indep reflns 6000 5849 7614
FLACK para. -0.015(18) 0.030(15) 0.023(8)
GOF on F* 1.036 1.051 1.049
Residuals (¢ A" (967 0559  0.902,-0.633  0.496.0.293

)

R1°, wR2" 0.0590/0.1494  0.0553/0.1400  0.0471/0.1242
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R1¢, wR2° 0.0657/0.1582  0.0627/0.1494  0.0540/0.1280

“a(®) = 1°) =90 " 1> 26 ¢ All data

Table 2.2. Selected bond distances (A) and angles (°) of 1a.

Nil-N1  2.121(5) NI1-Nil-N2  79.1(2)
Nil-N2  2.073(6) N2-Nil-N4  94.9(2)
Nil-N3  2.103(6) N4-Nil-N5 91.4(2)
Nil-N4  2.091(6) NS5-Nil-N1 = 95.8(2)
Nil-N5 2.161(6) NI1-Nil-N7  92.9(2)
Nil-N7  2.073(6) N7-Nil-N4  94.5(2)
NI-C9  1.268(9) NI1-Nil-N4 170.6(2)
N3-C23 1.264(9) N2-Nil-N5 168.0(2)

N5-C37 1.284(9) N3-Nil-N7 172.8(2)

There are three parallelly displaced =... type interactions between phenyl rings and
either pyridine or imidazole (Figure 2.2b). All three are centroid to centroid distances
at <4 A put them within the range expected for =...m stacking (Table 2.3)."% As per
Sherril and coworkers theoretical calculations, a vertical distance between
pyridine...benzene ring stacked in parallelly displaced situation of 3.4 A (in the
present case between 3.3 to 3.4 A, Table 2.3) and horizontal displacement of ~ 1.5 A
would result in stabilization of ~ 3 kcal/mol in interaction energy per interaction.'
This is a substantial gain in stabilization Such calculations were not reported for
imidazole...phenyl ring interactions. But the similarity with pyridine...phenyl ring
distances suggest a similar stabilization might be present in this case too (Table 2.3).

Similar interactions are present in [Ni(S-L1);]**."

These three are most likely
responsible for the stabilization of this fac configuration. This was pointed out by
others as well.'"*  Overall, structural characterizations showed three parallelly
displaced m...mw type interactions between phenyl rings and either pyridine or
imidazole are strong and have been preserved in all the present and previously

reported structures.'* Complex 1d is structurally similar to 1a and 1b. The only
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difference is in chirality. Carbon center has R-chirality in 1d and S-chirality in 1a and
1b. Comparison of structural parameters like volume, a, b, ¢ lengths (~ 12 A, 13 A
and 15 A), monoclinic and space group is P2 of the three is similar as well. Even Ni-
N bond length suggests that 1d (2.104 A) is almost equal to 1a (2.103 A) and 1b
(2.098 A) and bond angles are also very similar but not same (Table 2.2, S1 and S3).
Switching the chirality of one ligand by substituting S-L2 to R-L2, would bring two
possibilities; (i) loss of phenyl...imidazole interaction or (ii) sterically unfavorable -
CHs; ... -C-H interactions (Figure 2.1c). Reactions with R-L2 (Section 2.2.9) did not
yield any crystals. Thus we are unable to test this using structural characterization. It
is more likely that the unfavorable interactions between sterically demanding -CHj ...
-C-H interactions (Figure 2.1c) by switching from S-L2 to R-L2 is preventing the

formation of the complex.

Four possible LI isomers with S-L2, out of total 16 | &L
isomers with racemic-L2

Figure 2.2. (a) Number of possible isomers of Complex 1a and (b) Intra-molecular

interactions in [Ni(S-L1),(S-L2)](ClOq4),(1a).

Table 2.3. Comparison of distance and displacement between Complex 1a and [Ni(S-
L1)3](ClOy);] complex.

Complex Centroid to  Vertical Displace  Ref.
ceO:ntroid distance -ment
(A) (A) (A)
[Ni(S-L1)2(S-L2)](ClO4)2(1a) This
work
Imidazole(N2)...Phenyl (C15- 3.941 3.447 1.855
C20)
Pyridine(N4)...Phenyl(C29-C34)  3.679 3.323 1.578
39
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Imidazole (N7)...Phenyl(C1-C6)  3.874 3.381 1.891
[Ni(S-L1)3](ClO4), [14]
Pyridine(N5)...Phenyl(C23-C28)  4.003 3.383 2.139
Pyridine(N1)...Phenyl(C37-C42)  3.638 3.314 1.500
Pyridine(N3)...Phenyl(C9-C14) 3.841 3.424 1.740

Table 2.4. Non-covalent interactions in Complex 1a

D-H..A D-H (A) H...A(A) D...A(A) DHA(®)

Inter-molecular

N6-H6..01 0.86 2.09 2.885(15) 153
C11-H11..07 0.93 2.55 3.427(12) 157
C12-H12..08 0.93 2.59 3.398(10) 145
C14-H14..02 0.93 2.37 3.123(11) 138
C22-H22c..01 0.96 2.52 3.455(14) 166
C23-H23..02 0.93 2.54 3.380(9) 150
C26-H26..05 0.93 2.51 3.330(15) 147
C42-H42c..04 0.96 2.51 3.468(16) 178

C39-H39..1(C29-C34) 0.93° 2.85° 3.605° 9.79"

The acceptable range of D...A for N-H..O, 2.5-3.2 A; for C-H..O, 3.0-4.0 A; N-H/C-
H... 1 2.5-4.5 A, from ref.’**. SCalculated from Mercury.3 4

2.4.3 Other characterizations

X-ray powder diffraction patterns of 1la and 1b were recorded and compared
(Figure 2.3). Both are identical. This indirectly supports the bulk of the crystals of 1a
being identical with 1b. FTIR spectra of 1a and 1b show similar vcoy stretching
frequency at ~ 1640 cm™ assigned to. Strong and broad absorption ~ 1100 cm’
confirms the presence of perchlorate anion (Figure 2.4). The electrospray ionization
mass spectrum (ESI-MS) of complex 1a in acetonitrile analyzed in detail (Figure 2.5).
The peaks identified by mass value and relative isotopic abundance ratios (Figure
2.5). The peaks observed at 338.63 and 676.27 mass units are assigned for [Ni(S-
L1)y(S-L2)1** (m/2, caled. 338.63) and {[Ni(S-L1)x(S-L2)]-H}* (m/1, 676.63)
respectively. The spectrum contains some other mass peaks.19 The mass spectrum for

40
TH-2898_156122044



Chapter 11

1b is almost identical to la (Figure 2.5) having similar fragmentation pattern.

Elemental analysis of 1a and 1b confirm the expected values (Experimental section).

intensity

‘,JL_JL/ bd o
‘——JJ —— Complex 1b
3

sin26(°)

Figure 2.3. Powder X-ray diffraction patterns of 1a and 1b.

——— Complex 1b

Transmittance (%T)

—— Complex 1a

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 2.4. FTIR spectrum of 1a and 1b.
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Figure 2.5. ESI-MS spectrum of 1la along with the molecular ion peak of
experimental isotopic pattern and its calculated isotopic pattern in comparison with

complex 1b.
2.4.4 Complexation with R-L2 instead of S-L2 (1¢)

We attempted to synthesize, [Ni(S-L1),(R-L2)](ClOs4), using enantiopure R-L2. No
precipitate or crystalline solid was isolated even after increasing the quantity of
precipitant. Eventually, an amorphous solid (1¢) was scrapped out after removing the
solvent under vacuum and washed with the ethyl acetate to remove unreacted ligand
as much as possible. FTIR of 1c¢ (Figure S2) shows is not very different than 1a, or
[N1(S-L1)3](ClO4); as all of these have a very similar composition. It has a broad peak
at ~ 3500 cm™ and a sharp peak at ~ 1750 cm™. The mass spectra of 1c¢ (Figure S3) is
not particularly revealing. This is not surprising given the labile nature of the
complexes. The noted differences are; L2 peak is more abundant, [Ni(L1),(L2)-H]"
peak is less abundant and multiple unassigned peaks between 700-800 mass units are
now more prominent (Figure S3). From these, the formation of [Ni(S—Ll)z(R—LZ)]2+ is
not conclusive. The solid (1c) is more likely to be a mixture of species along with

[Ni(S-L1):]*".
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2.4.5 Electronic transitions and magnetic moment

The electronic spectra of the complexes in acetonitrile show two broad transition
centers around 545 nm and 880 nm with & values between 10-20 M" cm™
(Experimental Section). The spectra are essentially the same for both 1a and 1b
(Figure 2.6). The low & value is indicative of Laporte forbidden ligand-field
transitions of octahedral Ni(I). A complex with similar Ng coordination,
[Ni(imidazole)s]**, shows ligand field transitions at 355, 568 and 970 nm assigned for
3ng(P)€3A2g, 3T1g€3A2g and 3T2g€3A2g transitions expected for an octahedral ’F
ground state.'® Although, more accurately, these states will further split due to the
lowered symmetry of D; from perfect octahedron that will further broaden the
peaks.”’ In the present case, considering approximately octahedral symmetry, we
tentatively assign the absorption maxima at 539 nm and 878 nm as 3T1g€3A2g and
3T2g€3A2g respectively. We did not observe the 3ng(P)é3 Ay, transition possibly due
to overlap with stronger charge transfer transitions. Despite the broadness, the
T, € Ay, transition at 878 nm for 1a can be used to estimate and compare the ligand
field strength of the ligand.zo The reported values of 3T2g€3A2g transition for
Ni(H,0)6]**, Ni(imidazole)s]** and Ni(2,2’-bipyridyl)s]** are 1176, 970 and 862 nm
respectively.”' Thus the ligand field is much stronger than aquo or imidazole complex,
but closer to bipyridyl complexes. This is much higher than our previously reported
histidine derived ligand (3T2g€3A2g transition at 1025 nm for [Niy (pu-OAc)
(salhis)z]l').6 The solid-state room temperature magnetic moment was measured to be
~ 2.80 B.M. (Experimental Section), which is close to the spin-only value of 2.83
B.M. for two unpaired electrons. This is lower than the usual range of 2.9-3.5 B.M.
for Ni (II) octahedral complexes due to spin-orbit coupling.”* However, examples of
Ni (II) octahedral complexes showing magnetic moments < 2.9 B.M. has been

reported.23
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Figure 2.6. UV-visible spectra of 1a and 1b in acetonitrile.

2.4.6 Chiral Enhancement and Circular dichroism spectra

The structural characterization showed only S-L2 from a racemic mixture is
bound in 1a in the single crystalline state. In the past, we used HPLC, and chiral
column to calculate chiral enhancement in bulk.** That proved to be difficult for the
Schiff base ligands in the chiral column that we have used. To calculate chiral
enhancement we used circular dichroism using equation (1) as well as optical rotation
on 1a using 1b as enantiopure reference compound.” The CD spectra of complex 1a
and 1b at the same concentration (10 mg in 10 mL acetonitrile) were recorded under
identical conditions. Ellipticity values at 238 nm and 302 nm of enantiopure 1b were
taken as calculated value and that of 1a were taken as experimental value. The % ee,

calculated using equation (1), Enantiomeric excess = (Rexp/ Reaea) X 100 % ------------

)

A series of solution of enantiopure complex 1b (enantiopure by synthesis) were made
in acetonitrile. Concentration range used are from 0.1 g /100 mL to 1 g /100 mL. Plot
of concentration vs optical rotation were linear with fitting parameter R = 0.99
(Figure 2.8). Optical rotation of complex 1a at 0.2 g/ 100 mL and 0.4 g/ 100 mL in
acetonitrile were experimentally determined (Rexp). Expected optical rotation (Reaica)
for 100% ee were calculated from the plot (Figure 2.8) at these concentrations.

Enantiomeric excess(ee) in complex 1a were determined using the following formula:

The % ee for crystalline 1a was determined to be 89.9 and 91.6 at 0.2 g/ 100 mL and
0.4 g /100 mL from optical rotation experiments. Considering the nature of the

experiment and possible error in solution preparation, the value of 89.9 and 91.2 are
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very close. The error is at < 2%. The circular dichroism (CD) spectra of 1a and 1b in
acetonitrile at the same concentration (Figure 2.7a). Both spectra are identical both in
terms of peak position and ellipticity values. The similar comparison also showed that
the complex 1d, [Ni(R-L1),(R-L2)](ClOy),, is the mirror image isomer of 1a and 1b
(Figure 2.7a), (Scheme 2.1). The % ee for 1a from CD spectra using equation (1) was
found to be 88 and 96 at 238 nm and 302 nm respectively. The observed enhancement
(~ 90% ee) is much higher than we observed before for 1-phenylethylamine (40-60%
ee in crystalline form).®’ Enhancement in crystalline form can be a result of multiple
factors: (a) solubility difference between the diastereoisomers, (b) non-covalent
interactions in crystals and (c) solution equilibrium favoring one diastereoisomer.
Direct measurement of solution equilibrium for the paramagnetic metal complex is
difficult. We chose to precipitate the amorphous form of 1a before crystallization and
measured the chiral enhancement. The % ee for amorphous precipitates of 1la was
determined to be 53.7% and 58.1% at 0.2 g / 100 mL and 0.4 g /100 mL from optical
rotation experiments and 56.4 and 68.4 at 238 nm and 302 nm respectively from CD
experiments. This is higher than we had observed for 1-phenylethylamine (0 % ee in
precipitated amorphous form). There is considerable enhancement in bulk due to
factors other than crystallization. Circular dichroism is much less intense at the same
concentration (10 mg/10 mL) with respect to either of 1c or [Ni(S-L1)3](ClOy4),
(Figure 2.7b). We observed a positive cotton effect ~ 325 nm, which was not present
in 1b but similar to one observed for [Ni(S-L1)3](ClOy), (Figure 2.7b). This seems to
be a mixture of compounds having [Ni(S-L1)3](ClO4),, among other things.

