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ABSTRACT

Presented is a method of assessment of the oxidation states of atoms in organic compounds.
The method is a simple extension of the Pauling’s electronegativity concept and is applied in
various types of reactions including the biochemical processes of vital importance like
neutralization of free radicals, B-oxidation or functioning of the nucleotide reductases. [African
Journal of Chemical Education—AJCE 11(2), July 2021]
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INTRODUCTION

Oxidation and reduction are two of the most frequent processes that occur in chemistry. Both
of them were initially elucidated in the field of inorganic chemistry, which developed before
organic chemistry. Oxidation means the loss (decrease) of electrons, and reduction of the gain
(increase) of electrons. A concept of the oxidation state (OS) also referred to as the oxidation
number in organometallic chemistry, [1] transmits the sense of the number of lost or gained
electrons (totally or partially) by a predetermined atom during a reaction and reflects the capacity
of this atom to lose or attract the shared electrons according to its electronegativity. Obviously, the
more electronegative atoms show a greater tendency to attract electrons from neighboring atoms
than the less electronegative atoms. This apparently well-established topic is still being debated.
[1-3] Since the number of organic compounds far exceeds the number of inorganic compounds
and the concepts of oxidation/reduction are widely used to describe the changes in the distribution
of electrons during organic reactions, the question arises of how to evaluate the oxidation states of
atoms in organic compounds. For example, the processes shown below are presented in didactic

texts as reduction (Reaction 1) and oxidation (Reaction 2)

RCH=CHR —» RCH,— CH,R

Reaction 1

without explanation or comment

& 0
R—C—R —» R—C—R

H
Reaction 2

on changes in oxidation states in substrates and products.
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In general, in organic chemistry, the criteria of increase or decrease of hydrogen and oxygen
atoms in the molecule are used to identify reduction and oxidation. These criteria are not universal,
because there are reactions where the number of oxygen atoms attached to a carbon atom in the

molecule is increased (reaction 3), and the oxidation

O
[
R—C=N-—» R—C—OH

Reaction 3
state of this carbon is not changed (see below).

Of the current books on organic chemistry for undergraduate courses that were consulted [4-
9], none presents a chapter on the determination of oxidation states in organic compounds,
including one of the most comprehensive book in the area. [7] Carey's book [10] has a short
paragraph on oxidation states, but the treatment is very superficial. A strange situation is thus
created: the concepts of oxidation/reduction in organic chemistry are used without a clear didactic
explanation of how to effectively calculate oxidation states, that is, how to perform the evaluation
of changes in these numbers and decide where the losses (oxidation) or gains (reduction) of
electrons occur, which translate into the increase and decrease of oxidation states. This situation
becomes even more bizarre considering the articles in the Journal of Chemical Education dedicated
to the topic of oxidation states/numbers. [11-28] It can even be concluded that the authors of the
textbooks have a certain fear of discussing this topic, probably to avoid criticism considering some
consequences of OSs assessment, one of them being the formation of "ionic atoms" [21] (see
below) or some “unchemical” conclusions. [27,28] Advanced organic chemistry book [29] treats
about the OSs but one cannot expect that undergraduate students would consult such material.
So, the objective of this article is to show how to calculate oxidation states (OSs) in organic
compounds, from the structural formulas. This method is the simple application of electron
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redistribution rules as a consequence of electronegativity differences between the atoms involved,

according to Pauling's original ideas. [30]

Oxidation States and Charges/Formal Charges

In organic chemistry, the basic concept of oxidation-reduction is the same as in inorganic
chemistry: any bond between the atoms is treated as if it were ionic, according to the
electronegativities of the atoms that compose it:

“The oxidation number of an atom in a molecule is the charge that this atom would

acquire if the electrons of its covalent bonds to other atoms were attributed to the

more electronegative atoms. In bonds between equal atoms the electrons are

divided equally by the two atoms.” [28, 30]

Following this reasoning the most electronegative atom “moves” the electrons completely
in its direction, regardless of the value of the difference between their electronegativities, [30]
forming "ionic atoms".[28] It is already clear by now that the concept of oxidation number is
artificial, but it is still very useful. This treatment is merely formal, because the bonds in organic
compounds are not ionic, they are overwhelmingly covalent bonds, where some are
polarized.

Let us see the electronegativities of the following atoms (Pauling scale) [27-29]: B 2.04; Br
2.96; C 2.55; CI 3.16; Cu 1.90; F 3.98; H 2.20; |1 2.66; Li 0.98; Mg 1.31; N 3.04; O 3.44; P 2.19;
S 2.58; Si 1.90; Sn 1.91.

