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Abstract We have analyzed computationally, in terms

of the reaction force, the nitro ? aci tautomerizations of

trinitromethane, trinitromethanol, picric acid and 2,4-dini-

tro-1H-imidazole. These processes involve intramolecular

transfer of a hydrogen to an NO2 oxygen, forming the aci

tautomer (a nitronic acid). The reaction force naturally and

unambiguously divides an activation barrier into two

components: (1) the energy required for initial structural

changes in the reactant(s), and (2) the energy associated

with the first portion of the transition to product(s). In each

of these tautomerizations, the first component is dominant.

For trinitromethane, it is so large that the resulting total acti-

vation barrier makes C–NO2 bond scission energetically

preferable. On the other hand, trinitromethanol—which

appears to be unknown—readily undergoes fragmentation

in conjunction with hydrogen transfer. Picric acid has the

interesting feature that the reaction is almost complete after

the first portion of the activation process, marked by the

minimum of the reaction force. In all four reactions, the

properties of the systems at the force minimum, transition

state and force maximum are consistent with the concept

of a ‘‘transition’’ region in a chemical reaction versus

simply a transition state.

Keywords Nitro-aci tautomerization �
Reaction force analysis � Trinitromethane �
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1 Nitro-aci tautomerization

It is well known that some nitro derivatives containing the

C–NO2 linkage can undergo intramolecular transfer of a

hydrogen to one of the nitro oxygens, forming an aci tau-

tomer 1 [1–3].
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These aci tautomers are called nitronic acids; their pKa

values are usually between 2 and 6. They are quite reactive,

and are important intermediates in organic synthesis, e.g.

the Nef reaction. However, they are often rather uns€, with

half-lives measured in hours and days.

In the area of energetic materials, aci tautomerization is

of particular importance because it is a possible early step

in decomposition processes that are involved in detonation

[4–6]. For example, in developing their oxygen balance

correlations for the impact sensitivities of energetic com-

pounds, Kamlet and Adolph found it necessary to treat

separately the nitroaromatics with a C–H on an alkyl group
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ortho to an NO2 [7]. Such compounds may be decompos-

ing via aci tautomerization. The nitronate anion, 2, has also

been implicated in decompositions [8, 9].

We have recently carried out a preliminary computa-

tional investigation of the gas phase aci tautomerization of

trinitromethane (3, nitroform) [10]. This is a well-known

compound, which has been characterized crystallographi-

cally [11] and has applications in synthesis and in propellant

formulations [12]. With the three strongly electron-with-

drawing NO2 groups, it might be anticipated that proton

transfer to one of the oxygens would be rather facile.

Indeed, Schödel et al. described the aci tautomer of 3 as a

‘‘tempting target’’ [11]. To our knowledge, however, it has

not been isolated, although there are reports that it may

have been obtained but is quite unstable [2, 13–15]. We

found the activation barrier to aci tautomerization to be

45 kcal/mol at the B3PW91/6-31??G(3d,2p) level, which

could be viewed as surprisingly high given the expected

acidity of the hydrogen.

Trinitromethanol (4) is structurally closely related to 3, a

hydroxyl group replacing the hydrogen. It should also be a

prime candidate for aci tautomerization, since its hydrogen

would be anticipated to be even more acidic than that of 3.

As far as we are aware, however, neither 4 nor aci-4 is

known.

To better understand what is occurring (or not occur-

ring) in these systems, we undertook a detailed computa-

tional study of the proposed gas phase aci tautomerizations

of 3 and 4. We also included two well-established energetic

compounds, picric acid (5) and 2,4-dinitro-1H-imidazole (6)

[16]. Since a competing decomposition route is always the

rupture of a C–NO2 bond, we have also determined the

energy and enthalpy that this would require in each case.

The analysis of the tautomerizations was carried out in terms

of the reaction force, which we shall now briefly discuss.

2 The reaction force

The progress of a chemical process can be followed by the

change in the potential energy V(R) of the system along an

appropriate reaction coordinate R. The profile of V(R),

such as that in Fig. 1a for a one-step process A ? B,

indicates the relative energies of the reactants, transition

state and products. However, V(R) contains much more

information, some of which can be extracted by taking its

negative gradient along R, yielding the classically-defined

reaction force F(R), Fig. 1b.

