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Abstract

This chapter thoroughly explores
how sugars react with different Cr
(V1) oxidants. It probe into the
details of the reaction kinetics and
mechanisms, shedding light on
the complex processes. Various
factors affecting the rate and
pathways of these reactions are
also discussed.
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. INTRODUCTION

Physical organic chemistry is a vital field focusing on the
principles of organic reactions. It explores diverse reaction types,
highlighting creative mechanistic investigation technique. The study
of chemical phenomena involves thermodynamics, addressing
equilibrium, and chemical kinetics, focusing on the rate of change
under non-equilibrium conditions. These methods are interconnected,
with thermodynamics providing the foundational driving potential for
chemical kinetics ().

In inorganic chemistry, oxidation is the process when electron
are lost or the oxidation number goes up. In organic chemistry,
applying these definitions is challenging due to indirect electron
transfers and issues with oxidation numbers. Oxidation reactions in
organic chemistry are categorized into five groups based on bond
changes: elimination of hydrogen, cleavage of carbon-carbon bonds,
and substituting hydrogen with oxygen, introducing oxygen to the
substrate, and combining molecules through oxidation.

Carbohydrates, encompassing sugars, are versatile naturally
occurring substances that serve multiple functions, with their
oxidation products assuming a pivotal role as intermediates in
synthesizing complex molecules. Moreover, these products often
exhibit diverse biological activities, highlighting their significance in
chemical and biological processes (2).

However, reducing sugars could affect chromium chemistry due
to their reducing properties. The year 1798 marked the discovery of
chromium by French chemist VVanquelin (3). Chromium, found in the
periodic table (group VI-B), has an electron arrangement in its lowest
energy state represented as [Ar] 3d° 4s*. Remarkably, it stands out as
one of the most commonly found heavy metals, ranking 21* position
among the Earth crust’s abundant elements (4). Chromium metal
exhibits stable oxidation states of Cr(ll), Cr(ll1), and Cr(V1), while
Cr(IV) and Cr(V), which are unstable in water, transform into Cr(lll)
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and Cr(VI1). Cr(VI) serves as an oxidant in various reactions(b).
Chromates or dichromates containing hexavalent chromium (Cr (V1))
are typically known for their low solubility in most organic solvents
while readily soluble in water (6). The oxidation process involving
Cr(VI) is complex, influenced by various factors such as solvent,
substrate structure, temperature, and pH of the reaction medium,
making it challenging to comprehensively study from a mechanistic
perspective (2). Researchers are keenly studying the intermediate
stages involving Cr(V) and Cr(IV) that arise during the reduction of
Cr(V1). The focus is driven by their crucial role in understanding the
mechanisms behind cancers caused by exposure to chromium (7).

II.CHROMIUM(VI) BASED OXIDANTS

Over the last few decades, Chromium (VI) complexes have
emerged as fascinating transition metal complexes, capturing
considerable interest. These compounds have been extensively
investigated since the inception of organic chemistry, owing to their
catalytic and oxidizing properties. Nowadays, there has been a notable
interest among researchers in oxidation processes, particularly
selective and environmentally friendly reagents involving Cr(\V1).

Copyright © 2023 Authors Page | 78



Advances in Chemical Science: Exploring New Frontiers

e-1SBN : 978-93-6252-178-1

IIP Series

COMPREHENSIVE STUDY OF SUGAR OXIDATION WITH Cr(VI) OXIDANTS

Fig. 1(a) Fig. 1(b) Fig. 1(c)

N o |\ o3 x| . 3
|

Fig. 1(d) Fig. 1(e) Fig. 1(f)

N—H

se[E R O) JF
; . ] N/
" H o-Gr=0 o//\°4€

Fig. 1{(g) Fig. 1(h)

a o .
\ﬁ/\/\/\/\/\/\/\/\ o\c 4 \c /° @ o &
7N\ oIl N N
o

o © P ° 0\ /s\
\\s/ o \Q
i P

Figure 1(a): Structure of Nicotinium dichromate, 1(b). Piperidinium
chlorochromate, 1(c). Quinolinium Fluorochromate, 1(d).
Quinolinium Chlorochromate 1(e). Imidazolium Fluorochromate,
1(f). Ditertiary Butyl Chromate, 1(g). Cetyltrimethylammonium
dichromate, 1(h). Benzyltriphenylphosphonium peroxydisulphate