As a first example, let's evaluate the CO2 molecule 1:
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. . w2 -
OﬁC(:O — :Q: C+4 :0:2

1 oxygen: OS= -2

carbon: OS=+4
Considering the electronegativities of the carbon and oxygen atoms in 1, it can be seen that
the carbon atom "lost" all its four electrons from the outer layer, that is, it shows the absence of
four electrons, and has the oxidation number +4. We use the term "lost™ to reinforce the idea
that this is only about the counting of electrons and that it does not transmit the idea of ionic
character of CO2. At the same time, the two oxygen atoms show the octets in the outer layer with
two extra electrons, and the oxidation number -2 must be assigned to each one. One must realize
that the sum of all the oxidation numbers in the neutral molecule is zero. The treatment presented
here is mere formalism, because COz is not an ionic compound and the “ionic atoms” formed
are the consequence of the electron count applied. The same comment is valid for all
examples shown below. For the same reason, oxidation states cannot be used to discuss

mechanistic considerations or reactivities of organic compounds (see below).

Another example is the methane molecule 2. Here, the carbon atom is linked to less

H !

hydrogen: OS=+1

carbon: OS= -4
electronegative atoms and, therefore, following the same analysis criteria, the distribution of
electrons is reached, as shown above. In this case, the carbon atom has four more electrons in its

external layer, and an OS of -4 is attributed to it. Each one of the hydrogen atoms "lost" its electron

and has an OS of +1. Since the molecule is neutral, the sum of all the OSs is zero.
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The oxidation states of carbon atoms in organic compounds range between +4 and -4. In
methyl halide 3, any halogen atom (more electronegative than carbon) shows an OS of -1,

regardless of the value of its electronegativity, carbon (less electronegative than

H g
H— (|j(_X — H'! :¢—2 :):(:-1
[ .
X=F,CL Br, 1
3 X: 08=-1

carbon: OS=-2
hydrogen: OS= +1
halogens) shows an OS of -2, and hydrogen (less electronegative than carbon) shows an OS of +1.
In most cases, the hydrogen atoms that "lose" their electron show an OS of +1, with
exceptions such as borane 30 (BH3) or metal hydrides, where the OS of hydrogen is -1 (see below).

In the case of di-, tri- or tetrahalomethanes 4 the OSs of the halide atoms remain the same (-1), as

do the OSs of the hydrogen atoms (+1), but there are changes in the OSs of the carbon atoms.

H +1
H

T . o
Xck% = X0 0%

1 . o

= H
e =N el o

\IJ{’ H+1
S Nl =TS s &

T e

:)"(:

4: di-, tri- e tetrahalomethanes
X=F,Cl Br,1
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The increase of OSs of carbon atoms can be seen in the path of methane (OS -4), via methyl
halides (OS -2), dihalomethanes (OS 0), trihalomethanes (OS +2) arriving at tetrahalomethanes
(OS +4).

The ethane molecule 5 has a bond between two carbon atoms. In this case, the two electrons
that form a symmetrical bond between the same atoms are divided.

The same should be done to evaluate the OSs of propane 6, ethylene 7 and acetylene 8,

JTL J:|L H+1 H+1
H=CcHcH = w!.¢c? & g
\I!'I/ \IJ_I’ H+l H+l
5
ﬁL L|L /111\ H+1 H+1 H+1
— W 3 D e 3
o j%ji%i—)H = gt ¢ ¢’ e HY
H H H ot gt
6
H/< /\H H! 2 2 H
C — TC::C

7

H—Cc3=c—H = g =85 ST

8

or any other saturated or unsaturated hydrocarbon. In general, bonds between the same
atoms do not induce changes in the oxidation numbers of the atoms forming them. As mentioned
above, hydrogen atoms show OSs +1 because they are bound to more electronegative atoms, and
the OSs of carbon atoms depend on their position in the molecule. As a point of interest, one should
mention that alternative method of ascribing the OSs to the carbon atoms in hydrocarbons based
on the X-ray photoelectron spectroscopy has been suggested. [28]

When other compounds such as methanol 9, methanal 10, methanoic acid 11 and carbonic

acid 12 are considered, it can be seen that the OSs of carbon atoms increase
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and therefore methanol is said to be the product of methane oxidation, mathanal is the oxidation

product of methanol, and methanoic acid is the result of methane, methanol or methanal oxidation.

CO2 (and its unstable hydrated form 12) is the most oxidized carbon compound, with OS +4, the

same value as in tetrahalomethanes. The same increase in OS occurs when methane is

progressively halogenated (compare OSs in 2, 3 and 4) and therefore the halogenation of methane

(or any other hydrocarbon) is an oxidative process. One should notice that the OSs in the neutral

and ionized compounds do not change, cf. 9 and 13a, 11 and 14a or 12 and 15a.

H 9
K
HC gy
H— {j\
“c=0
H\/ 11
NOE
Al
Hké)\c&é)\H
- 12 .
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Formal charge=-1

0S=-2
H ,4 H /,114 \
. |~ .
H— C--O¢ H— C(—Os
| [ -
H 13 Methoxylate H 13a
Formal charges vs
OSs in anions
Formal charge=-1 0S=-2
» . » 0S=+2

0, o A

~-/ N - . \/ ,I . >

H 14 H\/ 14a

Formate
0S=+4
.+, Formal 0S=2 0 4
Formal charge=-1 I cha}rge=-1 RN 17
~._ . .C., , C 0S=-2
O"\ /\6= O)\ &O >
15 15a " _/
Carbonate

For other selected oxygenated derivatives, such as 16-22, applying the same rules of
redistribution of electrons the OSs of carbon atoms are reached, as shown below. It should be
noticed that the OSs in cyanohydrines or hydrated forms of aldehydes remain the same as for the
aldehydes (cf. 16 and 17 or 18).

