Chapter 2

2.1. Introduction

Mario Betti (1875-1942), a very active distinguished Italian chemist, ™! started his
work in Schiff’s laboratory at the University of Florence. From the Schiff’s laboratory
he moved to the University of Cagliari followed by Siena, Genoa and finally Bologna,
where he worked as the successor of Giacomo Ciamician. His main research interests
in stereochemistry were directed towards

a) Resolution of racemic compounds

b) Relationship between molecular constitution and optical rotator power

c) Asymmetric synthesis with the aid of chiral auxiliaries or in the presence of

circularly polarised light.

Mario Betti, the person behind Betti reaction (1875-1942)

2.1.1. The Betti reaction

The reaction between ammonia or amine with formaldehyde yield imine which on
reaction with enolisable carbonyl compounds resulted in formation of amino alkyl
compounds. This procedure was first performed by the German scientist, Carl Ulrich
Franz Mannich in 1912 and the reaction is known as Mannich aminoalkylation.

In 1900, Betti hypothesized, and later proved that 2-naphthol should be a good carbon
nucleophile towards the imine produced from benzaldehyde and aniline as shown in
Scheme 2.1.
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Scheme 2.1 Reaction between 2-naphthol and an imine.

Later, [? Betti isolated the product and reported that the product i.e. imine derivative
2a can be obtained from three component condensation of 2-naphthol, an ethanolic
solution of ammonia and two equivalent of benzaldehyde (Scheme 2.2). Smith et al.

BBl |ater proved that the imine product remain in equilibrium with its oxazoline 2b

form.
CHO
OH
EtOH r.t.
NH3 CI
_NaOH
O e .
2a Bettl base 3

Scheme 2.2 The Betti reaction

The hydrochloride salt of intermediate 2 on treatment with saturated solution of
sodium carbonate yielded Betti base 3 which was successfully resolved into two

optical isomers using tartaric acid through classical resolution method. [l

In 1998, Naso et al. [ determined absolute configuration of the hydrobromide salt of

Betti base by an X-ray experiment. (Fig. 2.1)
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Figure 2.1 Crystal structure of S-Betti base hydrobromide

Naso et al. I have reported an improved procedure for separation of enantiomers of

Betti base using a mixture of ethanol and methanol.

A very simple, easily scalable separation of the enantiomers of Betti base through

kinetic resolution has been reported by Hu et al. © using L-(+)-tartaric acid, in

H
N\A
O
0.75 eq L(+)tartaric acid OO

acetone, R(-) oxazine
0. Seq H,0, RT 3Hr

acetone. (Scheme 2.3)
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Scheme 2.3 Resolution of Betti base into its enantiomers

Alfonsov et al. [l has reported a one-pot methodology to separate the enantiomers of
Betti base, starting from the imine/oxazine precursor using tartaric acid in
DCM/methanol.

2.1.1.1. Derivatives of Betti base

The Betti reaction could be used to synthesize more complex molecular structures by
assembling three simple components namely 2-naphthol, aryl aldehydes and

ammonia, or amines.

Littman and Brode [ have synthesized different derivatives of Betti base using

different amines like dimethylamine and piperidine instead of ammonia. (Scheme 2.4)
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CHO

O O

4 5

Scheme 2.4 The Betti reaction with dimethylamine and piperidine

An optically active camphorsulphonic acid was used for resolution of these

compounds.

According to Littman and Brode secondary amines would react with benzaldehyde
via formation of a benzylidinediamine intermediate. This intermediate attacks 2-
naphthol yielding aminobenzylnaphthol, after elimination of the amine as shown in
Scheme 2.5

CHO RoN_NR;

‘ NR,

R,N_ _NR,
OH
+

Scheme 2.5 The Betti reaction with secondary amines
However, alternative mechanism based upon the reaction between amine and an
adduct formed between 2- naphthol and benzaldehyde cannot be ruled out. (Scheme

2.6)
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Scheme 2.6 A different sequence for the Betti reaction

Periasamy et al. ! have synthesized 1-(a-pyrrolidinyl benzyl)-2-napthol (Scheme 2.7)

using pyrollidine as amine and resolved by tartaric acid (Scheme 2.8).

DD
OH NH Methanol N
OO + + Q Reflux 6h l l OH

6

Scheme 2.7 Betti reaction with pyrrolidine

2M Na,CO4 "
Precipitate
O D L-(+)-Tartaric acid

40 % yield, 98 % ee
OH
(I D
2M Na,CO;

CH,Cl, [ l OH

50 % yield, 99% ee

Acetone, 25°C, 6H

Filtrate

Scheme 2.8 Resolution of 1-(a-pyrrolidinyl benzyl)-2-naphthol
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Several bases have been synthesized by the Betti reaction with different aldehydes by

Fulop et al. [*>12 (Scheme 2.9)
X
T
OH N=—
MeOH
+ 2© + NH; ——> OH
I O

X =F, Cl, Br, NO, 7
(i) H'/H,0

(i) OH/H,0

Scheme 2.9 Synthesis of new Betti bases

Xiong ™31 have reported synthesis of bis Betti bases, 9 (Scheme 2.10) by reaction of 1
equiv of 2,6-dihydroxynaphthalene with 2 equiv of piperidine or morpholine and

cyanobenzaldehyde at 100 °C .

CHO
oH N
() —

Scheme 2.10 Synthesis of bis Betti base using 2,6- dinaphthols
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Synthesis of 1-naphtholyl tetrahydroisoquinolines 10 have been reported by Li et

al.[l“]
O NH
N\ OH 60°C
x/ P - _N \ OH

x/ Z
10

X = H, 6-MeO, 7-MeO, 6-PhCO, 6-Br
Scheme 2.11 Betti reaction with 3,4-dihydroisoquinoline

A new era in the field of synthesis of Betti Base began when the Betti reaction was
performed by Palmieri et al. [!>¥1 with enantiopure amines. In this approach, the
presence of a resolved stereogenic centre on the amine, induced formation of a new
stereogenic centre with high stereoselectivity. Following this procedure, after a simple
crystallisation, a desired aminobenzylnaphthol with two fully resolved stereogenic

centers was achieved.