The main theme of this exploration revolves around the
utilization of Cr(VI) in oxidizing organic compounds, involving its
transition to lower oxidation states. By employing various oxidants
like Nicotinium dichromate, Piperidinium chlorochromate, Quinol -
inium Fluorochromate, Quinolinium Chlorochromate, Imidazolium
Fluorochromate, Ditertiary Butyl Chromate, Cetyltrimethyl -
ammonium dichromate, Benzyltriphenylphosphonium peroxy -
disulphate etc., the reported hazardous Cr(VI) transforms into
environmentally benign and non-toxic Cr(lll) (Fig. 1 (a) — 1(h)) (5,8-
12).

Copyright © 2023 Authors Page | 79



Advances in Chemical Science: Exploring New Frontiers

e-1SBN : 978-93-6252-178-1

IIP Series

COMPREHENSIVE STUDY OF SUGAR OXIDATION WITH Cr(VI) OXIDANTS

I11. REDUCING SUGAR

All monosaccharides are reducing sugars due to their free
aldehyde or ketone groups. Disaccharides can be reducing or non-
reducing based on free anomeric carbons. The aldehyde functional
group in reducing sugars allows them to participate in reactions like
Tollen’s and Benedict’s tests. These sugars are crucial in Maillard's
reaction during cooking and are used to assess the quality of food
products such as wine, juice, and sugarcane (13). In aqueous solution,
reducing sugars can be found in various forms, including acyclic
aldehyde or ketones, a- and - pyranose, and furanose versions of the
associated hydrates (Fig. 2 (a) & 2(b)). The rate and the pathway of
the oxidation reaction depend on the nature of sugar, the oxidizing
agent, and the pH of the solution (2).

Fig. 2(a)
O —= o
v\\ ~——>= Free aldose of—— m/
OH
CH
a- Pyranose R Pyranose
¢- Pyvranose Pyranose
Fig. 2(b)
HO 0 HO o OH
—=——> Free ketose of——=
OH
o- Furanose B-Furanose
p-Furanose

Figure 2(a): Interconversion of a- Pyranose into - Pyranose, 2(b).
Interconversion of a- Furanose into B- Furanose via open-chain forms
in an agueous medium.
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V. OXIDATION OF REDUCING SUGARS

Cr(VI) oxides and oxyacids exhibit strong oxidizing properties.
In case of Cr(VI) based oxidation, chromic esters are supposed as
potential intermediates, undergoing decomposition by eliminating the
proton linked to the carbon bonded to oxygen. Two mechanisms have
been considered for this proton elimination process, with an
additional proposition involving coordination complex formation
(14). The formed complex is theorized to undergo decomposition,
generating radical species that undergo further oxidation to yield
distinct product (15).

In this section, numerous chromium(VI) reagents and
methodologies have been suggested and thoroughly documented.

Tetramethylammonium chlorochromate (TEACC) serves as a
versatile reagent, demonstrating efficiency and selectivity in oxidizing
organic substrate, such as crotonaldehyde in acetic acid medium (Fig.
3) (16).

0
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Figure 3: Structure of TEACC

In separate studies, this reagent was used to investigate the rate
of some sugars oxidation. Arabinose and formic acid resulted from D-
galactose, D-glucose, and D-mannose oxidation, while D-fructose
produced D-erythrose and glycolic acid. Consistent kinetics showed
unit-order dependence on the concentration of both TEACC, and
sugars. The reaction rates enhanced from hydrogen ions, and a
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hydride ion elimination was proposed (17-20). A study investigated
the oxidation of certain sugars like glucose and galactose in acetic
acid medium using Quinolinium fluorochromate (QFC) (Scheme 1)
(Fig. 1(c)). The reaction exhibited 1:1 stoichiometry ratio and
followed unit-order kinetics for sugar and QFC. Perchloric acid
catalyzed the reaction, with a unit-order dependence on concentration
of hydrogen ions. Notably, oxidation rate decreased as the medium’s
dielectric constant increased, while changes in ionic strength did not
significantly affect the reaction rate (21).

