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SAR MODELS FOR FUTILE METABOLISM: 

PHENOLS AND NITROBENZENES 
ONE-ELECTRON REDUCTION OF QUINONES, 

S. P. BRADBURY,'* 0. MEKENYAN,2*3 G. D. VEITH,' 
and N. ZAHARIEVA3 

' United States Environmental Protection Agency, Environmental Research 
Laboratory-Duluth, 6201 Congdon Boulevard, Duluth, M N  55804 ( U S A ) .  

'Lake Superior Research Institute, University of Wisconsin-Superior, 
Superior, WI 54880 ( U S A ) .  

3Department of Higher Institute of Chemical Technology, 801 0 Burgas (Bulgaria). 

(Received September 17, 1994; in final form March 27, 1995) 

Benzoquinones, naphthoquinones and aziridinylbenzoquinones, can be reduced by flavoproteins to 
semiquinones that react with molecular oxygen to form superoxide anion with the subsequent regener- 
ation of the parent compounds. This redox cycling, a form of futile metabolism, produces reactive oxygen 
species and depletes the reducing equivalents of cells without concomitant energy production. The ability 
of a toxicant to redox cycle is related to its one-electron reduction potential, and this study attempted to 
estimate reduction potential from structure using semi-empirical quantum chemical models for a diverse 
set of chemicals. The results of this study suggest that one-electron reduction potentials, within structural 
classes of benzoquinones, naphthoquinones, phenols and nitrobenzenes, can be estimated from local and 
global electronic indices that are related to delocalization. Smaller absolute charge on the carbonyl 
carbon in the quinone moiety correlated with more positive one-electron reduction potentials of 1,4- 
benzoquinones, naphthoquinones and two-electron reduction potentials of aziridinylbenzoquinones. The 
energy of frontier orbitals of the quinones, phenols and nitrobenzenes also co-varied with reduction 
potential. More positive reduction potentials of 1,4-benzoquinones, 1,4-naphthoquinones and phenols 
were correlated with more negative values of E,,,, while more negative values of EL,,, were correlated 
with more positive potentials of nitrobenzenes and aziridinylbenzoquinones. Delocalization of electron 
density also correlated with reduction potentials within individual classes. 

KEY WORDS: quinones; phenols; nitrobenzenes; one-electron reduction potential; redox cycling. 

INTRODUCTION 

Predicting the toxicity of reactive chemicals using quantitative structure activity 
relationships (QSARs) is a complex challenge in predictive toxicology. The difficulty 
of this challenge is due, in part, to the large variety of toxic mechanisms for reactive 
chemicals as well as for the stereoelectronic descriptors associated with reactivity. 
Development of toxicologically-relevant approaches for classifying xenobiotics as 

*Author to whom all correspondence should be addressed. 
Presented at the Sixth International Workshop on Quantitative Structure-Activity Relationships (QSAR) 
in Environmental Sciences, September 13-17, 1994, Belgirate, Italy. 
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110 S. P. BRADBURY etal .  

“reactive” requires the evaluation of stereoelectronic descriptors using toxic response 
databases that are carefully defined with regard to the biological model, effect 
endpoint and exposure regime.’ A critical appreciation of underlying toxicological 
processes is necessary because predicting reactivity in a biological system can be 
further complicated by metabolic activation. As a result, there is a fundamental need 
to develop a predictive capability to assess metabolic activation for toxicity estima- 
tions. 

To address this research need, we have been developing the basic principles for 
incorporating metabolic activation into structure-toxicity models for reactive chemi- 
cals. Chemical reactivity can be classified according to the metabolic rate controlling 
perturbation of the chemical structure, whether measured as reactions of the parent 
structure with biomolecules or as metabolism rates in forming highly reactive inter- 
mediates. At least in the context of QSAR modeling, perturbations involving 
changes in heavy atom bonds seem quite different from those which involve absorp- 
tion of light energy or exchange of electrons, protons and hydride anions.2 Our 
initial efforts were focused on the formation of cations through hydride abstraction 
and protonation’ and photoactivation of polycyclic aromatic  hydrocarbon^.^ The 
present study addresses one-electron reductions that can lead to redox cycling and 
cytotoxicity through oxidative strew4 

Benzoquinones (BQs), naphthoquinones (NQs), and nitroaromatics, comprise sev- 
eral classes of drugs, pesticides and industrial chemicals4 that are commonly re- 
leased into the environment. They can be reduced to anion radicals by the transfer 
of an electron from an enzyme, typically a flavoprotein, to the parent molecule. 
Semiquinone anion radicals reduce molecular oxygen to superoxide anions, and in 
the process, the semiquinone radicals are oxidized to the parent structure; hence the 
term, “futile metaboli~rn”.~ The net reaction is oxidation of the cellular flavoprotein 
coenzymes, a decrease in reduced glutathione with an associated increase in oxidized 
glutathione, and reduction of molecular oxygen to superoxide anions. Bioreductive 
activation also has been proposed as an explanation for the antitumor activity of 
aziridinylbenzoquinones (AZBQs). Reduction of the quinone fragment activates the 
alkylating group by facilitating protonation and reactions of the aziridine ring. 
Acute cytotoxicity as a side effect of such drugs is due, in part, to redox cycling.596 

A major factor in the rate of flavoprotein-mediated reduction of quinones, and 
thus their ability to undergo redox cycling and cause cytotoxicity through oxidative 
stress, is the one-electron reduction potential (E: or E7) of the quinone/ semiquinone 
radical couple (Q/Q’-).’ The dependence of redox cycling on E: arises from activity 
in narrow ranges of reduction potential and the lack of substrate specificity of 
flavoprotein enzymes for xenobiotic electron a c ~ e p t o r s . ~ ~ ~ ~ ’ ~ * ’  F or example, all 
quinones with E: greater than - 240 mV are substrates for NADPH-cytochrome 
P-450 reductase, whereas - 170 mV is the lower limit for NADH-cytochrome b, 
reductase. The upper reduction potential limit for quinones capable of undergoing 
redox cycling is determined by the single-electron reduction potential of the 
02/02’- couple.8 