A solvent free Betti reaction of 2-naphthol, aryl aldehydes and (R)-1-
phenylethylamine or (R)-1-(1-naphthyl) ethylamine yielded different substituted Betti

bases. [15:17]

Ar'Y

Ar'

OH Ara_ _NH
HoN Me OO OH

(R,R) 11
Scheme 2.12 Betti reaction with (R)-1-arylethylamine

Aminobenzylnaphthol 12 was prepared by a different synthetic route, [*® represented
by the reaction between commercially available (S)-(—)-N-o— dimethylbenzylamine,
benzaldehyde, and 2-naphthol without any solvent. The same solvent-free procedure
was used in the reaction of (S)-N-a-dimethylbenzylamine with 1-naphthaldehyde and
2-naphthol at 85 °C [
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Ph_ Me
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Scheme 2.13 Betti reaction with (S)-(-)-N-a-dimethylbenzylamine

Ph \\\\\\\Me

OH Ph 85°C ﬁ
Np,, NMe
+ , + NpCHO —————
MeHN “\e OH
Np = 1-naphthyl QO

13

Scheme 2.14 Betti reaction with 1-naphthaldehyde and (S)-N, a-dimethylbenzylamine

Palmieri et al. 51 have synthesized aminonaphthols with chiral aldehydes as well
wherein the solvent free reaction was carried out by mixing 2-naphthol with primary

or secondary amines and chiral aldehydes at room temperature.

" ) OHC\/O>< r.t o] wNH
+ v, T —_—
H,N “Me
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|
@)

o

I

Scheme 2.15 Betti reaction with chiral non-racemic aldehydes and amines

2.1.1.2. New synthetic route for the synthesis of Betti base

Ammonium carbamate or ammonium hydrogen carbonate under microwave
irradiation was proposed as an alternative and convenient source of ammonia, for the
synthesis of Betti base. [21 Ghandi et al. %! have quantitatively synthesized Betti base
in aqueous medium. Atul kumar et al. %2l have developed an efficient non-ionic
surfactant, Triton X-100 catalyzed multicomponent Mannich-type reactions for the

synthesis of Betti base from aldehydes, secondary amines, and 2-naphthol in water.
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Triton X-100 forms stable colloidal medium which plays an essential role in

acceleration of the reactions in water.
2.1.2.Electrochemical study of amino phenols

Electrochemical behavior of phenol and particularly with a pendant amine has
attracted much attention in the last decade, because of its involvement in the
biologically important processes. 2349 The survey of literature revealed publication
of a large volume of studies on model systems to understand mechanism of formation
of phenoxyl radical. Among these the electrochemical behavior of ortho substituted
4,6-di(tert butyl) phenols with phenolic hydrogen atom H-bonded to the N-atom of
the nearby amine have been extensively studied by Yoshihiro Matsumura et al. Jean
Michel Saveant et al. and James M. Mayer et al. [23-40]

Betti Base with similar structure i.e. with sp® hybridized carbon attached to phenyl
ring, amine and naphthol, is expected to exhibit an interesting redox property. This

observation calls for an exhaustive investigation of the redox property of the ligand.

Molecular electrochemistry, through nondestructive techniques such as CV, has been
proved to be very useful in characterizing electron transfers and deciphering

mechanisms in which chemical reactions are associated with electron transfer.

Hence in the present work, the electrochemical behavior of the ligands was studied by
CV.

2.1.2.1. Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most used techniques to study the
electrochemical behavior of organic compounds. It is an excellent technique to probe
chemical changes that occur as a result of electron transfer and is critical for
understanding the reactivity and electronic structure of redox-active ligands. Often
electrochemistry allows for transient species to be generated and observed that would
otherwise be unobtainable. One of the strengths of the CV technique is in the
identification of electrochemical reactions involving combination of electron transfer
and chemical reaction steps through proper analysis of CV curves recorded at various

scan rates.
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The main components of a Cyclic Voltammeter are the Reference electrode, Auxillary

electrode, Working electrode and a Potentiostat (Fig. 2.2).

Figure 2.2 Image of Potentiostat with Electrochemical cell

The Potentiostat is an instrument that controls the potential of the working electrode
with respect to the reference electrode while measuring the current flow between the
working electrode and counter electrode. In CV, the potential of a working electrode
is cycled linearly between two potential values at which the oxidation and reduction
of a solute occurs. The resulting current-potential curve is called a cyclic

voltammogram.

2.2. Experimental

2.2.1. Materials

Benzaldehyde, B- naphthol, pyrrolidine, dimethyl amine, anisaldehyde, L(+)/R(-)
Tartaric acid were purchased from Fisher Scientific. Freshly distilled solvents were
employed for all synthetic purposes. Spectroscopic grade solvents were employed for

spectral work. All other chemicals used were of AR grade.
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2.2.2. Synthesis of Betti base and its derivatives

2.2.2.1. Synthesis of 1-(a-amino benzyl)-2-napthol (BB/L1)

1-(a-amino benzyl)-2-napthol commonly known as Betti base (BB/L:) and its
derivative 1-(a-amino-p-methoxybenzyl)-2-napthol (ABB/Ls) were synthesized and
resolved by reported methods ?31. In a 250 mL round-bottomed flask was placed a
cold solution of 36 g. (0.25 mole) of B-naphthol in 50 mL of methanol. To this
solution, 53 g. (0.50 moles) of freshly distilled benzaldehyde/anisaldehyde followed
by 50 mL of methanol saturated with ammonia were added. The solution turned red.
The stopper of the flask was removed after two hours, allowing the excess ammonia
to escape. After about twelve hours, the condensation product, separated as white
needles, was filtered with suction and washed with 50 mL of methanol. An additional
quantity of the condensation product was obtained from the mother liquors on
standing for three days. The yield of the condensed product was 80-90 per cent and its
melting point was found to be 148-150°C.

The condensation product obtained was introduced into a 500-mL round-bottom flask
attached to a steam distillation assembly and treated three times its volume with 20
per cent hydrochloric acid. The mixture was steam distilled to remove all
benzaldehyde formed by the hydrolysis (about two hours). The mixture in the flask
was cooled thoroughly and filtered with suction. The yield of about 70-80 per cent
with 190-220°C melting point was obtained.