OHOH

0 6 Q+F
X
+ Ny’ —— D-xylose+ Formic acid + QH*F + Cro,
OH // \F
0

D-galactose QFC

Scheme 1: Oxidation of D-galactose by Quinolinium
Fluorochromate (QFC)

An alike kinetics of some monosaccharides oxidation using
Quinolinium chlorochromate (QCC) (Fig. 1(d)) was conducted in an
aqueous acetic acid medium at unchanged ionic strength. The process
depicted unit-order dependence regarding [QCC], and [Substrate]
(Scheme 2). Perchloric acid was the main source of H* ion in the
reaction, and exhibited unit order dependence on [H']. Significantly,
the process involved a direct transfer of hydride ions, causing the
specific breakage of the carbon-carbon bond in the substance and the
formation of the resulting products (22).

H+
L-arabinose + QCC ——> L-erythorse + Formic acid + QH*CI" + Cr0,

Scheme 2: L-arabinose oxidation by Quinolinium Chlorochromate

(QCC)
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Further, the oxidation kinetics of some monosaccharides in
agueous perchloric acid using pyridinium fluorochromates (PFC) and
pyridinium chlorochromates (PCC) (Fig. 4) have been conducted
(Fig. 4). Each reaction exhibited unit-order kinetics concerning the
concentration of Oxidant, Sugars, and hydrogen ions. In case of PFC,
the proposed pathway involves transfer of hydride ions. In contrast,
PCC-induced oxidation follows two pathways: one involves C-H
bond cleavage through hydride ion transfer, while the other involves
carbon-carbon bond cleavage via a cyclic chromate ester (23, 24).
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Pyridinium Chlorochromate (PCC) Pyridinium Fluorochromate (PFC)

Figure 4: Structure of Pyridinium Chlorochromate (PCC) &
Pyridinium Fluorochromate (PFC)

V.MICELLAR MEDIA AND Cr(VI) REDUCTION

This section discusses how aqueous micellar media, or micro-
heterogeneous systems, can affect the oxidation pathways of reducing
sugars involving Cr(VI1) Oxidant.

In micellar system, studying electron transfer can help us
understand how electron move, similar to their transport in biological
processes (25). The way electrons react in these systems is connected
to how chromium behaves in living systems. Further, it was observed
that the use of surfactants in the reaction process have an impact on
rates, yields, and products.
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1. Surfactants

Surfactants, like sodium dodecyl sulfate (SDS) and
cetyltrimethylammonium bromide (CTAB), have both hydrophobic
and hydrophilic parts. Anionic surfactants have sulfate or sulfonate
groups, while cationic surfactants have quaternary ammonium salt or
pyridinium  groups. Non-ionic  surfactants often  contain
polyoxyethylene residues (26, 27).

In an aqueous solution, surfactants show hydrophobic
interactions, leading to  spontaneous  aggregation into
thermodynamically stable colloidal particles. The self-assembly of
colloidal particles depend upon various factors. When surfactants are
in low concentration, they act like regular solutes. However, when
their concentration surpasses a certain point (Critical Micelle
Concentration or CMC), they start forming micelles (26-29).

[ Cooperative ] [Berezin’smude] ]
model
\ Bl /
for micellar
[ Pseudo-phase } ‘/ \ [ Menger—l‘ortno‘_\?]

effects
ion-exchange model
model

Scheme 3: Different kinetic models for micellar effects

The aggregation of hydrocarbon chains occurs due to the
hydrophobic interactions between them (29). Micelle enlargement is
hindered by factors like hydration, electrostatic repulsion, steric
effects, and entropy losses (27, 29). Micelles stay evenly spread
throughout the water, forming a pseudo-phase. Micelle-surfactant
interconversion is reversible, allowing micelle destruction below the
CMC. The CMC is influenced by temperature, hydrocarbon chain
length, and chemical composition. Aqueous micelles show diverse
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forms, sharing a common structure of hydrophilic groups outward and
hydrocarbon ends inward (25-30).