FðRÞ ¼ �oVðRÞ
oR

ð1Þ

R is normally taken to be the intrinsic reaction coordinate,

i.e. the minimum-energy path, in mass-weighted coordi-

nates, that links the transition state to the reactants and

products [17, 18].

F(R) has a minimum at a and a maximum at c, the

inflection points of V(R). These partition the reaction, in a

natural and non-arbitrary manner, into three regions: the

first is the one prior to the F(R) minimum, A ? a; the

second is between the F(R) minimum and maximum,

a ? c; and the third is after the F(R) maximum, c ? B.

The general characteristics of these regions have been

examined in a series of studies [19–39] which include, SN2

substitution (gas phase and in solution) [25, 28, 33], Mark-

ovnikov and anti-Markovnikov addition to a double bond

(gas phase and in solution) [39], cycloaddition to olefins [37],

bond dissociation [27, 35, 36], single and double proton

transfer [20–24, 26] (in one instance involving two potential

barriers [30]), and structural isomerization [20]. It was found

that the first region, A ? a, is usually dominated by struc-

tural changes within the reactants, e.g. bond stretching,

rotations, angle-bending, etc. F(R) reflects the resistance to

these changes, and is increasingly retarding (i.e. negative),

reaching its extremum at a; at this point, the system can be

viewed roughly as distorted states of the reactants. In the

second region, a ? c, occurs the major portion of the tran-

sition to products: bonds break, new ones form, there may be

rapid and extensive changes in properties, such as electro-

static potentials and ionization energies. All of this is mani-

fested in a growing driving force, which causes F(R) to

increase steadily until it reaches a maximum at c. At the

beginning of the third region, which is c ? B, the system can
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often be regarded as distorted versions of the products, which

gradually relax to their final states. In view of these overall

characteristics of the three regions, they are commonly

designated as the reactant (A ? a), transition (a ? c) and

product (c ? B) regions.

An important feature of reaction force analysis is that it

shows the activation energy to be the sum of two compo-

nents—the energies needed to go (a) from the reactants to the

force minimum at a, and (b) from a to the transition state at b:

DEact ¼ V bð Þ � V Að Þ ¼ V bð Þ � V að Þ½ � þ V að Þ � V Að Þ½ �
¼ DEact;2 þ DEact;1 ð2Þ

DEact,1 is largely the energy required to overcome the

system’s resistance to the structural changes in the reactant

region between A and a, while DEact,2 supports the first

portion of the transition to products, a ? b. It has been

demonstrated that this division of DEact into its two parts

helps to explain how external agents, such as solvents and

catalysts, affect reaction rates, i.e. whether they change

mainly the structural or the electronic component of DEact

or both [26, 28, 39]. For example, in the SN2 substitution

H2O ? CH3Cl ? HCl ? CH3OH, the effect of aqueous

solution was found to be not upon the transition state but

rather in facilitating the initial stretching of the C–Cl bond

[28]. In the keto-enol tautomerization of thymine, the

presence of Mg(II) as a catalyst also affects the first

(reactant) portion of the activation process (prior to the

force minimum) [26]. However, in the addition of HCl to

H3C–CH=CH2, chloroform solvent influences primarily the

second part of the activation, a ? b, approaching the

transition state [39].

Finally, an additional insight into reaction mechanisms

is obtained from the second derivative of V(R), the reac-

tion force constant j(R):

jðRÞ ¼ o2VðRÞ
oR2

¼ �oFðRÞ
oR

ð3Þ

For the V(R) and F(R) in Fig. 1a and b, j(R) has the form

shown in Fig. 1c; note that it is negative throughout the

entire transition region between a and c [34, 37].

The transition state of a reaction is commonly identified

by the presence of a negative force constant for one normal

vibrational mode. However, the work of Zewail and Po-

lanyi in transition state spectroscopy has led to the concept

of a reaction having a continuum of transient, unstable

configurations, a transition region rather than a single

transition state [40, 41]. The reaction force constant j(R)

reflects this continuum, and shows it to be bounded by the

minimum and the maximum of F(R), at which j(R) = 0.