In order to obtain amine, the finely divided hydrochloride salt was placed in a 500 mL
beaker and stirred to a smooth paste with 100 mL of water. To this was added 50 g. of
crushed ice, and the mixture was cooled in an ice bath. 200 mL of saturated solution
of NaxCO3z was added slowly with stirring until a nearly clear solution resulted. The
cold solution was transferred to a separatory funnel and extracted with 100 mL of
DCM. The combined organic extracts were dried overnight over 50 g. of anhydrous
sodium sulfate, filtered, and evaporated to obtain the amine product. The total yield of
the product was 7375 per cent which melted at 124-125°.
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2.2.2.2. Kinetic Resolution of BB (L1)

To a stirred suspension of (+-3*HCI) (5.0 g, 17.5 mmol) in acetone (45 mL) was
added EtzN (1.8 g, 17.5 mmol) at 0 °C. Twenty minutes later, H2SO4 (98%, 0.1 mL)
was added. The resultant mixture was stirred at room temperature for 1 h (monitored
by TLC), and saturated aqueous solution of Na2COz (10 mL) was added. After most
acetone was removed by rotavapor, the residue was diluted with CH2Cl, (45 mL) and
H>O (45 mL). The separated aqueous layer was extracted with CHCl,, and the
combined organic layers were washed with H2O and brine and dried over Na>SOa.
Removal of the solvent gave crude product, which was purified by recrystallization
(EtOAC) to give (£)-oxazine derivative (4.8 g, 96%) as colorless crystals which
melted at 124-126 °C

To a stirred solution of (+)-oxazine (4.8 g, 16.6 mmol) in acetone (30 mL) was
sequentially added a solution of L-(+)-tartaric acid (1.9 g, 12.7 mmol) in acetone (40
mL) and H2O (0.02 mL). After the resultant mixture was stirred at room temperature
for 3 h, the white solid was collected by filtration and was washed with acetone (2x25
mL) to give (S)-3etartaric acid salt (3.2 g, 48%) which melted at 186-188°C. To the
filtrate was added a saturated aqueous solution of Na,COsz (10 mL). After most of the
acetone was removed by rotavapor, the residue was diluted with CH2Cl, (40 mL) and
H20 (20 mL). The separated aqueous layer was extracted with CHCl,, and the
combined organic layers were washed with H2O and brine and dried over Na>SOa.
Removal of the solvent gave crude product, which was purified by recrystallization
(EtOAC) to give (R)-Oxazine (1.6 g, 47%) as colorless crystals which melted at 148-
150°C.

The (R)-oxazine was similarly treated with D-(-)-tartaric acid to form (R)-3etartaric
acid salt.

Preparation of (S)-(+) / (R)-(-) Betti base

To a stirred suspension of (S)-3/ (R)-3etartaric acid salt (5.0 g, 12.5 mmol) in CH2Cl>
(30 mL) was added an aqueous solution of Na,COs (10%, 30 mL) at 0°C. The
resultant mixture was stirred until the solid disappeared completely (30 min). The

separated aqueous layer was extracted with CH2Cl> and the combined organic layers
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were washed with H>O and brine and dried over Na>SO4. Removal of the solvent gave
(S)-(+) / (R)-(-) Betti base as colorless crystals; mp 133-134 °C.

2.2.2.3. Synthesis of 1-(a-pyrrolidinyl benzyl)-2-napthol

1-(a-pyrrolidinyl benzyl)-2-napthol (PBB/L4) was synthesized and resolved by
reported methods. ¥ In a 250 mL round bottomed flask was placed a solution of 2-
naphthol (14.4 g, 100 mmol) in 50mL of Methanol. To this Benzaldehyde (13.2 mL,
130 mmol) followed by pyrrolidine (8.4 mL, 100 mmol) was added and the reaction
mixture was refluxed for 6 h and brought to room temperature. The precipitate was
filtered and washed with Methanol to isolate 1-(a-pyrrolidinylbenzyl)-2-naphthol as
white solid which melted at 176-177°C.

2.2.2.4. Resolution of PBB/L4

The L-(+)-tartaric acid (0.75 g, 5 mmol) and L4 (1.5 g, 5 mmol) were taken in acetone
(70mL) and the contents were stirred at 25°C for 6 h and filtered. The precipitate was
suspended in a mixture of CH2Cl, and ag Na;COsz (2M) and stirred until dissolution
occurred. The organic extracts were washed with brine, dried (Na:SOs) and
evaporated to obtain the enantiomer (S)-(+)-Ls (40% vyield). The filtrate was
concentrated to get crude product. The crude product was then treated with anhydrous
oxalic acid in acetone (70 mL). The reaction was stirred for 6 h to get (R)-(-)-
Lseoxalic acid salt. The salt was treated as outlined above to obtain the enantiomer
(R)-(-)-L4 (55% yield).

2.2.2.5. Synthesis of 1-(a-dimethylamino benzyl)-2-napthol and its derivative

1-(a-dimethylamino  benzyl)-2-napthol (DBB/L;) and its derivative 1-(o-
dimethylamino-p-methoxybenzyl)-2-napthol (ADBB/Lg) were synthesized by
reported methods. [ In a 250 mL round bottomed flask was placed a solution of 2-
naphthol (14.4 g, 100 mmol) in 50mL of Methanol. To this Benzaldehyde /
anisaldehyde (130 mmol) followed by dimethylamine (10.1 g, 100 mmol) was added
and the reaction mixture was refluxed for 6 h and brought to room temperature. The
precipitate was filtered and washed with Methanol to isolate L7 and Lo as white solid
which melted at 165 & 168°C respectively.
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2.3. Characterization of Betti base and its derivatives

Betti base and its derivatives were characterized by,"H NMR, *C NMR and CD. The
NMR spectra were collected on a 400 MHz spectrometer (Bruker AV 400) in CDCl3
and de-DMSO. The SOR of the ligands L., Ls, Ls & Ls (¢ = 1.0, CHCI3) were
measured on a Jasco P-2000 Polarimeter. The CD spectra of 0.5 mM solution of the
optically pure ligands (L2,Ls,Ls,Ls) in chloroform were recorded using a Jasco J-810
Spectro-polarimeter in the range 250—-800 nm.