2. Oxidation of Sugars in Micellar Media

A study investigated micellar effects on D-xylose oxidation by
Cr(VI) (31). SDS and Triton X-100 surfactants did not alter rate law
or mechanism but increased rate constant with concentration. The
effect was attributed to reactant partitioning between aqueous and
micellar pseudo-phases. SDS exhibited ion-dipole interaction; Triton
X-100 displayed hydrogen bonding. Acid-catalyzed reactions
involved hydrogen ions in the phase containing micelles. NH,", Li",
and Na" ions hindered SDS micellar catalysis, considered with the
other reports on salt-induced inhibition (32—-34).

A similar study was conducted to explore the micellar effects on
the oxidation of reducing sugar by Cr(VI), both catalyzed and
uncatalyzed by picolinic acid (35-37). The rate law was unaffected by
surfactants. SDS catalyzed both paths, while cetylpyridinium chloride
(CPC) inhibit them. For picolinic acid catalyzed path, a Cr(VI)-
picolinic acid complex again formed a complex with substrate before
redox decomposition. The inhibition by CPC implied that the primary
active oxidant was predominantly present in the agueous phase. SDS
catalysis suggested that the reactions occurred in both phases. The
observed micellar effect was explained by examining rate data using
the Menger-Portnoy and cooperative models (25).

A room temperature method for Cr(VI) oxidation of lactose to
lactobionic acid was developed by taking some derivatives of
piconilic acid as promoters in acidic medium (4, 38). SDS and Triton
X-100 surfactants enhanced the rate, while CPC hinders it.

A study explored oxidation reaction of D-galactose with Cr(VI)
in agueous micellar medium with a 2, 2’-Bipyridine catalyst (39). The
Cr(VI)-bpy complex served as the effective oxidizing agent, forming
D-galactonic acid. The process involved a pre-equilibrium step where
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Cr(l11)-bpy complex supported the formation of Cr(VI)-bpy complex,
which is then reduced to Cr(l11)-bpy complex.

VI. METAL IONS AND THE Cr(VI) OXIDATION

This section discusses the impact of adding metal ions on the
oxidation Kkinetics and mechanistic pathways of reducing sugars
involving Cr(VI) oxidant.

A study was conducted to understand that how Mn?* influences
the rate at which D-ribose oxidizes in perchloric acid (40). The
findings showed that the rate relies on both the concentration of the
oxidizing agent and D-ribose in a first-order manner. The order with
respect to the concentration of hydrogen ions is slightly less than two.
At low [Oxidant], Mn(Il) catalyzes the process, following a first-order
pathway for each of the reactant. However, at high [Oxidant], Mn(Il)
inhibits the reaction by trapping Cr(IV) intermediate. Mn(lll) has
been confirmed as an intermediate when Mn(ll) is present.

A study was conducted to explore the oxidative reaction of D-
galactose with Cr(VI) in HCIO, under different conditions, with and
without the presence of Ce(1V) and Mn(l1l) (41). The reaction revealed
a unit-order dependence on both the concentration of D-galactose and
hydrogen ions. Ce(lV) inhibits the process, suggesting Cr(IV)
formation, while Mn(lIl) catalyzes the oxidation, with the D-galactose-
Mn(1l) complex acting as an active oxidant in a ternary chromate ester
pathway, undergoing acid-catalyzed redox decomposition.

A study explored the kinetic data of D-fructose and L-sorbose
oxidations by Cr(VI) and vanadium (V) in perchloric acid (42). Rate
constants increased with added perchloric acid and sodium
perchlorate. Changing the Medium from H,O to D,0 affected Cr(VI)
rates, not vanadium (V) rates. Chromium (V1) oxidations lacked the
formation of intermediate-complex, while vanadium (V) oxidations
revealed a 1:1 intermediate complex formation with ketoses.
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VIl. MICROWAVE ASSISTED OXIDATION OF
CARBOHYDRATES

The utilization of microwave irradiation is gaining popularity as
a heating method, progressively replacing conventional approaches
due to its proven cleanliness, cost-effectiveness, and convenience.
Frequently, it yields higher outputs and leads to shorter reaction
durations (43). This section discusses various applications of
microwave-assisted oxidation in the context of carbohydrates with Cr
(VI)-based oxidants.