Evidence to date suggests that the one-electron reduction potentials for quinones 
would be extremely useful for assessing a toxic mode of action associated with 
oxidative stress. We postulate that indices of aromaticity, energies of frontier 
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ONE-ELECTRON REDUCTION POTENTIAL SARS 111  

orbitals (e.g., EHOMO, which is inversely related to the ionization potential) and charges 
on the carbonyl atoms should be correlated to reduction potential. This proposal is 
based on the hypothesis that aromatic compounds with greater delocalization of 
electron density should have a more positive reduction potential. To evaluate this 
hypothesis, the present study examines local and global descriptor(s) that could be 
related to electron density delocalization and one-electron reduction potentials. This 
investigation incorporated a diverse set of BQs, NQs and AZBQs, whose propensity 
to redox cycle and elicit oxidative stress has been well s t ~ d i e d , ' , ~ , ' ~ , ' ~ , ~ ~ . ~ ~  and a 
set of phenols and nitrobenzenes. 

METHODS 

The series of compounds investigated in this study are listed in Table I. The com- 
pounds included a series of eight BQs (#1-3 and #5-9), twelve NQs ( #  10-21), 
9,1O-anthraquinone-2-sulfonate ( # 22), indigodisulfonate ( # 23), 35 phenols 
(#  24-58), 27 nitrobenzenes ( #  59-85) and 20 AZBQs (#  4 and # 86-105) (Figure 1). 
Recent studies with quinones have related their flavoprotein-mediated reduction 
and associated cytotoxicity to their one-electron potentials.6.8*'5 The potentials 
for these compounds, excluding the AZBQs, have been experimentally determined, 
most by pulse radiolysis, and were obtained from several s o ~ r c e s . ~ ~ * ~ ~ * ~  6*1 7 7 1 8  The 
values reported for the AZBQs are two-electron reduction potentials,6 except for 
AZQ. One-electron reduction potentials for the phenolic compounds in Table I 
( # 24- # 58) are for the ArO'/ArO- couple. 

The electronic structure of the parent BQs, NQs, AZBQs and nitrobenzenes, as 
well as their corresponding radical anions, were modeled. In the case of the phenolic 
compounds, the protonated form of the reduced metabolite (ArOH) was modeled, 
because of difficulties in modeling radicals (see results and discussion). In general, 
the molecular structures of parent compounds were modeled assuming that the 
potential is solely a function of an unperturbed chemical. However, if the potential is 
a function of the anion radicals formed after a one-electron reduction, it would be 
necessary to compute the electron parameters for these metabolites. Finally, it is 
possible that potentials are a function of the neutral semiquinone radicals or proto- 
nated phenolic anions (see Figure 2). 

For each species within a couple, the reactivity approach of the isolated molecule 
was applied using the OASIS package." Geometries were optimized by the PM3 
quantum chemical method. The AM1 and PM3 Hamiltonians were used to calcu- 
late the electronic indices, assuming fixed optimized molecular geometries, to detect 
any biases of the Hamiltonians. In general, no significant differences were noted, and 
the results from the PM3 methods are presented. 

The electronic indices 20*2 ' g2 '  tested for significance as molecular descriptors were 
atomic charges (qi), superdelocalizabilities (S? and S? ), self-polarizabilities (xi) and 
frontier charges ( fkUMo, fyoMo). Global electronic parameters such as energies of 
frontier orbitals (E,,,, and EHOMo), HOMO-LUMO gap, heats of formation (AH,") 
and volume polarizabilities (Vol. P) were also evaluated as to their ability to predict 
one electron reduction potentials. Three global measures of aromaticity were also 

D
ow

nl
oa

de
d 

by
 [

Io
w

a 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

7:
06

 2
1 

A
ug

us
t 2

01
5 



- e 
T

ab
le

 I 
O

bs
er

ve
d 

an
d 

pr
ed

ic
te

d 
el

ec
tro

n 
re

du
ct

io
n 

po
te

nt
ia

ls
 f

or
 b

en
zo

qu
in

on
es

, n
ap

ht
ho

qu
in

on
es

, 
az
ir
id
in
yl
be
nz
oq
ui
no
ne
s,
 ni

tro
be

nz
en

es
 a

nd
 p

he
no

ls
. 

h
) 

#
 

Ch
em

ic
al

 n
am

e 
Re

du
ct

io
n 

po
te

nt
ia

ls
 r

m
 V

 1 

O
bs

 (a
) 

pH
 

Pr
ed

ic
te

d 
(b

) 

1 2 3 4 5 6 7 8 9 10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

24
 

25
 

26
 

27
 

28
 

29
 

30
 

31
 

32
 

33
 

1.
4-

B
en

zo
qu

in
on

e 
2-

M
e-

 I, 
4-

B
en

zo
qu

in
on

e 
2,

5-
M

e-
l,C

B
en

zo
qu

in
on

e 
AZ
Q 

(D
ia

zi
qu

in
on

e)
 

2,
6-

M
e-

l, 
4-

B
en

zo
qu

in
on

e 
2,

6-
O

M
e-

 1
, C

B
en

zo
qu

in
on

e 
2,

3,
5-

M
e-

l, 
C

B
en

zo
qu

in
on

e 
2-

O
H

-1
, C

B
en

zo
qu

in
on

e 
2,

3,
5,

6-
M

e-
l, 

4-
B

en
zo

qu
in

on
e 

2,
3-

(C
1)

*-
1,

4 N
ap

ht
ho

qu
in

on
e 

l1
4-
Na
ph
th
oq
ui
no
ne
-2
-s
uI
fo
na
te
 

1,
2-

N
ap

ht
ho

qu
in

on
e 

5-
O

H
- 1

,C
N

ap
ht

ho
qu

in
on

e 
5,

8-
(O

H
),-

l, 
C

N
ap

ht
ho

qu
in

on
e 

9,
lO
-P
he
na
nt
hr
en
eq
ui
no
ne
 

1, 
C

N
ap

ht
ho

qu
in

on
e 

S
O

H
, 2

-M
e-

1,
 C

N
ap

ht
ho

qu
in

on
e 

2-
M

e-
1,

 C
N

ap
ht

ho
qu

in
on

e 
2-

3-
(0

M
e)

