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Abstract. We present a theoretical study of the
CH;CXNH = CH,;CXNH; tautomerism. The analysis
is performed in terms of global descriptors of reactivity,
such as electronic chemical potential, chemical hardness
and chemical softness. Chemical hardness is used to
study the relative stability in the frame of the maximum
hardness principle. Chemical softness appears to be
related to the molecular polarizability, and it is used to
discuss relative stability in the context of the minimum
polarizability principle. Both empirical rules are simul-
taneously satisfied for this equilibrium. Transition states,
in which the transferred proton is found about midway
between the donor and acceptor atoms, are rationalized
in terms of the Bronsted coefficient for the relative
position along the reaction coordinate and the Marcus
equation for the energy barriers. Substituent effects on
the activation properties are analyzed in a partitioned
form that probes the effect of the substituent group on
the molecular properties at the ground-state and tran-
sition-state structures.

Key words: Imine—enamine tautomerism — Hardness
profile — Polarizability profile — Proton transfer —
Transition state

1 Introduction

It is well known that tautomerism is one of the
fundamental processes in organic chemistry. It has been
extensively studied [1-6] and it is still receiving renewed
interest because of the improved experimental and
theoretical methods. These equilibria also have a
recognized importance in biological processes. Among
these rearrangements, the most investigated and docu-
mented are the keto = enol equilibria [7-12]; however,
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fewer studies have been done on the imine = enamine
equilibria. Methanimine (CH,=NH), the simplest imine,
was first predicted by Leermaker [13] in 1933. It was
proposed as an intermediate in the pyrolysis of methyl
azide by Rice and Grelecki [14]. Methanimine was
observed in a mass spectrometer by Collin and Franskin
in 1966 [15]. In 1972 Johnson and Lovas [16] determined
the structure of CH,=NH by microwave spectroscopy.
The experimental geometry was in good agreement with
that predicted from theoretical calculations [17, 18]. In
1980 Lovas et al. [19] separated and determined the
structures of cis and trans acetaldimines in a microwave
spectrometer. Theoretical studies on vinylamine
(CH,CHNH,) and acetaldimine (CH3;CHNH) were
conducted by Pross, Radom and Riggs [20]. These
authors reported the relative stabilities of the different
conformers of acetaldimine. Recently, Lammertsma and
Prasad [21] reported a G2 study on the thermodynamics
of the tautomeric pair acetaldimine = vinylamine.

In the absence of experimental data, it is of special
interest to characterize theoretically the imine = en-
amine tautomeric equilibria to obtain information about
the thermodynamic and kinetic aspects. Recently, Lin
et al. [22] have reported an ab initio study on the o-
substituted acetaldimines XH,CCH=NH to investigate
the substituent effects on the imine = enamine equilib-
ria. These authors found that enamines were favored
over the imines owing to the conjugative interaction
between the C=C double bonds and the empty p orbital
in boron (X = BH;) and the interaction of the C=C
bond with the 7* orbitals when X = NO and X = CN.

In the recent years, density functional theory (DFT)
[23, 24] has been shown to be a versatile tool in many
branches of physics and chemistry [25]. In electronic
structure theory, it has not only generated useful
schemes for computation but it has also provided a
framework to introduce new concepts [23, 24]. Among
others, one find the concepts of electronic chemical
potential (i) [26], chemical hardness (1) [27], chemical
softness [28], local softness [29], the Fukui function [30],
etc. Even though these concepts had been introduced
earlier, only in recent years have they received stronger