3 Procedures and results

The geometries and energies of 3–6 along the intrinsic

reaction coordinates for their conversions from the nitro to

the aci tautomers, which involves a large number of points,

V(R)

(a)

A  B

F(R)

0.0

(b)

A  B

0.0

(R)

(c)

A  B

R

Fig. 1 Typical profiles of a the potential energy V(R), b the reaction

force F(R) and c the position-dependent reaction force constant j(R)

along the intrinsic reaction coordinate R. The points R = a and

R = c correspond to the minimum and the maximum of F(R); the

transition state is at R = b. The zeroes of F(R) and j(R) are indicated
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were computed with the B3PW91/6-31?G(d,p) procedure.

The C–NO2 bond dissociation energies and enthalpies of

3–6 at 298 K were calculated with a larger basis set,

B3PW91/6-31??G(3d,2p), to be consistent with those

obtained earlier for other NO2-containing molecules [10,

42]. Using the two different basis sets does not preclude

comparing the 6-31?G(d,p) activation energies with the 6-

31??G(3d,2p) dissociation energies, as we will do later,

because we confirmed, using 3 and 4 as test cases, that the

DEact (298 K) computed with the two different basis sets

are within 0.3 kcal/mol of each other.

The geometries and relative energies of 3–6 at the five

key points A, a, b, c and B are in Tables 1, 2, 3, 4, which

also depict each of these structures graphically. The acti-

vation energies and their components DEact,1 and DEact,2

are summarized in Table 5. The C–NO2 bond dissociation

energies and enthalpies are listed in Table 6.

4 Discussion

4.1 Trinitromethane

The structure of the ground-state of trinitromethane (3,

Table 1) shows that the NO2 groups have a propeller-like

arrangement; the H–C–N–O dihedral angles are 139� and

-42�. The oxygens are in two distinct planes, one from

each NO2 group being closer to the hydrogen and the other

farther from it. This is typical of trinitromethyl derivatives

[10, 43–47], and has been explained in terms of intramo-

lecular N���O electrostatic interactions involving the oxy-

gens farther from the hydrogen [10, 46, 47].

Table 1 shows the structural changes that would accom-

pany hydrogen migration to one of the closer oxygens, Eq. 4.

The propeller-like structure is quickly disrupted.

-+
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C

H

O2N
NO2

N
Oa
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C
O2N

O2N

N
OaH

Ob

aci-3

(4)

At a, the F(R) minimum, NOaOb (the nitro group toward

which the hydrogen is moving) is coplanar with the stret-

ched C–H bond and the other two NO2 groups are

approximately perpendicular to it.

These relative orientations remain throughout the

transition region, between the F(R) minimum at a and its

maximum at c. The stretched C–H bond breaks and a

stretched Oa–H bond forms. A striking feature is that the

carbon retains a quasi-tetrahedral configuration and the

C–NOaOb bond length remains essentially unchanged

from the reactant all the way through the transition

region, to c. However, the system is rather unstable at c,

28 kcal/mol above the final product (Table 1). The carbon

now changes rapidly to a trigonal configuration with a

C=N(Ob)OaH double bond, while one of the other two

NO2 groups rotates by about 90� in going to the aci

product.

Table 1 Computed structures, relative energies at 298 K and some distance/angle data at points along intrinsic reaction coordinate for con-

version of trinitromethane, 3, to its aci tautomer, Eq. 4

Reactant Force min, a Transition state, b Force max, c Product

Relative E (298 K) 0.0 28.8 45.2 41.6 13.4

Bond lengths

C–H 1.087 1.179 1.485 1.768 3.017

C–NOaOb 1.515 1.515 1.517 1.510 1.318

N–Oa 1.216 1.270 1.295 1.316 1.390

N–Ob 1.212 1.189 1.179 1.178 1.218

Oa–H 2.480 1.565 1.199 1.019 0.976

Angles

N–C–H 109 80 67 63 22

C–N–Oa–H -19 0 0 0 178

The hydrogen moves to oxygen Oa of a neighboring NO2. Energies are in kcal/mol, distances in Angstroms and angles in degrees

Colors of atoms: carbon is gray, hydrogen is white, nitrogens are blue and oxygens are red

358 Theor Chem Acc (2009) 124:355–363
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Why does the process just described have a computed

activation barrier as high as 45 kcal/mol (Table 5), given

the acidic nature of the hydrogen in trinitromethane due to

the three NO2 groups [48]? To answer this, note the first

component of the activation energy, DEact,1 = 29 kcal/

mol. This amount of energy is required just for the struc-

tural changes in the reactant region, prior to the F(R)

minimum. It is needed to partially disrupt the ground-state

N���O interactions in the propeller-like arrangement of the

NO2 groups and also for the concomitant stretching of the

C–H bond, which must overcome significant H���O attrac-

tions between the hydrogen and the three closer oxygens

[10].

