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SUMMARY

Reaction thermodynamics have been calculated for an oxene model for cytochrome P-
450 oxidations of four related arylamines: aniline, p-hydroxyaniline, acetanilide, and
acetaminophen, by both radical and nonradical mechanisms, using a semiempirical
molecular orbital method (modified neglect of differential overlap). The results indicate
that for both p-hydroxyaniline and acetaminophen, a recently proposed peroxidase-like
mechanism leading directly to p-benzoquinoneimines via radical intermediates is ther-
modynamically favored over N-hydroxylamine formation by H abstraction or addition
rearrangement. These studies also provide a detailed characterization of three candidate
species for the toxic reactive intermediate of acetaminophen: 1) p-benzoquinoneimines,
2) the radical intermediate formed by H abstraction from the nitrogen, and 3) the radical
intermediate formed by H abstraction from the phenol. Calculated electron and spin
densities indicate that the radical formed by H abstraction from the phenol oxygen does
not remain localized on the oxygen, but is primarily a semiquinone aryl radical with
significant unpaired spin density on the ring carbon atoms, particularly on C-3 and C-5.
This result is consistent with the hyperfine splitting pattern observed for a transient
radical species in a hydroxyl radical-mediated chemical oxidation of acetaminophen. The
radical formed by H abstraction from the nitrogen also delocalizes on the ring carbons,
but to a lesser extent and at the 2- and 4-positions. A closed shell mechanism of N
oxidation of arylamines appears to lead directly to the hydroxylamines with less likelihood
of precursor reactive intermediates. Toxic species could then be formed by loss of H,O

from the hydroxylamines.

INTRODUCTION

Acetaminophen (p-hydroxyacetanilide) (Scheme IA,
1) widely used as an analgesic, is known to cause liver
necrosis both in animals and man (1, 2). A toxic inter-
mediate is thought to be formed via N oxidation by
cytochrome P-450 (3) but the exact nature of the reactive
intermediate and the pathway to its formation is a sub-
ject of continued controversy.

One plausible path to a postulated reactive interme-
diate, NAPQ'! (3), is via N-hydroxyacetaminophen as
shown in Scheme IA. Evidence for this scheme comes
from a variety of studies (4-8). N-Hydroxyacetamino-

This work was supported by Grant GM27943 from the National
Institutes of Health, Institute of General Medical Science.

! The abbreviations used are: NAPQ, N-acetyl-p-benzoquinoneim-
ine; PQ, p-benzoquinoneimine; LUMO, lowest energy unoccupied mo-
lecular orbital; HOMO, highest energy occupied molecular orbital;
HRP, horseradish peroxidase; MNDO, modified neglect of differential
overlap; UHF, unrestricted Hartree-Fock; RHF, restricted Hartree-
Fock; ESR, electron spin resonance.

phen, 2, has been synthesized and shown to exhibit
chemical and toxicological behavior consistent with its
postulated role as an intermediate in Scheme IA.

The nonenzymatic decomposition of N-hydroxyace-
taminophen by first order dehydration to NAPQ has also
been demonstrated (9) and preliminary toxicological
studies of the chemically synthesized NAPQ have been
reported (10). As shown in Scheme IB, loss of a proton
can occur from either the phenolic OH or the N-hydroxy-
OH. However, only the former process leads to NAPQ.
The current consensus is that, once formed, NAPQ is
either directly responsible for toxicity by reacting with
tissue nucleophiles or, as shown in Scheme IC, it forms
a more reactive intermediate (4a) by reacting with acet-
aminophen (10).

There is, however, a growing body of evidence (9, 11,
12) to suggest that either the decomposition of N-hy-
droxyacetaminophen occurs extremely rapidly or that N-
hydroxyacetaminophen is not a metabolite of acetamino-
phen. Thus, a number of alternative mechanisms of
transformation of acetaminophen leading to formation
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SCHEME 1. Proposed pathway to formation of toxic species from acetaminophen via N-hydroxyacetaminophen

of NAPQ, but not involving N-hydroxyacetaminophen,
have recently been postulated.