In peroxyacetic acid 23 and tetrahydrofuran peroxide 24, there are bonds between the oxygen
atoms. As in the case of C-C bonds, electrons forming the O-O bonds are equally divided between
the oxygen atoms and an OS of -1 is reached for each of them. Considering the fact that two oxygen
atoms in 23 show an OS of -1 (instead of -2), they have a strong tendency to remove electrons
from other organic compounds, that is, to oxidize them.

The case of amines 25 and 26, hydroxylamine 27, chloramine 28, N-oxides 29, amides 31,

hydroxamic acid (N-hydroxyamides) 32 and nitro compounds 33, is shown below. It is noticed
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that, when the nitrogen atom is bound to carbon or hydrogen atoms (compounds 25, 28, 31), its

OS is -3; in cases of bonds with oxygen or chlorine as in 27, 28, 29 and 32

I_I-I\ j/ H*! 02
H—c Y-c—H = g1’ .o ut
L »
16 H
R
L
H—c - cH H—c Y- Ccm
L 1T
H H CN
17 18
H :0 +1 2
T 1L 10
H—C 4 C0—u = u' ¢’ .¢? 07 H'
J/ ol
H
T l|i et HY
HE=C = 0 —)c i = g1 &2 07 ¢ !
\]-l]/ 20 \I_/ H+1 . H+1
H
H :0: ﬁ\ +1 02 +1
T, 4, | mos
H(— C —X— C —X— C —)H — H“:Q'3 c? <t o'
\II:I/ 21 \II_I—/ H+l H+l
H

:0: H
o WO
e e o o G

+1 +1
H 22 H H H

the OS is -1. In the case of the nitro compounds 33 the OS of the nitrogen atom is +3 because of
the "loss™ of electrons to oxygen, the more electronegative element. N-Nitroguanidine 34 is a
compound where the nitrogen atoms display three different oxidation numbers. The difference
between the OSs and the formal charges in the nitro group is shown in 33a and 33b, respectively.

In some cases, as in PH3 35 (and other compounds where a P-H bond is found), or CS> 36

(or in general, where there is a C-S or C=S bond, as for example in thiocarbonate 37),

91




AJCE, 2021, 11(2) ISSN 2227-5835

2

H :0: g O
| \I_l/ . . 3 +3 ..'1 Ll
HEoCHC0K-0m = o 7o o
H 23 H+1
SR HL
NNt R
H(—C‘*’gé . pric o - CiH
I_V\* C/\ |::> H+1 L ) H+l
/(‘/\07\/\ . "C +l C: -1 1
S WG e
24

there are problems in the evaluation of OSs, because the electronegativities of phosphorus and
hydrogen, and carbon and sulfur, are practically the same and the differences in value are only
found in the second decimal place. In fact, some books show the electronegativities of H and P as
equal (2.2), and the same is true for C and S (2.6). In these cases, the P-H and C-S bonds are treated
as non-polarized covalent bonds and the electrons are divided symmetrically, and therefore no
redistribution of the respective electrons occurs.

The compounds 5, 9 and 33 are neutral molecules, with 9 and 33 being polarized neutral,
where the carbon, oxygen and nitrogen atoms have partial charges. The nitrogen atom of molecules
with an ionic character, such as the ammonium ion 38, presents the charge +1, the same as the
charge of the molecule, whereas its OS is -3.

In the case of the carbonate ion 15, the charge of the molecule is -2, the charge of each

ionized oxygen atom is -1, whereas their OS is -2.
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H H
2 I R(——N{\38 Ng! N
H(—C(—N—H \/ﬁ H 0 -H H<-Cl
‘,_L( 25 26 27 28
. 4085é- R 7 formal charge=+1
T OO ~v.’ .. __» formal charge= -1
R(_T_(_.O: R—$-N-5-0 » formal charge
R ~
29 30
2 K.
H :O2 \62>\ 0'2 H
H( éQX—JCJ:’( N{\S H *”/( -1 o
o =0 RJ4-CHN—OSH
H 31 32
o0 o8-
‘ = -
B o i o )
R*ﬁ(—l}l" = R=C—N..0s=+3
H ‘O: H:Oa 0S= -2
33 33a
H formal charge= 0 > OSs vs formal charges
R—'—_(::_-' 7720 lTI’/ O,,formal charge= 0
1 _;_ 1 _‘\_ I:'> R— l —ITL/: )
H :0: b oo N formal charge= +1
33 33b <

formal charge= -1

08=3
. OH 0s=2
A

‘N i
H S0
la:Nﬁ%(—N-é-l\K-» 0S=+4
R

34
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0 N
For P=H=2.2 ForC=§=26 .qg:
0 0.0 0
HY -.0 . .. W2 >H( w2
ﬁ:’—X—HO SEC¥ES Ph-0 CtOR
- -
HO
36 37 Evaluation of OSs
35 using different
For P=2.19 and H=2.20 For C=2.55 and S=2.58 electronegativities
2
-1 :S:
H 3
Yrin! 5 5
A soacieg’ PREOCHO9R
o s=jc=§ 03GH¢
35a 36a 37a _/
H +1 _]T_I_ H
| | | 1 "
H-N-H = H':'1}1)5:'H = H N H
H i H
38 H

