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The addition of the acetyl radical at the various positions in both pyridine and the pyridinium ion has been
investigated using DFT calculations. Additions at the 2-, 3- and 4-positions in these systems are associated
with simultaneous SOMO/p* and p/SOMO interactions, with the former interaction dominating in the
case of pyridine, and that latter in the case of pyridinium. Simultaneous SOMO/p*, LPN/SOMO and
LPN/p*c]o interactions are predicted for the addition at the nitrogen atom in pyridine. The energy barrier
for attack at the nitrogen atom in pyridine is calculated to be 54 kJ mol�1 at the BHandHLYP/6-311G(d,p)
level of theory, some 6 kJ mol�1 lower than for the analogous attack at any other atom in pyridine, or at any
position in the pyridinium ion. Multiorbital interactions are responsible this preference, resulting in an
unusual motion vector in the transition state for attack at the nitrogen atom in pyridine.

� 2009 Elsevier Ltd. All rights reserved.
Scheme 1. The addition of isoniazid (1) to NADþ to form the true drug (2).
1. Introduction

Isoniazid (1), the hydrazide of isonicotinic acid, is an important
antibiotic used to combat tuberculosis (TB).1 Increasingly Myco-
bacterium tuberculosis is becoming resistant to the antibiotics used
for its treatment, including 1. It is therefore important that the
mode of action of isoniazid is better understood in order to combat
this drug resistance.1,2

Isoniazid 1 is a prodrug which is activated to form a reactive
intermediate which then adds to the biological cofactor NADþ to
form the ‘true drug’ (2, Scheme 1).3 This activation is carried out in
the bacterium by the catalase-peroxidase enzyme KatG.4–9 Electron
spin resonance (ESR) studies have suggested that free radicals are
the intermediates involved in this process.6 Recently we reported
studies supporting the hypothesis that the reactive intermediate
formed is the acyl radical produced by oxidation of 1.10 An important
step in the chemistry of isoniazid is the addition of this intermediate
radical to the pyridinium ion in NADþ to form 2 (Scheme 1).

Acyl radicals have traditionally been thought to be nucleophilic
in their addition to alkenes.11 Recent results, however, suggest that
acyl radicals can also act as electrophilic radicals depending on the
electronic demand of the p-system undergoing addition, as well as
deriving assistance during addition chemistry by masquerading as
electrophiles.12 Given the similarities to previous work, we were
interested in determining whether or not these interactions are
þ613 93478189.
chiesser).

All rights reserved.
also important in the isoniazid chemistry described above. To that
end, we now report our computational results for the addition of
acetyl radicals to the pyridinium ion and pyridine.

2. Computational methods

Previous benchmarking studies12,13 established that BHandH-
LYP/6-311G(d,p) is a reliable level of theory for the study of the
reactions of acyl radicals with p-bonds, so we chose to use this
method in this study.
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Table 1
Calculated energy barriers for the forward (DE1

z) and reverse (DE2
z) reactions of the

acetyl radical with the pyridinium ion

Transition Structure DE1
z DE1

zþZPE DE2
z DE2

zþZPE ni

3 138.1 134.9 8.2 4.9 231i
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Geometry optimizations were performed using the Gaussian 03
program14 at BHandHLYP/6-311G(d,p). An unrestricted method was
used for the open-shell systems. Ground and transition state
structures were verified using vibrational frequency analysis, also
at the BHandHLYP/6-311G(d,p) level of theory. Zero point vibra-
tional energy corrections have been applied to all structures. Nat-
ural Bond Orbital (NBO) analyses were carried out using NBO 5.015

linked through the Gaussian 03 program.
Optimised geometries and energies for all transition structures

as well as an avi of the interesting transition structure vector are
available as Supplementary data.

3. Results and discussion

3.1. Reaction of acetyl radical with the pyridinium ion

Structures 3–6 are the lowest energy transition structures found
at the BHandHLYP/6-311G(d,p) level of theory for the reaction of
the acetyl radical at the N1, C2, C3 and C4 positions of the pyr-
idinium ring respectively (Fig. 1). Separations of the reacting units
in these transition structures are predicted to be larger for attack on
the carbon than on the nitrogen. For example, the attack on C2 (4,
Figure 1. BHandHLYP/6-311G(d,p) optimized structures of transition states 3, 4, 5 and
6 for the homolytic addition of the acetyl radical to the pyridinium ion at the N1, C2, C3
and C4 positions.