Among these “direct” pathways is one shown in
Schemes II and III. It is based upon a recent suggestion
(13) that cytochrome P-450 could be acting like a HRP
in its oxidation of acetaminophen (9, 13). As shown in
Scheme II, this pathway consists of two sequential H
atom abstractions from the N and O atoms of acetamino-
phen by the reactive oxygen atom of the putative P-450
“ferryl” state. Radical intermediates formed in step I can
undergo a second HRP-like H abstraction leading to
species 3. Alternatively, the amine radical can also re-
combine with the OH- radical forming the hydroxyl-
amine 2 in a more typical cytochrome P-450 pathway.
The requirement for both a phenol group and an amine

hydrogen for maximum covalent binding of radiolabeled
substrate to a microsomal preparation makes this scheme
an enticing possibility. However, no direct evidence ex-
ists for this P-450-mediated pathway. While an acet-
aminophen radical was detected in the HRP-H;0;-me-
diated metabolism and tentatively identified by ESR
behavior in chemical oxidation of acetaminophen to be
an aryl carbon radical (13), no radical species of any kind
was detected in the normal P-450-mediated metabolism
of acetaminophen. Moreover, while some evidence exists
for H abstractions from N and C atoms (14-19), no such
H abstraction from phenol oxygens has been demon-
strated for any phenol substrates of P-450.

A simplified model system for these transformations
is shown in Scheme III. In this scheme, all the alternative
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SCHEME I1. Direct pathway proposed for formation of toxic species from acetaminophen

transformations of the parent compound shown in
Scheme II are retained, but an oxene, (®P)O species has
been substituted for the proposed biologically active fer-
ryl state of cytochrome P-450. It is the thermodynamics
of this scheme which we propose to investigate in this
study.

As indicated in Scheme III, three competing initial
steps in the oxidation process are included: 1) H abstrac-
tion from the phenol oxygen leading to radical interme-
diate 4a; 2) H abstraction from the nitrogen leading to
radical intermediate 4b; and 3) addition of the oxygen to
the nitrogen leading to intermediate 4c. Four possible
subsequent reactions are also depicted. These include a
second H abstraction from intermediates 4a and 4b, both
leading to the quinone product 3; a radical recombination
by intermediate 4b and a rearrangement of the interme-
diate 4c, both leading to the N-hydroxylamine product
2. Intermediate 4c, a triplet biradical species, must un-
dergo spin state crossing to a singlet state of comparable
energy in order to form product 2. Scheme III, then,
represents three plausible types of radical mechanisms
of arylamine oxidations by cytochrome P-450 involving
H abstractions from oxygen and nitrogen atoms and an
addition-rearrangement mechanism.

In addition to the radical mechanisms shown in
Scheme III, it is also possible, as shown in Scheme IV,
that a nonradical (singlet) oxygen species is involved in
P-450 N oxidations (20, 21). In this study, we have also
investigated the thermodynamics of both the concerted
(Scheme IVA) and two-step pathways (Scheme IVB).

Finally, we have addressed the feasibility of formation

of p-benzoquinoneimine by dehydration of the N-hy-
droxy products (Scheme IB) in a reaction between NAPQ
and acetaminophen and the formation of reactive inter-
mediate 4a by Scheme IC.

In particular, using the semiempirical molecular or-
bital method, MNDO (22, 23),2 we have calculated and
compared the free energies of the reactions shown in
Schemes IB, IC, III, and IV for aniline, p-OH aniline,
acetanilide, and acetaminophen and characterized the
spin and electron distribution of key postulated radical
intermediates and products.

METHOD AND PROCEDURE

In the study reported here, we have used a revised version® of the
semiempirical all valence electron molecular orbital method MNDO
(22, 23) to calculate geometry-optimized enthalpies of formation for
the four substrates studied and all stable intermediate, reactants, and
products formed by them as indicated in Schemes IB, IC, III, and IV.
This program has been carefully parameterized to give accurate en-
thalpies of formation at 298° K and geometries for a variety of organic
molecules. A microwave structure of aniline (24) was incorporated into
the starting geometry for all optimizations. For the acetanilide geome-
try, a H atom was replaced by a COCH; group and standard bond