However, the relatively high activation barrier, and

specifically DEact,1, is only part of the explanation for the

challenge posed by the ‘‘tempting target,’’ aci-trinitrome-

thane [11]. In general, the introduction of additional NO2

groups tends to weaken existing C–NO2 bonds, particularly

on the same carbon [42]. Thus, the C–NO2 bond energy in

H3C–NO2 is about 60 kcal/mol [49], but it is only 37 kcal/

mol in HC(NO2)3, 3 (Table 6). Since this is less than the

activation energy for going to aci-3, 45 kcal/mol, it is

likely that C–NO2 bond rupture occurs preferentially.

4.2 Trinitromethanol

The NO2 groups in ground-state trinitromethanol, 4, are not

in the propeller-like arrangement observed in 3. In 4, one of

them, NOaOb, is nearly coplanar with the C–O–H portion

of the molecule, while the other two are approximately

perpendicular to each other (Table 2). This permits O–

H���Oa hydrogen bonding; the H���Oa separation is 1.922 Å,

while the sum of the van der Waals radii is 2.72 Å [50]. It

is to Oa that the hydrogen will migrate. However, our

calculations indicate that in the gas phase the result will not

be an aci tautomer. Instead, 4 breaks up into a weakly-

bound complex of (O2N)2C=O and HOaNOb, Eq. 5, which

is lower in energy by only 0.4 kcal/mol relative to the

separate molecules.

4

C

OH

O2N
NO2

N
Oa

Ob

C

NO2

NO2

O

product complex of 4

HOaNOb (5)

It is apparent already by the F(R) minimum at a that the

course of Eq. 5 will be different from the process for 3

given in Eq. 4. In contrast to 3 and the other molecules to

be discussed (5 and 6), the C–NOaOb bond in 4 begins to

lengthen as the hydrogen moves toward Oa, and by the

F(R) minimum, it has increased from 1.555 to 1.712 Å.

Thus there is already an indication of the forthcoming

separation into two molecules. This fragmentation has a

very low activation barrier, 10 kcal/mol (Table 5), so it is

not surprising that 4 is, we believe, not known. Note that

this barrier is less than the dissociation energy of the

Table 2 Computed structures, relative energies at 298 K and some distance/angle data at points along intrinsic reaction coordinate for con-

version of trinitromethanol, 4, to its aci tautomer, Eq. 5

Reactant Force min, a Transition state, b Force max, c Product complex

Relative E (298 K) 0.0 6.2 9.5a 9.8a 0.8

Bond lengths

C–O 1.319 1.276 1.243 1.221 1.173

O–H 0.982 1.086 1.356 1.559 3.739

C–NOaOb 1.555 1.712 1.736 1.796 2.914

N–Oa 1.222 1.250 1.279 1.302 1.380

N–Ob 1.204 1.190 1.180 1.175 1.180

Oa–H 1.922 1.373 1.117 1.030 0.976

Angle

Oa–N–C–O 15 2 2 2 98

The hydrogen moves to oxygen Oa of a neighboring NO2. Energies are in kcal/mol, distances in Angstroms and angles in degrees

Colors of atoms: carbon is gray, hydrogen is white, nitrogens are blue and oxygens are red
a The energy at 0 K at the transition state, b, is 0.8 kcal/mol higher than that at the F(R) maximum, c. However, inclusion of zero-point energies

and thermal corrections to 298 K puts E(c) above E(b) by 0.3 kcal/mol
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C–NOaOb bond alone, 30 kcal/mol (which is the lowest in

Table 6), because Eq. 5 also produces a new bond, Oa–H,

and converts the C–O into a double bond.