100 ] 20
—— 1a, crystalline
B —— 1c, precipitate
—— 1b, crystalline 0
60 I —— 1d, arystalline
20 F
20
D o 40 [
< s
E E
-60 I
-60 -80 I
100 -100 |
" 1 n 1 n 1 1
200 300 400 500 200 300 400 500
wavelength(nm) wavelength(nm)

Figure 2.7. (a)Circular dichroism spectra of 1a, 1b and 1d in crystalline form and 1¢
in precipitated form in acetonitrile having the same concentration. (b) CD specta of
[Ni(S-L1)3](ClO4), and product from reaction with R-L2 (1¢) in acetonitrile .
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Figure 2.8. Optical rotation vs concentration plot of Complex 1b.
2.4.7 Cyclic voltammetry of the complexes.

Discussions in the previous sections support the discrimination of R-L2 over S-L2
in the formation of 1a. The extent of discrimination is such that the [Ni(S-L1),(R-
L2)]** was isolated as a solid powder even when only R-L2 was used. Earlier, for 1-
phenylethylamine ~ with a dinuclear host, we were able to isolate both
diastereoisomers.®’” Unlike earlier, the discrimination is much higher (earlier 0% ee in
amorphous state) in the present case (~59 % ee in amorphous state). We wanted to
test if this difference is could be utilized for electrochemical detection of the
enantiomer. Cyclic voltammetry of [Ni(2,2’-bipyridine)s]*" has been the subject of
multiple reports.%'28 Cyclic voltammogram(CV) of la shows a quasi-reversible
oxidation at +1.44 V (4E, = 111 mV) (Figure 2.9 and Table 2.5). By comparison
with [Ni(2,2’—bipyridine)3]2+, we assign the oxidation as Ni"/Ni"'*®  The cyclic
voltammograms of 1b and 1c are at the same concentration (4.2 mg/5 mL) compared
(Figure 2.9). Though 1c is different from 1la but it is not a mixture but a pure
compound (Scheme 2.1). The discrimination of one enantiomer is visible in the CV,

but not a clear on-off type.
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Figure 2.9. Cyclic Voltammogram of complex 1a and lc. Scan rate of 100 mV s™.

Glassy carbon working electrode. Ag/AgNOs; reference electrode.

Table 2.5. Electrochemical data of 1a, 1b, 1c and [Ni(S-L1)3]** (present work) and
[Ni(bpy)s]** (from Ref. 21).

Complex Oxidation Fe(bpy)s”/Fe(bpy)s~+ Ferrocene
AEp (V)  AE, (mV) AE1 (V) AEp (V)  AE, (mV)
Ni(bpy); ~ +1.45 ] +0.77 ! ;
1 +1.44 111 +0.75 +0.09 75
la +1.45 102 +0.75 +0.09 75
Ni(S-L1); +1.49 95 +0.75 +0.09 75
Conclusions

Recognition or resolution of 1-phenylethylamine within a coordination complex
using non-covalent interactions are difficult. However, there was no enhancement of
S-1-phenylethylamine in the solid precipitated without crystallization. We used quick
precipitation without crystallization as a way to estimate chiral enhancement in
solution as NMR methods are difficult to use for paramagnetic complexes.’ In the
present case, we observed ~91 % ee in the crystalline state and ~59% ee in the
precipitated form measured using optical rotation as well as CD (Figure 2.7 and 2.8).
This is much higher than most of the other reports on recognition using coordination

9-12

complexes.” ~ More significantly, the % ee in the precipitated form indicates that

observed enhancement is not entirely due to crystallization. This indirectly support
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solution enhancement. Despite our repeated efforts, we were not been able to isolate
the other diastereomer 1¢ [Ni(S-L1),(R-L2)](ClOy), structurally using R-L2 instead of
racemic form of the ligand. The amorphous solid isolated in this case is found to be a
mixture. However, we cannot rule out formation of small quantity of the [Ni(S-
L1)»(R-L2)]*" in the solution. The structural characterization identified three relatively
strong phenyl....pyridine/imidazole interaction within the complex (Figure 2.1 & 2.2).
This feature is preserved in the reported homoleptic complexes of the ligand.'
Switching of chirality on L2 would mean, either the loss of phenyl...imidazole
interaction or having unfavorable methyl...CH interaction (Figure 2.1¢c). These types
of n—stacking are more energetically favored, as pointed out by others.” It is possible
that ‘the energetically favored m—stacking’ is behind the observation of high
enhancement. The high enhancement and difficulty in isolation of the R-L2 containing
complex encouraged us to explore the electrochemical signature of 1a as a means of
presence and absence of S-L2. The cyclic voltammogram (CV) of 1b and the solid 1¢
are different (Figure 2.9) so are their CD (Figure 2.7), but a clear on-off type situation

did not occur presumably due to the presence of homoleptic complex of S-L.1 in 1c.
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Chiral resolution of 1-phenylethylamine in Schiff base

form using kinetically inert Fe (II) complexes
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Introduction

In principle, mixing two different ligand and metal salt can generate multiple two
homoleptic and multiple heteroleptic complex in solution. The isolation of one
heteroleptic complex depends on the relative stability and solubility of that complex
compared to others. It seldom led to mixture. Earlier we isolated [Ni(S-L1)x(S-
L2)](ClO4), from MeCN / ethylacetate without encountering problem (chapter II).
Octahedral Ni(II) complexes are kinetically labile and all possible product in solution
was in equilibrium. The product with less solubility could crystalize out exclusively
shifting the equilibrium in its favor. In contrast, [Fe(S-L1);]*" is a low-spin,
kinetically inert complex.! Thus, species distribution in solution is expected to be very
different and isolation of one will depends on number of factors including the spin-
state of the complexes. There are examples of chiral resolution using metals like
Zn(1I), Co(Ill), Cu(Il), Ni(Il) but not using Fe(Il) low-spin complex.>” After
exploring chiral resolution of 1-phenylethylamine in labile Ni (II) complexes
(previous chapter) we used kinetically inert Fe (II) complex (this chapter) instead. In
order to do so we have synthesized [Fe(S-L1)2(S-L2)](ClO4)2 from three different
reaction pathways (reaction I, II and III) (Scheme 3) and checked its effect on chiral
resolution (reaction I), magnetic and electronic properties how different they behave

as compared to a kinetically labile Ni(II)-complex.

H

N

Me >
\ /AR s E/ . Me
N N_<=’H N \N—éH
SLI  Ph L2 ph

* Chiral

Fell(ClO,), + 2 S-L1  Fe(ClOy), + 2 S-L1  Fell(ClO,), +2 S-1.2

IN@Q.\LZ I l‘l‘ S-L2 + S-L1 I

[Fell(S-L1);]>* < — - [Fell(S-L1)y(S-L.2)]** - — » [Fell(5-L2);]**
minor,
depends on sequence @ S-L2
of ligand addition

"HNMR [Fe' (S-L1)2(S-L.2)](C104)2

isolated, major
Crystal structure,
and ' HNMR

Scheme 3.1. Reactions I — III varying the sequence of ligand addition along with
possible products.
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3. Experimental Section
3.1 Materials and Methods

Same material and methods of analyses were used as in the previous chapter.

Fe(Cl04)2.7H20 used here has been purchased from Aldrich Chemical Co.
3.2 Syntheses

The syntheses and characterization of the ligands S-L1, S-L2, R-L1, and R-L2 are
given in the previous chapter. These ligands are used here to make Iron(II) complexes

and used for all the experiments.
3.2.1 [Fe(S-L1)2(S-L2)](ClO4)2 (reaction I)[2a]

The ligand S-L1(0.150 g, 0.71 mmol, 2 eq.) was dissolved in 3 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,
Fe(ClO4)2-7H20(0.131 g, 0.36 mmol, 1 eq.) in 4 mL of acetonitrile was added
dropwise, which turned it to a dark purple solution followed by the addition of
racemic-L.2(0.142 g, 0.71 mmol, 2 eq.) in 5 mL acetonitrile and stirred for 4 h. The
solvent was layered with ethyl acetate, covered properly, and kept in the refrigerator
for crystallization. Dark purple crystals appeared after 3-4 days. The compound was
found to be diamagnetic. The complex is soluble in both methanol and acetonitrile.

Yield (64%). FTIR (KBr, cm™): vic=Nysiretch 1613(8). wetr (powder, 298K): 0.77.
3.2.1 [Fe(S-L1)2(S-L2)](ClO4):2 (reaction II)[2b]

The ligand S-L1(0.150 g, 0.71 mmol, 2 eq.) was dissolved in 3 mL of acetonitrile and
stirred initially at room temperature. To the stirred solution, Fe(Cl04)2-7H20(0.131 g,
0.36 mmol, 1 eq.) in 4 mL of acetonitrile was added dropwise, which turned it to a
dark purple solution followed by the addition of S-L2(0.71 g, 0.36 mmol, 1 eq.) in 3
mL acetonitrile and stirred for 4 h. The solvent was layered with ethyl acetate,
covered properly, and kept in the refrigerator for crystallization. Dark purple crystals
appeared after 3-4 days. The compound was found to be diamagnetic. The complex is
soluble in both methanol and acetonitrile. Yield (67%). FTIR (KBr, cm™): vic=nystretch
1615(s). ueir (powder, 298K): 1.04
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3.2.2  [(S-L2)2Fe(S-L1)](ClO4)2 (reaction III)[2c]

The ligand S-L2(0.150 g, 0.75 mmol, 2 eq.) was dissolved in 10 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,
Fe(ClO4)2-7H20(0.138 g, 0.37 mmol, 1 eq.) in 10 mL of acetonitrile was added
dropwise, which turned it to a dark red solution followed by the addition of S-
L1(0.079 g, 0.37 mmol, 1 eq.) in 5 mL acetonitrile which turned the solution to dark
purple and stirred for 4 h. The solvent was reduced and layered with ethyl acetate,
covered properly, and kept in the refrigerator for crystallization. Dark purple crystals
appeared after 2 days. The compound was found to be diamagnetic. The complex is
soluble in both methanol and acetonitrile. Yield (67%). Anal. Calcd. for
[Fe(C14H14N2)2(C12H13N3)] -2(ClO4)-1.25CH30H-0.5CH3CN: C, 54.25; H, 5.10; N,
10.99; found C, 54.58; H, 5.37; N, 10.78. FTIR (KBr, cm™): vc=Njstretch 1615(S). pesr
(powder, 298K): 0.8

3.3 X-ray Data Collection, Structure Solvation and Refinement

All the crystals show desolvation to a different degree. Thus, the crystals were
covered with grease (Vaseline) and mounted on glass fiber for data collection. All
geometric and intensity data for the crystals of 2a and 2b were collected at a low
temperature using a ‘CrysAlisPro 1.171.40.23a (Rigaku Oxford Diffraction, 2018)’
diffractometer equipped with a fine focus 1.75 kW sealed tube Mo-Ka (A = 0.71073
A) X-ray source. The SMART software was used for data acquisition and the
‘CrysAlisPro 1.171.40.23a (Rigaku OD, 2018)’ software for data extraction and
reduction. Absorption corrections were done using spherical harmonics, implemented
in SCALE3 ABSPACK scaling algorithm. The final refinements were performed on
WinGX environment.® Almost all non-hydrogen atoms in the complexes were refined
anisotropically. In 2a and 2b, ‘SQUEEZE’ was performed in order to remove the
disordered solvent molecules.” All of the hydrogen atoms were added in the
refinement stage. The molecular weight from structure and bulk may not match as the

dry powdered form of crystals was used for elemental analysis and other studies.
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3.4 Results and Discussion
3.4.1 Syntheses

The mixed ligand complexes were synthesized by two different sequential addition
of the ligands as shown in (Scheme 3.1). For reaction I and II we kept the sequence of
ligands the same and only changed the stoichiometric ratio. The enantiopure S-L1 was
reacted with Iron (II) salt first before the addition of racemic-L2 (reaction I) or S-L.2
(reaction II). For 2a, the ratio of Fe: S-L1: racemic-L2 used was 1:2:2. The use of
racemic-L2 at double the quantity than required for [Ni(S-L1)2(L2)]*" was to
maximize yield in case only one of the enantiomers of L2 binds. Complex 2b using
enantiopure S-L2 was used as a reference compound. A second synthetic pathway
shown in reaction III (Complex 2¢) was used where the sequence of addition of the
ligands were reversed along with the stoichiometric ratio. For 2¢, the ratio of S-L2:
Fe: S-L1 used was 2:1:1 (Scheme 3). All the complexes (2a-c¢) was characterized by
FTIR, ESI-MS and |HNMR spectra.