2 These programs were originally developed in the laboratory of
Professor M. J. S. Dewar in collaboration with W. Thiel, G. P. Ford,
M. McKee, D. Nelson, S. Olivella, and H. Rzepa. They were obtained
from the National Resource for Computational Chemistry at Lawrence
Berkeley Laboratories and included MNDO and two additional pro-
grams to calculate vibrational and rotational partition functions and
perform statistical mechanical calculations of thermodynamic proper-
ties. The original programs have been modified to increase their effi-
ciency and combined into one program in our laboratory by Dr. Dale
Spangler.
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ScHEME III. Model for direct pathway proposed for formation of toxic species from acetaminophen

lengths and angles used as an initial geometry for this group. For
geometry optimization of radical species, we employed a UHF formal-
ism which assumes different orbitals for different spins. The combined
use of MNDO with the UHF formalism results in an underestimation
of individual heats of formation, an error which partially cancels in
determining reaction thermodynamics involving radical reactants and
products. However, to prevent spin contamination, the unpaired spin
distribution of these radicals was calculated by the half-electron method
or RHF procedure in MNDO (22, 23). In this method, HOMO is half
occupied by the spin-unpaired electron and the spin density is equal to
the electron density distribution in this orbital.

Enthalpies of reaction were obtained as differences between enthal-
pies of formation for reactants and products,

products  reactants
AH, = 2 AH/() - ; AH((j)
and entropies of reaction were calculated from entropy differences
between reactants and products:
products reactants
AS, =38 - L
i j

The Gibbs free energy of reaction at 298°
AG, = AH, - TAsr

was then obtained from calculated values of AH, and AS,. In addition
to energy-optimized geometries, net atomic charges, spin distributions,
and orbital energies were obtained for each species investigated. These
properties could be relevant to the proposed electrophilic activity of
reactive intermediates formed during the oxidation of the arylamines.

RESULTS

Description of parent compounds. In the optimized
structures of the four parent arylamines, aniline, p-hy-
droxyaniline, acetanilide, and acetaminophen, the amine
group in aniline and p-hydroxyaniline is tetrahedral and
pyramidal. The HNC bond angles are 111°; there is a
120° difference in the torsion angles rx nc,c, and 7 C,Cyp
and a 28° angle between the NH, and phenyl planes.
This value is in good agreement with the microwave
structure value (24) and is somewhat smaller than a
minimum basis set ab initio results (25). With this ge-
ometry, the nitrogen-lone pair of electrons can partici-
pate in the «x electron system of the benzene ring.

By contrast, in the optimized geometry of acetanilide
and acetaminophen, the plane of the amide group, i.e.,
the H-N-C-O plane is rotated nearly perpendicular to
the benzene ring (7cnc,c,= 90-95°). In this geometry, the
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ScHEME IV. Proposed N oxidation of acetaminophen by closed shell oxygen species

= electrons of the amide group are nearly perpendicular
to the = electron system of the benzene ring, and hence
the two x systems, are independent. The amide nitrogen
is not totally sp? hybridized. The difference in torsion
angles between runc,c, and 7cncc, is 150° rather than
180° and the <HNC, bond angle is 113° while the <CNC,
bond angle is 124°. The X-ray structure of acetamino-
phen (26) has the amide group about 21° out of planarity
with the benzene ring. Deviations from planarity in
aromatic amides were found in other cases (27). It is
unreasonable to argue that the perpendicular structure
predicted by MNDO is the only one to be expected in
the gas phase. However, a calculation of the rotational
barrier with optimization at each restricted amide di-
hedral angle is required to quantitatively weigh the pop-
ulation of this conformation.

The net atomic charges, r electron densities, and bond

overlap density of the parent compounds calculated by a
Mulliken population analysis are given in Fig. 1. When
normalized to the charge distribution calculated by
MNDO for benzene (g. = —0.06, g = +0.06; one electron
in every carbon = orbital), we see that the amine group
in aniline is electron donating at the ortho and para
position and is electron withdrawing at the meta position
both in terms of net atomic charge and in terms of «
electron densities. By contrast, since the amide group in
its optimized geometry interacts much less with the
benzene ring, both the » and total electron densities are
essentially unaltered in acetanilide.

In the p-hydroxy aniline, the ortho electron-donating
effects of the —OH and NH; groups are in conflict, since
the ortho position of one is the meta position of the other
group. The position of maximum = and total electron
density is C-5, ortho to the OH and meta to the NH,.