,-l
, 

C
N

ap
ht

ho
qu

in
on

e 
2,
3-
(M
e)
,-
1,
4-
Na
ph
th
oq
ui
no
ne
 

2-
O

H
-1

,C
N

ap
ht

ho
qu

in
on

e 
9,
1@
-A
nt
hr
aq
ui
no
ne
2-
~u
lf
on
at
e 

In
di

go
di

su
lfo

na
te

 
Ph

en
ol

(c
) 

C
A

m
in

op
he

no
l 

C
H

yd
ro

xy
be

nz
oi

c 
ac

id
 

pc
re

so
l 

C
M

et
ho

xy
ph

en
ol

 
4-

fM
et

hy
la

m
in

o)
ph

en
ol

 
C

A
ce

ta
m

id
op

he
no

l 
4-

fD
im

et
hy

la
m

in
o)

ph
en

ol
 

Ty
ro

si
ne

 
D

L-
Ty

ro
si

ne
, m

et
hy

l e
st

er
 

99
 

23
 

-
 66

 
-
 70

 
-
 80

 
-1

50
 

-
 16

5 
-
 16

5 
-2

40
 

-
 36

 
-6

0 
-
 89

 
-
 93

 
-1

10
 

-
 12

4 
-
 14

0 
-
 15

6 
-
 20

3 
-
 24

0 
-
 24

0 
-4

15
 

-
 37

5 
-
 24

7 
86

0 
41

0 
50

0 
77

0 
65

5 
14

6 
46

0 
17

4 
93

0 
87

0 

7.
0 

7.
0 

7.
0 

7.
0 

7 .O
 

7 .O
 

7.
0 

7.0
 

7.0
 

7.0
 

7.0
 

7.
0 

7.0
 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.0
 

7.
0 

7.0
 

13
.5

 
7.0

 
7.0

 
7.0

 
7.0

 
7.

0 
7.

0 
7.

0 

57
 

-8
 

-
 10

0 
-
 14

0 
-
 56

 
-
 13

0 
-
 16

0 
-6
0 

-
 17

0 

-
 29

 

-
 18

0 

-
 22

0 
-
 30

0 
-
 30

0 
-
 33

0 
-
 36

0 

49
 

-3
 

-2
3 

-
 29

 
-
 20

0 
-
 17

0 
- 

19
0 

-
 20

0 

- 9
4 

-
 19

0 

- 2
00

 
- 3

40
 

-
 22

0 
-
 24

0 

17
 

-
 14

 
-
 50

 
-7

1 
-
 52

 
-
 25

0 
-
 69

 
-
 16

0 
-
 84

 
-
 14

0 
-
 1

40
 

-
 15

0 
-
 15

0 

-
 14

0 
-
 18

0 
-1

70
 

-
 29

0 
-
 19

0 
-
 32

0 
-
 37

0 
-
 14

0 
84

0 
26

0 

69
0 

52
0 

23
0 

76
0 

19
0 

79
0 

75
0 

32
0 

-
 97

 
-
 10

0 
-1

10
 

-
 13

0 
-1

10
 

-
 18

0 
-1

10
 

-
 12

0 
-1

10
 

-
 10

0 
-
 18

0 
-
 14

0 
-
 12

0 
-
 1

00
 

-1
80

 
-1

10
 

-
 12

0 
-
 12

0 
-
 19

0 
-
 12

0 

L
 

P
 .c 

D
ow

nl
oa

de
d 

by
 [

Io
w

a 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

7:
06

 2
1 

A
ug

us
t 2

01
5 



Ta
bl

e I
 

(c
on

tin
ue

d)
 

#
 

C
he

m
ic

al
 n

am
e 

~~
~ 

R
ed

uc
tio

n 
po

te
nt

ia
ls

 [m
 V

] 

O
bs

 (a
) 

pH
 

Pr
ed

ic
te

d 
(b

) 

34
 

35
 

36
 

37
 

38
 

39
 

40
 

41
 

42
 

43
 

44
 

45
 

46
 

47
 

48
 

49
 

50
 

51
 

52
 

53
 

54
 

55
 

56
 

57
 

58
 

59
 

60
 

61
 

62
 

63
 

64
 

L-
 A

la
n y

l-L
-t y

ro
si

ne
 

1,
2-

D
ih

yd
ro

xy
be

nz
en

e 
2,

3-
D

ih
yd

ro
xy

be
nz

oi
c 

ac
id

 
3,

C
D

ih
yd

ro
xy

ph
en

yl
ac

et
ic

 ac
id

 
3, 

C
D

ih
yd

ro
xy

be
nz

oi
c 

ac
id

 
3-

H
yd

ro
xy

t y
ra

m
in

e 
N

or
ep

in
ep

hr
in

e 
tra

ns
-3

, C
D

ih
yd

ro
xy

ci
nn

am
ic

 a
c 

A
dr

en
al

on
e 

2-
H

yd
ro

xy
-ty

ro
si

ne
 

1.
3-

D
ih

yd
ro

xy
be

nz
en

e 
3,

5-
D

ih
yd

ro
xy

be
nz

oi
c 

ac
id

 
1,

4D
ih

yd
ro

xy
be

nz
en

e 
M

et
hy

lh
yd

ro
qu

in
on

e 
M

et
ho

xy
hy

dr
4u

in
on

e 
2’