Figure 2. Representative energy diagrams for orbital interactions involved in the homolytic
and 4, 5 and 6 (a and b only). The attacks on pyridine via transition states 8, 9 and 10 are
Fig. 1) is predicted to have a separation of 2.161 Å which is larger
than 2.001 Å for the attack at the nitrogen (3, Fig. 1). The angles (q)
around the carbonyl bond are predicted to change according to the
electron density on the ring. The angle of attack is 109.8� for the
nitrogen (3, Fig. 1) where electron density is low as compared to
114.0� at C3 (5, Fig. 1) where there is the greatest electron density.

Table 1 lists the energy barriers for the forward (DE1
z) and reverse

(DE2
z) reactions of addition of the acetyl radical to the pyridinium ion.

Examination of this table reveals that the addition of the acetyl
radical to pyridinium is thermodynamically unfavourable.
4 72.4 72.2 46.3 41.7 262i
5 99.0 97.5 38.6 35.1 355i
6 68.9 69.1 19.0 16.6 182i
Inspection of the natural bond orbital (NBO) analysis data for the
attack of the acetyl radical at the C2 position of the pyridinium ion
(4) reveals an interaction between the radical (SOMO) and the p*
system of the aromatic ring worth 264 kJ mol�1 (Table 2, Fig. 2,a),
evident in the set of a spin orbitals. An interaction worth
171 kJ mol�1 between the p system in the aromatic ring and the
unoccupied b component of the SOMO of the radical is evident in
the b spin set (Table 2, Fig. 2, b). Similar interactions are found at all
addition of the acetyl radical to the pyridinium ion via transition states 3, (a, b and c)
also represented by a and b.

Table 2
Energies of interactions between molecular orbitals for attack at the various posi-
tions on both the pyridinium ion and pyridine

Attack via transition state Figure 2a Figure 2b Figure 2c

SOMO–p* p–SOMO par–p*C]O

kJ mol�1 kJ mol�1 kJ mol�1

3 816 295 59
4 264 171
5 274 252
6 534 346
8 506 600
9 492 617
10 294 319
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positions on the pyridinium ring (Table 2, Fig. 2, a and b) indicating
that the acetyl radical is more nucleophilic than electrophilic in
character when attacking pyridinium. Figure 3 depicts represen-
tative transition state orbitals involved during the attack of acetyl
radical at the N1 and C2 positions at this level of theory.16
Figure 3. Key BHandHLYP/6-311G(d,p) generated molecular orbitals involved in the
homolytic addition of acetyl radical to the N1 and C2 positions of the pyridinium ion.16

Figure 4. BHandHLYP/6-311G(d,p) optimized structures of transition states 7, 8, 9 and
10 for the homolytic addition of the acetyl radical to pyridine at the N1, C2, C3 and C4
positions respectively.

Table 3
Calculated energy barriers for the forward (DE1

z) and reverse (DE2
z) reactions of the

acetyl radical with pyridine

Transition Structure DE1
z DE1

zþZPE DE2
z DE2

zþZPE ni

7 50.5 53.5 137.7 132.5 494i
8 64.4 63.0 73.2 68.6 479i
9 65.0 64.5 69.3 64.9 514i
10 58.5 59.0 61.6 57.4 461i
When the acetyl radical is attacking at the nitrogen of the pyr-
idinium ion (3, Fig. 1) there is a slightly more complex interaction
pattern found in the NBO analysis. The SOMO/p* interaction in the
set of a spin orbitals is worth 816 kJ mol�1 (Table 2, Fig. 2a) and is the
most significant interaction indicating again the nucleophilic nature
of the radical in this circumstance. The p/SOMO interaction is
evident in both the a (109 kJ mol-1) and b (187 kJ mol�1) spin sets
(Table 2, Fig. 2,b) and a further small paromatic/p*C]O interaction
worth 42 kJ mol�1 (a) and 17 kJ mol�1 (b) is also present (Table 2,
Fig. 2,c).
Figure 5. Alignment of orbitals for addition to pyridine.
3.2. Reaction of acetyl radical with pyridine

Structures 7, 8, 9 and 10 (Fig. 4) are the lowest energy transition
structures found for the reaction of the acetyl radical at the N1, C2,
C3 and C4 positions on the pyridine ring respectively. Once again
the separation of the reactants in the transition state is shorter for
attack on the nitrogen (1.817 Å for 7 vs 2.087 Å for attack at the C2
position, 8) and in this case the angle of attack is quite different
(109.4� for 7 vs 119.6� for 8). The angles of attack for the carbons
follow the electron density of pyridine with the largest angle on the
C2 and smallest on the C3 position.