379

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

380 LOEW AND GOLDBLUM

(a) Aniline
+0.16 +0.16

H H
-0.34
1.423 A —=| [0.573]

+0.05 (0.98)

1

(1.05) -0.13 (5 2) 0.13(1.05)

(0.98) -0.07 & p 3J 0.07(0.98)

-0.12(1.03)
[0.737]

H
+0.10

Acetanilid
(c) Acetanilide 0 -038

[0.611]
1.23A

/0
ﬁw.rs
H,)
26 A (CHy

C
1.5

1417 A

+0.22

H
\-0.48
N

[0.591]
+0.09 (1.02)

143 A —*

(1.02) -0.1 -0.06 (0.98)

1
(] 2
(1.00) -0.09 (8 a 3J -0.09 {1.00)

-0.10 (1.00)
[0.736)

H
+0.10

(b) P-Hydroxyaniline
+0.15 +0.15

H H
-0.33
\N 3
1.425 A —| [0.567]
+0.01 (1.02)
1
(1.02) -0.08 (¢ ) -0.09 (1.02)

(1.08) -0.15 & 3 0.09 (1.03)

+0.10 (0.99)
1.36 A\ —= [0.465]

0 -0.33

+0.24 H

(d) Acetaminophen
0 -0.38

[0.611)
\ 1.237
0;,‘)9\ c /

H 06‘
\0“8 P N +0.15
N (CHy)

(0.591) 1.526A
+0.05 (1.06)

1.417A

+0.22

1.43 A —=

(0.99)-0063 ('3 -0.03 (0.95)
(1.10)-0.178 € . 3) 0.12(1.05)

+0.13 (0.96)
[0.469)

Fi16. 1. Calculated net atomic charges (+q), = electron densities (p), and bond overlap densities (pas) for four parent compounds

TABLE 1
Calculated thermochemical quantities for reactants in arylamine oxid-itions by *0 and (*P)0
¢P)0 0 Aniline p-OH aniline Acetanilide Acetaminophen
AH/ (kcal/mol) (59.56)° 112.83 21.65 —25.88 -16.42 —64.29
(105.0)° (20.8)°
S°(cal/mol-deg) (38.50)° (37.40)° 76.22 82.47 96.52 102.52

° Experimental values in parentheses.

This position is even more activated in acetaminophen
with a net charge of —0.174 and a = electron density of
1.10e.

The bond overlap density between the nitrogen and
ring carbon is somewhat enhanced in going from amine
to amide 0.57 — 0.59 and seems unaffected by the p-OH
group. The bond overlap density between the phenolic
oxygen and the ring carbon is less than the nitrogen, i.e.,
~0.47e, and is about equal for aniline and acetanilide.
The lack of double bond character of the amide N-C
bond is manifested in the fact that although it has a
somewhat smaller bond length ry.c= 1.417 A, it also has
a somewhat smaller bond overlap density 0.557e than for
the N-ring carbon bond.

Reaction thermodynamics. Table 1 gives the calculated
enthalpies of formation and entropies for arylamine sub-
strate reactants involved in oxidation by 'O and (°P)O
models for the P-450 ferryl oxygen. As indicated in Table
1, the calculated heat of formation of aniline is in excel-
lent agreement with the experimental value.

Tables 2 and 3, respectively, give the calculated en-
thalpies of formations and entropies for intermediates
and products of oxidation of the substrates by (°P)O as
shown in Scheme III and by 'O as shown in Scheme IV.

Table 4 gives the calculated enthalpies of formation
and entropies for the two possible anions I and 2 formed
by loss of a proton from N-hydroxy-p-hydroxyaniline
and N-hydroxyacetaminophen (Scheme IB).

Tables 5 and 6 summarize the calculated reaction
thermodynamics for N oxidation of the arylamines by
triplet oxygen (Scheme III) and by singlet oxygen
(Scheme IV), respectively.

Table 7 gives the calculated reaction thermodynamics
for formation of a proposed radical intermediate from
N-acetyl - p-benzoquinoneimine and acetaminophen
(Scheme IC).

Reactive intermediates. Figs. 2 and 3 summarize elec-
tronic and spin distributions of three types of putative
reactive intermediates. In Fig. 2 are the net atomic
charges, total » electron densities, and = electron density
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TABLE 2
Calculated thermochemical quantities for intermediates and products for N oxudation of four arylamines by (*P)O (Scheme III)
AH,* in kcal/mol; S° in cal/mol-deg.

Parent Intermediate 4a Intermediate 4 Intermediate 4c Product 3
(p-benzoquinone)
H R H R 0 R
N4 N/ “\; y
N N -NR
| : :
R[ O ° Rl
AHp s° AHP s°
Aniline 41.75 80.50 92.48‘
p-OH aniline -5.30 81.67 -1.57 81.06 15.96 80.50
Acetanilide 141 95.88
Acetaminophen —42.30 101.97 —47.95 103.20 —24.45 101.29
-OH H,0
AHp s° AHf s°
0.23 438 —60.94 46.32
(9.4)® (43.9)° (—57.8)*

¢ In this triplet state, unpaired spins are primarily on the ring carbon atoms.
* Experimental values in parentheses.