2.3.1. Electrochemical analysis

Cyclic voltammetric studies of Betti bases (1.0 mM in DCM) using TBAPFs as
supporting electrolyte were performed on a CH Instruments 600C potentiostat, with a
glassy carbon as working electrode (area 0.071 cm?), Ag/Ag* reference electrode
(0.01 M AgNOs in acetonitrile) and Pt wire as a counter electrode. To obtain
reproducible results, the glassy carbon electrode was polished using polishing Kit
(CHI120) which consisted of a polishing polyurethane pad, alpha Al2O3 (particle size
1.0 & 0.3 pm) and gamma Al>O3 powder (particle size 0.05 um). The electrode was
polished with 0.05 um alumina, sonicated (ultrasound bath) for 3 min and finally
rinsed with deionized water before each measurement. Solutions were deoxygenated
by bubbling dry nitrogen prior to the potential sweep. All experiments were carried

out at room temperature.
2.4. Results and Discussion

2.4.1. Verification of the synthesized compounds

The purity of the compounds has been checked by TLC and further confirmed by
NMR spectral analysis. The data for the *H NMR and *C NMR are given below. (SI;
Fig. 2.2 -2.7)

BB
'H NMR(CDCl): § =7.67-7.70 (m, 3H), 7.13-7.42 (m, 8H), 6.10 (s, 1H), 2.39 (br. S,
2H)
13C NMR(CDCl3): § 156.9, 142.4, 132.0, 129.7, 129.0, 128.7(2C), 128.5, 127.9,
127.3(2C), 126.4, 122.4, 121.2, 120.5, 115.1, 55.9.
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The absence of peaks at & = 156.9, 142.4, 132.0 & 115.1 in DEPT-90 and DEPT-135
indicates the presence of four tertiary carbons in Betti base.

PBB
'H NMR(CDCls): & = 13.8 (br s, 1H), 7.88-7.65 (m, 4H), 7.64-7.21 (m,6H), 5.12 (s,
1H), 3.27(br s 1H), 2.60-2.27(br s, 3H), 1.85(br s, 4H).

DBB
'H NMR(CDCls): & =13.8 (br's, 1H), 7.86-7.56 (m, 5H), 7.36-7.15 (m,6H), 4.98 (s,
1H), 2.39-2.33(br s, 6H).

ABB
'H NMR(CDCls): & = 7.72-7.67 (m, 3H), 7.39-7.14 (m, 5H), 6.84-6.81 (m,2H), 6.10
(m, 1H), 3.72 (s, 3H).

ADBB

'H NMR(CDCls): & = 13.8 (br s, 1H), 7.67-7.46 (m, 5H), 7.37-7.14 (m,3H), 6.78-
6.76 (m, 2H), 4.91 (s, 1H), 3.70 (s, 3H), 2.39-2.32(br s, 6H).

Based on NMR data the structures of the synthesized compounds confirmed and are

oe
OH OH OH

as follows:

BB (L1) PBB (L) DBB (L7)
H3CO HsCO
‘ NH; O ’\\l\
COoT o
ABB (Ls) ADBB (Lo)

Figure 2.3 Structure of Betti base and its derivatives
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2.4.2. Circular Dichroism (CD) Spectroscopic analysis

The ligands L1 and L4 had been resolved to their optically pure form by reported
method. [ The efforts for the resolution of ligands L7, Ls and Lo were unsuccessful.
The CD spectra of enantiomeric pairs L2 & Ls and Ls & Les bear mirror image
relationship (Fig. 2.4), as expected. The S- ligands (L2 & Ls) exhibit positive Cotton
effects for intraligand electronic transitions at 290 nm and 340 nm, where as the R-
ligands (L3 & Ls) exhibit negative Cotton effects for intraligand electronic transitions
at 290 nm and 340 nm.
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(a) R+(-)-1-(x:-amino benzyl)-2-napthoel (L)
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Figure 2.4 Circular Dichroism spectra (0.5mM) in 10mL of chloroform. (a) CD
spectra of L2 and L3 (b) CD spectra of Ls and Ls
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2.4.3. Cyclic voltammetric study of Ligands

The cyclic voltammograms of ligands L1, L4, L7, Ls and Lg (1.0 mM , 100 mV/sec) in
the potential window of -0.9 V to 1.2 V are given in Figure 2.5.
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~
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V, volts versus Ag/Ag”

Figure 2.5 Cyclic voltammograms of Betti bases (ImM in DCM) using 0.1 M
TBAPFe as the supporting electrolyte.

The redox potentials of the Betti bases are tabulated in the Table 2.1.

Table 2.1 Electrochemical data® for ligands at at 25 + 2 °C in DCM solution.

Reduction Potential Oxidation Potential

Name of

(Volt) (Volt)
Ligand
cl c2 al a2

BB (L1) -0.31 -0.87 0.69 0.20
PBB (La4) 0.55 -0.36 0.74 0.13
DBB (L7) 0.52 -0.48 0.82 0.14
ABB (Ls) -0.32 —0.95 0.82 0.27
ADBB (Lo) 0.52 -0.47 0.85 0.10

2 potential measured vs. Ag/Ag® reference electrode; scan rate 100mVs! ; supporting
electrolyte : TBAPFs (0.1M); ligand concentration : 0.001M.

As can be seen from the Table 2.1, significant difference in the reduction potential of
L1, La and L7 is observed. These are positive for L4 and Lz where as negative for
L1.This is attributed to the substituted tertiary amine and lack of H-bond formation
between phenol radical formed after oxidation and tertiary amine in contrast the Betti
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base Li containing primary amine. A similar observation has been made by

Matsumura et al. and Thomas et al. [23]

It is also observed that substitution of methoxy group para to the benzyl ring has no
major effect on the redox behavior of the ligand Ls and Lo. This is probably due to the
position of the methoxy group which being away from the redox active centers of the

molecule does not affect the redox potentials.
2.4.3.1. Cyclic voltammetric study of Betti base (L1)

To understand the redox process thoroughly, a detailed study of ligand L1 has been
carried out. The cyclic voltammograms of Betti base (1.0 mM , 100 mV/sec) in the
potential window of (a) 0.5 V to -0.9 V, (b) 1.2 V t0 -0.9 V and (c) 0.0 V to -0.9 V
followed by reverse scan from -0.9 V to 1.2 V and finally second cycle from 1.2 V to
-0.9 V are shown in Figure 2.6. (a),(b),(c).