As the hydrogen migrates toward Oa, it continues to have

some attractive interaction with the oxygen that it left. After

the F(R) maximum at c, however, the (O2N)2C=O and

H–Oa–N–Ob portions of the system rotate relative to each

other, and the weak product complex appears to be stabilized

mainly by the hydrogen interacting with an NO2 oxygen

of (O2N)2C=O; this O���H distance is 2.04 Å, considerably

less than the 2.72 Å sum of the van der Waals radii [50].

4.3 Picric acid

Nitro-aci tautomerization has frequently been invoked as a

possible step in the decomposition and detonation of picric

acid, 5 [5, 6]. The process, Eq. 6, has some interesting and

unusual features (Table 3). In gas phase picric acid, there is

a very strong hydrogen bond between the hydroxyl

hydrogen and oxygen Oa of the ortho NO2 group on C2.

The H���Oa separation is only 1.645 Å, just slightly more

than the van der Waals radius of oxygen alone, 1.52 Å

[50]. The strength of this OH���Oa interaction can be seen

by noting that the DE (298 K) for the removal of the

NOaOb group is 9 kcal/mol greater than that for the other

ortho NO2 (Table 6).
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aci-5

(6)

The strong OH���Oa hydrogen bond and very short

H���Oa distance can be interpreted as indicating that the

hydrogen migration is already significantly underway in

the ground-state of picric acid. The remarkable conse-

quence, as can be seen from the structural data in Table 3,

is that the tautomerization process is largely complete

already at the F(R) minimum! All that remains is a rotation

Table 3 Computed structures, relative energies at 298 K and some distance/angle data at points along intrinsic reaction coordinate for con-

version of picric acid, 5, to its aci tautomer, Eq. 6

Reactant Force min, a Transition state, b Force max, c Product

Relative E (298 K) 0.0 23.3 31.0 29.0 26.2

Bond lengths

C1–O 1.313 1.232 1.221 1.219 1.220

O–H 0.993 1.951 2.668 3.126 3.518

C1–C2 1.423 1.483 1.494 1.497 1.492

C2–C3 1.391 1.415 1.421 1.421 1.421

C3–C4 1.382 1.364 1.361 1.362 1.361

C4–C5 1.394 1.424 1.429 1.429 1.428

C5–C6 1.380 1.358 1.354 1.353 1.353

C6–C1 1.417 1.467 1.475 1.476 1.477

C2–NOaOb 1.453 1.366 1.353 1.353 1.356

N–Oa 1.246 1.373 1.380 1.369 1.356

N–Ob 1.215 1.211 1.216 1.220 1.225

Oa–H 1.645 0.988 0.974 0.974 0.977

Angles

O–Oa–H 13 37 81 113 167

C2–N–Oa–H 0 55 106 138 179

Numbering of atoms is shown in Eq. 6. The hydroxyl hydrogen moves to oxygen Oa of neighboring NO2 on C2. Energies are in kcal/mol,

distances in Angstroms and angles in degrees

Colors of atoms: carbons are gray, hydrogens are white, nitrogens are blue and oxygens are red

360 Theor Chem Acc (2009) 124:355–363

123



of the hydrogen. The new H–Oa bond gradually moves

through 180� until the hydrogen is quite near (2.13 Å) to

the other NO2 oxygen, Ob; note the changes in the C2–N–

Oa–H dihedral angle. All of the other internuclear distances

listed in Table 3 are, to a striking degree, virtually

unchanged after the F(R) minimum at a, by which point

the molecular framework has already acquired the quinoid

structure of the product aci-5, Eq. 6. This unusual situation

of a reaction taking place almost entirely before the F(R)

minimum is reflected in DEact,1 being 3 times as large as

DEact,2 (Table 5). The 8 kcal/mol that comprises DEact,2 is

needed primarily to overcome the remaining interaction

between the hydrogen and the hydroxyl oxygen, which are

still within about 1.95 Å of each other. After the transition

state at b, the energy of the system changes very little, the

small decrease reflecting the H���Ob interaction.