TABLE 3
Calculated thermochemical quantities for intermediates and products for N oxidation of four aromatic amines by 'O (Scheme IV)

AH® in kcal/mol; S° in cal/mol-deg.

Parent Intermediate 1 Product 1 Product 2
(o]
H R H {1t R HO R H 0 CH,
N/ \ / N/ N/ N/
N N N N C
| |
; 0
R, R, R, R,
R R, AHpP S° AHpP S°
H H 57.33 82.89 9.76 83.39
H OH 9.16 88.81 -38.37 88.83
COCH;, H 30.69 100.44 -23.93 100.32 -24.07 102.22
COCH, OH -17.36 106.38 -72.04 105.98 —T74.45 109.22

and energies of LUMO for the two p-benzoquinoneim-
ines, candidate reactive intermediates of p-hydroxyani-
line and acetaminophen. Fig. 3 gives the calculated spin
distribution on the radical intermediates 4a and 4b
formed by hydrogen atom abstraction from the oxygen
and the nitrogen atoms, respectively, of the parent com-
pounds studied. The results reported are for the RHF
method of MNDO. In this method, HOMO contains the
spin-unpaired electron. This method avoids spin contam-
ination and the unpaired spin density distribution is the
electron density distribution in HOMO.

DISCUSSION

Reaction thermodynamics. The calculated reaction
thermodynamics of model enzymatic N oxidation by a

closed shell oxygen species (Scheme IV, Table VI) sug-
gest that both steps of the addition-rearrangement re-
action of singlet oxygen with the four arylamines studied
are highly exothermic processes that would yield N-
acetoxy as well as N-hydroxy products.

If such nonradical mechanisms are involved in P-450
oxidations, then the reactive species leading to toxic
effects is most likely formed from N-hydroxy or N-
acetoxy products. There have been no reports of the
latter products and their detection could help resolve
whether a singlet mechanism is a plausible one for N
oxidation by P-450. However, previous mechanistic stud-
ies for simple model oxidations of aliphatic, allylic hy-
droxylations and alkene epoxidations together with ex-
perimental isotope effects and suicide substrate adduct

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

382 LOEW AND GOLDBLUM

TABLE 4
Calculated thermochemical quantities for anion formation by proton
abstraction from N-hydroxy-p-hydroxyaniline and N-hydroxy

acetaminophen (Scheme IB)
AHp in kcal/mol; S° in cal/mol-deg.
Product 2 Anion 1 Anion 2
HO R HO R -0 R
\ / N/ N\ /
N N N
| | I
OH (0 OH
R AH Se AHpS S°
H -59.98 8694  -35.76 86.31
COCH; -94.70 105.50 -76.56 105.56

formation argue against such a closed shell mechanism
(14-19).

If, as is now favored, the reactive oxygen species in
cytochrome P-450 has radical character, a H abstraction
mechanism or oxygen addition mechanism is possible
(Scheme III). The enthalpy of formation of the inter-
mediates 4a and 4b from the former and 4c from the
latter initial reaction with aniline is given in Table 2.
We note that the enthalpy of formation for the radical
species formed by H abstraction (intermediate 4b) is
much more favorable than the triplet N-oxide (interme-
diate 4c), in which the unpaired spin is largely on the
ring carbon atoms. This result indicates that, by a ther-

modynamic criterion, a H abstraction mechanism would
be favored over an addition-rearrangement. Conse-
quently, we have explored the reaction thermodynamics
of that pathway (Scheme III) in detail.