attention. Many authors are using these concepts to
rationalize and to understand chemical reactions [31].
The study of energy, electronic chemical potential, and
molecular hardness profiles has been shown to be useful
to rationalize the relative stability and reactivity of
different species on the potential-energy surface [32-35].
These quantities are better appreciated when they are
used in connection with empirical rules of reactivity,
such as the maximum hardness principle (MHP), the
hard and soft acids and bases (HSAB) principle and the
minimum polarizability principle (MPP). The MHP
states that “‘there seems to be a rule of nature that
molecules arrange themselves so as to be as hard as
possible” [24, 36, 37], so that molecular systems at
equilibrium tend to states of highest hardness. The
transition states (TSs) are expected to present a mini-
mum value of 5. This empirical rule permits the estab-
lishment of a bridge connecting electronic and energetic
properties. The HSAB principle establishes that “hard
acids prefer to coordinate to hard bases, and soft acids
prefer to coordinate to soft bases” [24, 27, 38]. On the
basis of an inverse relationship between o and 5 [39],
Chattaraj and Sengupta [40] have proposed the MPP,
which states that “‘the natural direction of evolution of
any system is toward a state of minimum polarizability”.
It has also been shown that ““a system is harder and less
polarizable in its ground state than in any of its excited
states” [41]. The polarizability («) of the system may
be used to understand the behavior of the system for
changing the external potential, v(¥), at a constant
number of electrons, N [42].

The electronic descriptors of reactivity together with
the empirical rules are useful objects to understand and
justify other classical empirical model of reactivity, such
as the Hammond postulate [43]. The Hammond postu-
late permits insights into the structure and properties of
the TSs from the knowledge of the structure and prop-
erties of reactants and products [34, 44]; it is an impor-
tant concept in chemistry basically because it provides a
connection between the kinetics and thermodynamics of
chemical reactions.

In this work, we present a theoretical study on the
tautomeric equilibria CH3;CX=NH = CH,=CXNH,
with X = H, F, Cl, Br, NH,, CH3;, OH and N(CH,),.
Global properties such as y, n and o are used to describe
the different aspects of this interconversion, including
energy barriers and the substituent effects in the relative
stability of the isomers. These electronic indices will
be used in connection with the empirical principles of
chemical reactivity to rationalize the relative stability of
the molecules.

2 Theoretical background
2.1 General definitions

The imine = enamine equilibria will be represented by
three stationary points R, TS and P, where R represents
the ground state of the imine form (reactant), TS
represents the transition state structure and P the
corresponding ground state of the enamine (product).
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We introduce a reduced reaction coordinate, w, to
connect R and P. This coordinate w, measures the
reaction progress in going from reactants (w = 0) to
products (w = 1) [33-35]. It can be defined through a
scaling procedure on the internal reaction coordinate
(IRC) obtained from ab initio calculations, an IRC
calculation gives the reaction path leading down to
reactants and products from the TS.

Formal definitions of # and u have been given by Parr
and coworkers and Pearson [23, 24, 36, 37]. A three-
point finite difference approximation leads to the
following working formulae of these quantities:

pr =g (4 A) ~ 3 (et ) (1)

and

nzl(I—A)zl(eLfeH) (2)
2 2 ’

where / is the first ionization potential and 4 the electron
affinity of the neutral molecule, respectively. Koopman’s
theorem (I = —ey, A = —er) allows one to write u and n
in terms of the energies of the frontier highest occupied
molecular orbital (HOMO, ¢ey) and the lowest unoccu-
pied molecular orbital (LUMO, ¢) as indicated in the
right-hand sides of Egs. (1) and (2); this approach to u
and 7 will be used here.

2.2 Transition state

In order to characterize the TS we will adopt a
theoretical model described elsewhere [33-35], this
model was sucessfully applied to the study of the keto
= enol tautomerism [12]. Within this context, the TS is
characterized by its position along the reduced reaction
coordinate at w = f§. Properties such as the energy
barrier AV7 = (V7 — V°), the activation chemical pot-
ential Au” = (u” — p°), the activation hardness Ay” =
(n” —n°) and the activation polarizability Ao” =
(o7 — o°) are useful quantities to describe the properties
of the TS structures with reference to the reactant
species.