2.0
1.0p 4
~—
< oo
= e
1.0p
2.0n T T T T T T T T T T T )
09 06 -03 00 03 06 -0 -05 00 05 10 15
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20.0p4
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10.014
<50
Lo
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1.0 -05 00 05 10 15
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Figure 2.6 Cyclic voltammograms of L1 (ImM in DCM) using 0.1 M TBAPFg as the
supporting electrolyte. (A)0.5Vt0-09V (B)1.2V1t0-09Vand(C)1l2Vto-09
V starting from 0.0 V
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As can be seen from the Figure 2.6(a), no significant electrochemical activity is
observed in the potential range of 0.5 V to -0.9 V. It is observed that [Fig. 2.6(c)] on
scanning the potential from 0.0 V to -0.9 V, no cathodic process is observed, however
an anodic peak appeared at 0.68 V, on reversal of scan direction from -0.9 Vto 1.2 V.
Finally in the second cycle of CV, from 1.2 V to -0.9 V and back to 1.2 V, two
cathodic peaks, c1 at -0.2 V & ¢z at -0.8 V and two anodic peaks, a1 at 0.68 V & a2 at

0.17 V were observed.

The cyclic voltammograms recorded at various scan rates (100 mV/sec to 500
mV/sec) revealed a small shift in peak potentials and increased peak heights with

increase in scan rates. (Figure 2.7)

52.001
39.00p
26.00p

13.001

1 (A)

0.00

-13.00p1

-26.00p1

L s e |

D o
‘
V, volts versus Ag/Ag

Figure 2.7 Cyclic voltammogram of the Betti base at increasing scan rate from 100 to
500 mV/sec

The plots of square root of scan rate vs. current [Fig. 2.8 (a-d)] gave straight lines for
the reduction processes c1 and c2 indicating these processes to be diffusion controlled
processes. However, the plots for oxidation i.e. a1 & a2 peak currents as a function of
square root of scan rate deviated from linearity indicating existence of some other

process along with electrochemical process.
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Figure 2.8 Plots of square root of scan rate vs. current (a),(b) cathodic current ;

(c),(d) anodic current

To study effect of pH on the redox processes, CVs were recorded at three different pH

conditions, which are depicted in Figure 2.9 which exhibits small changes in the peak

potential values for the oxidation processes a1 & az and reduction process cz,

however, the c1 reduction peak potential appears to be unaffected by the change in

pH.
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Figure 2.9 Cyclic voltammograms of a 1 mM solution of BB in DCM at 300 mV/sec
containing 0.1 M TBAPFs as the supporting electrolyte.

The dependence of the overall redox process on the high positive values of the initial
potential 1.2 V [Fig. 2.6(c)] indicates a need of overpotential to increase the charge
transfer for oxidation. Thus the first step is formation of iminium ion, species 11, by
loss of two e and two protons at 0.69 V. As this involves loss of protons, the process
is dependent on pH. This species exists in equilibrium with the protonated iminium
ion 111 which is more stable and undergoes reduction at -0.31 V to form radical 1V
which is then further reduced to form benzylic carbanion V. The benzylic anion is

quickly equilibrated with phenoxide.

The mechanism can be depicted as Scheme 2.16.
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Scheme 2.16 Proposed mechanism for the redox reaction of Betti base.

2.4.3.2. Cyclic voltammetric study of PBB (L4) and DBB (L7)

The cyclic voltammograms of PBB (L4) (1.0 mM in DCM) recorded at different scan
rates (100-500 mV/sec) in the potential window of 1.2 V to -1.0 V are shown in
Figure 2.10. The increase in peak current and shift in the peak potential were observed
with increasing the scan rate from 100-500 mV/sec. The plots of square root of scan

rate vs. cathodic and anodic current are given Figure 2.11.
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The lines with R? values ~0.99 for the redox processes c1, ¢z and a2 indicate diffusion
controlled redox process However, the oxidation process ai is not diffusion
controlled, indicating the existence of some other process along with electrochemical

process.

To check the effect of pH over redox process, the CV was recorded at high pH (11.0)
(Fig. 2.12). As can be seen from the Figure 2.12 no change in reduction potentials
were observed for the reduction processes c1 and c2 whereas shift in the oxidation

potentials of the oxidation processes a1 and a2 are observed.

natural pH (7.0)
— high pH (11)
8

40.0p 1
30.0p 1
20.0p 1

10.0p a,

1 (A)

0.0
-10.0p 1 2

-20.0p 4

10 05 00 05 10 , 15
V, volts versus Ag/Ag
Figure 2.12 CVs of L4 at different pH

The cyclic voltammogram of DBB (L7) (1.0 mM in DCM, 600 mV/sec) in the
potential window of 1.2 V to -1.0 V is shown in Figure 2.13.

—L
40.0p 7 L4
a 7

1

30.0p1

20.0p

10.0p 1

1 (A)

0.0

-10.0p

-20.0pn

40 -05 00 05 10 15

V, volts versus Ag/Ag”
Figure 2.13 CV of L4 and L7
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As can be seen from the Figure 2.13, the CV of L7 was observed to be similar to that
of La.

To check the effect of pH over redox process, the CV was recorded at high pH (11.0)
(Fig. 2.14). As can be seen from the Figure 2.14 no change in reduction potentials
were observed for the reduction processes ci1 and c2 whereas shift in the oxidation

potential of the oxidation processes a: and a2 was observed.

natural pH (6.5)
— high pH (11)
40.0p - a

30.0p

20.0p 4

1 (A)

10.0p 1

0.0 1

-10.0p 4 4 !

-20.0p

40 05 00 05 10, 15
V, volts versus Ag/Ag

Figure 2.14 CVs of Ly at different pH

From the cyclic voltammograms obtained for L4 and L7 and the redox potential values
as given in Table 2.1 it can be concluded that redox process involved in L4 and L7 is
somewhat different than that observed in Li. These observations forced us to compare

the results obtained with reported results for similar systems.

As mentioned previously in the introduction of this chapter, the electrochemical
behavior of amino phenols has been extensively studied by Matsumura et al. and
Thomas et al. [2°! (Fig. 2.15)

HsC HaC,
O 3 \N/CH3 s \ OH

OH N OH OH N

N-CHs

22 23 24 25

Figure 2.15 Structures of the a-alkyl amino phenol derivatives
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The similarities in the structures of the amino phenols 22 & 23 with that to the ligand
Ls and L7 used in the present study is noteworthy, though the substituent on the

phenolic benzene rings are different as given in Table 2.2 below.