The results, summarized in Table 5, indicate that
direct formation of p-benzoquinoneimines from two se-
quential H abstractions; i.e., the “HRP-like” pathway is
thermodynamically favored over hydroxylamine forma-
tion. If the first step in P-450 oxidations of arylamines
is H abstraction from the nitrogen, then, comparing AG,
and AGs;, we see that H abstraction from the phenol
oxygen leading directly to the p-benzoquinoneimine
product is favored over the formation of hydroxylamine
by 19 kcal/mol for p-hydroxyaniline and by 26 kcal/mol
for acetaminophen. Moreover, the alternative pathway
to direct p-benzoquinoneimine formation via initial H
abstraction from the phenol also seems competitive. Dif-
ferences in AG,, H abstraction from the nitrogen, and
AG,, H abstraction from the phenol, favor the former by
1.7 kcal/mol for p-OH aniline and 6 kcal/mol for acet-
aminophen. If H abstraction from the phenol does occur
first, the subsequent H abstraction from the amine hy-
drogen (AG;) is about equally exothermic. These results
support the plausibility of an HRP-like direct pathway
to N-acetyl-p-benzoquinoneimine formation from acet-
aminophen without the intermediacy of a N-hydroxy
metabolite. They also indicate that the same pathway is
possible for p-OH aniline which is also known to be toxic.

Such thermodynamic criteria do not rule out the rad-
ical recombination reaction to hydroxylamine and hy-
droxamic acid intermediates. The efficacy of these inter-

TABLE 5
Calculated reaction thermodynamics for pathway III: oxidation of arylamines by (*P)O

AH,, AG,, kcal/mol; AS,, cal/mol-deg.

H<

AG, H\

(1) p>N—o—pR, + °P(0) 22 R—N—p—pR, + - OH @ gpoN—¢—pR: + 3P(0) = p N—
¢—p0- + -OH

R R, AH, AS, AG, AH, AS, AG,
H H -39.23 9.57 —42.10
H OH -41.02 3.88 -42.18 -38.75 449 -40.09
COCH, H -41.50 4.66 -42.90
COCH, OH -42.99 5.98 -44.78 37.33 475 ~38.76

CI’H (4) R—N—¢—pOH + -OH 23 R—N=

(3) R—N—¢—pR, + - OH °3 R—N—&—pR, =0 + H:0

R R, AH, AS, AG, AH, AS, AG,
H H -32.22 -40.90 -20.02
H OH -31.03 -36.02 —20.29 -37.64 1.96 -38.22
COCHj H ~25.56 -39.36 -13.82
COCHs OH —24.32 —41.01 -12.09 —-37.67 0.61 -37.86

H
\ 4Gy

(5) R—N—¢—pO- +-OH 3 RN—<:>-O +H,0

R R] AHr Asr AG&
H OH -39.91 1.35 —40.32
COCH, OH -43.32 1.84 -43.87
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TABLE 6
Calculated reaction thermodynamics for pathway IV: oxidation of
arylamines by '0
AH,, AG,, kcal/mol; AS,, cal/mol-deg.

A. Intermediate N-oxide formation

H H
N\ N\
N_©—R, +0-0 «-N—@—R
4 /
R R
R

1
R, AH, AS, AG,
H H -T77.16 -30.73 —67.98
H OH =71.78 -31.06 —68.53
COCH, H —65.72 -33.48 -55.74
COCH;, OH -65.90 -33.54 —56.90
B. Hydroxylamine formation
H O OH
\ | \
N— —R;— N— —R,
/ /
R R
R, R, AH, AS, AG,
H H —47.54 +0.50 —47.60
H OH —47.54 +0.03 —47.55
COCH, H —54.62 -0.12 —54.58
COCH, OH -54.68 -0.40 ~54.56
C. Acetoxyamine formation
0
(lJ —CH,
/
o 0
I \
H,C OC—N— —R,; — N —@-R,
| /
H H
R, AH, AS, AG,
H —54.76 +1.78 —56.29
OH -57.09 +2.83 -57.94

TABLE 7
Calculated reaction thermodynamics for formation of radical
intermediate from N-acetyl-p-benzoquinoneimine and acetaminophen

(Scheme IC)
AH,;, AH,, kcal/mol; S° in cal/mol-deg.
) ) )
I He I H_
N“C~CH, N7CNCH,  “N-CCH,
] | |
; | I
) HO 0
3 1 4
AH, —24.45 —64.29 —42.30
Se 101.29 102.51 101.97
AH, AH,=415  AS,=013 AG, = 4.01

mediates to form p-benzoquinoneimine products would
depend on the rates of the dehydration reactions.

The reactivity of the p-hydroxy hydroxylamines do
point to their further transformation to quinoneimine
products. As shown in Table 4, proton abstraction from
the C-OH, a possible first step in dehydration, is favored
by 18-19 kcal/mol over proton abstraction from the N-
OH. Only the favorable anion 1 can lose OH™ to form
the p-benzoquinoneimine.