Table 4 Computed structures, relative energies at 298 K and some distance/angle data at points along intrinsic reaction coordinate for con-

version of 2,4-dinitro-1H-imidazole, 6, to its aci tautomer, Eq. 7

Reactant Force min, a Transition state, b Force max, c Product

Relative E (298 K) 0.0 13.8 20.0 19.1 16.4

Bond lengths

N1–H 1.013 1.086 1.307 1.447 1.904

N1–C2 1.364 1.351 1.355 1.357 1.367

C2–N3 1.305 1.313 1.321 1.327 1.346

N3–C4 1.351 1.345 1.339 1.336 1.318

C4–C5 1.384 1.410 1.415 1.418 1.434

C5–N1 1.356 1.346 1.337 1.329 1.322

C2–NOaOb 1.444 1.418 1.405 1.396 1.368

N–Oa 1.234 1.278 1.304 1.318 1.360

N–Ob 1.215 1.204 1.200 1.199 1.199

Oa–H 2.408 1.536 1.231 1.095 0.993

Angles

C2–N1–H 125 102 92 88 82

H–Oa–N–C2 0 0 0 0 0

Numbering of atoms is shown in Eq. 7. The hydrogen on N1 moves to oxygen Oa of the neighboring NO2 on C2. Energies are in kcal/mol,

distances in Angstroms and angles in degrees

Colors of atoms: carbons are gray, hydrogens are white, nitrogens are blue and oxygens are red

Table 5 Computed activation energies DEact and their components

DEact,1 and DEact,2 for the four aci tautomerizations, Eqs. 4–7, at

298 K

Molecule Reaction DEact,1 DEact,2 DEact

Trinitromethane, 3 Eq. 4 28.8 16.4 45.2

Trinitromethanol, 4 Eq. 5 6.2 3.4 9.5

Picric acid, 5 Eq. 6 23.3 7.7 31.0

2,4-Dinitro-1H-imidazole, 6 Eq. 7 13.8 6.2 20.0

Values are in kcal/mol; Computational level: B3PW91/6-31?G(d,p)

Table 6 Computed C–NO2 bond dissociation energies and enthalpies

at 298 K for molecules 3–6

Molecule Bond DE DH

Trinitromethane, 3 C–NO2 36.9a 37.5a

Trinitromethanol, 4 C–NO2
b 29.8 30.4

Picric acid, 5 C2–NO2 68.6 69.2

C4–NO2 66.0 66.5

C6–NO2 59.6 60.2

2,4-Dinitro-1H-imidazole, 6 C2–NO2 67.2c 67.8c

C4–NO2 67.9c 68.5c

Numbering of atoms in 5 and 6 is given in Eqs. 6 and 7. Values are in

kcal/mol, Computational level: B3PW91/6-31??G(3d,2p)
a Ref. [10]
b DE and DH have essentially the same values for all three bonds,

because dissociation of each C–NO2 leads to the same radicals,

(O2N)2C–OH and NO2

c Ref. [42]

Theor Chem Acc (2009) 124:355–363 361

123



The aci tautomerization of 5 requires much less energy

than does C–NO2 bond-breaking (31 kcal/mol, Table 5 vs.

60–69 kcal/mol, Table 6), and accordingly is a more likely

decomposition route. Indeed, Brill and James concluded,

on the basis of experimental studies, that the initial

decomposition step of picric acid involves the tautomer

aci-5 [5]. However, reversion to the nitro tautomer has only

a small barrier, 5 kcal/mol (Table 3).

4.4 2,4-Dinitro-1H-imidazole

In Table 4 the computed data pertaining to the aci tauto-

merization of 2,4-dinitro-1H-imidazole, 6, are given.

N

N
H

1
2

34

5
N

O2N
6

Oa

Ob

N

N N

O2N

Oa

Ob
-

H

+

aci-6

(7)

in which the hydrogen on N1 moves to Oa on the neighboring

NO2 group, Eq. 7. The main event in the reactant region, prior

to the F(R) minimum at a, is that the angle C2–N1–H

decreases by 23�, from 125� to 102�. This, coupled with the

stretching of the N1–H bond from 1.013 Å to 1.086 Å, brings

the hydrogen to within 1.536 Å of Oa, compared to the ori-

ginal separation of 2.408 Å. The energy required for these

structural changes largely accounts for DEact,1 being 2/3 of the

total activation energy (Table 5); the result is to put the

hydrogen well on its way to the target oxygen.