3.4.2 Molecular structures of the complex 2b

The molecular structure of the unit is viewed along the C3 axis along with key bond
length and angles. The crystal selected for single crystal X-ray diffraction had the
chiral space group P2;. The asymmetric unit contains one complex molecule, two
perchlorate anions and one acetonitrile molecule. The geometry around Fe(Il) slightly
deviated from the perfect octahedron. This is evident from the deviation of angles
from the ideal value of 90° for in-plane angles and 180° for axial angles (Table 3.2)
with Fe-N bond lengths with Pyridine-N is 1.959 and 1.973 A, one with imidazole-N
is 1.980 A. The average Fe-N bond length in a kinetically inert Fe complex is lesser
than than the average Ni-N bond length in the similar kinetically labile Ni complex
(Table S7). This means that all the Fe-N bonds are equal but in Ni-complex the axial
Ni-N bonds are longer than the equatorial one. A shorter distance between Fe-N-H...O
(2.813 A) than its corresponding Ni-analogue (2.885 A) (Table S8) shows that it has a
stronger H-bonding with the perchlorate anion. The complex 2b is a facial (fac)
isomer with all three imines are on a triangular face. The pyridines and imidazole are
in the opposite triangular face. The complex is an A isomer. This is one out of 16
possible isomers. In all the reported single crystal X-ray structures of [M(S-L1)]*",

where M is either nickel (II) or iron (II), have this preference.® All the chiral centers at
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C5, C19, and C33 have the S-conformation. Each heterocyclic ring is m-stacked
forming a parallel-displaced configuration [Pla(-) or P1b] type with the phenyl ring
from the neighbouring ligand.” The displacement between the imidazole...phenyl
moiety 3.120(A) is less compared to the displacement between the pyridine...phenyl
moieties [3.644(A) and 3.794(A)]. This means the imidazole...phenyl ring is
comparatively more strained, possibly due to the NH-group of the imidazole
participates in H-bonding with an oxygen atom of perchlorate molecule N(2)-
H(2)...0(5) by shifting towards it (Table 3.3). This H-bond also reduces the
disorderedness of one perchlorate anion compared to the other. and this is also
accompanied by a few short contacts with perchlorate anions as well as other complex
in the lattice. This n-stacks contribute to a particular chirality of the third ligand (L2)
having S conformation as with R conformer, no crystals were obtained. Overall,
structural characterizations showed three parallelly displaced w...t type interactions
between phenyl rings and either pyridine or imidazole are strong and have been
preserved in all the present and previously reported.!® The structural comparison of

Complex 2a is similar to Complex 2b (Table S5 and S6).

Figure 3.1. (a) ORTEP diagram of the cationic part of Complex 2b. Thermal
ellipsoids set to 50% probability level. (b) Model highlighting the H-bonding between
2b and the surrounding perchlorate anion. (c¢) Space filling model of 2b, highlighting
the orientation of the methyl group within the complex.
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Table 3.1. Crystallographic data and refinement parameters of complexes.

2a 2b
Empirical C42 H44 N8 (C42 H44 N8
formula Fel O8 CI2 Fel O8 CI2
fw 915.60 915.60
crystal system Monoclinic Monoclinic
space group Pi2,1 Pi2,1
a, A’ 12.1942(7) 12.1925(7)
b, A 13.2349(4) 13.1896(5)
¢ A 15.3764(8) 15.3653(8)
B(°)? 107.612(6) 107.415(5)
vV, A3 2365.3(2) 2357.7(2)
Z/p (g cm™) 2/1.286 2/1.290
T(K) 293(2) 293(2)
u (mm™) 0.488 0.490
coll.reflns 7281 6968
indep reflns 6494 6253
FLACK para. -0.014(18) 0.04(2)
GOF on F* 1.029 1.038
Residuals (¢ A° 951 0486  1.025,-0.460

%)
R1°, wR2°

R1¢, wR2¢

0.0502/0.1285
0.0573/0.1359

0.0573/0.1457
0.0634/0.1522

TH-2898_156122044

Ta(°) = (°) =90 ° 1> 20 © All data
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Table 3.2. Selected bond length (A) and angles (°) for the complex 2b.

Fel-N1 1.960(4) N6-Fel-N7  81.42(17)
Fel-N3  2.003(4) N5-Fel-N7  91.62(17)
Fel-N4 1.965(4) N4-Fel-N7  93.56(17)
Fel-N5 1.962(4) NI1-Fel-N7  90.88(18)
Fel-N6 1.978(4) NI1-Fel-N3  81.00(18)
Fel-N7 1.960(4) N5-Fel-N4  81.29(17)
N3-C4  1.288(7) N4-Fel-N6 173.11(17)
N5-C18 1.289(6) C4-N3-C5  119.3(5)

N6-C32 1.285(7) CI1-NI-Fel 137.3(5)

Table 3.3. Non covalent interactions in complex 2b.

D-H..A D-H (A) H...AA) D...AA) DHA(°)

Inter-molecular

N2-H2A..01 0.86 1.97 2.825(11) 174
C18-H18..04 0.93 2.56 3.390(7) 148
C27-H27..N4 0.93 2.56 3.051(7) 114
C27-H27..04 0.93 2.40 3.154(7) 139
C29-H29..08 0.93 2.57 3.346(8) 142
C32-H32..08 0.93 2.57 3.425(6) 152
C2-H2...n(C6-Cl11) 0.93 2.79 3.479 131

The acceptable range of D...A for N-H..O, 2.5-3.2 A; for C-H..O, 3.0-4.0 A; N-H/C-
H...mt2.5-4.5 A, from ref. "' 8Calculated from Mercury.

3.4.3 FTIR spectra and ESI-MS of Complex 2b

FTIR spectra of 2b shows vc-n stretch assigned to ~ 1613. Strong and broad
absorption ~ 1100 cm™ confirms the presence of perchlorate anion (Figure 3.2).
Complex 2a and 2¢ showed similar stretching frequencies around the same values

(Figure S4 and S5) The ESI-MS spectrum of 2b (Figure 3.3) showed the presence of
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the protonated molecule, at m/z 674.28 (z = 1) corresponding to [Fe(L1)2(L2)-H]".
The other abundant ions corresponding to the formation of bis complex of
[Fe(L1)(L2)-H]" (z = 1). The spectrum also showed a prominent peak at m/z 238.09
(z=2) of [Fe(L1)2]*" . Both of the bis complexes formed as a result in the loss of one
ligand (either L1 or L2) from the parent complex. This complex also showed the
presence of the homoleptic tris complex [Fe(L1)3]*" at 343.14 (z = 2) There were trace
amounts of the ligand L1 at m/z =211.12 and free amine at m/z = 122.09 respectively
in the spectrum. The spectrum of 2a (Figure S6) is mostly similar to that of 2b in

terms of both speciation and fragmentation pattern.

5
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—— Complex 2b
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Wavenumber (cm-T)
Figure 3.2. FTIR spectrum of Complex 2b.
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Figure 3.3. ESI-MS spectrum diffraction pattern of in positive ion mode.
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3.4.4 NMR spectra of [Fe(S-L1)2(S-L2)] in comparison with [Fe(S-L1)3]**

The '"HNMR of the mixed ligand shows the presence of the homoleptic complex
[Fe(S-L1)3](ClO4)2 (Figure 3.4). This happens because of the sythesis sequence when
S-L1 is added initially along with the Fe(ClO4). the homoleptic complex is formed
and due to the inert nature of the complex, minute amount stays in the solution along
with the mixed ligand complex which is detected in many solution spectra. The ratio
of S-L1 in homoleptic : mixed ligand complex is 3:2 which is seen in the picture
(Figure 3.4, reaction II). Imine-H and chiral-H peak of S-L2 have been identified
while the rest of the peaks are mixed with the other in the multiplet region 5(6.8-7.6)
ppm. The plot of reaction III shows a decrease of the Imine-H peak of the homoleptic
complex from as compared to reaction II. This is due to the formation of the
hompletic in solution here is less on changing the sequence of the addition of the
ligands. We have minimised it’s formation but we have not been able to eliminate it
completely. NMR we can conclude that [Fe(S-L1)3](ClOs): is present in the solution

at room temperature.

[Fe(SL1).>

e

[Fe(SL1),(SL2)P* from reaction Il

UJ ok

Fe(S-L1),(SL2)]** from reaction Il

95 90 85 80 75 70 65 60 55 50
8 (ppm)
Figure 3.4. 'H NMR spectra of homoleptic [Fe(S-L1)3;]*" complex and isolated
products from reactions II and III of Scheme I in CD3;CN. The ‘*’ marked peaks have

contribution from homoleptic complex present in heteroleptic complex.
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13C NMR of homoleptic complex [Fe(S-L1)3;]*" and mixed ligand complex [Fe(S-
L1)2(S-L2)]*" was done in acetonitrile at room temperature (Figure S29 and S30). The
13C NMR spectra of the mixed ligand complex shows the presence of the homoleptic
complex along with as shown by 1H-NMR spectra. However the 3C NMR spectra

did not give us any extra information.
3.5 Electronic spectra of 2b.

The electronic spectra of the complex in acetonitrile show strong bands between
200-300 nm corresponding to ligand centered m—n* transitions. The complex have
strong MLCT bands between 300-700 nm (Figure 3) at 519 nm (¢ = 4378 M! cm™)
and 567 nm (e = 5566 M™' cm™) with high ‘¢’ values. The high intense ‘e’ values is
indicative of the low-spin nature of the complex at room temperature. The slight
structural deviation from a perfect octahedron gives rise to an additional third MLCT
band at 358 nm (2645 M cm™).® Complex 2a and 2¢ having the same coordination

environment show similar charge transitions at room temperature as shown in Figure

3.5.

0.8

complex 2b {pure}

Abs

0 L L 1
300 400 500 600 700 800

wavelength(nm)

Figure 3.5. UV-visble spectrum of [Fe(S-L1)2(5-L2)](Cl04); highlighting the charge
transfer region (300-800 nm).

3.6 Electrochemical properties of Complexes 2b and 2c.

Comparing the cyclic voltammogram of the complexes, it is observed that [Fe(S-
L1)2(S8-L2)](ClO4)> show a clear reversible oxidation peak at (E12=+ 1.00 V) and one
small shoulder. The small shoulder peak matched exactly with the [Fe(S-L1)3](ClO4)2
plot having a single oxidation peak at (Ei2 =+ 1.12 V) (Figure 3.6a). However in
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reaction II, we saw a similar voltammogram but the shoulder here was a bare
minimum (Figure 3.6b). The formation of the homoleptic complex is also detected
here but it is less. The amount of S-L1 given in reaction III is half equivalent than that
in reaction II which could be the reason that the formation of [Fe(S-L1)3]*" is much
less as observed in cyclic voltammetry. Along with 'HNMR and ESI-MS spectra, we
could also electrochemically detect the presence of [Fe(S-L1)3](ClO4)2 in solution

equilibrium with [Fe(S-L1)2(S-L2)](ClO4)> at room temperature.

+0.96V
b
+1.03V
1 1 1 1
20 16 12 0.8 04 C
E/NVvs.S.C.E

Figure 3.6. The Fe''/Fe" redox couple in cyclic voltammetry of isolated products of
(a) reaction II and (b) reaction III of Scheme I in MeCN. The redox couple of [Fe(S-

L1)3]*", blue dashed plot in (a), is overlapped to show its presence.

3.7 Enantiomeric excess in kinetically inert a complex

CD spectra of the complex 2a and 2b bands are at comparable wavelengths and
relative intensities to the corresponding peaks assigned to MLCT transitions in the
UV-visible spectrum. From "HNMR and Cyclic voltammetric (Figure 3.5) studies we
observed the homoleptic [Fe(S-L1):]*" complex in solution equilibrium with the
heteroleptic complex [Fe(S-L1)2(S-L2)]*" as it was expected to be (Figure 3.4 and
3.6). But still we wanted to test the % enhancement in inert complexes. Chiral
enhancement in the crystalline and the precipitated form have benn calculated by

circular dichroism studies using similar method like Ni (II) complexes in the previous
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chapter. From the spectra the observed enhancement in isolated bulk crystals in Fe-
complex was found to be (~ 66% ee) and the enhancement in isolated bulk amorphous
form was found to be (~ 54% ee). When we compared the % ee with a kinetically
labile Ni(IT) complex, we found a substantial decrease from what we had observed

before in Ni-complex.