The relative ease of loss of proton to which these
relative energies apply is related to the gas phase proton
affinities of the anions, rather than to the solution pK,
values of hydroxamic acids and phenols. In general, pK,
values are macroscopic quantities, intimately involving
the effect of bulk water. The calculated quantity is most
relevant to the mechanism of quinoneimine products if
they are formed in or near the hydrophobic substrate-
binding site of cytochrome P-450 rather than in solution.

As shown in Scheme IC, it has also been proposed that
N-acetyl-p-benzoquinoneimine reacts with acetamino-
phen to form the radical species 4a. Table 7 gives the
calculated thermodynamics for the reaction in Scheme
IC indicating it to be modestly endothermic by 4 kcal/
mol. Thus, both enzymatic and nonenzymatic pathways
to this reactive intermediate are plausible.

Candidate toxic intermediates. Formation of three
types of putative reactive intermediates that could be
responsible for toxicity have been investigated in this
study: 1) p-benzoquinoneimines, 2) radicals formed by H
abstraction from the nitrogen of the parent compounds,
and 3) radicals formed by H abstraction from the phe-
nolic oxygen of the p-hydroxy analogs.

If, as suggested, the p-benzoquinoneimines are the
electrophilic reactive intermediates which cause toxicity
by attack at nucleophilic sites of tissue macromolecules,
then incipient covalent bond formation could be initiated
by electron transfer from the nucleophile to their LUMO.
In such “overlap-controlled” reactions (28), the nature
and energy of the empty, electron-accepting orbitals
(LUMOs) are a relevant measure of electrophilicity. As
shown in Fig. 2B, for p-benzoquinoneimine and the N-
acetyl analog, the LUMO is a x* orbital with a negative
energy indicative of potential electrophilicity of both
analogs, but somewhat enhanced in the quinoneimine
from acetaminophen. The = electron distribution in
LUMO, particularly for acetaminophen, while showing
only small variations, is consistent with observed thioad-
duct formation at the C-3 position (29, 30).

In contrast to overlap-controlled reactions, the total
net atomic charges could be indicators of electrophilicity
if reactions are “charge controlled” (26). As shown in
Fig. 2A, by this criterion, only the ring carbon atoms
directly attached to the O and N substituents have
positive charges and would be electrophilic in a charge-
controlled reaction. While there is some evidence of
adduct formation at C-3, there is none for formation at
the C-1 or C-4 positions. Thus, an overlap rather than
an electrostatic criterion for electrophilicity appears to
be a more reasonable indicator of the reactivity of the p-
benzoquinoneimines. The nature of LUMO also suggests
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(a) P-Benzoquinoneimine

(b) N-Acetyl-p-Benzoquinoneimine

1) Net Atomic Charges * q; Electron Densities (p)

025 H +0.14

1.
+0.07 (0.913)

(0.946) -0.04 -0.11 (0.988)

(1.022) -0.17 -0.14 (0.984)

+0.32 (0.754)
1

8 b
> >
z\

0 -0.31

+0.18 (0.857)

(0.955) -0.06 -0.12 (0.994)

-0.13 (0.972)
+0.30 (0.757)

(1.009) -0.16

1.23
0 -0.31

)
o
>°.>o

2) Tl Electron Distribution in LUMO

0.19 _H
N ~
0.09
0.12 0.14
0.10 0.14
0.11
0 0.2

oo
E umo = ~1:2775eV

CH,
017 _C
N o
0.12
0.1 0.12
0.10 0.14
0.12
0012
-1.5505 eV

F1G6. 2. Calculated charge distributions for (a) p-benzoquinoneimine and (b) N-acetyl-p-benzoquinoneimine
1, net atomic charges + q and = electron densities (p). 2, x electron distributions and energies of LUMO.

a = approach of a nucleophile to a preferred site of
covalent adduct formation.

Calculated spin densities for the radicals formed by H
abstraction from the nitrogen and oxygen atoms (Fig. 3)
strongly suggest that they are the intermediates spin-
trapped in the hydroxyl radical-mediated oxidation of
acetaminophen (13).