Evaluation of formal charge: 4 electrons on N; formal charge+ +1
H
HPn
H

Evaluation of OS: 8 electrons on N; OS = -3
OS of H=+1 each

Balance: 4(+1) -3 = +1 © total charge of the cation

It is very useful to know how to identify the formal charges (or simply charges) in the atoms
(lack or excess of electrons) and not to confuse them with the assignment of the oxidation states
of these atoms (redistribution of electrons according to the electronegativities). The OSs vs. formal
charges of 13, 14, 15 and 33 have already been discussed previously. To reinforce the different
way of electron count to evaluate either the OSs or the formal charges, three additional examples
(hydroxyl radical 39, both resonance structures of diazomethane 40/40a and diazonium salt

41/41a) are shown.
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Hydroxyl radical
_# 0S=-1 _y formal charge=0
H-O" H--0"

Diazomethane

0S=-1 08=-2
b 408 b ,08=0
H,C=N=N", H,C=N-N"_
' "X formal charge=-1 v "X formal charge=0
formal charge=+1 formal charge=0
40 40a

Diazonium salts

formal charge=+1 fordmal charge=0

. formal charge=0 formal charge=+1

N ’ \\ ’
T4 N

R-N=N X 41 R-N=N'x"  41a
PN FoooN

0S=0 0S=0 0S=-1 OS=+1

Oxidation-reduction reactions: variation in oxidation states during organic reactions

Another objective of this article is to show the application of the rules of evaluation of
oxidation numbers for some organic reactions, to show if the process is an oxidation or reduction
reaction. This topic has already been briefly raised in the analysis of OSs for methane, methanol,
methanal, methanoic acid and carbon dioxide.

As a first example, see the hydrogenation of alkenes 42 and alkynes 44. Considering the

1 1 +1 oyl
HYOHT H - H 0.0
| H-H |2 |2 2 H-H 0o
R.C=C-R —*> R-C—C-R =—— R-C=CR
-1 1 cat. | cat.
) H g 44
42 43

OSs in substrate 42 and in product 43, it can be seen that there was a decrease in the OSs in

the two carbon atoms during the addition of hydrogen, that is, that there was a reduction (change
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of OS from -1 to -2). The same type of reaction occurred during the hydrogenation of alkyne 44
(change of OS in carbon from 0 to -2). For this reason, the process in question is alternatively
called a catalytic reduction. It is necessary to realize that the term "reduction™ refers to the OS
changes of the carbon atoms. However, from the point of view of the hydrogen atoms that were
added to the multiple bonds, the process should be called oxidation, because they experienced
“losses” of their electrons (change from OS=0 in the H> molecule, to OS= +1 in the products).
Another example is the reduction of acetone 21 using borane 45, as shown below.

The molecule of borane 45 (or rather its dimer B2Hs) is one of the rare examples where hydrogen
atoms show OS -1, because boron is less electronegative than hydrogen. The borane serves as a
donor to three H™ anions which bind to the carbon atoms of the carbonyl groups. The changes in
the OSs of these carbon atoms (from +2 to 0) show that reduction has occurred. The use of borane
(gas) is very inconvenient. In practice, its solid equivalent, NaBH4 46, is used. In this, each
hydrogen has two electrons around it (OS -1) and the boron has no electron (OS +3), whereas its
charge is -1 as shown in 46a. This undoubtedly confusing situation is a consequence of different
ways of electron counting. Additionally, looking at the boron atom in 46 one could conclude that
it “lost” four electrons. It is not possible since the boron atom has only tree electrons available on
the external shell. To visualize better the OS of boron in 46, a balance similar to this of 38 should

be done.
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0S +3 -1
-1 A n’ 7
H H H- . 01 T |/ 0
-1 ’ T o_R-i-
\EL/ m— BH3 NaBH, —> Na* Hﬁ:‘_]‘%EH'1 Na" H-| ]?’ H
AN A ¥ i
H H 7 i H H
45 46 Formal charges
OS of boron: 4(+1) + 1 +x =0 x=+3 46a
H* Na*

[P

-3 N -3

3H—Cc - CY-c=n
2

H
21
from 220 lBH3/ 3H,0
O HO
NS -2 +1
III ‘OO T +1 2 43 \/O_I_l
3JH—C¥C-¥C—H + H—0-}B
B
R 07y
+1 —H
47 , 48
from BHj;