, 5
’-D

ih
 yd

ro
xy

ac
et

op
he

no
ne

 
H

om
og

en
tis

ic
 a

ci
d 

2,
3-
Di
me
th
yl
hy
dr
oq
ui
no
ne
 

2,
5-
Di
me
th
yl
hy
dr
oq
ui
no
ne
 

Tr
im

et
hy

lh
yd

ro
qu

in
on

e 
Te

tra
m

et
hy

lh
yd

ro
qu

in
on

e 
1,

2,
3-

Tr
ih

yd
ro

xy
be

nz
en

e 
5-

H
 y

dr
ox

yd
op

am
in

e 
Et

hy
l g

al
la

te
 

1,
2,

 C
Tr

ih
yd

ro
xy

be
nz

en
e 

1,
2-

D
in

itr
ob

en
ze

ne
 

1,
3-

D
in

itr
ob

en
ze

ne
 

1, 
C

D
in

itr
ob

en
ze

ne
 

2,
4-

D
in

itr
ob

en
zo

ic
 a

ci
d 

2,
5-

D
in

itr
ob

en
zo

ic
 a

ci
d 

3,
rlD

in
itr

ob
en

zo
ic

 a
ci

d 

85
0 

53
0 

12
6 

11
9 21
 

18
 

44
 

:id
 

84
 

18
0 22
 

8 1
0 

28
0 

45
9 

46
0 

-8
5 11
8 

43
0 

42
0 

38
5 

35
0 

-9
 42
 

-
 54

 
-1

10
 

-
 28

7 
-
 34

5 
-
 25

7 
-
 34

5 
-
 27

2 
-
 27

1 

-
 50
 

7.0
 

13
.5

 
13

.5
 

13
.5

 
13

.5
 

13
.5

 
13

.5
 

13
.5

 
13

.5
 

13
.5

 
7.

0 13
.5

 
7.

0 
7.0

 
13

.5
 

13
.5

 
13

.5
 

7.0
 

7.
0 

7.
0 

7.
0 13
.5

 
13

.5
 

13
.5

 
13

.5
 

7.0
 

7.0
 

7.
0 

7.
0 

7.
0 

7.
0 

79
0 

66
0 

12
0 

19
0 88
 

-
 22

 
-
 11

 
79

 
16

0 3 

26
0 

8 1
0 

56
0 

50
0 

-
 37

 
24

 
18

0 
46

0 
42

0 
40
0 

34
0 

-
 16

 
-
 48

 
53

 
-
 96

 
-
 37

0 
-
 34

0 
-3

10
 

-
 32

0 
-
 38

0 
-
 26

0 
-
 33

0 
-
 23

0 
-
 39

0 
-
 24

0 
-
 37

0 
-
 26

0 

D
ow

nl
oa

de
d 

by
 [

Io
w

a 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

7:
06

 2
1 

A
ug

us
t 2

01
5 



Ta
bl

e 
I 

(c
on

tin
ue

d)
 

#
 

Ch
em

ic
al

 n
am

e 
Re

du
ct

io
n 

po
te

nt
ia

ls
 [
m
 V

] 

O
bs

 (a
) 

pH
 

Pr
ed

ic
te

d 
(b

) 

65
 

66
 

67
 

68
 

69
 

70
 

71
 

72
 

73
 

74
 

75
 

76
 

77
 

78
 

79
 

80
 

81
 

82
 

83
 

84
 

85
 

86
 

87
 

88
 

~~
 

_
_

_
_

_
 

3,
5-

D
in

itr
ob

en
zo

ic
 a

ci
d 

2,
4-

D
in

itr
op

he
no

l 
3-

N
itr

oa
ce

to
ph

en
on

e 
4-

N
itr

oa
ce

to
ph

en
on

e 
N

it r
ob

en
ze

ne
 

2-
N

itr
ob

en
za

ld
eh

yd
e 

4-
N

itr
ob

en
za

ld
eh

yd
e 

2-
N

itr
ob

en
zo

ic
 a

ci
d 

3-
N

itr
ob

en
zo

ic
 a

ci
d 

4-
N

itr
ob

en
zo

ic
 a

ci
d 

2-
N

itr
ob

en
zo

ni
tri

le
 

C
N

itr
ob

en
zy

l 
al

co
ho

l 
C

N
itr

o-
( 3

’-
di

m
et

hy
la

m
in

o)
- 

pr
op

io
ph

en
on

e 
1,

 3-
D

in
itr

o-
4-

az
iri

di
ny

l-6
-C

O
N

H
2-

 
be

nz
en

e 
1,

3-
D

in
itr

o-
4-

az
ir

id
in

yl
-6

- 
C

O
N

H
C

H
,-b

en
ze

ne
 

1,
3-

D
in

itr
o-

4-
az

ir
id

in
yl

-6
- 

C
O

N
(C

H
,),

-b
en

ze
ne

 
1,

3-
D

in
itr

o-
4-

az
ir

id
in

yl
-6

- 
C

O
N

H
C

H
,C

H
(O

C
H

,),
-b

en
ze

ne
 

1,
 3-

D
in

it
ro

4a
m

in
o-

6-
C

O
N

H
2-

 
be

nz
en

e 
1,
3-
Di
ni
tr
o-
4-
di
me
th
yl
am
in
o-
6-
 

C
O

N
H

,-b
en

ze
ne

 
1,

3-
D

in
itr

o-
4,

 6-
C

O
N

H
2-

be
nz

en
e 

3-
A

m
in

o-
4-

az
ir

id
in

yl
-6

-C
O

N
H

 ,-
 

ni
tro

be
nz

en
e 

B
A

B
Q

d)
 

B
M

A
B

Q
(e

) 
3.

6-
D

ic
hl

or
o-

B
A

B
Q

 

-
 34

4 
-
 50

0 
-4

37
 

-
 35

8 
-
 48

6 
-3

55
 

-
 32

2 
-4

12
 

-4
33

 
-
 39

6 
-
 30

8 
-
 47

7 
-3

15
 

7.
0 

7.0
 

7.0
 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

7.
0 

-
 38

5 

-3
87

 

-
 37

1 

-
 38

4 

-
 46

0 

-
 46

4 

-5
15

 
-4

31
 

-
 10

5 
-1

15
 

-1
13

 

7.
0 

7.
0 

7.0
 

7.
0 

7.
0 

7.
0 

7.0
 

7.
0 

7.5
 

7.
5 

7.
5 

-
 25

0 

-
 39

0 
-
 40

0 
-
 39

0 
-
 38

0 
-
 39

0 
-4

00
 

-3
70

 
-4

00
 

-
 39

0 
-
 47

0 
-4

00
 

-
 28

0 
- 

34
0 

-4
40

 
-
 43

0 
- 4

90
 

-4
00

 
-
 38

0 
-4

50
 

-
 42

0 
-
 36

0 
-
 38

0 
-
 49

0 
-
 39

0 

-3
10

 