150 -

Complex 2b_0.2conc —— Complex 2b_10mg/10ml
——— Complex 2a_0.2conc | —— Complex2a_10mg/10ml

mdeg

L ! ! !
200 300 400 500 600 700 200 300 400 500 600 700

wavelength(nm) wavelength(nm)

100 — Complex 2b_crystal

—— Complex 2a_pptn

200 300 400 500 600 700
wavelength(nm)

Figure 3.7. Concentration dependant Circular Dichroism spectra of Complexes 2a

and 2b complexes comparing the racemic and pure form in acetonitrile.
Conclusions

We attempted the synthesis of [Fe(S-L1)2(S-L2)]** by three different methods
(Scheme I). The two reactions (reaction II and III) we used enatiomerically pure
ligand reversing the sequence of addition. The third one (reaction I) is identical with
reaction II except that the racemic version of the L2 was used in double quantity to
induce chiral recognition. Enantiomeric enhancement from CD spectra was observed
in isolated bulk crystals in Fe-complex was found to be (~ 66% ee) and in isolated
bulk amorphous form was found to be (~ 54% ee) (Figure 2) in comparison with
Ni(II) complex it was found to be (~ 90% ee) in crystallized form and (~ 59%)
amorphous form. Digging deep we found out the reason for decreased enhancement
P

was the presence of [Fe(S-L1)3]°" which is present as an impurity along with Fe-
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mixed ligand complex. This was evident from ES-MS, NMR and cyclic voltammetric
experiments. However from reaction III we were able to isolate the Fe-mixed ligand
complex which had the impurity but much less in quantity. This happens either due to
the addition of the S-L2 ligand first which drives the reaction towards the mixed
ligand complex than the homoleptic one or the amount of S-L1 ratio of reaction II :
reaction III is 2:1 which lead to lesser formation of the homoleptic complex. From
NMR we could see the imine-H from the homoleptic complex is decreased in reaction
III (Figure 4). Even cyclic voltammogram showed minute presence of the homoleptic
complex (Figure 7). The crystal structure and chiral enhancement from CD shows that
chiral recognition does take place same way as in Ni(Il) complexes. However, the
low-spin kinetically inert nature of [Fe(S-L1)3]*" and [Fe(S-L1)2(S-L2)]*" leads to
complication by unintentional formation of [Fe(S-L1)3]**. It could be minimised by
changing the ligand addition sequence but could never be avoided completely. For
resolution through formation of mixed ligand complex, kinetically inert complexes is

not the viable option.
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Effect of pyridine and imidazole group on spin-state and
electrochemical properties within chiral bidentate Fe(II)
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Introduction

In the previous chapter we have seen how chiral resolution is affected due to
change in spin-state of the metal. Due to low-spin, the mixed ligand [Fe(S-L1)x(S-
L2)](ClOs4)> complex we could see the presence of the homoleptic complex [Fe(S-
L1):]*" (here Complex 1) as an impurity which is observed from "HNMR and cyclic
voltammetric analysis. Spin-state of Fe(Il) is capable of flipping between high-spin to
low-spin with a significant difference in lability. Hence, reactivity has garnered
attention due to the frequent occurrence of spin-crossover phenomena and observation
of thermochromism in these due to spin-crossover behaviors in the solid-state.!
Studies are mostly restricted to solid-state magnetism, and Mdssbauer spectroscopic
experiment as most of the spin-crossover behavior occurs at low temperature.'
Imidazole forms the main structure of some well-known components of human
organisms, that is, the amino acid histidine, Vit-B12, purines, histamine, and biotin.
Imidazole-containing drugs have a broad scope in remedying various dispositions in
clinical medicine.? The effect of replacing pyridine with imidazole on redox and the
spin-state properties discussed in the thesis is relevant to biomimetic chemistry. On

the other hand, pyridine donor is typical in ligands related to biomimetic chemistry.>

In the present work, we chose three different octahedral Fe(Il) complexes (Scheme
1) using bidentate Schiff bases. All have three imines (N donor) and either three
pyridines or 2-imidazole or 4-imidazole donors (Scheme 4.1) and studied the
difference between imidazole and pyridine functionality and their effect on the
electrochemical behavior and spin states. We studied their solution magnetic moment
and cyclic voltammetry. Here we report on changing pyridine donor to imidazole
donor, there 1s a change in redox potential is associated with an accompanying spin-
state change. The difference between pyridine and imidazole analog is quite
noticeable. Further, 2 (Figure 4.9) shows two redox couple for low-spin and high-spin

forms.
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Fe(d0),7HO {4\ 19 @
e sea OA/N—/%;AQ
A
Ay,

Complex 1 Low Spin
(dark purple crystal) E,=+112VvsSCE

Complex 3 High Spin Complex 2
(brown solid) E,=+0.71VvsSCE (dark red crystal) E,,= +0.85VvsSCE

Spin Crossover
Scheme 4.1. Schematic representation of the reaction pathway of the [FeLs;]*"

mononuclear complexes.[L = S-L1, S-L2 and S-L3]
4.1. Experimental Section
4.1.1. Materials and Methods.

Materials and methods used in this chapter are same as in the last chapter unless
specifically mentioned. Variable temperature "THNMR spectra of 2 were recorded using
ECZR Series 600 MHz NMR SPECTROMETER at SAIF (IIT Mumbai). Variable
temperature UV-visible spectra of 1-3 were recorded using Agilent Technologies
Cary 8454 UV-—visible spectrophotometer. Elemental analysis measurements were
done using EuroEA300 Elemental Analyzer, Euro Vector, Italy, with a solid sampler

from IIT Guwahati Biotech Park.

4.1.2. Room temperature solid-state magnetic measurements. Magnetic
susceptibility of powdered crystals was measured using a Sherwood Scientific

magnetic balance MSB-1.% Each measurement used 40-50 mg of sample.

4.1.3. Variable temperature solid-state magnetic susceptibility. Variable
temperature magnetic susceptibility data were collected by using a Quantum Design
MPMS3 SQUID magnetometer at a fixed field strength of 0.5 T. About 20 mg sample

of 2 was taken for the measurement and recorded over a temperature range of 4 to 350
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K, and for 3 almost 6 mg was taken and recorded over a temperature range of 4 to 300

K.

4.1.4. Room temperature solution magnetic measurements. Solution magnetic
moments measured following Evans method “® using concentric NMR tube by
Wilmad and CD3CN and benzene as an internal reference. About 8-9 mg sample was
dissolved in 1 mL of CD3CN containing <1% benzene. We use both benzene and
TMS here as reference compounds. The same solvent mixture without the sample was
used as a reference in the outer part of the concentric tube The solution of Complex 2
was prepared immediately after mixing, 400 pl of the mixed solution was put into the
5 mm NMR tube. This technique is based on the frequency shift of an NMR signal of
a co-dissolved compound, benzene, by the magnetic field due to an accompanying
paramagnetic species. The calculation used the reported procedure for NMR with

4¢—4¢ Magnetic moments reported used molecular formula

superconducting magnets.
from analytical results, and diamagnetic corrections were performed. 4~ *" Smm NMR
tube with capillary insert. A 1% benzene in CD3CN solution was used as the
reference. A coaxial double NMR tube is used, and the inner capillary tube contains
the C¢He/CD3CN mixture (1:99). The solution containing the paramagnetic solution is
to be measured, and a 1 % benzene is situated in the outer tube. The paramagnetic

metal species produces a relative frequency shift in the benzene signal.’

4.1.5. Temperature-dependent solution visible spectra. Variable temperature
UV—visible spectra were recorded on Agilent Cary 8454 UV-—visible
spectrophotometer using Chemstation software. Each measurement required a
concentration of 0.01 mM solution in acetonitrile using a 1 cm path length cuvette.
The wavelength region was between 300-800 nm. The temperature range was

recorded from room temperature 293 K to 233 K, decreasing (10-20) K interval.

4.1.6. Measurement of redox potentials. Cyclic Voltammetric measurements were
performed using CH instruments Electrochemical Workstation. Three electrodes set
up consist of an Ag/AgNOs reference electrode, glassy carbon working electrode, and
a platinum rod of 1.0 mm diameter used as an auxiliary electrode. Ag/AgNO3
reference electrode filling solution had 0.01 M AgNO3; in acetonitrile with 0.15 M
TBAP as supporting electrolyte. This type of reference electrode tends to shift
potential with time due to solvent evaporation. Hence all potentials were calibrated
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with respect to both ferrocene and [Fe(2,2’-bipyridine);](ClOs)2 every day of the
measurements. The redox potential for ferrocene and [Fe(2,2’-bipyridine)3](ClO4)> in
acetonitrile were taken to be 0.41 V and 1.06 V vs S.C.E respectively.®*® All
potentials reported relative to S.C.E (saturated calomel electrode). Measurements
were carried out using approximately 1 mM solution of the complexes in dry
acetonitrile solvent under inert N> atmosphere and a scan rate of 100 mV s™. 0.15 M
TBAP was used as a supporting electrolyte. Using this setup, the AEp of ferrocene
and [Fe(2,2’-bipyridine)s;](Cl04)2 were found to be 60 and 74 mV respectively.® The
redox potential of the complexes (Ev = 0.5x(Epa +Epc), where Epa 1s anodic, and Epc
are cathodic peak potential respectively) and peak to peak separation (4Ep, the
separation between Epa and Epc ). Every measurement was followed by a measure of
redox couple of [Fe(bpy)s](ClO4): used as a reference of potential and AE, check. The
AE, value for [Fe(bpy)3](ClO4)2 with our setup was observed between 71-76 mV,
which is slightly higher than the ideal ~60mV expected for le reversible redox

process.’ Using our setup, ferrocene did show an ideal separation of 60mV.%
4.2. Syntheses and characterization

Synthesis of S-L1 and S-L2 have been given in Chapter II.(Section 2.1)
4.2.1 S-L3

(S,E)-1-(1H-imidazol-4-yl)-N-(1-phenylethyl)methanimine. (S)-1-
phenylethylamine (0.500 g, 4.12 mmol, 1 eq.) was stirred in 10 mL methanol. A
solution of imidaloze-4-aldehyde (0.396 g, 4.12 mmol, 1 eq.) in 10 mL methanol was
added dropwise to the first solution. The initial colorless solution turned yellowish
upon warming in a water bath for 30 mins. The mixture was stirred for 3 h at room
temperature. Solvent was evaporated to obtain a yellow oil. It was washed with 10ml
of n-hexane followed by 10ml of diethyl ether. The oil was dried in a desiccator for 2-
3 days to obtain the yellow solid. Yield 565 mg, 68%. FTIR (KBr, cm™) v(C=N)y
1643(s), v(Ar-C-C)syr 1496(s) and 1452(s), v(Ar-C-H)bending 739(s) and 695(s). 'H
NMR (600 MHz, CDCl3, ppm): 8.32 (Imine-H, s, 1H), 7.45 (Im-H, s, 1H,), 7.38 (Im-
H, s, 1H), 7.30 (Ph-H, m), 4.55 (Chiral-H, q, 1H, J = 6.6 Hz), 1.60 (Methyl-H, d, 3H,
J =6.6 Hz). ESI-MS ([M + H]"): caled 200.1187; found 200.1198.
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4.2.2 [Fe(S-L1)3](Cl04)2 (1)

The ligand S-L1(0.150 g, 0.71 mmol, 3 eq.) was dissolved in 4 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,
Fe(ClO4)2-7H20(0.087 g, 0.24 mmol, 1 eq.) in 4 mL of acetonitrile was added
dropwise, which turned it to dark purple clear solution stirred for 4 h. The solvent was
layered with ethyl acetate, covered properly, and kept in the refrigerator for
crystallization. Dark purple crystals appeared after 2-3 days. The crystals were
filtered, washed with 5 mL of ethyl acetate and 5 mL of diethyl ether. The complex is
soluble in both methanol and acetonitrile. Yield (64%). Anal. Calcd. for
[Fe(C14H1aN2)3]-2(Cl104): C, 57.00; H, 4.78; N, 9.50; found C, 56.81; H, 5.02; N, 9.08.
FTIR (KBr, cm™): v(C=N)sx 1615(s), v(Ar-C-C)se 1496(s) and 1445(s), v(C1-O)s
1091(s), V(Ar-C-H)bending 759(s) and 704(s).

4.2.3 [Fe(S-L2)3](C104): (2)

The ligand S-L2(0.150 g, 0.75 mmol, 3 eq.) was dissolved in 4 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,
Fe(ClO4)2-7H20(0.092 g, 0.25 mmol, 1 eq.) in 4 mL of acetonitrile was added
dropwise, which turned it to a deep red clear solution and stirred for 4 h. The solvent
was layered with an equal amount of ethyl acetate and diethyl ether, covered properly,
and kept in the refrigerator for crystallization. Dark red crystals appeared after 2-3
days. The crystals were filtered, washed first with 5 mL of ethyl acetate followed by 5
mL diethyl ether. It was dried overnight in the desiccator. The complex is soluble in
both methanol and acetonitrile. Yield ~ 0.176 g (67%). Anal. Calcd. for
[Fe(C12H13N3)3].2(ClO4) -3H2O- CH3CN-CH3COOCH2CH3s: C, 48.71; H, 5.45; N,
13.52; found C, 48.84; H, 6.03; N, 13.84. FTIR (KBr, cm™): v(C=N)sx 1709(s),
V(Ar-C-C)str 1494(s) and 1443(s), v(Cl-O)se 1074(s), v(Ar-C-H)bending 757(s) and
699(s).

4.2.4 [Fe(S-L3)3](C104)2 (3)

The ligand S-L3(0.150 g, 0.75 mmol, 3 eq.) was dissolved in 4 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,

Fe(ClO4)2-7H20(0.092 g, 0.25 mmol, 1 eq.) in 4 mL of acetonitrile was added

75
TH-2898_156122044



Chapter IV

dropwise, which turned it to a reddish yellow clear solution and stirred for 4 h. The
solvent was layered with an equal amount of ethyl acetate and diethyl ether, covered
properly, and kept in the refrigerator for crystallization. Light brown precipitate
appeared after 2-3 days. The was filtered, washed with 5 mL of ethyl acetate followed
by 5 mL of diethyl ether. The complex is soluble in both methanol and acetonitrile.
Yield ~ 0.180 g. Anal. Calcd. for [Fe(C14H14N2)2(C12H13N3)]-2(C104)-4H,0-2CH3CN:
C, 47.96; H, 5.35; N, 15.69; found C, 47.77; H, 5.39; N, 15.79. FTIR (KBr, cm™):
V(C=N)str 1635(s), V(Ar-C-C)sr 1496(s) and 1450(s), v(CI-O)sr 1067 (s) v(Ar-C-
H)bending 756(s) and 700(s).

4.3. X-ray data collection, structure solution and refinement

All the crystals show desolvation to a different degree. Thus, the crystals were
covered with grease (Vaseline) and mounted on glass fiber for data collection. All
geometric and intensity data for the crystals of 2 were collected at room temperature
using a Bruker SMART APEX CCD diffractometer equipped with a fine focus 1.75
kW sealed tube Mo-Ka. (A = 0.71073 A) X-ray source. The SMART software was
used for data acquisition and the ‘Bruker SAINT’ software for data refinement and
reduction. Absorption corrections were done using SADABS. After the initial solution
and refinement with SHELXL, the final refinements were performed on WinGX
environment. Almost all non-hydrogen atoms in the complexes were refined
anisotropically. ‘SQUEEZE’ was performed in order to remove the disordered solvent
molecules. All of the hydrogen atoms were added in the refinement stage. The
molecular weight from structure and bulk may not match as the dry powdered form of

crystals was used for elemental analysis and other studies.