OH Q
Redox potentials ‘ D Redox potentials
of 22 of L4
OH
Epa = 0.85 V OO Epa=0.74 V
Epc =0.67 V Epc = 0.55 V
22 L4
HsC
"\ _CHs HyC
OH N Redox potentials ‘ \N _CHs Redox potentials
of 23 of L7
OH
Epa =0.82 V OO Epa=0.82V
Epc =0.69 V Epc=0.52V
23 L7

Table 2.2 Redox potentials of amino phenols and amino naphthols

On the basis of DFT, CV, UV-Visible and EPR studies the redox mechanism for the
amino phenols 22 and 23 have been proposed by Matsumura et al. (Scheme 2.17)
which has been further confirmed by other research groups. 243

22

Scheme 2.17 Proposed redox process of 22/22** through iminium proton migration
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As discussed in detail by Saveant et al. 54 for the electrochemical reactions of the
amino phenols, there are two possible pathways namely 1) electron followed by
proton transfer (EPT) and 2) proton followed by electron transfer (PET) However,
scientists have now proved through detailed analysis of CV that the process follows
concerted proton electron transfer pathway (CPET) also known as proton coupled
electron transfer (PCET) (Scheme 2.18).

EPT

ArOH----N

Scheme 2.18 Pathways for the redox reaction of amino phenols

The CV of ligand L4 & L7 with tertiary amine indicated somewhat similar behavior as
that of 22 & 23. The initial potential required for the oxidation step is high and this
nature is matching with the values reported for the oxidation of 22 and 23 by

Matsumura et al.[?!

According to the Scheme 2.17 the redox mechanisms for the ligands L4 and L7 have
been proposed likewise (Scheme 2.19 & 2.20).
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Scheme 2.19 Proposed redox mechanism for ligand L4
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Scheme 2.20 Proposed redox mechanism for ligand Lz

The first step is the formation of L4™* (1) by loss of an —e~ and migration of proton
through CPET pathway at 0.76 V (a1 Fig. 2.12). The step involved in migration of
proton would certainly be dependent on pH condition which was observed by shift in
the oxidation potential in CV taken at high pH (Fig. 2.12). The species | transforms
into species 11 through activation of sp>~C—H bond o to nitrogen. 14?1 The species 11
reduced at 0.55 V to form species 111 (c1 Fig. 2.12). The species 111 quickly regain its
aromaticity to form stable benzylic radical 1V. The radical 1V is further reduced to
form a benzylic carbanion V at —0.36 V (c2 Fig. 2.12) which is expected to quickly
equilibrate to phenoxide VI. The species VI is oxidized at 0.12 V to form species VII.
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2.4.4. Elimination Voltammetry

Identification of the nature of currents involved in the electron transfer process i.e.
diffusion, kinetic or adsorptive would augment the understanding of the process.
Many mathematical models have been proposed to extract useful information from
the CV data ™ and elimination voltammetry is one such model. Elimination
voltammetry with linear scan (EVLS), an electrochemical method comprising the
elimination of some particular currents from the measurements of linear scan
voltammetry was first proposed by Dracka and simultaneously verified by Trnkova in
1996. #44°1 A large volume of work has been published by Trnkova et al. [*>521 Most
of these papers point to EVLS as an excellent tool to understand electrochemical
processes. It is successfully employed in the analysis of nucleic acids and short homo

— or hetero — deoxyoligonucleotides (ODNS) containing adenine and cytosine. 254

Cyclic  voltammogram consist of

combination of various currents like

s
=
—
_—=
—_—
—_—=
—_—
P —
| ——
—_—
—
—

diffusion , charging and kinetic and so
forth

2.4.4.1. Diffusion current

A faradaic current whose magnitude is

controlled by the rate at which an

electroactive species diffuses toward
LibuSe Trnkova . )
an electrode-solution interface (and,
sometimes, by the rate at which a
product diffuses away from that interface). Diffusion current varies with square root

of the scan rate.
2.4.4.2. Kinetic current

A faradaic current that corresponds to the electroreduction or electrooxidation of an
electroactive substance formed by a prior chemical reaction from another substance
that is not electroactive. Kinetic current is partially or entirely controlled by the rate of
the chemical reaction. This reaction may be heterogeneous, occurring at an electrode-

solution interface (surface reaction), or it may be homogeneous, occurring at some
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distance from the interface (bulk reaction).
2.4.4.3. Charging / Adsorption current

The non-faradic current associated with the charging of the electrical double layer at
an electrode-solution interface. Charging current is directly proportional to the scan

rate.
2.4.5. Theory of Elimination voltammetry

The EVLS can be considered as a transformation of current — potential curves capable
of eliminating some selected current components, while conserving others by means
of elimination functions. 4% The elimination function is based on rate dependence
of various currents i.e. diffusion current, kinetic current, charging current etc. Let | be
the total reference current measured at reference scan rate vrer and ly2 & Iz, the total
currents measured at scan rates equal to one half and twice of the reference current
scan rate vref, respectively. The total currents recorded at the scan rates (1/2) Vref, Vref,

and 2vrer can be given as
2 = (l)uz + (Ie)uz + (I

1= (la) + (Ie) + (I 1)
2= (la)2 + (Ic)2 + (I)2

Elimination is produced by the construction of a function of the total current (1) in the
form of a linear combination of total currents, measured at different scan rates , and
can be expressed as:

f(l)=ailwztazl+asl.. (2)

With respect to nature of the simple currents shown, only the ratio of scan rate v to the
reference scan rate vref IS important. The total currents used in linear combination are
then marked with an index expressing v/vref ratios, so Iz, is the total current for v/vrer =

2, etc and can be expressed as:
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arliz = a1 (1/2)Y2(1g) + a1 (1/2)(1c) + a1 (1)
a2l = a2 (1d) + a2 (Ic) + a2 (1) (3)
asl2 = a3 (2)'2 (1d) + as (2)(Ic) + a3 (k)

For the conservation of diffusion current with simultaneous elimination of kinetic and

charging currents the following requirements should be fulfilled.

a1(1/2)Y2(14) + az(la) + as(2)Y*(lq) = lg,
a1(1/2)(Ic) + az(lc) + as(2)(Ic) = 0, 4
ai(l) + a2(lk) + as(lk) =0,