-3
10

 

-3
10

 

- 3
50

 

-
 27

0 

-
 27

0 

-
 47

0 
-4

40
 

-
 33

0 

-
 33

0 

-
 33

0 

-
 29

0 

-
 34

0 

-
 36

0 

-4
40

 
-4

80
 

-
 18

0 
-
 18

0 
-
 16

0 

v P m
 

x,
 * C
 

x,
 

4
 

8
 e 

D
ow

nl
oa

de
d 

by
 [

Io
w

a 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

7:
06

 2
1 

A
ug

us
t 2

01
5 



T
ab

le
 1

 
(C

on
tin

ue
d)

 

#
 

Ch
em

ic
al

 n
am

e 
Re

du
ct

io
n 

po
te

nt
ia

ls
 [

m
 V

] 

O
bs

 (
a)

 
pH

 
Pr

ed
ic

te
d 

(b
) 

89
 

90
 

91
 

92
 

93
 

94
 

95
 

96
 

97
 

98
 

99
 

10
0 

10
1 

10
2 

10
3 

10
4 

10
5 

3,
6-

D
ic

hl
or

o-
B

M
A

B
Q

 
3,

6-
D

if
lu

or
o-

B
A

B
Q

 
3.

6-
D

ifl
uo

ro
-B

M
A

B
Q

 
3-

B
ro

m
o-

6-
m

et
h 

yl
-B

 A
B

Q
 

3-
B

ro
m

o-
6-

m
et

hy
l-B

M
A

B
Q

 
3-

B
ro

m
o-

6e
th

yl
-B

A
B

Q
 

3-
B

ro
m

o-
6-

[(2
-c

ar
ba

m
oy

lo
xy

)- 
1 -

 
et

hy
l]-

B
A

B
Q

 
3-

C
hl

or
o-

6-
m

et
hy

l-B
A

B
Q

 
3-

( I
-A

zi
rid

in
y1

)-
B

A
B

Q
 

3-
( l

-A
zi

ri
di

ny
l)-

6-
flu

or
o-

BA
BQ

 
3,
6-
bi
s(
Et
ho
xy
ca
rb
on
yl
am
in
o)
-B
AB
Q 

3,
6-

bi
s(

E
th

ox
yc

ar
bo

ny
la

m
in

o)
-B

M
A

B
Q

 
3-

M
et

hy
l-6

-e
th

yl
-B

A
B

Q
 

3-
M

et
hy

l-6
-(2

-h
yd

ro
xy

et
hy

l)-
BA

BQ
 

3-
M

et
hy

l-6
-(

2-
 

hy
dr

ox
ye

th
y1

ca
rb

am
at

e)
-B

A
B

Q
 

3-
M

et
hy

l-6
-(

2-
 

hy
dr

ox
ye

th
y1

ca
rb

am
at

e)
-B

M
A

B
Q

 
0
 

-
 1

25
 

-
 87

 
-
 93

 
-
 18

5 
-
 19

4 
-2

10
 

-
 20

1 

-
 1

97
 

-
 17

1 
-
 17

1 
-
 14

9 
-
 14

5 
-
 22

7 
-
 20

9 
-2

13
 

-
 23

5 

-
 18

2 

7.
5 

7.
5 

7.
5 

7.5
 

1.
5 

7.5
 

7.
5 

7.
5 

7.
5 

7.
5 

7.5
 

7.
5 

7.
5 

7.
5 

7.
5 

1.
5 

7.
5 

:
 

-
 20

0 
3 5 

-
 19

0 

r
 

-
 99

 
-
 12

0 
rn

 

-
 20

0 
-
 18

0 
-
 20

0 
z P
 8 3 5 B 2 

-
 25

0 
z r! r
 

c 
-
 23

0 
-
 1

50
 

-6
4 

-
 20

0 
-
 25

0 
-
 27

0 
z 

-
 27

0 

>
 

-
 20

0 
v
)
 

-2
50

 
k w 

(a
) 

O
ne

-e
le

ct
ro

n 
re

du
ct

io
n 

po
te

nt
ia

ls
, e

xc
ep

t f
o

r 
#

 8
6-

 1
05

 w
hi

ch
 a

re
 tw

o 
el

ec
tr

on
 re

du
ct

io
n 

po
te

nt
ia

ls
. 

(b
) 

El
ec

tro
ni

c 
de

sc
ri

pt
or

s b
as

ed
 o

n 
th

e 
PM

3 
H

am
ilt

on
ia

n.
 

(c
) 

R
ed

uc
tio

n 
po

te
nt

ia
ls

 fo
r 

#2
4-

 
#5

8 
ar

e 
fo

r 
th

e 
A

rO
'/A

rO
-c

ou
pl

e.
 

(d
) 

BA
BQ

 i
s 

2,
5-

bi
s(

l-a
zi

ri
di

ny
l)-

1,
4a

-b
en

zo
qu

in
on

e.
 

(e
) 

B
M

A
B

Q
 is

 2
,5

-b
is

(2
-m

et
hy

l- 
1 -
az
ir
id
in
yl
)-
l,
4-
be
nz
oq
ui
no
ne
. 

(f
) 

C
Q

 is
 2

,5
-b

is
( I

-a
zi

ri
di

ny
l~

3-
m

et
hy

l-
6-

(2
-f

ca
rb

am
oy

lo
xy

)-
l-

(m
et

ho
xy

et
hy

l)
~-

l, 
4-

be
nz

oq
ui

no
ne

. 

c
 

c
 

u,
 

D
ow

nl
oa

de
d 

by
 [

Io
w

a 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

7:
06

 2
1 

A
ug

us
t 2

01
5 



I I6 S. P. BRADBURY et a/. 

1 ,  4 - benzoquinone (#l)  1 , 4  - naphthoquinone (#16) 

2. 5 - bis (1 -aziridinyl) - 1, 4 - benzoquinone (#86) 

Figure 1 
in this study. 