4.4 Results and Discussion
4.4.1. Syntheses

The Schiff base ligands were synthesized by condensing the chiral amine and the
aldehyde in methanol. The S-L1 was isolated as a yellow oil while S-L2 and S-L3
Schiff bases containing 2-imidazole and 4-imidazole were white and yellow powder.
The FTIR spectra showed a strong vibration near 1650 cm™! assigned as C=N stretch
of the imine formed. The ligands were characterized by proton NMR and Mass

spectrometry (Experimental section). Complexes 1-3 were prepared in ligand:metal in
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3:1 ratio in acetonitrile.

4.4.2 Crystal structure of Complex 2.

Complex 2 was crystallized in a chiral space group P1 with one molecule of the
cationic complex and two perchlorate anions in the asymmetric unit. The final
structural parameters are in Table S9, and the selected bond and lengths are in Table
S10. The ORTEP diagram of the complex cation showed an octahedral Fe(II)
complex (Figure 4.1). The geometry around the central metal atom slightly deviates
from a perfect octahedron. This is evident from the deviation of angles from the ideal
value of 90° for in-plane angles and 180° for axial angles (Table S10). All the Fe-N
(imidazole) bond lengths are slightly shorter than Fe-N (imine), showing a stronger

interaction between the iron and the imidazolate rings.®

a

Figure 4.1. (a) ORTEP diagram of the cationic part of Complex 2. Thermal ellipsoids
set to 50% probability level. (b) A chemical diagram of the same. (¢) Model
highlighting the H-bonding between the complex and the surrounding perchlorate

anions.
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Complex 2 having an average Fe-N (imidazole) bond length of 1.99 A and an average
Fe-N (imine) bond length of 2.03 A, which is similar to the complex [Fe'(L%):]**
having an N-methylimidazole ring instead of an unsubstituted imidazole (2).5* The
average bond lengths of 5 and 6 having imidazole moiety are slightly shorter (~ 0.3-
0.5 A ) compared to 2.5° This is because the bond lengths were measured at 100 K,
where they behave as low spin complexes. The average Fe-N bond length for high
spin d® complexes is said to be > 2.1 A.3 The average Fe-N bond length value of 2
falls between that of high spin and low spin bond lengths (LS < 2.01 < HS). The
crystal also contains H-bonded interactions between two imidazole NH (N7 and NS)
and two of the perchlorate oxygen (O4 and O7) having 3.057 A and 2.840 A (Figure
Ic). Two O-atoms (O6 and O8) of the same perchlorate anion weakly interacts with

Cimidazole (C24 and C36) of two adjacent imidazole rings ~3.26 A (Table S11).

4.4.3. Solid-state magnetic behavior.

Room temperature magnetic moment of the complexes 1-3 have been measured at
room temperature (298K) (Table 4.1). Complex 1 having pyridine donor showed a
value of efr = 1.04 B.M. This indicates that it is essentially low-spin Fe(Il) in the
solid-state. This is comparable to value ~1 reported for Fe(Il) low-spin complex
[Fe(bpy)3](ClO4)2.*¢ ° Magnetic moments of Complex 2 having 2-imidazole group
showed a value of tefr =2.54 B.M and Complex 3 showed a value of zerr = 5.06 B.M.
This means 2 has an intermediate spin and 3 is high-spin in nature. This is against the
expected range of spin-only 4.90 to 5.45 B. M. with an orbital contribution for high-
spin Fe(I). Lower magnetic moments of 2 and 3 indicate either a low-spin or
magnetic coupling exists in the solid-state.

Temperature dependant magnetic studies were done on both 2 and 3 in the
temperature range of 4-350 K at a fixed field of 0.5 T. The experimental data were
corrected for underlying diamagnetism, calculated using Pascal’s constants.*™ The
susceptibility data on a crystalline sample 2 showed a sharp decrease in ymT value
from 2.4 to 0.8 as the temperature decreases from (350-250) K. It decreased gradually
from thereon to a final value of around 0.2 at 4 K. (Figure 4.2a) This result indicates
that the complex undergoes a significant conversion to low spin within the
temperature range of (350-250)K. Then as we move further down, the amount of low
spin species is dominant over the high spin species. The measurement of a powdered
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sample of 3 shows a gradual decrease in ymT value from 3.0-1.8 with a fall in
temperature from 300 to 3K (Figure 4.2b). According to Curie-Wiess law, the plot of
3 is linear throughout the temperature range (6 = 0°) (Figure S10), which shows that
in bulk, it is paramagnetic. The magnetic moment for a high spin d® complex is
expected to fall within the range of 5.0-5.2 uB.!° Compared to 2, Howson reported a
similar complex, having shown the same trend in susceptibility behavior on varying
the temperature. The observation of paramagnetic behavior in the imidazole system
results from the combined effects of the reduced n donation and & acceptor ability of
the ligand.!!"!* Therefore, we observe that 2 (d® system) shows a spin-crossover within
the given temperature range, whereas 3 is d®high spin throughout the given

temperature range.
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Figure 4.2. Plot of ymT vs. T in the range (4-350) K for (a) Complex 2 and (b)

Complex 3.
Table 4.1. Solid-state magnetic moment of the Complexes 1-3 at 298K.
Complex Donor group ¢ (solid) Spin-state Spin-
crossover
(R.T)
1 Pyridine 1.04 Low-spin No
2 2-imidazole 2.54 Intermediate Yes
spin
3 4-imidazole 5.06 High-Spin No

4.4.4. Solution state magnetic behavior.
We have measured the room temperature solution magnetic moment of the

complexes 1-3 have been measured at room temperature (293 K) (Table 4.2) using the
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Evan’s method.!®® '5*, Complex 1 having pyridine donor showed a value of ferr =
1.60 B.M. This indicates that it is essentially low-spin Fe(Il) in solution. Magnetic
moments of Complex 2 having 2-imidazole group showed a value of e = 4.80 B.M
and Complex 3 having 4-imidazole group showed a value of sefr = 5.40 B.M. This
means 2 and 3 are predominantly high-spin in solution. Temperature dependant
magnetic susceptibility of Compound 2 in solution has decreased gradually with the
lowering of temperature (300-230) K (Figure 4.3). Since we have limitations when
using solvent (in this case, CD3CN having a freezing point ~ -228K), we could not go
further to show the full crossover range as shown in the solid phase. The value of ymT
is decreased from 3.2 cm® mol™! K at 300K to ~1.5 cm® mol! K at 233K. Similarly, we
have performed "HNMR of the same compound over the same temperature range
(Figure 4.4). At room temperature, it is paramagnetic, having broad or no peaks. As
we lower the temperature, we could see sharp peaks appearing, accounting for
forming the low spin species in the solution. Both 'HNMR and Evan’s method
showed the expected crossover behavior of 2 within the given temperature range. In
conclusion, we could say that complex 2 exhibits a spin-crossover property both in the
solid and the solution phase. Both "THNMR and Evan’s method showed the expected
crossover behavior of 2 within the given temperature range. In conclusion, we could
say that out of the three complexes, 2 exhibits a spin-crossover property both in the

solid-state and solution.

50} = = [ ] m
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® ° [
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Figure 4.3. Combined plot of yMT vs. T and gesr vs. T of Complex 2 within the
temperature range (230-300)K in CD3;CN.
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Complex 2
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Figure 4.4. Variable temperature 'HNMR of Complex 2 at 293K, 253K, and 233K in
CDsCN.

Table 4.2. Solution magnetic moment of the Complexes 1-3 at 293K.

Complex Donor group e (CD3CN)  Spin-state Spin-
crossover
(R.T)
1 Pyridine 1.60 Low-spin No
2 2-imidazole 4.80 High-spin Yes
3 4-imidazole 5.40 High-Spin No

4.4.5. FTIR and ESI-MS spectra of the Complexes 1-3.

FTIR spectra shows strong and broad absorption ~ 1100 em™ confirms the presence
of perchlorate anion (Figure S7-S9). The ESI-MS spectrum of 1 (Figure S11) showed
the presence of the protonated molecule, at m/z 343.15 (z = 2) corresponding to
[Fe(L1):]**, and a less abundant ion corresponding to the ClO4> adduct of
[Fe(L1)3(ClO4*)]* (z = 1). The spectrum also showed a prominent peak at m/z 238.08
P

(z = 2) corresponding to the bis complex [Fe(L1)2]*" which resulted as a result in the

loss of one ligand from the parent complex. The spectrum also showed trace amounts
of the ligand L1 at m/z = 211.12 and free amine at m/z = 122.09. The ESI-MS
spectrum of 2 (Figure S12) which is labile in nature has more fragmentation than 1
even at low fragmentor voltage. The most prominent fragmentor ion was shown at
m/z = 781.06 (z = 1) having the composition [Fe(L2):-H]
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“(CH3CN)(CH3COOCH2CH3) (z = 1). The other lesser abundant fragments were at
m/z = 553.10 of [Fe(L2)2(C104%)] * (z= 1) and m/z = 453.14 of [Fe(L2)-H] " (z=1)
respectively. This corresponded to their bis complexes after the loss of one ligand.
The spectrum also showed the presence of trace amounts of the ligand L1 at m/z =
211.12 and free amine at m/z = 122.09. The mass of complex 3 was not stable even
under the effect of very low fragmentary voltages as the spectrum showed a single

sharp peak of the ligand at m/z = 200.10 of [L3+H]". (Figure S13)

4.4.6. UV-visible studies of 1-3.

Fe(Il) complexes generally show a metal to ligand charge transfer (MLCT) band
between 500-600 nm in the low-spin state, with a high molar extinction coefficient.!
The ligand field transitions, 'T; «-!A; and T, «<—'A; for low-spin Fe(Il), are usually
obscured by MLCT in complexes with Schiff base ligands.!>* On the other hand, the
high-spin octahedral Fe(II) complex shows one very weak d-d transition Eg «>T», in
the 700-900 nm region.'6® Table 4.3 summarizes the electronic transitions observed
(300-1100 nm) in the same solvent as magnetic moments and cyclic voltammetry.
Complex 1 showed the expected MLCT transitions between 500-600nm with high
g values (~ 10,000 M! cm™ ) having pyridine in its coordination environment (Figure
4.5). The intense charge transfer bands and the absence of weak d-d transition confirm
the low spin nature in the solution. For low spin [Fe(bpy)3](ClO4)2, Amax at 519 nm (g,
14,400 M! cm™) was assigned to be an MLCT band under the same conditions.!¢ In
contrast, the imidazole containing 2 and 3 shows a weaker charge transfer band (g,
~1000 M ecm™) between 400-500nm and d-d transition between 780 -900 nm (g, 7-
30 M! cm™). Charge transfer bands of high-spin Fe(II) are usually less intense, unlike
low spin Fe(II). Less intense charge transfer and d-d transition show the presence of
high spin species in the solution. The CT bands in 2 and 3 are blue-shifted, which is

again another noticeable difference from 1.
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Figure 4.5. UV-visible spectra in acetonitrile of (a) Complex 1 and (b) Complex 2

and 3 combined.

Table 4.3. UV-visible spectra of the Complexes 1-3 in acetonitrile at 298K.

Complex Spin-state  d-d transition CT-band
nm(M' ecm™)
1 Low-spin no 364(3300), 515(6090),
571(8060)
2 High-spin 775(20) 412(1020), 454(1080)
3 High-Spin 785(15) 359(1700), 416(1200)

The charge transfer region of all the complexes was measured to -40°C. Complex

1, as mentioned above obtained at room temperature, exhibited an intense band at

515nm (g = 6092, M! cm™), 566nm (¢ = 8607 M cm) corresponding to MLCT

bands at room temperature, which remained unchanged on lowering the temperature

(Figure 4.6a). This proves the presence of low spin species throughout the

temperature range. 2 has shown the most enhancement in the MLCT region on

TH-2898_156122044
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decreasing the temperature, having its intensity more than doubled at -40°C as well as
a redshift of from 454nm to 493nm (Figure 4.6b). This supports the increase in the
presence of the low spin species as compared to the high spin species at lower
temperatures. 3, on the other hand, showed the minimum change in intensity over the
temperature range (Figure 4.6c). This accounts for the high spin species in the

solution exclusively.!”
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Figure 4.6. Variable temperature plot of UV-visible spectra of the Complexes 1-3 in
acetonitrile with the temperature (233-293) K.

In conclusion, we have spectrophotometrically detected that 1 remained low spin,
and 3 remained high spin in solution, showing minimal intensity enhancements on
lowering the temperature. 2 on the other hand, showed not only a very high increase
in CT intensity but also a shift of wavelength by about 40nm showing the presence of
low spin more than the high spin species which was initially present at room

temperature.
4.4.7 Electrochemical properties of 1-3.