The coefficients a1, a2, and as can be obtained by solving above three equations

simultaneously using Matlab program 6561 and their values are calculated as

a1 =—11.657; a2 = 17.485; as = —5.8284. (5)

Hence the elimination function for conservation of diffusion current with
simultaneous elimination of Kkinetic and charging current can be given as E4 4

simultaneous elimination of Ik and I¢, with conservation of lg:

E4 =-11.657 l12+17.4851-5.8284 I, (6)

Same way for the elimination of charging current with the conservation of diffusion &
kinetic current, and for the elimination of diffusion current with the conservation of

kinetic & charging current the general equation which can be used is

f(1) = a1lital (7)

Hence for the conservation of diffusion & Kkinetic current following requirements
should be fulfilled

a1(1/2)Y2(lg) + az(lg) = lg,
a1(1/2)(1) + ax(lc) = 0, (8)

ai(lk) + az(lk) = I,
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Similarly, for the conservation of kinetic & charging current the equation (8) can be

written as

a1(1/12)Y%(1q) + az(la) = 0,
a1(1/2)(lc) + az(le) = I, 9)
ai(lk) + az(lk) = Ik,

The coefficients a1 and a, can be obtained by using Matlab program 16561 and their

values for the equations (8) & (9) are shown in the equation (10) respectively.

a1 = 4.8284; ap = —2.4142 (10)
a1 = 3.4142; a, = —2.4142

Hence the elimination function for conservation of diffusion & kinetic currents with
elimination of charging current can be given as E2 [ elimination of I. with

conservation of lqg & Ik
E2 =4.8284 11— 2.4142 | (12)

The elimination function for conservation of kinetic & charging currents with
elimination of diffusion current can be gives as E3 [“1 elimination of l4 with

conservation of Ix & I¢
E3 =3.4142 11— 2.4142 | (12)

As a result of elimination, the reversible current of a substance transported to an
electrode surface by diffusion only, is improved giving sharp peaks for reduction or
oxidation signals. For the irreversible current of a fully adsorbed substance, this
function provides the characteristic signal of a peak-to-counterpeak form, improving
strongly the resolution and sensitivity. [+ 5% 52.55. 57 58] Thys for the application of
elimination voltammetry, all that is needed is voltammetric data at three scan rates.
Once this data is fed in to an appropriate elimination equation in MS excel program, it
generates information that is useful for understanding of the electrochemical

processes.
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E %)

The E4 current equal to CV current

indicates reversible diffusion

controlled process.

The E4 current is higher than CV
current indicates quasi irreversible

diffusion controlled process.

The observation of peak — counter
peak current on application of E4
function indicates electron transfer
process proceeding in the adsorbed

state of electroactive species.

The simplicity and sensitivity of the elimination tool prompted us to explore its

application to study electrochemical behavior of Bettibase and its derivatives.

2.4.6. Data Treatment for Elimination voltammetry

The voltammetric data were collected using CH600C Potentiostat instrument and
exported to MS Excel for processing of elimination functions. The elimination
functions E2, E3 & E4, have been used for the evaluation of measurement. For the
sake of simplicity, the overlay curves of elimination functions (E2, E3, E4) and CV
for the forward and reverse scans are displayed separately.
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2.4.6.1. Elimination Voltammetric analysis of Betti base (L1)

The elimination functions E4, E2 and E3 for oxidation and reduction at different pH

are given in the Figures below [Figure 2.16 —2.19].

Oxidation (b) Reduction
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00— < c Calo
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Figure 2.16 EA4 Plots for (a) Oxidation process (b) Reduction process of Betti base
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Figure 2.17 E2 Plots for (a) oxidation of Betti base (b) reduction of Betti base;
E3 Plots for (c) oxidation of Betti base (d) reduction of Betti base
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Figure 2.18 EA4 Plots for (a) Oxidation process at low pH of Betti base (b) Oxidation
process at high pH of Betti base
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Figure 2.19 E2 Plots for Betti base at high pH (a) oxidation (b) reduction;

E3 Plots for Betti base at high pH (c) oxidation (d) reduction

The redox mechanism for Betti base, proposed previously (Scheme 2.16) can be

correlated with the elimination voltammetry results.
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The first step i.e. formation of a species Il (a1) might be controlled by either a mass
transport diffusion processes or a preceding chemical reaction associated with the
charge transfer reaction giving kinetic current or may be a combination of both. The
appearance of the prepeak a1’ [Fig. 2.16(a)] in the elimination curve E4 may be due to
proton transfer followed by electron transfer. This is further confirmed by the pH
dependence of peak ai in the CV [Fig. 2.9] and appearance of prepeak ai" in the
EVLS curves [Fig. 2.16(a),]. At high pH, the formation of naphthoxide species is
favorable so the oxidation potential of peak ai should shift to lower value which is
observed. A complete disappearance of the prepeak a:' and increased height of the
peak a1 at alkaline pH in the EVLS [Fig. 2.18(b)] hint towards a possibility of
simultaneous transfer of proton and electron. The elimination functions E2 which
represents elimination of charging and conservation of kinetic and diffusion appeared
as distorted peak at a1 and the E3 which represents elimination of diffusion and
conservation of kinetic and charging resulted in a peak opposite to the one observed at
a1 in CV supported the proposed electrochemical process at az i.e. transfer of electron
and proton. These functions also exhibit pH dependence as anticipated obviously [Fig.
2.9]

The elimination function applied to the data for the reversed scans of CV resulted in
two peaks, c1 with no change in peak height and c2 with a small increase in peak
height [Fig. 2.16(b)]. Apart from these two peaks, application of the E4 function
resulted in a small peak — counter peak at c3 [Fig. 2.16(b)]. This is attributed to strong
adsorption of the species on the electrode surface. The reduction processes at c1 and ¢
are predicted to be irreversible diffusion controlled processes from the mechanism

and it is supported by the appearance of peaks at c1 and c2 in the E4 plots [Fig 2.16
(b)]

The elimination functions E2 and E3 also corroborate the suggested mechanism as
sharp peak with lower height appeared in E2 and peaks in opposite direction to that of

CV appeared in E3.