As shown in Fig. 3, the radical formed by H abstraction
from the phenol oxygen of p-OH aniline and acetamino-
phen is not an oxy radical. Instead, the oxygen atom
retains only 12-13% of the unpaired spin density and
the remainder of the unpaired spin becomes delocalized
on the ring carbon atoms, making the radicals primarily
aryl carbon radicals. This result is consistent with and
explains the radical species reported trapped in the HRP-
H,0,-mediated transformations of acetaminophen (13).
The electron spin resonance of this species was inter-
preted as due to an aryl radical but the origin of such a
radical was unclear. The unpaired spin distribution on
the aromatic ring, is mainly at the C-1, C-3, and C-5
positions with little or none at the C-2, C-4, and C-6
positions. Moreover, the 0—C-4 bond length is consid-
erable shortened to that of a C=0 double bond. Thus,
the radical formed from H abstraction from the phenol
oxygen is not an oxy radical a, but a semiquinone aryl
radical b.

?.

0
I
N N

7N\ 7N\
H R H R

a b

This description of the radical is not only consistent
with observed ESR behavior but makes it a very plausible
precursor to the known dimeric products ¢ of phenol
oxidations by HRP (31), e.g.,

OH OH

ONe©

NN

7N, N\
H RH R

c

The spin distribution also indicates that it is a species
capable of producing toxicity by adduct formation at
positions (3, 5) with tissue macromolecules. Formation
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Acetaminophen

0 (0.12) 0 (0.131)
1.24 A 1.24 A
(0.03) (0.03)
(0.20) (0.20) (0.21) (0.21)
(0.01) (0.01) (0.00) (0.00)
1.41 A| (0.33) 142 A
N (0.07) (0.035) o
N
H/ \H Y / \c //
E,/pe = -4.950 eV CH,
E /0= -5.186 eV
P-hydroxyaniline Acetaminophen
H
e o _~H
1.35 A 1.35 A
(0.28) (0.27)
(0.01} (0.01)
(0.20) (0.20) (0.20) (0.19)
1.33 7| (0.01) (0.02)
0 13312
N (0.24) N (0.225)
w \\c -
/
Eqje = -4.737 eV CH3
E,/pe = -5.0442 eV
Aniline Acetanilide
H H
(0.29) (0.27)
(0.22) (0.22) (0.21) (0.21)
134 A 1.33 A
N (0.27) 0\ N (0.26)
- P
E =-4970 eV I
1/2e CH,
E. . =-528975eV

1/2e

F1G. 3. Unpaired spin density distribution
A, radicals formed by H abstraction from oxygen of parent com-
pounds B, radicals formed by H abstraction from nitrogen of parent

compounds.

aspet.’

of thie intermediate is consistent with the observation
that glutathione forms an adduct with a reactive inter-
mediate of acetaminophen at the 3-position (29, 30).
Such a reaction can occur between the acetaminophen
radical and the parent glutathione with concerted loss of
a H atom or between the acetaminophen radical and a
thiyl radical subsequent to its loss of an H atom. In either

the one-step or two-step reaction, unpaired spin density
on the electrophilic acetaminophen radical at the site of
covalent bond formation should enhance this reaction.

As shown in Fig. 3, the radical formed by H abstraction
from the nitrogen is also delocalized onto the aryl ring
but to a lesser extent than in the phenol radical. More-
over, the C-N bond is not appreciably shortened by H
abstraction from the nitrogen. The unpaired spin is on
the ring C atoms but in this radical is mainly at positions
2, 4, and 6. Dimerization or adduct formation with tissue
nucleophiles would then be expected at the 2- and 6-
positions.

CONCLUSIONS

Reaction thermodynamics for a two-step H abstraction
by a radical oxygen species have been calculated for
acetaminophen and p-hydroxy aniline. For both analogs,
this HRP-like mechanism leads directly to p-benzoqui-
noneimines via radical intermediates and is calculated to
be thermodynamically favorable compared to the calcu-
lated thermodynamics for N-hydroxylamine formation
by H abstraction or addition rearrangement.

The aryl radicals formed by H abstraction from oxygen
or nitrogen can: 1) be potentially toxic intermediates by
interaction with nearby radicals; 2) go on to form p-
benzoquinoneimines, another possible toxic intermedi-
ate; or 3) because of proximity and steric constraints
(i.e., a radical cage), recombine with the enzyme to form
enzyme-bound recombination products.

A closed shell mechanism of N oxidation of arylamines
appears to lead directly to the hydroxylamines with less
likelihood of precursor-reactive intermediates. Toxic
species would then most likely be formed by loss of H,O
from the hydroxylamines.
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