We have measured the cyclic voltammetry of the complexes 1-3 using an identical
setup (Experimental Section) summarized in Table 4.4. Complex 1 showed a
reversible oxidation peak at + 1.12V and AE, of 78 mV (Figure 4.7a). The plot shows
that it is both chemically and electrochemically reversible. Complex 3 having a single
oxidation peak at +0.71 V (Figure 4.7b) and a AE, of 190 mV. This shows that it is
chemically reversible but electrochemically irreversible. Complex 2 showed two
closely spaced redox couple of unequal height (Figure 4.7¢) having an oxidation peak
of +0.85 V and +1.11 V and AE, value of >100 mV. It is also chemically reversible
but electrochemically irreversible. From DPV plot, 2 shows two redox couple in

MeCN assigned to low-spin and high-spin forms in 20% and 80%, respectively at
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room temperature (Figure 4.7c).The reversible nature of the complexes is also
demonstrated by recording the potential at different scan rates (Figure S11). Thus, the
CV experiment shows that 1 containing pyridine oxidizes at a higher potential with a
considerable difference of ~270 mV from 2 and 410 mV from 3 having the imidazole
group. It is also concluded from the AE, values that 2 and 3 are both chemically
reversible, whereas 1 is both chemically and electrochemically reversible. Solution
magnetic data and electronic spectra have already established that pyridine containing
complex is low spin and imidazole containing complex is high spin in solution.
Hence, we could also detect the change in pyridine vs. imidazole functionality

electrochemically as well.
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Figure 4.9. Cyclic Voltammetry diagram plot of Complexes 1-3. Variable scan rate
(500,200,100,50 and 10) mV/s diagram of the same in acetonitrile.
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Table 4.4. Redox potential of the Complexes 1-3 in acetonitrile at 298K.

Complex Spin-state Eip, V AE,, mV
1 Low-spin 1.12 78
2 High-spin 1.11,0.85 190, 119
3 High-Spin 0.49 190
Conclusions

Three mononuclear chiral Schiff base Fe(Il) complexes containing pyridine and
imidazole heterocyclic rings have been utilized in this chapter. The change in the
coordination environment around the metal atom has resulted in a significant
difference in their spin states and electrochemical properties. Magnetic Susceptibility
results showed pyridine containing complex 1 was found to be low-spin in the solid-
state (uerr= 1.04) as well as the solution state (uerr= 1.60). Complex 3, having a 4-
imidazole group, was found to be exclusively high spin both in solid (uefr= 5.06) and
solution(uesr = 5.40). Complex 2, having the 2-imidazole group, showed a noticeable
difference in the magnetic moment between the solid (uerr = 2.54) and solution state
(uefr= 4.8). Variable temperature magnetic study in solid and in solution revealed the
spin crossover property of 2, but 3 remains high spin throughout the given
temperature range (4- 350) K. UV-visible studies have shown intense MLCT bands in
1 as seen in low spin complexes but less intense MLCT bands in 2 and 3 and the
forbidden (d-d) transition corresponding to the high spin state in solution. With a
decrease in the temperature in 2, an increase in the MLCT band intensity was
observed, with a blue shift of ~ 40nm. No such change was seen in complexes 1 and
3. The change in the spin state of 1-3 has been detected electrochemically as well.
Complex 1 showed a reversible oxidation peak at + 1.12 V. 3 showed a redox couple
at +0.71 V vs. S.C.E. 2 showed two redox peaks, one at +0.85V corresponding to the
high spin and one at +1.11 V corresponding to the low spin species. AEp value
suggests that 2 and 3 are chemically reversible but electrochemically irreversible. 1,

on the other hand, is both chemically and electrochemically reversible.
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Investigation the effect of pyridine and imidazole on
solution magnetic and electrochemical properties within
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Chapter V

Introduction

Previously we have observed the change in spin-state with varying donor group
(pyridine, 2-imidazole and 4-imidazole). We drew a simple connection between
magnetic and electrochemical property with the change in donor group of the
Complexes 1-3. We did not want to restrict our study to these three compounds. So in
order to validate the findings in the previous chapter we continue the same study with
some other Fe(Il) complexes. In this chapter we report a few more Fe (II) complexes
having similar donor groups but with different amine (Scheme 5.1). All the complexes
have been synthesized, characterized, and their solution magnetic moment, uv-visible
spectroscopy and cyclic voltammetry has been studied in detail. We noticed that the
changing pyridine with differently substituted imidazole effect both redox potential
and spin-state change. The changes are consistent among the different sets of

complexes.
CH; Ph
3 NH
N | Hm )\NQ//
N 4 fN///I l+2 ‘\\\\ \)
S-L1
<\ | \N)\Ph

e Ty

Complex2
CH, %etf 2.54 (solid), 4.8 (MeCN)
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S-13 [Fe(S-L1x](ClOs)2 (1

)
[Fe(S-L2)s](Cl04)2 (2)
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(
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N _ (
k“ﬁ@] [Fe(L1BE](CIOs)2 (4)
N~ I3 [Fe(L2B)%](CIOs)2 (5)
L [Fe(L3B](CIOs)2 (6)

[Fe(L1A)(CIC:)2

(
(

(7)
Ph/\N4\® [Fe(L2A))(CICu)2  (8)
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analogueof L1B

Scheme 5.1. List of ligands and their respective Fe(Il) complexes (4-9) in this
chapter.
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5.1 Experimental Section
5.1.1 Materials and Methods.

Materials and methods used in this chapter are same as in Chapter IV unless
specifically mentioned. Tris(2-aminoethyl)amine and Benzylamine was purchased from
Merck.

Solid-state and solution magnetic susceptibility measurements, UV-visible studies
and electrochemical studies have been performed using the same setup as discussed in

the previous chapter.
5.1.2 Syntheses and characterization

5.1.3 Complex 4, 7, 8 and 9.

These were synthesized following the reported procedure. Synthesis of 7 reported
by Struch and coworkers.!® Complex 8 and 9 have been reported by Brewer and
coworkrs.!® Complex 7 has been reported by Howson and coworkers.!* Howson and

coworkers reported 1 in a single pot reaction without isolation of ligand.'?

5.1.4 L1B.

Benzylamine (0.500 g, 4.66 mmol, 1 eq.) was stirred in 10 mL methanol. A
solution of Pyridine-2-carboxaldehyde (0.500 g, 4.66 mmol) in 10 mL of methanol
was added dropwise to the first solution. It was stirred at room temperature for 10
minutes and then air refluxed at 55 °C on the water bath for 2 h. It was then stirred for
1 h at room temperature, forming a deep yellow solution. The solvent was then
removed in a rotatory evaporator, and the yellow oil was taken in 15 mL ethyl acetate,
dried over anhydrous sodium sulphate for 15 mins. Ethyl acetate was removed to get a
deep yellow oil. Yield 780 mg, 85%. FTIR (KBr, cm™) v(C=N)sx 1653(s), v(Ar-C-
C)str 1503(s) and 1448(s), V(Ar-C-H)bending 732(s) and 697(s). 'H NMR (500 MHz,
CDCls, ppm): 8.50 (Imine, s, 1 H), 8.65 (Py-H? d, 1 H, ] = 5 Hz), 8.07 (Py-H¢, d, 1 H,
J=17.5Hz), 7.74 (Py-H", t, 1 H, J = 3.5 Hz), 7.33 (Py-H*/Py-H", m, 6H), 4.67 (HX, s,
2 H). ESI-MS ([M + H]"): calcd 197.1073; found 197.1053.

5.1.5 L2B.
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(E)-N-benzyl-1-(1H-imidazol-2-yl)methanimine. Benzylamine (0.500 g, 4.67 mmol,
1 eq.) was stirred in 10 mL methanol. A solution of imidazole-2-aldehyde (0.448 g,
4.67 mmol, 1 eq.) in 10 mL methanol was added dropwise to the first solution. The
initial colourless solution turned light yellow upon warming in a water bath for 30
mins. The mixture was stirred for 3 h at room temperature. The solvent was
evaporated to obtain a white solid. Solid was washed with 10 mL of n-hexane
followed by 10 mL of undistilled diethyl ether. The solid was dried overnight in a
desiccator to obtain the product as off-white solid Yield ~ 0.605 g, 70 %. FTIR (KBr,
em™): v(C=N)setch 1647 (s). 'H NMR (600 MHz, CDCls, ppm): 8.37 (Imine-H, s, 1
H), 7.32 (Ph-H, m, 5 H), 7.19 (Im-H, s, 1 H,), 6.82 (Im-H, s, 1 H), 4.97 (methylene-H,
s, 2 H). ESI-MS ([M + HJ"): caled 186.1025; found 186.1093.

5.1.6 L3B.

Benzylamine (0.500 g, 4.66 mmol, 1 eq.) was stirred in 10 mL methanol. A
solution of imidazole-4-aldehyde (0.448 g, 4.66 mmol) in 10 mL of methanol was
added dropwise to the first solution. It was stirred at room temperature for 10 minutes
and then air refluxed at 50 °C on the water bath for 1 h. It was then stirred for 3 h at
room temperature forming a white turbid solution. The solvent was then removed in a
rotatory evaporator and the white solid was washed first with n-hexane (2 X 3 mL)
followed by diethyl ether (2 X 3 mL). It was dried overnight and kept in the
desiccator. Yield 820 mg, 83%. FTIR (KBr, cm™) v(C=N)sx 1653(s), v(Ar-C-C)syr
1503(s) and 1448(s), V(Ar-C-H)pending 732(s) and 697(s). '"H NMR (600 MHz, CDsOD,
ppm): 8.51 (Imine-H, s, 1H), 7.79 (Im-H, s, 1H,), 7.58 (Im-H, s, 1H), 7.33 (Ph-H, m),
4.75 (methylene-H, s, 2H). ESI-MS ([M + H]"): caled 186.1026; found 186.1035.

5.1.7 [Fe(L1B)3](C104)2 (4)

The ligand L1-B (0.150 g, 0.76 mmol, 3 eq) was stirred in 5 mL acetonitrile at
room temperature. To the stirred solution, Fe(ClO4)2-7H20(0.093 g, 0.25 mmol, 1 eq.)
in 5 mL of acetonitrile was added dropwise, which turned it into a dark purple
solution and was stirred for 4 h. The reaction mixture was layered with an equal
amount of ethyl acetate, covered properly, and kept in the refrigerator. Solid product
was obtained after a day. It was filtered and the solid was washed first with 5 mL of
ethyl acetate followed by 5 mL of diethyl ether. It was dried overnight in the
desiccator. The complex is soluble in acetonitrile. Yield ~ 0.145 g. FTIR (KBr, cm”
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1): 0(C=N)sr 1616(s), V(Ar-C-C)se 1496(s) and 1449(s), v(Cl-O)sr 1086 (s) v(Ar-C-
H)bending 747(s) and 701(s).
5.1.8 [Fe(L2B)3](Cl04): (5)

The ligand L2B (0.150 g, 0.80 mmol, 3 eq.) was dissolved in 5 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,
Fe(ClO4)2-7H20(0.099 g, 0.27 mmol, 1 eq.) in 5 mL of acetonitrile was added
dropwise, which turned it into a dark red solution and the solution was stirred for 4 h.
It was stirred for 3hrs and then solvent was removed to get a hygroscopic sticky solid.
It was initially dried in vacuum using pump for 30mins. 5-6ml of ether was added to it
and kept overnight in the refrigerator. Next day ether was decanted and the solid was
dried and collected. It was recrystallized from the solid in acetonitrile: ether mixture
1:3 kept in refrigerator for 4-5 days. Crystals were aggregated onto each other. Yield
= 130mg using 160gm solid. The complex is soluble in acetonitrile. Yield ~ 0.160 g.
FTIR (KBr, cm™): v(C=N)str 1624(s), v(Ar-C-C)str 1497(s) and 1442(s), v(CI-O)str
1099 (s) v(Ar-C-H)bending 749(s) and 702(s).

5.1.9 [Fe(L3B)3](Cl04): (6)

The ligand L3B(0.150 g, 0.80 mmol, 3 eq.) was dissolved in 5 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,
Fe(Cl04)2-7H20(0.099 g, 0.27 mmol, 1 eq.) in 5 mL of acetonitrile was added
dropwise, which turned it into a clear red solution and the solution was stirred for 4 h.
The reaction mixture was layered with an equal amount of ethyl acetate, covered
properly, and kept in the refrigerator for crystallization. Red crystalline solid appeared
after 1-2 days. The solvent was decanted carefully and the solid was washed first with
5 mL of ethyl acetate followed by 5 mL of diethyl ether. It was dried overnight in the
desiccator. The complex is soluble in acetonitrile. Yield ~ 0.170 g %). Anal. Calcd.
for [Fe(C11H11N3)3].2(Cl0O4) -H20-3CH3CN-CH3COOCH:CH3s: C, 49.69; H, 5.04; N,
16.18; found C, 49.38; H, 5.34; N, 16.36. FTIR (KBr, cm™): v(C=N)str 1610(s),
V(Ar-C-C)str 1499(s) and 1450(s), v(Cl-O)str 1081(s) v(Ar-C-H)bending 737(s) and
705(s).

51.10 [Fe(L1A)3](ClO4): (7)
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The ligand L1A(0.150 g, 0.36 mmol, 1 eq.) was dissolved in 5 mL of acetonitrile
and stirred initially at room temperature. To the stirred solution,
Fe(Cl04)2-7H20(0.135 g, 0.36 mmol, 1 eq.) in 5 mL of acetonitrile was added
dropwise, which turned it into a clear red solution and the solution was stirred for 4 h.
The reaction mixture was layered with an equal amount of ethyl acetate, covered
properly, and kept in the refrigerator for crystallization. Dark purple crystals appeared
after 2 days. The solvent was decanted carefully and the solid was washed first with 5
mL of ethyl acetate followed by 5 mL of diethyl ether. It was dried overnight in the
desiccator. The complex is soluble in acetonitrile. Yield ~ 68 %. FTIR (KBr, cm™):
v(C=N)str 1609(s). ESI-MS ([M + H]"): calcd 568.81; found 568.92.