Examples of benzoquinone, naphthoquinone, and aziridinylbenzoquinone structures modeled 

0 -0.251 

0.314 

O - O . %  0 

-. 
0 -0.486 

-0.21 0 

0 -. 

Q 4.289 
0.272 

-0.149 a. -0.087 

Ht) -0.202 

I I1 111 
QUINONE SEMIQUINONE SEMIQUINONE 

ANION RADICAL RADICAL 

Figure 2 The modeling scheme evaluated, using 1,4-benzoquinone as an example: (I) parent quinone; 
(11) semiquinone as anion radical; (111) semiquinone as a neutral radical. The PM3 charge distributions 
for 1,4-benzoquinone (I), its semiquinone radical anion (11) and protonated semiquinone radical (111) 
derived from a one-electron reduction are presented. 

used to evaluate possible relationships between electron density delocalization and 
one electron reduction potentials. Indices of aromaticity used were based on atomic 
charges (I:,) and donor- (ISA”,) and acceptor- superdelocalizabilities (I;). These 
aromaticity indices were derived using an information-theoretic approach based on 
the evenness of the local electronic parameters’ distribution over the atoms of the 
conjugated  molecule^.^^^^^ 
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ONE-ELECTRON REDUCTION POTENTIAL SARS 117 

RESULTS AND DISCUSSION 

Our hypothesis is that the addition of an electron to a quinone results in delocaliz- 
ation of the negative charge throughout all the atoms of the aromatic system and 
the charge on all atoms decrease (see Figure 2). 

In theory, quinones and nitrobenzenes that have a greater ability to delocalize 
electron density in the molecule, will have more positive reduction potentials for the 
Q/Q' - or RNO,/RNO;- couple. Such compounds should have more even electron 
distribution (lower values for aromaticity indices), lower-energy HOMO orbitals 
(lower electron donor ability), lower-energy LUMO orbitals (higher electron accep- 
tor ability) and greater frontier charges on LUMO. In addition, the semiquinones 
and nitro aromatic anion radicals formed through the reduction would be more 
likely to act as electron donors, as opposed to the parent quinone or nitro aromatic. 
The greater negative charge should cause displacement of the frontier HOMO and 
LUMO orbitals towards the higher energies, thereby increasing electron donor 
ability and decreasing electron acceptor properties. 

Theoretically, the one-electron reduction potential should be related to the free 
energy change of the equilibrium between the parent and the radical anion; however, 
a significant correlation with the heats of reaction for the transition from the BQs, 
NQs, and nitrobenzenes, to the radical anions was not obtained (data not shown). 
The results also failed to show the significance of changing LUMO energy in ex- 
plaining potential as might be expected from equilibria considerations. The lack of 
significant correlations may be due to limitations with the semi-empirical methods 
and particularly their failure to adequately quantify proximity interactions, which 
perturb frontier orbitals (especially noteworthy for the open-shelled structures). 

This study did not show any significance of the electronic indices for protonated 
semiquinone radicals in explaining reduction potentials. It is possible that semi- 
empirical methods are simply inadequate for these open-shell systems and future 
modeling with ab initio methods is planned. 

The difficulty in modeling radicals with semi-empirical methods also precluded an 
attempt to assess the potential relationship between electron delocalization in 
phenoxyl radicals and one-electron reduction potentials. However, the hypothesis 
concerning electron density delocalization can be expanded in that more positive 
reduction potentials should also be related to reduced products that readily delocal- 
ize electron density in association with their higher thermodynamic stability. Thus, 
we also tested the hypothesis that more positive one-electron reduction potentials 
would be correlated with those reduced species that are less likely to act as electron 
donors because of the higher stability. To assess this hypothesis, E,,,, values were 
derived for the protonated reduction products of phenoxyl radicals and related to 
potentials of ArO'/ArO- couples. 

Consistent with our hypothesis concerning the relationship between electron den- 
sity delocalization and one-electron reduction potential, those parameters which 
showed the most significant correlation with reduction potential of BQs, NQs, 
phenols and nitrobenzenes were the charges on the carbonyl carbons in the quinone 
moiety (BQs and NQs only), i.e., phenols and nitrobenzenes do not have a quinone 
moiety), energy of the HOMO (BQs, NQs and phenols) and LUMO (nitrobenzenes) 
orbitals and the aromaticity index based on atomic charges (I:,). 
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118 S. P. BRADBURY et al. 

As illustrated in Figure 3, one-electron reduction potential tends to decrease with 
increasing positive charge on the carbonyl carbon (q4) within the quinone moiety 
(see also Figure 1). With the exception of ortho-NQs ( #  12 and # 15), NQs with 
intramolecular hydrogen bonding ( #  13, # 14, # 17) or direct electrostatic interac- 
tion ( #  10) and indigodisulfonate (#  23), the potentials of the quinones under study 
were correlated to the charge on q4 as summarized in Eq. (1) (all regressions cited 
are significant at the 95% confidence limit): 

E: (mV) = 27OO( k 330) - 8500( f970)q4 (1) 

n = 16; r2 =0.845; s2 = 2942; F = 76.56 

The data show that the ortho-NQs do not fit Eq. (1). The results associated with 
compounds # 10, # 13, # 14 and # 17 are interesting because they indicate that for a 
similar calculated carbonyl carbon charge, the one electron reduction potential is 
approximately 350 mV more positive when intramolecular hydrogen bonding is, pre- 
sumably, increasing charge delocalization (e.g., q4 of 01360 for # 10 and #21, but E: 
of - 41 5 mV and - 36 mV, respectively). Consistent with our hypothesis, the decreas- 
ing negative charge on the carbonyl oxygen of BQs and NQs was also correlated with 
increasing one-electron reduction potentials (r2 = 0.76), when ortho-NQs were excluded. 