Table 3 lists the energy barriers for the forward and reverse re-
actions for addition of the acetyl radical to pyridine. Inspection of
these data reveals that the forward reaction for addition of the radical
to the nitrogen in pyridine (DE1

z, 7) is 5.5 kJ mol�1 more favourable
than addition at any other part of the ring in that it has a calculated
energy barrier of 53.5 kJ mol�1 compared to 59.0 kJ mol�1 for the
nearest neighbour. The calculated energy barriers for the reverse
reactions are similar to the forward barriers and it is only the addition
to the nitrogen on the pyridine that there is a significant preference
for the forward reaction (DE2

z 7¼132.5 kJ mol�1).17
Insight into the attack trajectory of the acetyl radical is found by
investigating the transition state vector; this information is in-
cluded as motion arrows in Figure 4. Whilst the vectors for the
transition structures associated with addition at the C2, C3 and C4
are as expected for homolytic addition to a p-system (Figs. 4 and 5),
the vector for transition structure 7 is unusual in that it shows
movement that corresponds to a rocking motion when visualized
using a program such as GaussView. This signifies a more complex
set of orbital interactions (Figs. 4 and 5) and is similar to motion
vectors associated with attack of the acetyl radical and the oxyacyl
radical at the nitrogen end of imines.12,18
The NBO data for attack of the acetyl radical at the C2 (8), C3 (9)
and C4 (10) positions of pyridine reveals that the radical is now
electrophilic in character. The C2 attack (8) gives a SOMO/p*



Figure 6. Representation of the orbital interactions between the acetyl radical and pyridine at the nitrogen.

Scheme 2. The model for addition to NADþ.
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interaction worth 121 kJ mol�1 in the set of a spin orbitals, while
the b spin set furnishes a p/SOMO interaction worth 143 kJ mol�1.
Attack on the C3 (9) and C4 (10) positions show a similar effect
(Fig. 2, Table 2).

The NBO data for the attack on the nitrogen of the pyridine ring
(7) also shows the electrophilic character of this radical, and in
addition indicates a reason for the rocking motion found in the
transition state. In this case the lone pair of the nitrogen is involved
in the bonding rather than the p system of the aromatic ring
(Fig. 6). The LP/SOMO interactions are worth 377 kJ mol�1 (b spin
set) and LP/LUMO interactions are 205 kJ mol�1 (a spin set) and
71 kJ mol�1 (b spin set), while the SOMO/p* interaction is only
worth 75 kJ mol�1 (Fig. 6). It is the combination of interactions that
maximizes the energy gain from orbital interactions and is re-
sponsible for the rocking motion as described in Figures 4 and 5.
Figure 7 also depicts the orbitals involved in these transition states
for the attacks on pyridine.16
Figure 7. Key BHandHLYP/6-311G(d,p) generated molecular orbitals involved in the
homolytic addition of acetyl radical to the N1 and C2 positions of pyridine.16
3.3. NADD model

The calculated barriers for the addition of the acetyl radical to
pyridinium suggest that this reaction is endothermic. In order to
model the formation of 2 more closely, we chose to examine the
addition of the acetyl radical to the 2-carbamidopyridinium ion
(11). This model (Scheme 2) was chosen as it more closely
resembles the pyridinium ring in NADþ. These calculations reveal
that this chemistry is predicted to be exothermic by 27.0 kJ mol�1

compared to the parent reaction which is caluclated to be endo-
thermic by 52.3 kJ mol�1. In addition, the energy barrier (DE1

z) is
reduced to 21.4 kJ mol�1 for the reaction involving 11 (from
69.1 kJ mol�1 for the parent). It is clear that the increased electron
withdrawing ability afforded by the amide group on the pyridinium
ring is necessary for homolytic addition to occur readily. This ob-
servation is in agreement with the observation that the acetyl
radical behaves in a nucleophilic manner with pyridinium ions (see
above). It is also consistent with the data of Minisci and co-workers
who report that the addition of one acyl radical to a pyridinium ring
strongly activates the ring to further substitution.19

4. Conclusions

In agreement with earlier calculations, the acetyl radical is cal-
culated to be ambiphilic in nature, reacting as a nucleophilic radical
with pyridinium ions, and as an electrophilic radical with pyridine.
Interestingly, attack at the nitrogen atom in pyridine involves
multiorbital interactions that are responsible for the unusual mo-
tion vectors associated with the transition state for this reaction.
Incorporation of an electron-withdrawing amide functionality on
the pyridinium ring accelerates these reactions and is likely to be
responsible for the chemistry observed for NADþ.
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