51.11 [Fe(L2A)3](ClO4): (8)

The ligand L2A(0.150 g, 0.39 mmol, 1 eq.) was dissolved in 5 mL of methanol and
stirred initially at room temperature. To the stirred solution, Fe(ClO4)2:7H20(0.145 g,
0.39 mmol, 1 eq.) in 5 mL of acetonitrile was added dropwise, which turned it into a
clear red solution and the solution was stirred for 4 h. The reaction mixture was
filtered, and kept for slow evaporation at room temperature for crystallization. Dark
red crystals appeared after 1-2 days. The solvent was decanted carefully and the solid
was washed first with 5 mL of ethyl acetate followed by 5 mL of diethyl ether. It was
dried overnight in the desiccator. The complex is soluble in acetonitrile. Yield ~ 73
%. FTIR (KBr, cm™): v(C=N)str 1629(s). ESI-MS ([M + H]"): calcd 535.74; found
535.11.

5.1.12  [Fe(L3A)3](C1O4): (9)

The ligand L3A(0.150 g, 0.39 mmol, 1 eq.) was dissolved in 5 mL of methanol and
stirred initially at room temperature. To the stirred solution, Fe(Cl04)2-7H20(0.145 g,
0.39 mmol, 1 eq.) in 5 mL of acetonitrile was added dropwise, which turned it into a
clear red solution and the solution was stirred for 4 h. The reaction mixture was
filtered, and kept for slow evaporation at room temperature for crystallization. Light
orange crystals appeared after 2 days. The solvent was decanted carefully and the
solid was washed first with 5 mL of ethyl acetate followed by 5 mL of diethyl ether. It

was dried overnight in the desiccator. The complex is soluble in acetonitrile. Yield ~
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69 %. FTIR (KBr, cm™): v(C=N)str 162(s). ESI-MS ([M + H]"): calcd 535.74; found
535.10.

5.2 Results and Discussion

5.2.1 Syntheses

The Schiff base ligands were synthesized by condensing the amine and the
aldehyde in methanol. L2B and L3B was isolated as a white powder. The FTIR
spectra showed a strong vibration near 1650 cm™ assigned as C=N stretch of the
imine formed. The ligand was characterized by proton NMR and Mass spectrometry
(Experimental section). L1A, L2A and L3A were not isolated. They were used for the
one-pot syntheses of the Complexes 7-9. Complexes 8 and 9 were synthesized in
methanol and Complexes 4-7 has been synthesized from acetonitrile. Complexes 4
and 7 has a distinctive purple colour. The imidazole containing complexes are dark
but lacks the purple tinge All of the complexes used for this study was crystalline in
nature. The FTIR spectra of all showed imine stretch between 1600-1700 cm™ and
large broad perchlorate stretch ~1100 cm™ (Experimental section). Complexes 4-9
been characterized by mass spectra (Figure S15-S19) and and 4 and 7 has additional
"HNMR spectra as well (Figure S21-S22).

5.2.2 Solid-state magnetic behavior of 4-9.

We reported magnetic moments of 4-9 at room temperature. Complexes 4, 6 and
7 was found to be ~1 B.M. which indicate that these complexes are essentially low-
spin Fe(Il) in the solid-state (Table 5.1). This is comparable to value ~1 reported for
Fe(1I) low-spin complex [Fe(bpy)3;](ClO4)2].” Complex 7 with a different counter ion,
and 4 have been assigned as low-spin by other reports as well.'* ' Magnetic
susceptibility for the rest of the complexes is at least an order of magnitude higher
(Table 5.1). Magnetic moments vary between 2.54 to 5.06 B.M. as against the
expected range of spin-only 4.90 to 5.45 B. M. with an orbital contribution for high-
spin Fe(Il). Lower magnetic moments of 5, 8, and 9 indicate either a low-spin
component is present or magnetic coupling exists in the solid-state. Using Mossbauer
spectroscopy on solid samples, Brewer and coworkers established that 8 is a mixture
of both high-spin and low-spin species at room temperature, but 9 contain only high-
spin species.!® With BF4™ counter ion, Mossbauer spectrum of crystalline solid of 9 at

298K contains a small quantity of low-spin component but no low-spin component in
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the anhydrous sample as shown by Sunatsuki and coworkers.?* Multiple reports point
out that in the solid-state of the complexes, with imidazole donor, the ratio of low-
spin and high-spin Fe(Il) depends on a number of factors such as different counter

ion as well as amount or type of solvent of crystallization.
5.2.3 Solution magnetic behavior of 4-9.

The solution magnetic moments for 4 and the reference complex [Fe(bpy)s](ClO4)2
are zero indicates that only low-spin Fe(II) species in solution (Table 5.1). The low
magnetic moment (<1.7 B. M.) of 7 suggests the low-spin component being the
dominant species in solution. The magnetic moment values of 5, 6, 8 and 9 are found
to be predominantly high-spin at room temperature (Table 5.1). Temperature
dependant magnetic susceptibility studies of 5 and 6 (Figure 5.1) showed the decrease
of susceptibility value as we lower the temperature from 300 to 230 K. At low
temperture we could also see an increase in absorbance value which is characteristic
to Fe(Il) low-spin species in solution. This shows the crossover nature of the

complexes within the given temperature range.
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Figure 5.1. XM vs. T and Abs. vs. T plot of Complex 5 and 6 within the temperature
range (230-300) K in CD3CN.

5.2.4 Variable temperature 'HNMR of Complex 6.

Variable temperature 'HNMR was also recorded in the same temperature range
(Figure 5.2). The complex was high spin at room temperature (300K), and it had no
peak initially. As we lower the temperature, the proportion of low spin species
became more dominant, which is evident from the formation of the peaks. Since there

are quite a bit of high spin species still in the solution, that is why the peaks we see
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here are not sharp, and no splitting is observed. We could probably observe more of
the the low spin species if we go further below 230 K, but with acetonitrile as a
solvent, it is not possible.

We conclude complex 4 and 7 as low-spin species in solution. Both of them have
three pyridine moiety as the donor. Complexes 5, 6, 8 and 9 have more high-spin
species in solution. These complexes contain three of either 2- or 4- substituted
imidazole moiety as the donor. Complex 6 is notable for the significant shift in the

magnetic moment from solid to solution.

Complex 6

300K

283K

/J»_/\_/\/\jb\ ZRY

A M 263K

A J'/L/\/\J\JM 23K
MM,L/\ i
10.2 9.8 9.4 9.0 8.6 8.2 7.8 7.4 7.0 6.6 6.2 5.8 5.4 5.0 4.6

5 (ppm)

Figure 5.2. Variable temperature 'HNMR spectrum of Complex 6 within the
temperature range (230-300) K in CD3CN.

5.2.5 UV-visible spectra of the complexes 4-9.

Complexes 4 and 7 showed the expected MLCT transitions between 500-600nm
with & values (~ 10,000 M ¢cm™ ), supporting their similarity in coordination
environment. This and the lack of weak d-d transition confirm their low-spin nature in
acetonitrile.> On the other hand, the imidazole containing 5, 6 and 8 and 9 shows a
weaker charge transfer band (g, 1000 - 2000 M™! cm™!) between 400-500nm as well as
d-d transition between 780 -900 nm (g, 7-30 M™' cm™) (Figure 5.3). MLCT bands of

high-spin Fe(II) are usually less intense than their low-spin counterpart.’ Presence of
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less intense charge transfer and d-d transition indicate the presence of mainly high-
spin species in solution. However, the presence of a minor quantity of low-spin
species cannot be ruled out. The other notable trend is that the charge transfer (CT)
band in imidazole donor-containing complexes are significantly blue-shifted

compared to their pyridine analogues.
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Figure 5.3. UV-visible spectra of Complexes 4-9 in acetonitrile.

The CT band of some of the complexes was recorded up to -40 °C (Figure 5.4) The
intensity enhancement is very high, absorbance is more than doubled in 5§, 6, 8 and 9
(Figure 5.4). All of these had solution magnetic moment < 5 B.M. supporting the
presence of low-spin component at room temperature (Table 5.1). On decreasing the
temperature, we observe the increase in CT band intensity corresponding to the

increase in low-spin species.
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Figure 5.4. Variable temperature plot of UV-visible spectra of the Complexes 5, 6, 8
and 9. in acetonitrile with the temperature (243-293) K.

5.2.6 Electrochemical behavior of the complexes 4-9.

The redox potential of 4, each having three imine and three pyridine donor, are
highest and lies within a very narrow range of ~ 1.14 V vs SCE (Figure S23). This is
similar to reported redox potential of a Fe(Il) complex with four pyridine donor and 2
imine donor at 1.08 V vs. SCE.* Complex 7 despite having donors similar to 1 and 4,
oxidizes at + 0.92 V vs SCE (Figure S26). The ligand L1A (Scheme 5.1) in 7 have an
apical nitrogen which does not bind in solid state!>> but interaction in solution can not
be ruled out. The shift could be the result of this. The redox potentials of imidazole
containing complexes (3, 5, 6 & 8), all of which are essentially high-spin at room
temperature, are far lower than their low-spin analogues (Figure S24, S25, S27 and
S28, Table 5.1). Oxidation in low-spin octahedral iron(II) removes electron from fully

filled 2, level which is non-bonding type. On the other hand, oxidation of high-spin d°
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octahedral removes electron from anti-bonding e; orbitals and without penalty of
breaking the fully filled shell. Hence the large shift is likely to be a combined effect of
change in donor as well as spin-state. We plotted the potentials on a scale (Figure
5.6). High-spin and low-spin complexes are in two widely different region.
Differences within 2-imidazole and 4-imidazole analogue, both of which are high-spin

at room temperature, are lower at ~140mV.
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Figure 5.5. To illustrate the effect of donor atoms on redox potential (E») of the
complexes plotted on a scale. Complexes 1, 4 & 7 contains pyridine donor, 2, 5 and 8
has 2-imidazole donor, and 3, 6 & 9 has 4-imidazole donor. Complexes in the shaded
region are essentially low-spin in solution. Complex 2 showed both high-spin and

low-spin redox couple.

5.2.7 Comparative behavior between Complex 1-9.

We now compare all the complexes 1-9 we discussed over the two chapters
(Chapter IV and V). Complexes 1, 4 and 7 have pyridine group and complexes 5, 6, 8
and 9 have imidazole group. Magnetic susceptibility studies showed pyridine
containing complexes 1,4 and 7 was found to be low spin and imidazole containing 5,
6, 8 and 9 was found to be high spin at room temperature in solution. Temperature
dependant susceptibility data showed Complex 2, 5 and 6 having 2 and 4-imidazole
group been found to show cross-over property in solution. 6 showed sharp decrease in

ym and increase in absorbance with the decrease in temperature as compared to the
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others. Electronic spectra showed intense CT bands (g, ~10,000M™!) between 450-600
nm for low spin complexes (1, 4 and 7) and less intense CT bands (g, ~1000-2000 M
1) between 400-500 nm and the presence of the forbidden d-d transition (g, ~ 10-30 M-
) between 700-900 nm (5, 6, 8 and 9). On lowering the temperature we observed an
increase in CT band due to an increase in the low spin species in equilibrium with
high spin species. For 5 and 6 there was no shift in wavelength with the increase in
intensity but complex The enhancement in 2 is unique in that it is the only one
showing both enhancement in intensity as well as a shift of 454 nm to 493 nm at a
lower temperature. Temperature-dependent electronic spectral study on similar
complexes did not show such shift.?% ¢ Cyclic voltammetric experiments showed
considerable difference as we move from pyridine to 2-imidazole and 4-imidazole,
which is showing similar trend as we saw on moving from 1 to 3. Solution magnetic
moment and electronic spectra established that pyridine containing 1, 4 & 7 are low-
spin and 4-imidazole containing 3, 6 & 8 are essentially high-spin in solution.
Complex 1 oxidizes at +1.12V, while 3 oxidizes at 410mV lower potential of +0.71
V. Similar differences of 440mV observed between the other set of complexes 4-6 as
well as between 7-9. We conclude that (i) complexes having the pyridine unit are
essentially low-spin both solid and solution pyridine, (i1) complexes with imidazole
tend to have more high-spin component at room temperature but not only high-spin
except in 3, and (iii) unlike 5, 6, 8 and 9 the low-spin form of 2 is different than its
high-spin form. It could be due to a structural rearrangement or conformational
change. A comparison of magnetic moments, redox potential and UV-visible spectral

data of the complexes at room temperature have been summarized in Table 5.1.
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Table 5.1. Magnetic moments, redox potential and UV-visible spectral data of the

complexes at room temperature (298K).“

Felll/Fe!! couple Electronic spectra in MeCN,
in MeCN nm (g, M'em™)
effy effy
! " AE,, d-d
Complex B.M. BM. E4;,V o CT band
mV transition
(Solid) MeCN
1 1.04 1.60 1.12 78 n.o. 364(3300), 515 (6090), 566(8060)
2 2.54 4.80 1.11 190 775(20)  412(1020), 454(1080)
0.85 119
0.49¢ 190#
3 5.06 5.40 0.71 132 785(15) 359 (1700), 416 (1200)
4 1.02 0 1.14 69 n.o.’ 354 (4500), 512sh, 558(10560)
5 2.00 3.21 0.80 80 n.o. 390 (1764), 512(6200)
6° 1.20 4.64 0.66 75 793(7) 368sh, 460(2570)
0.53% 1108
7 1.05 1.25 0.92° 69 n.o.° 366(7070), 509sh, 557(12350)
8 4.15¢ 4.56 0.62" 75 842(27) 493(2080), 533sh
9 454 455 048 75 885(20)  440(1920)
[Fe(bpy)s] 0.66° 0.0 1.06 74 n.0.° 348(9980), 391sh, 483sh, 519(14400)