A study introduced the microwave-assisted oxidation of organic
compounds, including carbohydrates and polycyclic arenes, using
cetyltrimethyl ammonium chlorochromate (Scheme 4) (4, 44).

><0—(IIH2 ><0—CH2
|
O0—=CH o 0-CH o
CTMACC

0 0

mw 21 min, 87%
o oJr 5ot

Scheme 4. Microwave assisted oxidation of carbohydrates

A study was aimed to utilize microwave irradiation for the
oxidation of 1, 2: 5, 6-di-O-cyclohexylidene-a-glucofuranose in dry
CH,CI, with pyridinium chlorochromate (PCC) (Scheme 5) (43, 45).
Interestingly, the process yielded ketone within 10 minutes,
contrasting with a 4-hour duration without microwave irradiation.
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Scheme 5: Microwave assisted oxidation of 1, 2: 5, 6-di-O-
cyclohexylidene-a-glucofuranose

VIII.FACTORS EFFECTING OXIDATION

The oxidation reaction involving Cr(VI1) are complex processes,
influenced by various factors such as dielectric constant, ionic
strength, catalyst, and temperature. Therefore, studying them from a
mechanistic standpoint is challenging. In this section, certain factors
are deliberated.

1. Temperature

The reaction rate consistently rises with temperature, regardless
of the reaction’s endothermic or exothermic nature, due to an
increased number of activated molecules. Generally, a ten-degree
temperature increase doubles the rate of reaction. The rate expression,
in the form of Arrhenius equation, demonstrates that while reactant
concentrations and reaction order remain unaffected, the rate constant
IS temperature-dependent. Experimentally, activation energy is
determined using both Arrhenius and Eyring equations (expression |
& 1) (46-48).

E

k=Ae®r (1)
AGH
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2. Catalyst

Certain substances have an activating effect that serves as a
unique catalytic force on reactants. Catalysis speeds up reactions
using a catalyst, lowering activation energy (49). In contrast to
reagents, catalysts are not consumed and may participate in multiple
transformations. In this chapter, various metal ions and surfactants
(SDS) were introduced as catalysts; anionic surfactants sometimes
slowed the reaction rates.

3. lonic Strength

The reaction rates are affected by the formation of activated
complex, which is influenced by the ionic strength (I). This parameter
represents the electric field strength in the solution based on Bfonsted
and Bjerrum’s theory (expression (III)).

logk = logkg + 1.018Z, ZgV1

In a context of a reaction with ions A and B, characterized by
ion valencies Z, and Zg, and rate constants k and ko, with and without
an added electrolyte respectively. A linear relationship is expected
when plotting log k against 1”2 ((49, 50). If Z,Zg have similar signs,
the rate increases with positive slope, and if they differ, the rate
decreases with a negative slope as ionic strength rises. When one of
the involved reactant is neutral, the reaction remains unaffected by
variations in ionic strength (49).

4. Dielectric Constant of Reaction Medium

To investigate the role of medium’s dielectric constant on
reaction rates, various solvents like acetic acid and acetonitrile, at
different percentages, are commonly used. The equation presented
below depicts how the dielectric constant (D) influences the rate
constant of a reaction involving two ions:
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k —ZaZpe2N

logg = (V)

4-7'[80 dAB D

This equation reveals that a plot of log k against (1/Dielectric
constant) yields a straight line, where —Z,Zge*N/4neydag represents
the slope.(49,51,52).

IX. CONCLUSIONS

The field of synthetic organic chemistry has evolved
significantly, demanding innovative approaches and reagents for the
total synthesis of complex molecules. Among various classes of
organic reactions, oxidation holds a pivotal role in modern organic
chemistry. Cr(VI) compounds, extensively studied for oxidizing
various reducing sugars, have become integral in organic synthesis.
While these compounds exhibit significant potential in transitioning
metal compounds, their biological properties remain largely
unexplored. Future research should focus on investigating the
biological properties of existing Cr(VI) complexes and developing
new complexes with enhanced features. This chapter highlights the
notable progress made in using Cr(VI) reagents and suggests for
further exploration of their applications in organic synthesis.
Encouraging additional research on Cr(VI) oxidation is essential,
given its biological significance, open the way for new advancement
in this critical area of study.
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