The Marcus equation [33-35, 44, 45] is also a useful
tool to rationalize the energy of the TS. Within our
model of a chemical reaction it takes the form

(Av°)?
4Ky

AV? = lKV + LN + , (3)
4 2

where Ky is an intrinsic property of the reaction (it is
found to be the sum of the individual force constants
associated with the potential wells describing reactants
and products [33-35]) and AV° = [V(P) — V(R)] is the
reaction energy, the energetic difference between product
and reactant molecules.

The position of the TS along the reaction coordinate,

o, is related to the activation energy through Leffler’s
definition of the Bronsted coefficient (f) [46]:

OANVF 1 AV®
= P=at )




424

Since the TS is located at w = f, the f parameter
measures the degree of resemblance of the TS to one of
the R or P ground states. It is interesting to note that
provides a quantitative basis to discuss the Hammond
postulate [43]: if AV° > 0 then § > 4, and the TS will be
closer to the products, whereas if AV° < 0 then <1,
the transition will be closer to the reactants.

Assuming that the TS results from interpolation of
two harmonic potentials associated with reactants and
products with individual force constants kg and kp, such
that kg 4+ kp = Kv [35], it can be shown that the curva-
ture of the resulting potential-energy function at the TS,
k(p), is related to Ky, p and AV° through the following
equation [35]:

1 1
) = - 5K+ (8- 3)ar 5
Note that for symmetric (isoenergetic) reactions

(p=1/2 and AV° =0) k(f) becomes equal to the
negative of the average of the force constants associated
with the reactant and product potential wells. The
energy barrier can now be expressed in terms of k(f3),
leading to

AVT = —%k(ﬁ) + BAV® . (6)

It is clear that k(f) can be seen as a negative force
constant that should be related to the actual force
constant associated with the imaginary frequency (ki)
that defines the TS structure linking the two minima. If
we assume k(ff) = Zkim, With A a proportionality con-
stant, we obtain a new energy barrier, now in terms of
the force constant of the vibrational mode presenting the
imaginary frequency

1
AV] = =3 i + BAV® (7)

Comparison of numerical values of AVf with the
optimized AV7 values will determine if one can safely
assume a simple linear relation between k(f3) and kip,. It is
important to stress the fact that Eq. (7) contains
quantities associated with the three relevant states along
the reaction coordinate: reactants, products and the
TS.

3 Computational methods

Geometry optimization for the series of imines CH3;CX=NH,
enamines CH,=CXNH, [X = H, F, Cl, Br, NH,, CH;, OH and
N(CH;),] and the corresponding TS structures were performed at
Hartree—Fock (HF), HF/6-311G** and DFT/6-311G** levels of
theory using the Gaussian94 package [47]. The exchange-correla-
tion functionals in all DFT calculations were taken to be Becke’s
three parameter functional including the gradient corrected corre-
lation functional of Lee, Yang and Parr [48-50]. The molecular
structures along the IRC were fully optimized at the same level of
theory. The profiles of V', u,  and « were obtained through single-
point calculations of the fully optimized structures indicated by
the IRC procedure. The chemical potential and hardness were
calculated using Egs. (1) and (2), respectively.

4 Results and discussion
4.1 Relative stability and MHP and M PP rules

Figure 1 schematically shows the three main structures
involved in the tautomeric equilibria, including atom
numbering. The values for the reaction energy
AV° = V(enamine) —V(imine) and the associated varia-
tions of 1 and « are displayed in Table 1. It may be seen

IMINE

ENAMINE

Fig. 1. Representation of the imine, transition state (7'S) and
enamine structures involved in the CH3;CXNH = CH,CXNH,
interconversion



Table 1. Reaction and activation properties (energy, chemical
potential, hardness and polarizability) for the CH;CX = NH =
CH, = CXNH, interconversion. The first entry corresponds to
HF/6-311G** calculations and the second entry corresponds to
B3LYP/6-311G** calculations. Energies and hardness are given
in kilocalories per mole; polarizabilities are given in atomic units