Thus the elimination volatmmetric analysis of the data helped in better understanding

of the electrochemical process of Betti base.
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2.4.6.2. Elimination Voltammetric analysis of PBB (L4)

The redox process of ligand PBB (Ls4) has been studied through elimination
voltammetry. The overlay curves of elimination functions (E2, E3, E4) and CV for the

forward and reverse scans are displayed separately [Figure 2.20(a-b) and Figure 2.21

(a-d)]

Oxidation (b) Reduction
@ E4 E4
60.004 1 a cVv 15.0 1 —2CV
45.00p 4 10.0p
30.00 >0u
~— 50.00u+ ~
$ § 0.0
~ 15.00u]
az -5.0p 4
N
0.00 —/
o a' > Pre peak -10.0p 4
10 05 00 05 10, 15 40 05 00 05 10 _ 15
V, volts versus Ag/Ag V, volts versus Ag/Ag

Figure 2.20 E4 Plots for for PBB (a) Oxidation process (b) Reduction process

The appearance of prepeak-peak (ai") in the E4 function curve for oxidation at a1
indicates kinetic and diffusion currents as expected for the loss of electron followed
by intraligand proton transfer. To confirm this, E2 and E3 plots were plotted as shown
in the Figure 2.21 (a-d).
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Figure 2.21 Plots for elimination functions E2 (a) oxidation of PBB (b) reduction of
PBB ; plots for the elimination function E3 (c) oxidation of PBB (d) reduction of PBB

The increased peak height of a: indicates diffusion with the effect of kinetics whereas

decreased or the distorted peak in the E3 function at a: indicates that the process

corresponds to kinetics as the diffusion current (l4) is eliminated. The E4, E2 and E3

functions at high pH overlaid with CV plots are shown in Figure 2.22. (a-b) and
Figure 2.23 (a-d)
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Figure 2.22 Plots for diffusion current Iq for PBB at high pH (a) Oxidation process
(b) Reduction process

59| Page



Chapter 2

3004

20.0p

I (A)

0.04

-10.0p 4

Oxidation

_cy ®
al —E2 16.0p 4
R 8.0u
~~
$ 0.0
8.0n

10.0p4

10 05 00 05 10 15

V, volts versus Ag/Ag"

Oxidation (d)

—CV 10.0 1
a, —E3
5.0p
—
<L ool
N
-5.01 1

10 05 00 05 10 15

V, volts versus Ag/Ag”

Reduction
—CV
—E2

-10.0p 4

10 05 00 05 10 15

V, volts versus Ag/Ag”

Reduction
—CVv
—E3

10 05 00 05 10 15

V, volts versus Ag/Ag"

Figure 2.23 Plots for elimination functions E2 at high pH (a) oxidation of PBB (b)
reduction of PBB ; plots for the elimination function E3 at high pH (c) oxidation of
PBB (d) reduction of PBB

The nature of E4, E2 and E3 function once again support the proposed mechanism

which involves formation of ammonium cation.

The elimination function applied to the data for the reversed scans of CV resulted in

multiple peaks. Both the reduction peaks ci1 and c2 are split into two peaks with no

change in peak height for ci1 and with a small increase in peak height for c2 [Fig.

2.20(b)]. Apart from these two peaks, application of the E4 function resulted in a peak

— counter peak Ip—lcp [Fig. 2.20(b)] indicating diffusion process

species.

of an adsorbed

These results indicated irreversible diffusion process as predicted for the reduction of
the oxidized PBB.
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2.4.6.3. Elimination voltammetric analysis of DBB (L7)

The overlaid E4 and CV curve of ligand DBB are shown in Figure 2.24 (a) & (b). The

elimination procedure resulted in a peak (a2) and a prepeak-peak (a1’ & ai) [Fig.

2.24(a)]. The decrease in current for the pre—peak ai’ indicated diffusion with kinetic

process at the electrode surface. This is as predicted for the oxidation of DBB, which

involves loss of electron followed by intra ligand proton transfer to give ammonium

cation.

(@)
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12001

I(A)

40.0u1

0.0

80.01

Oxidation
E4
a —2cV

\ =

=

10 05 00 05 10, 15

V, volts versus Ag/Ag”

(b)

60.0111

40.0p

20.0p14

I(A)

0.0

-20.0p

-40.0p

Reduction
—E4
—CV

10

05 00 05 10 15

V, volts versus Ag/Ag”

Figure 2.24 E4 Plots for DBB (a) Oxidation process (b) Reduction process

The elimination function applied to the data for the reversed scans of CV resulted in

multiple peaks, with negligible increase in the peak current for c1 and substantial

increase in peak current for c2 [Fig. 2.24(b)]. These results are once again as expected

for reduction of the oxidized DBB.

Thus the elimination voltametric analysis supported the predicted mechanism for the
redox process of DBB (L4), which is similar to that of PBB (L7).
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2.4.6.4. Elimination voltammetric analysis of ABB (Ls)

Oxidation Reduction
a (b)
@ —E4 15.0p4 —E4
—CV —CV
1o 100
.0p
10.0p
—~ 5.0p1
$ 5.0u g /—\Z
001 = 00 / I \
cp
5.01 Y -5.0u4 [
1 Pre peak Cc, —
-10.04 . . . i . . . .
-05 0.0 05 10 -05 0.0 05 10,
V, volts versus Ag/Ag V, volts versus Ag/Ag

Figure 2.25 E4 Plots for ABB (a) Oxidation process (b) Reduction process

The overlaid E4 and CV curve of ligand ABB are shown in Figure 2.25 (a) & (b). The
elimination procedure resulted in a peak (az) and a prepeak- peak (a1" & ai) [Fig.
2.25(a)]. The elimination function applied to the data for the reversed scans of CV
resulted in a reduction peak ci1 with substantial increase in the peak current [Fig.
2.25(b)]. Apart from this the application of the E4 function resulted in a peak —
counter peak lp—lep [Fig. 2.25(b)]. These observations are similar to that for BB (L1) as

expected and a similar conclusion can be drawn.

2.5. Conclusion

The combination of CV and elimination voltammetry has emerged as an
amazing tool to identify the redox processes of electroactive compounds. It can be
concluded from the CV and EVLS data that the Betti base and its derivatives are

electroactive and undergo irreversible redox process.
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2.6. Supporting information

|

2.1Sl FT-IR spectrum of BB
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