(Cl0s),

¢ Details of measurements are in Experimental section. Room temperature solution
magnetic susceptibilities were measured using a 600MHz NMR spectrometer. Ev,
values are vs SCE, recorded at a scan rate of 100mVs™! using a glassy carbon working
electrode in acetonitrile. UV-visible spectra were recorded between 300-1100 nm in
acetonitrile  ° Redox potentials of 7 in MeCN and 8-9 in Methanol were reported
before.!™° ¢ A similar complex using N-benzyl-1-(2-methyl-1H-imidazol-4-
yl)methanimine ligand having different counter ions showed spin crossover in solid
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e

state.?> 2¢ 4 Reported to show spin-crossover in solid.'"® ¢ n.o. = not observed. / The
ligand bpy is 2, 2’- bipyridine.*® ¢ Reported value ~1.” redox potential in DMF

Conclusions

We studied two new set of similar complexes 4-9 (Scheme 5.1) using a
combination of cyclic voltammetry, magnetic property and UV-visible spectroscopy
in acetonitrile. Despite similarity in coordination geometry and donor atoms, the
redox potential varied widely (Table 5.1) which could be attributed to the specific
donor type and the spin state ( pyridine vs 2-imidazole or 4-imidazole) (Figure 5.5).
The shift in redox potential between pyridine and 4-imidazole analogue is very high
at > 400 mV due to the accompanying spin-state change. Without the accompanying
spin-state change, a modest but significant difference of ~140 mV also existed
between 2-imidazole and 4-imidazole analogue. While the larger differences due to
spin-state change is expected, the difference between 2-imidazole and 4-imidazole
analogue means that choosing one imidazole derivative over other in the ligand design
could further tune the Fe(Il) redox potential. The finding revealed that the magnetic
properties of the imidazole analogues in solution can be quite different to that in solid
state (Table 5.1). Solution magnetic moment of all five imidazole analogue are
essentially high-spin, at least major species, at room temperature (Table 5.1). This is
in contrast to the reported solid state values of some of these complexes.'
Temperature dependent solution magnetic susceptibilities showed that, except for
complex 3, imidazole complexes indeed has a tendency to convert to low-spin at
lower temperature. The only exception out of all the complexes used in this study is

complex 3, which is high-spin in solid state as well as in solution.
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Supplementary Tables and Figures

Table S1. Selected bond length (A) and angles (°) for the complex [Ni(S-L1),(S-
L2)](C104)2(1Db).

Nil-N1  2.096(5) NI1-Nil-N2 = 78.9(2)
Nil-N2  2.086(5) N2-Nil-N4  95.0(2)
Nil-N3  2.114(5) N4-Nil-N5 168.1(2)
Nil-N4  2.072(6) NS5-Nil-N1 ~ 98.2(2)
Nil-N5  2.152(6) NI1-Nil-N7 173.1(2)
Nil-N7  2.072(6) N7-Nil-N4  90.6(2)
NI-C9  1.263(8) NI1-Nil-N4  91.8(2)
N3-C23 1.264(8) N2-Nil-N5 91.3(2)

N5-C37 1.272(9) N3-Nil-N7  92.5(2)

Table S2. Non-covalent interactions in complex [Ni(S-L1),(S-L2)](C104),(1b).

D-H..A D-H(A) H...A(A) D...A(A) DHA(°)

Inter-molecular

N6-H6..02 0.86 2.06 2.857(15) 154
C8-H8c..02 0.96 2.51 3.449(13) 167
C9-H9..03 0.93 2.54 3.382(9) 152

C12-H12..05 0.93 2.51 3.334(15) 147
C25-H25..06 0.93 2.52 3.391(11) 157
C28-H28..03 0.93 236  3.108(10) 137
C41-H41a..08 0.96 2.60 3.555(19) 174
C41-H41b..01 0.96 2.51 3.468(16) 176
C39-H39..m(C29-C34)  0.93° 2.83% 3.572¢ 137.9*%

Intra-molecular

1(C1-C6)-Ph..n(N4)-Py - - 3.945% -
1(C29-C34)- - - 3.682° -
Ph..n(N2)-Py
1(C15-C20)- - - 3.865° -
Ph..t(N7)—-Im

The acceptable range of D...A for N-H..O, 2.5-3.2 10\; for C-H..O, 3.0-4.0 A; N-H/C-
H.. t2.5-4.5 A, from ref.’>. SCalculated from Mercury.34
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Figure S1. The ORTEP diagram of the cationic part of Complex [Ni(R-L1),(R-

L2)](ClOy4),>(1d). Thermal ellipsoid are set to 50% probability level.

Table S3. Selected bond length (A) and angles (°) for the complex [Ni(R-L1)(R-

L2)](ClO04)2(1).

Nil-N1

Nil-N2

Nil-N3

Nil-N4

Nil-N5

Nil-N7

NI1-C9

N3-C23

N5-C37

2.109(5)
2.090(5)
2.124(5)
2.077(5)
2.155(5)
2.069(5)
1.253(8)
1.266(8)

1.255(9)

NI1-Nil-N2

N2-Ni1-N4

N4-Nil-N5

N5-Ni1-N1

NI1-Nil-N7

N7-Nil1-N4

NI1-Nil-N4

N2-Ni1-N5

N3-Nil-N7

78.5(2)
95.04(19)
167.9(2)

98.4(2)
172.0(2)
90.31(19)
92.99(19)
91.27(19)

92.75(19)

TH-2898_156122044
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Table S4. Non-covalent interactions in Complex [Ni(R-L1),(R-L2)](ClO4),(1d).

D-H..A D-H(A) H...A(A) D...A(A) DHA(®)

Inter-molecular

N6-H6..02 0.86 2.21 3.000(2) 153
C8-H8c..02 0.96 2.59 3.522(13) 163
C12-H12..08 0.93 2.57 3.409(19) 150
C28-H28..04 0.93 243 3.209(9) 142

C39-H39..m(C29-C34)  0.93° 2.98* 3.754% 141.57°

Intra-molecular

1(C1-C6)-Ph..7(N4)-Py - - 3.969° -
1(C29-C34)- - - 3.761° -
Ph..n(N2)-Py
1(C15-C20)- - - 3.897° e
Ph..n(N7)—-Im

reaction with RL2 instead of S-L2 (1c)

Transmittance (%T)
091

6651 2oL

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure S2. FT-IR spectra of reaction using R-L2 instead of S-L2 (1c¢).
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Figure S3. Mass spectra of reaction using R-L2 instead of S-L2 (1¢).
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Table S5. Selected bond distances (A) and angles (°) of 2a.

TH-2898_156122044

Fel-N1

Fel-N3

Fel-N4

Fel-N5

Fel-N6

Fel-N7

N3-C4

N5-C18

N6-C32

1.980(4)
2.017(3)
1.973(4)
1.966(3)
1.985(4)
1.959(3)
1.278(6)
1.282(5)

1.281(5)

N6-Fel-N7

N5-Fel-N7

N4-Fel-N7

N1-Fel-N7

N1-Fel-N3

N5-Fel-N4

N4-Fel-N6

C4-N3-C5

C1-N1-Fel

81.40(14)
92.09(14)
93.47(14)
90.71(15)
80.60(14)
81.11(15)
173.34(15)
119.7(4)

137.5(4)
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Table S6. Non-covalent interactions in Complex 2a.

D-H..A D-H (A) H...A(A) D...A(A) DHA(°)

Inter-molecular

N2-H2..05 0.86 1.96 2.813(9) 173
C18-H18..07 0.93 2.57 3.407(6) 150
C27-H27..N4 0.93 2.55 3.052(6) 114
C27-H27..07 0.93 2.42 3.167(6) 138
C32-H32..02 0.93 2.57 3.415(6) 152
C42-H42¢..03 0.96 2.52 3.476(9) 173

C2-H2..7(C6-C11) 0.93° 2.69° 3.565° 157

& i

B o

.‘é

=
— Complex2a

4000 . 35:)0 . 30:)0 . 25;)0 . 20(.)0 . 15(.)0 . 10:)0

Wavenumber (cm-T)

Figure S4. FTIR spectra of Complex 2a.
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Figure S5. FTIR spectra of Complex 2c.
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Figure S6. ESI-MS spectra of Complex 2a.

Table S7. Comparison of average M-N bond lengths.

Average Bond Length (A) [Fe(S-L1)2(S-L2)]**  [Ni(S-L1)5(S-L2)]**
M-Nimine 1.99 2.13
M-Niing 1.97 2.08

Table S8. Comparison of imidazole N-H bonding with perchlorate oxygen.

D-H..A D-H(A) H...A(A) D...A(A) DHA(°)

Inter-molecular

Fe-complex N2-H2..05 0.86 1.96 2.813(9) 173
Ni-complex N6-H6..05 0.86 2.09 2.885(15) 153
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TH-2898_156122044



£ A\
& 2
8 o
&
&
&
'_
—— Complex 1
1 " 1 " 1 " 1 " 1 " 1 "
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)
Figure S7. FTIR spectrum of Complex 1.
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5
s
3
& >
Z &
5
&
'—
—— Complex 3
1 i 1 i 1 i 1 i 1 i 1 i
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-T)
Figure S9. FTIR spectrum of Complex 3.
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Table S9. Crystallographic data and refinement parameters of 2.

TH-2898_156122044

2
Empirical C36 H39 CI12
formula N9 Fel O10
fw 852.51

crystal system | Triclinic
space group Pl

a, A’ 10.0293(12)
b, A 11.5716(14)
c, A 12.0919(14)
a(®) 98.026(5)

b(°) 113.717(4)
%°) 111.183(4)

V, A 1129.3(2)

Z/p (gcm™) 1/1.254

T(K) 293(2)

u (mm™) 0.507
coll.reflns 7951

indep reflns 5096

FLACK para. | 0.001(18)
GOF on F* 1.022
%eﬁduals ©A 1 0.363,-0367
R1°, wR2" 0.0859/0.1969
RI1¢, wR2° 0.1180/0.2176
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Table S10. Selected bond distances (A) and angles (°) of 2.

Fel-N1
Fel-N2
Fel-N3
Fel-N4
Fel-N5
Fel-N6
N2-C7

2.025(11)
2.037(10)
1.981(11)
2.022(10)
1.998(11)
2.018(9)

1.497(14)

NI1-Fel-N2
N3-Fel-N4
NI1-Fel-N4
N3-Fel-N1
NI1-Fel-N5
N3 Fel N6
N4-Fel-N2

80.0(5)
80.1(4)
171.2(5)
92.3(4)
92.9(5)
170.8(5)
97.5(4)

Table S11. Non-covalent interactions in Complex 2.

D-H..A D-H (A) H...A(A) D...A(A) DHA(°)
Inter-molecular
N7-H7A..07 0.86 2.37 3.057(4) 137
N8-H8..04 0.86 1.99 2.840(4) 157
N9-H9A..0107 0.86 1.98 2.838(4) 175
C24-H24..08 0.93 2.57 3.261(4) 131
C36-H36..06 0.86 2.46 3.266(4) 145
120
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Figure S10. 1/xM vs. T shows the linearity of Complex 3.
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Figure S11. Variable scan rate of the Complexes 1-3.
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Figure S12. The ESI-MS spectrum of 1 in acetonitrile.
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Figure S15. The ESI-MS spectrum of 4 in acetonitrile.

119



Complex 6 N\
= Fe |§N \N (Cl0O4)2
3
O
¥
= [
IS m
g a ’
& i
'g —
3 8 %
< & o
o 3
£
N
N
o
5
ol L 2l "
1 1 1 1
200 300 400 500 600 700 800 900
m/e
Figure S16. The ESI-MS spectrum of 6 in acetonitrile.
Complex7 3
omplex CH 3 8 l
b calc.
& Fe[\=( (ClOs): N
Q<
g ‘\j./ § + a R c\E
— P = g 3
g = 3 3 £3]]]5 so || |5
g o piass L, O
% r:? 5:54 5'66 5’68 5’70 5'72 57'4 564 566 568 570 572 574
©
5 o
2 £
N
g
(o]
Yol
il L I L Ll o l ™
[ 1 1 [ 1 1 1 [ 1 1 1 1 1 1 [ 1 1
100 200 300 400 500 600 700 800 900 1000
m/e
Figure S17. The ESI-MS spectrum of 7 in acetonitrile.
Complex 8 E\ n 0
P Fe | ! } \ (ClOs)2 g g
+ 4 N exp. calc.
ﬁ
© <
2 g9 : 8 g
g NP . 2:| (5 P I
5 T . TR < T 3
< f = . L1 - L . T
S = 8 130 135 440 430 435 440
2 6] S
g <
© d
G P
e T,
~ ~—
5
@8
1 l . [T P .
I I I I I I I I I I I I I I I I I I I
100 200 300 400 500 600 700 800 900 1000
m/e

TH-2898_156122044

Figure S18. The ESI-MS spectrum of 8 in acetonitrile.
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Figure S23. Cyclic Voltammetry diagram plot of Complex 4. Variable scan rate
(mV/s) diagram of the same in acetonitrile.
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Figure S24. Cyclic Voltammetry diagram plot of Complex 5. Variable scan rate
(mV/s) diagram of the same in acetonitrile.
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Figure S25. Cyclic Voltammetry diagram plot of Complex 6. Variable scan rate

(mV/s) diagram of the same in acetonitrile.
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Figure S26. Cyclic Voltammetry diagram plot of Complex 7. Variable scan rate
(mV/s) diagram of the same in acetonitrile.
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Figure S27. Cyclic Voltammetry diagram plot of Complex 8. Variable scan rate
(mV/s) diagram of the same in acetonitrile.
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Figure S28. Cyclic Voltammetry diagram plot of Complex 9. Variable scan rate
(mV/s) diagram of the same in acetonitrile.
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Figure S30. BC-NMR spectrum of Complex 2b [Fe(S-L1),(S-L2)]** in acetonitrile.
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