Regarding the oxidation of an alcohol using, for example, CrOs, it can be noticed that the
carbon atom increased its OS from -1, in substrate 49, to +1, in product 16, that is, there was
oxidation of this carbon atom, accompanied by the reduction of the chromium atom, which acted

as an oxidant. Note that OS of the chromium is determined in the same way as for the carbon

atoms.
H 0 H OH
| 1 w6/ | 1 |
H,C-C—O—H + O=Cr —> H3C—C|—O—Cr:O
| N\ I
H (0] H 0
49 l
H HO
Lo "N,
HiC7 HO/

Another example is the cis-hydroxylation of alkene 50 using OsOs. This process is an

oxidation, considering the increase in OSs of the two carbon atoms.
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\\ s /O o o
Os \ +6_~
//) N N\ 6z
0 4\ 2H,0 HO OH Oxs 0
‘\ — — H Nos””
H H, OO0 H "y, ‘\\\\H + ._S
J— 1, 5 / \
/ \ 0 0N R 00 R HO OH
s0 R 51

The Baeyer-Villiger process is another oxidation reaction. As in the case of cis-
hydroxylation, the two marked carbon atoms in ketone 52 increased their OS, that is, they were
oxidized to form lactone 54. The two highlighted oxygen atoms in peroxyacid 53 showing OS -1

have been reduced, as their OS has decreased to -2.

O 0 2
O [ 0
2 H RC—0—O0—H _’\,- |
2 e H) B S y + RC—O—H
H 53 ol +3 2
52 54 H 55

The changes in OS during oxidation using a carbenium ion such as PhsC* present in 57 [33,
34] are confusing, because the two concepts have to be used: oxidation number and the charge.
For example, the cation PhsC" can receive an H  anion from hydrocarbons, such as

cycloheptatriene 56, and form PhzCH 59 and a tropylium cation 58/58a.

Ph Ph H
>+< -BF4 + XC>\
+ XC% - X X
Ph \ Ph Ph" Ph
56 Ty * ;¥
0S=+1 0S '
formal charge = +1 formal charge = +1
\\\ . /H
Y/
58a
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The highlighted carbon atom in 57 went from OS +1 to -1 in 59; it was reduced and acted as
an oxidant. In this example one can see application of the concepts of oxidation number
(redistribution of electrons according to electronegativities) and of the formal charge (lack or
excess of valence electrons) in the same carbon atom.

The same problem (OS vs. formal charge) exists for the ammonium salts 60/60a or

phosphonium salts 62/62a. Similar examples have already been presented (13/13a, 14/14a, 15/15a

and 38).
R 4 electrons on the N:
R .
0S=-3 ~_ X X _I_ _# formal charge = +1
) T \ I +’T
RFjﬂR R=- N7
|
R R
60 60a
4 electrons on the P:
0S=+3 0S= +4 formal charge = +1
-3 e e
H3C—) FCHz —> HC—}P{—R Hy,C—1— P'——R
T
|
61 CH, CH,
62 62a

Another manifestation of changes in the OSs is the Cannizzaro reaction, a dismutation (or
disproportionation) reaction, where a molecule of aldehyde without hydrogen in the a position, for
example 63 is oxidized (—65) and another is reduced (—66) in an alkaline medium. The process
is intermolecular, being the hydride anion (H") which transfers the two electrons between the two
molecules via the intermediate 64. It is not the objective here to discuss the mechanism of this
process, but rather to observe the changes in OS in an example of a dismutation reaction.

The other reactions in which different carbon atoms vary in their oxidation numbers, such as

when obtaining alkenes 69 from tosylate (or mesylate, triflate, etc.) 67
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! i i
HO" i -1
2By CiH —— | BuC—HI _p B 0H + Bu-C —OH
63 H,0 OH 65 I
64

or from alcohols 68, or when adding water to double (69—68) or triple (44—70) bonds, or during

0
Il

H 66

aldol condensation using acetone (21—74), are shown below.

H OTs
R Cl'2 (230 R 2
I s H H H OH
H H Na - g R Na - gR H,0 |2 %o
c=cC c=c 2, R—C—C—R
N \ +
II{ ?H R & H LS b
-2
R—C ¢l g H 7 68
|
g ou
(M
0 0 H,0 i
R-C=C-R ——» R—CC>R
H |
44
by 70
O’+1
0 -1 1.HBR; H_-1 o OH 2 |é
R_CEC_H m R/C:C\ —_— RCH2 H
.H50, H
71 KOH 72
. O +2
0 0 1HBR, H_{ +OH 2 E,f
R-C=C-R —— c=C/ —» RCH,CR
2H,0, R ‘R
44 KOH 73

HBR’,: disiamyl or dithexylborane

0 0

Il 3 /M H' or HO- I }ll-l /CH3
HC-C-CHy + 0=C(2  HHG yie.C— =0

21 21 CHy O 74 “CH,

The alkoxy phenylmethyl ether breaking process is shown below. It can be seen that this

reaction is a reduction by comparing the carbon atom OSs in 75 and 77.
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H H
0 0
-2 | -1 H-H 20+l +1 | 3
R-O—C—Ph s R-O—H + H—C —Ph
| cat. |
H 76 H
75 77