Based on the overall findings in regard to local descriptors for BQs and NQs, it 
appears that increasing absolute charge on either of the carbonyl atoms is related to 
a decrease in the reduction potential. This finding is encouraging because smaller 
absolute charge should be associated with a greater delocalization of electron den- 
sity. However, reduction potential should be related to a global molecular property 

zoo 

100 

c -200 
0 

u -300 
2 

0 12 
0 15 

\ 

I I I I 1 I 7 1 

0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4 

Charge q, 

Figure 3 Variation of one-electron reduction potentials with charges on the carbonyl carbon within the 
quinone moiety (q4; computed by PM3) for benzoquinones and naphthoquinones (see Figure 1 for atom 
numbering convention). 
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1500 

F 
E 
Y - a E 500 
a 
0 

C 

0 
1 
U a 
a -500 

.- 
c 

a 
.- 0 0 -  
c 

and the correlations described for atomic charges must be viewed with extreme 
caution, unless there is mechanistic process involving electrostatic charge of a micro- 
environment in the molecule. Even assuming Eq. (1) reasonably predicts one-elec- 
tron reduction potentials for a select group of BQs and NQs, its utility is of limited 
value in a global sense because it incorporates an electronic descriptor that is only 
applicable to quinones. 

In support of our hypothesis that global electronic measures should correlate with 
reduction potentials, more negative HOMO energies corresponded with more posi- 
tive reduction potentials for BQs, NQs and phenols. Usually, E,,,, is an inverse 
expression of the ability to accept electrons, and quinones and phenols which more 
readily accept electrons will have more positive potentials. For the reduced products 
in the ArO'/ArO- couple, the negative correlation between reduction potential and 
E,,,, should be related to the higher electron density delocalization (and respect- 
ively higher stabilization) of ArOH. Four relationships between one-electron reduction 
potential and E,,,, were obtained (Figure 4). The different relationships reflect, in 
part, the fact that reduction potentials are highly dependent upon pH" and for the 
compounds modeled here, measurements were made at pHs of 7.0 (BQs; non- 
ortho-NQs; non-hydrogen bonding and direct electrostatic interaction NQs - Eq. 
(2); and phenols - Eq. (3)) and 13.5 (phenols - Eq. (4)): 

Ei  (mV) = - 4100( k 690) - 380( k 66) EHOMO (2) 
n = 14; r2 = 0.730; s2 = 4743; F = 32.20 

- 

- 

- 

. 

Nhro - 

D
ow

nl
oa

de
d 

by
 [

Io
w

a 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

7:
06

 2
1 

A
ug

us
t 2

01
5 



I20 S. P. BRADBURY et al. 

E: (mV) = - 5600( & 790) - 700( & 90)E,,,, 

Ei3.5 (mV) = - 3800( f 780) - 430( & 86) E,,,, 

(3) 

n = 18; rz = 0.792; s2 = 1.32 x lo4; F = 60.4 

(4) 

n = 17; r2 = 0.624; s2 = 8706; F = 25.2 

4-Acetamidophenol(# 30) and homogentisic acid ( # 50) deviated from Eqs. (3) and 
(4) respectively; elimination of these compounds significantly improved the correla- 
tions (r2 = 0.89 for Eq. (3) and r2 = 0.79 for Eq. (4)). Thus, the observation of distinct, 
but approximately parallel, relationships for phenols at pH = 7.0 and pH = 13.5 is 
not unexpected. However, the different quinone and phenol relationships at a pH of 
7.0 (Eqs. (2) and (3)) is likely due to the different components being modeled within 
the redox couples. The differences may also suggest that semi-empirical calculations 
of EHoMo may be biased by chemical class. 

Similar to the findings with q4, NQs capable of hydrogen bonding ( #  13, # 14 
and # 17) or direct electrostatic interactions ( #  lo), the ortho-NQs ( #  12 and # 15), 
and compounds #22, #23 and # 4  did not correlate with E,,,, in the same 
manner as the remaining BQs and NQs. Instead, the potentials for these compounds 
correlated with EHoMo (r2 = 0.5) in a nearly parallel fashion to that of the remaining 
BQs and NQs, as depicted in Figure 4. In general, the failure of these NQs to fit 
Eq. (2) may reflect a substructural bias in the PM3 Hamiltonian and we are inves- 
tigating this possibility. However, we are also examining the influence of solvation 
energy associated with the different chemical classes on the one-electron reduction 
potential. In this regard, the results associated with compounds # 10, # 13, # 14 
and # 17 are interesting because they suggest increasing charge delocalization 
through hydrogen bonding or direct electrostatic interactions, results in an increased 
ability to accept electrons (i.e., for reduction potentials comparable to quinones 
without hydrogen bonding or direct electrostatic interactions, these NQs have sig- 
nificantly less negative HOMO energies). 

When examining the relationship between one-electron reduction potential and 
EHOMO (Figure 4) and EL,,, for the nitrobenzenes (after elimination of chemicals 
# 66 and # 77), less significant correlations were obtained (r2 = 0.46 and 0.49, re- 
spectively). This lack of consistency with E,,,, and ELUMO most likely reflect the 
inability of the semi-empirical method to uniformly model the diverse structure set 
under investigation. 

In general, the results based on frontier orbitals indicate that more negative E,,,, 
and EHOMO values (higher electron acceptor and lower electron donor ability) were 
correlated with more positive reduction potentials, which is consistent with the 
overall hypothesis. The finding that semi-empirically-derived EL,,, and EHoMO 
values did not uniformly correlate with reduction potentials for all the compounds 
studied, may also indicate shortcomings of the single (energetically favorable) con- 
former-based QSAR modeling approach. It is possible that E,,,, and EL",, de- 
rived from an appropriate group of 3D isomers selected among the set of all possible 
conformersZ5 may fit the one-electron reduction potential data with less chemical 
class bias. 
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The aromaticity indices I;,, 1:; and 1:; are the most robust global estimates of 
electron density delocalization used in this investigation. Lower values for the 
aromaticity indices, which are related to greater evenness of electron density delocal- 
ization, were found to be associated with more positive one-electron reduction 
potentials. As indicated in Eq. (5 ) ,  one-electron reduction potentials for BQs and 
NQs increased with a decrease in 1:; (see Figure 5): 

E: (mV) = 32OO( f 5605) - 7.0 x lo4( f 1.2 x lo4) 1:; ( 5 )  
n = 21; r2 = 0.66; s2 = 5323; F = 36.3 

where the SE parameter distribution was analyzed for the entire quinone moiety. 
The regression can be improved significantly (r2 = 0.74; F = 50.5), if the two ortho- 
quinones ( #  12-15) and 2-Me-1,4-NQ (#9) are eliminated from the correlation 
sample. Similar relationships were also found with 1;: (r2 = 0.72) after elimination of 
NQs capable of hydrogen bonding ( # 1 3 ,  #14 and #17) or direct electrostatic 
interactions ( #  lo), the ortho-NQs ( #  12 and # 15) and compound #23 from the 
correlation sample. The correlation with I:, was less pronounced. 