The transition region between a and c sees the breaking of

the N1–H bond and the formation of the Oa–H. In the product

region, the Oa–H bond relaxes from its stretched length of

1.095 Å at the F(R) maximum, c, to its final 0.993 Å.

Throughout its migration, the hydrogen remains in the plane

of the NO2 group; the H–Oa–N–C2 dihedral angle is zero along

the intrinsic reaction coordinate (Table 4).

The activation energy for this reaction is 20 kcal/mol.

Since the C–NO2 bond dissociation energies of 6 are

67–68 kcal/mol (Table 6), aci tautomerization is clearly

favored over C–NO2 rupture as a decomposition pathway.

However, the activation energy for the reverse of Eq. 7 is

predicted to be only 4 kcal/mol in the gas phase (Table 4),

meaning that the aci tautomer can readily revert to the nitro

form 6, similarly to what was found for the reverse process

of Eq. 6.

5 Summary

The four aci tautomerizations that have been discussed

show some striking differences. The activation barriers

cover a wide range, from 10 to 45 kcal/mol (Table 5).

Two of these processes may not even occur; for trini-

tromethane, 3, the barrier is so high (45 kcal/mol) that C–

NO2 bond scission is energetically preferable, while for

trinitromethanol, 4, the potential tautomerization leads to

quite facile fragmentation, DEact(298 K) \ 10 kcal/mol.

Picric acid, 5, and 2,4-dinitro-1H-imidazole, 6, have

intermediate activation energies and aci tautomerization is

feasible, although the nitro $ aci equilibria favor the

nitro forms.

However, the reaction force analyses bring out some

basic similarities between the four processes. The major

structural changes (apart from the continuing movement

of the hydrogen) are usually in the reactant and the

product regions, before the F(R) minimum at a and after

its maximum at c. Correspondingly, the largest energy

increments are associated with the reactant and product

regions (Tables 1, 2, 3, 4). Thus, the first component of

the activation energy, DEact,1(A ? a), is in each instance

larger than the second, DEact,2(a ? b). (The same is true

for the reverse reactions, for which the present pro-

duct region becomes the reactant region, with opposite

signs for the energy increments, and the F(R) minimum

is at c.)

In the transition regions of these reactions, the structural

changes tend to be more gradual and the energy increments

smaller. This is illustrated by the structures shown in

Tables 1, 2, 3, 4, corresponding to the positions of the force

minima, transition states and force maxima. (Picric acid is

an extreme example in that, except for the rotation of the

hydrogen around Oa, the reaction is nearly complete

already at the F(R) minimum a.) These features of the

transition regions are fully consistent with the Polanyi-

Zewail concept of a continuum of transient, unstable con-

figurations [40, 41], which in turn reflects the negative

character of the reaction force constant j(R) in the tran-

sition region, between the minimum and the maximum of

the reaction force F(R).

Our discussion has focused upon the reactions in

Eqs. 4–7 in the gas phase. Other environments, e.g. solu-

tion or crystalline, might significantly affect the kinetics

and/or mechanisms. As was shown earlier [26, 28, 39]

reaction force analysis can be used as well to assess the

effects of such external factors.
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29. Toro-Labbé A, Gutiérrez-Oliva S, Murray JS, Politzer P (2007)

Mol Phys 105:2619–2625
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47. Göbel M, Tchitchanov BH, Murray JS, Politzer P, Klapötke TM

(2009) Nature Chem 1:229–235

48. Lammertsma K, Bharatam PV (2000) J Org Chem 65:4662–4670

49. Harris NJ, Lammertsma K (1996) J Am Chem Soc 118:8048–8055

50. Bondi A (1964) J Phys Chem 68:441–451

Theor Chem Acc (2009) 124:355–363 363

123


	Reaction force analyses of nitro-aci tautomerizations �of trinitromethane, the elusive trinitromethanol, picric acid �and 2,4-dinitro-1H-imidazole
	Abstract
	Nitro-aci tautomerization
	The reaction force
	Procedures and results
	Discussion
	Trinitromethane
	Trinitromethanol
	Picric acid
	2,4-Dinitro-1H-imidazole

	Summary
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