Alkenes can be obtained from vicinal bromides using zinc, which is one of the standard
reactions taught in the organic chemistry. Considering the Oss of the carbon atoms in substrate 78
and in product 69, it can be seen that reduction of the C atoms accompanied by oxidation of zinc

has occurred. The number of hydrogen atoms in the substrate and in the product remains the same,

but the OSs of
Br Br
" 710 H R
o Lo 1L
R—C—C—R /C_C\ + 7Zn™? + 2Br
1'& 1'& R H
78 69

the two carbon atoms has decreased, i.e. reduction has occurred. For the reaction in the opposite
direction, the addition of Br» to the C=C bond, oxidation occurred. Carbon atom reduction also
occurs during the formation of Grignard reagents (79—80). During this process, the Mg atom
functions as an electron donor and oxidizes. The process is generically called "oxidative insertion™
(it could be called "reductive insertion" considering the carbon atom). During Wurtz reaction

(79—43) there is also a reduction and the

H H
| -1 - | -3 +2 -1
R—C—X R_|C_Mg —X X =Cl,Br, I

| 9 2
H H
79 80
H H H
|_1 |-2 2 !

2 R—C— e R_C_Cl_R + NaX
| |
H H H
79 43
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number of hydrogens linked to carbon remain the same. In general, metal is found in
organometallic compounds as a cation. In rare cases, however, metal anions may be present
[35,36], but in these cases there are no carbon-metal bonds.

Deoxygenation of alcohols via their thiocarbonates 81 to form hydrocarbons 83 is often used
in research and is known as the Barton-McCombie reaction (there are many varieties of this
process). This reaction requires the use of hydrogen donors such as 82 and follows the radical
mechanism. Considering the change of OS of the highlighted carbon atom in substrate 81 and in

product 83, it is perceived that the reaction is a reduction. The same happens in the

So
|| +4
(l)—c —OPh 1|1+1 o7/ SmBus
+2 . -
4 -1 2
R —C>—R + Bugsn-om freerdieal gz g o, \C+3/O
P|I 82 initiator lll O// \Ph
81 83
g S
Il
MeSC CSMe H R
~o 07 82 Nl Al
- - o -
o L, : - c=cC
R—C—C%-R ree radical R/ AN
| initiator H
H H 84 69

transformation of bis-xanthate 84 to form alkene 69, using tributyltin hydride 82.
In rare cases, sodium hydride (usually used as a basic agent) can act as a reducer for ketones
that do not have hydrogen atoms in the a position and that are not able to form enolate ions, such

as benzophenone 85, and form an alcohol, in this case 86. [37]

) OH
I, I.Na"'H! A I
Ph—C —Ph 2H+—> Ph—C —Ph
85 IIIH

86
An example of the free radical oxidation via hydrogen atom abstraction by a hydroxyl radical

is shown below.
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0S=-1
- / 0S=+1 0S=-2
0S=-2\ H 4 7
o HO 2
R-C-R — > R-C- + H0
H H
83 87

Application Examples

An important catabolism reaction of fatty acids is called f-oxidation. [38-40] This complex
enzymatic process transforms fatty acids in their thioester form with coenzyme A (SCoA) 88 into
the a,B-unsaturated product 89. Applying the definition, in which oxidation implies the loss of
hydrogen atoms, product 89 is more oxidized than its substrate 88. Using the formalism of the
oxidation state, it is also perceived to be an oxidation, because the change of the OS in 88 and 89

is from -2 to -1.

O enzymatic O
-2 2l complex g |l
RCH,-CH,-C-SCoA RCH=CH-C-SCoA + H,0O
1/2 O,

88 trans 89

The biological oxidants NAD*(NADP*) 90 transform substrates 91 into products 92. [38-40]
(Here we ignore stereochemical aspects: which pro-R or pro-S hydrogen atom is removed in 91
and which is the Re or Si side of the prochiral C atom that is attacked in 90/90a). It is easier to

visualize this reaction using the resonance structure 90a.
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Ef - U*

90 NAD+ (NADP¥) 90a
0S= 0
H OS -1
formal charge +1 [ j)J\ R— C O H
H
OS +1
OS— -2

H H
|| ’OS: +1
formal charge O[ + R—C—H +H*

93 N/:SVH (NADPH)

It can be seen that an H- anion was removed from the molecule of 91 and that the product
formed 92, is more oxidized. This situation has already been considered previously (49—16).
Looking at the changes in the OSs shown above, it could be concluded that the source of the
electrons to reduce the atom of C in 90a is the atom of C in 91 which shows OS -1 and “lost” two
electrons. In fact, it is the atom of H in 91 that leaves the molecule of the substrate under the form
of hydride. Ironically, the OS of this atom in 91 is +1. This example shows that the concepts of
oxidation states cannot be applied to discuss the mechanisms of reaction. To amplify this last
point, consider the compounds 94-96, in which an OS of -1 has to be attributed to the chlorine and
fluorine atoms and, therefore, it could be thought that the three would function as the donors of
the CI" or F anions. In fact, all three compounds 94-96 react with electron-rich systems, such as

enol ether 97, with total regioselectivity, forming the derivatives 98, [41,42] with an electrophilic

attack in the electron-rich atom.
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O
0]
-1 I 0 -1 0
N-CI  HyCC-O-F F3C-O-F
94 95
0 96