Further expansion of this approach to include the nitrobenzenes was encouraging 
in that the aromaticity parameter based on charge distribution over the quinone 
moiety and the respective N = 0 fragment in the nitrobenzenes was correlated to 
reduction potential as indicated in Eq. (6): 

- 

0 12 - 

- 

- 

- 

E: (mV) = - 70( k 20) - 310( 30) 1 ir  

n = 46; r2 = 0.71; s2 = 7063; F = 107.0 

-500 ' I I I I 

0.042 0.044 0.046 0.048 0.05 0.052 

Aromaticity (I EE) 
Figure 5 Variation of one-electron reduction potentials with 1: (an aromaticity index based on donator 
superdelocalizabilities; computed by PM3) for benzoquinones and naphthoquinones. 
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where 2-OH- 1,4-NQ ( # 21), 9,1O-anthraquinone-2-sulfonate ( # 22), indigosulfonate 
( # 23) and 2,4-dinitrophenol ( #  66) were eliminated from the correlation sample. 
Significant correlations were not, however, obtained with 1:; and I::, which likely 
reflects the fact that global measures of aromaticity through charge distribution are 
less influenced by variability in chemical structure than electron acceptor- and 
donator- superdelocalizability. 

As discussed previously, bioreductive activation has been proposed as an ex- 
planation of the antitumor activity of AZBQs and acute cytotoxicity as a side 
effect of such drugs has been postulated to be related to redox c y ~ l i n g . ~ , ~  
Superoxide anion formation for 22 AZBQs correlated with the electronic sub- 
stituent constant, opara, summed for all substituents (r2 = 0.74), but did not corre- 
late with measured two-electron half-wave potentiak6 Since the generation of 
reactive oxygen species through redox cycling should be related to the one- 
electron reduction potential, this finding may not be unexpected.6 However, it 
has been suggested that even if the reduction of AZBQs is mediated through a 
two-electron reduction, the production of semiquinone-mediated superoxide pro- 
duction could be facilitated by a dismutation equilibrium of the two-electron 
reduced quinone (Q2 - )  and the oxidized quinone (Q) with the semiquinone 

Because the propensity to accept the first electron in a two-electron reduction 
should be related to the ability of the parent quinone to delocalize electron dis- 
tribution, and because differences between one- and two-electron reduction poten- 
tials in water should be similar,26 we also investigated whether or not the local or 
global stereoelectronic descriptors examined thus far would also be correlated with 
measured two-electron reduction potentials of AZBQs (measured values for one- 
electron reduction potentials of AZBQs are not available in the literature). As with 
the BQs and NQs, q4 was found to correlate with the two-electron reduction 
potential of AZBQs (r2 = 0.62). Although a correlation of AZBQ reduction poten- 
tials with E,,,, was not obtained, a significant correlation with EL",, was 
determined (r2 = 0.61, after elimination of compounds #94, #98 and # 104). In- 
terestingly, the slope and intercept of this regression were not significantly different 
from that noted for the relationship between ELUMO and the one-electron reduction 
potentials of the nitrobenzenes. Although the dependent variable represents one- 
and two-electron reduction potentials for nitrobenzenes and AZBQs, respectively, 
,a significant correlation was obtained when these datasets were combined as 
shown in Eq. (7): 

(Q - . ) . 2 6  

E& = - 710( 38) - 200( & 17) E,,,, 

n = 47; r2 = 0.76; s2 = 4005; F = 134.5 

(7) 

Certainly these results must be viewed with caution; however, they suggest that 
within the limitations of the semi-empirical methods used, the propensity of a com- 
pound to undergo a one- or two-step reduction is related to the ability of the parent 
compound to delocalize electron distribution. 
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CONCLUSIONS 

The one-electron reduction potential of quinones, nitro aromatics and phenolic 
compounds is an important indicator of the potential toxic effects that are mediated 
through redox cycling and oxidative stress, and which have been observed in both 
mammals4 and aquatic life.27 The goal of the current effort was to assess if global 
descriptors related to electron density delocalization, and independent of chemical 
class bias, could be found that would be correlated to reduction potential. We have 
shown that the one-electron reduction potential for a diverse set of 105 quinones, 
phenols and nitrobenzenes can be estimated from chemical structure using conven- 
tional semi-empirical computational methods for modeling electronic structure of 
the parent compound. Within the different chemical classes studied, energies of 
frontier orbitals were found to be correlated with reduction potentials, with E,,,, 
(which is inversely related to the ionization potential) correlated with the one- 
electron reduction potential of 58 BQs, NQs and phenols and ELUMO correlated with 
the one-electron reduction potentials of nitrobenzenes and the two-electron reduc- 
tion potentials of AZBQs. Indices of aromaticity, such as 1;: (for BQs and NQs 
combined) and 11, (for BQs, NQs, and nitrobenzenes combined) were also correlated 
with reduction potential. These findings were consistent with a hypothesis that 
parent compounds with greater delocalization of electron density should have more 
positive reduction potentials. In the case of phenolic compounds, the higher electron 
density delocalization reflects a greater stabilization of the reduced products of the 
couple, leading to more positive reduction potentials. 

Overall, the results of this study have established that local and global measures 
related to electron delocalization can be used to predict one-electron reduction 
potentials; however, with the limitation of currently available semi-empirical par- 
ameterizations, these predictions must be based on specified chemical classes. The 
establishment of an electron delocalization-based predictive model independent of 
chemical class bias may require the use of ab initio calculations and the estimation of 
solvation energy for the chemical species. 
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