HO

1.94, 95, 96 0
HO' OH
2.H,0
HO X
98
X:ClorF

AcO

This means that the compounds 94-96 function as if they were the CI* or F* cation donors.
Other F* cation donors are discussed in a specialized review. [40] The lack of correlation
between the OSs of halides in 94-96 and their reactivity in terms of regioselectivity is
noteworthy, which again reinforces the point that the concept of OS is artificial and that it
cannot be used in discussions about the mechanisms of reactions, as already mentioned
above. The same observation can be made by comparing the molecules of formaldehyde 10 and
acetone 21: the OS of the acetone C2 atom is +2, which could imply a greater electrophilic
character in relation to formaldehyde (OS 0). In fact, the latter is much more reactive as an
electrophile than the former.

Another example of biological oxidizer/reducer is flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN) in its oxidized forms 99, and FADH2/FMNH in its reduced forms
100. [38-40] Flavins can donate/accept an electron pair simultaneously, i.e., act as
reducers/oxidants of two electrons, or donate/accept an electron in one step and repeat this action

again, and thus function as a reducer/oxidant of one electron. This last aspect is fundamental, since
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the neutralization of free radicals (such as the R, RO" or ROO) requires the transfer of only one

electron. Observing the equilibrium 99 = 100, it can be

2e +2H"
+3 +2‘
P NH simultaneous exchange

of 2e

FMN/FAD 99 © FMNH,/FADH, 100

le+ 1H"
exchange of le %e +1H"
exchange of le
N +2 N
IOa \f
/ 4a

101
seen that there was a reduction/oxidation of the atoms 10a and 4a, with the exchange of two

electrons. However, the equilibria 99 =101 and 101 = 100 imply the exchange of one electron per
step and only these processes are important during neutralization of free radicals. It should be
mentioned that the NAD/NADH and NADP/NADPH systems are capable of exchanging
exclusively a pair of electrons. Other reduction/oxidation systems in cells are discussed in the
specialized literature. [38-40]

Glutathione 102, [38-40] a tripeptide that acts as an antioxidant, has an —-SH group in its
composition. Two —SH groups of two glutathione molecules undergo oxidation to form a disulfide
bridge 103 yielding two hydrogen atoms active in neutralization of free radicals formed during the
metabolic processes. Likewise, ascorbic acid (vitamin C) 104 acts like a one electron reducer.

Similarly, ribonucleotide reductases

106




AJCE, 2021, 11(2) ISSN 2227-5835

SH
0 H
HO,C _ N N\/C02H
z H
NH, o
102
1 0 0 0 A
-1 +1 +1 -1 .
$S-H + H-S-3 — §5-s-§ +2H
102 102 103
neutralization of free radicals
HO >
OH like R’y RO’ or HOO'
(0) 0
—_— O +2H
+2 +2
o Ny <
104 105

[38-40] use their two —SH groups present in one of their active centers to promote the removal of
the —OH group from the 2" position of ribonucleotides 106 and form 2"-deoxyribonucleotides 107,
the components of deoxyribonucleic acids. It should be noticed that 107 are more reduced than

106, hence a name of the enzymes.

di- or
triphosphates
R O,_ ribonucleotide N
HO OH —— HO + H,0
106 reductases 107
! S5’
- 4 i
ENZYME ENZYME
T enzymic reduction

CONCLUSIONS

The oxidation state concept applied to organic compounds is useful to show the occurrence
of oxidation or reduction sites. Strangely, the use of this concept receives very superficial treatment

in the basic texts of Organic Chemistry. In fact, most of the literature consulted does not even
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mention about the assessments of the oxidation states in organic compounds. It is necessary to

strongly emphasize the fact that the concept of oxidation state is artificial and cannot be used

to rationalize the reactivity of organic compounds, since it does not necessarily reflect the

actual distribution of electrons. Additionally, the use of the other than Pauling

electronegativity scale, like this of Allen [43-45], furnishes different oxidation states for the

compounds containing N-Cl and C-I bonds. Finally, a careful distinction needs to be made

when comparing oxidation states and formal charges.

REFERENCES

1. P.Karen, P. McArdle, J. Takas, Pure Appl.Chem., 86 (2014), 1017-1081.

2. P. Karen, P. McArdle, J. Takas, Pure Appl.Chem., 88 (2016), 831-839.

3. P. Karen, Angew.Chem.Int.Ed.Engl., 54 (2015), 2-13.

4. R. Morrison, R. Boyd, “Quimica Organica”, Fundac¢ao Calouste Gulbenkian, Lisboa, 2009.

5. J. McMurry, “Quimica Orgéanica Combo”, Cengage Learning, Sao Paulo, 2012.

6. N. L. Allinger, M. P. Cava, D. C. De Jongh, C. R. Johnson, N. A. Lebel, C. L. Stevens,
“Quimica Organica”, LTC Editora, Rio de Janeiro, 1976.

7. J. Clayden, N. Greeves, S. Warren, P. Wothers, “Organic Chemistry”, Oxford University
Press, Oxford, 2008.

8. T.W.G. Solomons, C. B. Fryhle, “Quimica Organica”, LTC Editora, Rio de Janeiro, 2009.

9. K.P.C. Vollhardt, N. E. Schore, “Quimica Organica”, Bookman, Porto Alegre, 2013

10. F. A. Carey, “Quimica Organica”, Bookman, Porto Alegre, 2011.

11. J. P. Birk, J. Chem. Educ., 69 (1992), 294-295.

12. A. Eggert, C. Middlecamp, E. Kean, J. Chem. Educ., 68 (1991), 403-407.

13. J. E. Packer, S. D. Woodgate, J. Chem. Educ., 70 (1993), 691-691.

14. A. A. Woolf, J. Chem. Educ., 65 (1988), 45-46.

15. J. M. Kauffman, J. Chem. Educ., 63 (1986), 474-475.

16. R. H. Stonestreet, J. Chem. Educ., 49 (1972), 300-308.

17. C. J. Halkides, J. Chem. Educ., 77 (2000), 1428-1432.

18. D. A. Holder, B. G. Johnson, P. J. Karol, J. Chem. Educ., 79 (2002), 465-467.

19. D. Steinborn, J. Chem. Educ., 81 (2004), 1148-1154.

20. P. J. Chirik, Inorg. Chem., 50 (2011), 9737-9740.

21. H.-P. Loock, J. Chem. Educ., 88 (2011), 282—283.

108




AJCE, 2021, 11(2) ISSN 2227-5835

22

23.
24,
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.

42
43
44
45

. I. A. Shibley, K. E. Amaral, D. J. Aurentz, R. J. McCaully, J. Chem. Educ., 87 (2010),

1351-1354.

G. Parkin, J. Chem. Educ., 83 (2006), 791-799.

A. L. Cox, J. R. Cox, J. Chem. Educ., 79 (2002), 965-967.

A. Menzek, J. Chem. Educ., 79 (2002), 700-702.

A. A. Woolf, J. Chem. Educ., 70 (1993), 691-691.

G. Calzaferri, J. Chem. Educ., 76 (1999), 362-363.

V. Gupta, H. Ganegoda, M. H. Engelhard, J. Terry, M. R. Linford, J. Chem. Educ., 91

(2014), 232-238.

R.Bruckner  “Organic Mechanisms. Reactions, Stereochemistry and Synthesis;
M.H.Harmate, ed., Springer, 2010.

L. Pauling, General Chemistry; an introduction to descriptive chemistry and modern

chemical theory”, W. H. Freeman, San Francisco, 1970.

P. W. Atkins, T. L. Overton, J. Rourke, M. T. Weller, F. A. Armstrong, “Quimica

Inorganica”, Bookman, Porto Alegre, 2008 (cite these values slightly different).

M. B. Smith, J. March, “March’s Advanced Organic Chemistry. Reactions, Mechanisms

and Structure”, Wiley: Hoboken, New Jersey, 2007 (cite these values slightly different).
H.J.Dauben, F.A.Gadecki, K.M.Harmon, D.L.Pearson, J.Am.Chem.Soc., 79, (1957),

4557-4558.

M.E.Yung, J.Org.Chem., 41, (1976), 1479-1480.

G. W. Gokel, W. M. Leevy, M. E. Weber, Chem. Rev., 104 (2004), 2723-2750.

M. J. Wagner, J. L. Dye, Ann. Rev. Material Sci, 23 (1993), 223-253.

F. W. Swamer, C. R. Hauser, J. Am. Chem. Soc, 68 (1946), 2647-2649.

D. Voet, J. G. Voet, “Bioquimica”, Artmed Editora, Porto Alegre, 2013.

L. C. Junqueira, J. Carneiro, “Biologia Celular e Molecular”, Guanabara Koogan, Rio de

Janeiro, 2005.

T. M. Devlin, “Manual de Bioquimica com Correlagdes Clinicas”, Editora Bliicher, Sao
Paulo, 2007.

P. M. Collins, R. J. Ferrier, “Monosaccharides. Their Chemistry and Their Roles in Natural

Products”, John Wiley & Sons, Chichester, 1995.

. S. D. Taylor, C. C. Kotoris, G. Hum, Tetrahedron, 55 (1999), 12431-12477.

. L. C. Allen, J.Am.Chem.Soc., 111 (1989) 9003-9014.

.J. B. Mann, T. L. Meek, L. C. Allen, J.Am.Chem.Soc., 122, (2000), 2780-2783.

.J. B. Mann, T. L. Meek, E. T. Knight, J. F. Capitani, L. C. Allen, J.JAm.Chem.Soc., 122,
(2000), 5132-5137.

109