X AV AP Ax® AV Ay Aod”
H 6.1 —347 0635 839 —414 3747
37 =19 0.059 669  —255 4290
F 143 -41.6 0981 882  —402  3.595
131 -19.0 0574 722 =317 4311
al 126 347 0825 876  —441  3.993
121 -137 0531 713 =275  4.848
Br 127 =253 0872 875 =331 4117
127 -18.1 1344 714 =235 5633
CH; 53  —275  1.198 815  -36.1  3.501
39 82 1.060 655  -252 4396
OH 109 =279 0669 793  -30.5  3.402
106 223 0016 650 -274 4302
NH, 94  -169 1254 762  —26.5  3.425
88 —107 1241 618 -185 4576
N(CH;), 84 -99 2080 723 -19.6  4.089
81 —114 1897 582 —180 5918

that in all cases the imine tautomers have lower energy
than their enamine counterparts, in agreement with
previous results [21, 22]. We also note that in all the
cases presented here An° < 0, indicating that the substi-
tuted imines are harder than the enamine species. From
the AV° and An° values we find that the relative order of
stability in each imine-enamine pair coincides with
variations in chemical hardness that are consistent with
the MHP. On the other hand, positive values of AV° are
correlated with positive values of Ax°® for each imine—
enamine pair, in agreement with the MPP. Activation
energies AV7 = V7 — V(imine), activation hardnesses
Ay” =n” —n(imine) and activation polarizabilities
Ao = o7 — o(imine) are also quoted in Table 1. It
may be seen that AV7 is associated with negative
variations in chemical hardness, showing that for each
molecule an MHP-like relationship holds: the TS for
each structure considered is consistently softer than the
corresponding imine ground state. Also, positive varia-
tions of AV# are associated with positive variations of
polarizability: the TS structure is the most polarizable
species, in agreement with the MPP rule.

To validate these results we determined AV° and AV7
using DFT calculations at the B3LYP/6-311G** level of
theory. Even though these calculations roughly present
the same variation pattern for AV° and AV7 as the HF/
6-311G** level, we have found that the electronic prop-
erties do not follow the expected trends; this is probably
due to the systematic presence of bound LUMO states
in the reference structures. The major effect of having
bound LUMOs is reflected in the fact that the chemical
hardness will be determined from the difference of the
absolute values of ¢ and ey and, therefore,  will appear
to be underestimated, as is shown in the second entry of
Table 1.
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A Dbetter appraisal of the results, combining the
variations in ¥, n, u and o, may be achieved by looking
at the profiles displayed in Fig. 2. The imine forms are
located at the negative region of the IRC (at w = 0). In
all cases, the energy profile presents a quite sharp max-
imum representing the TS. Au, An and Aa values also
present a critical point at or very near the TS. One of the
most relevant feature of Fig. 2 is that Ax presents
opposite behavior with respect to the energy profile,
confirming the validity of the MHP along the reaction
coordinate for the intramolecular proton transfer. We
also observe that the variations of the chemical potential
along the IRC or w coordinate are intermediate between
the variations of V' and #; this has been observed pre-
viously in different systems [12, 34, 51]. On the other
hand, the polarizability displays a profile similar to that
of the energy; in all cases Aa is a minimum for the most
stable structure. The inverse behavior of the profiles of «
and 7 shows the simultaneous validity of the MHP and
the MPP along the reaction coordinate.

It is well known that the polarizability is better rep-
resented using a Sadlej basis set [52] although it was
recently shown [53] that the use of a Pople basis set leads
to the same qualitative trend. The polarizability profiles
for the systems substituted with X = F, Cl and Br, using
the Pople basis set, are shown in Fig. 3. It may be seen
that the increasing order o(F) < o(Cl) < a(Br) along the
reaction coordinate is the same as for the global softness
(S) [23, 24]. For instance, for the imine ground state the
global softness order is F(S = 3.32 au) < CI(S = 3.43 au)
< Br(S = 3.69 au). At the TS the corresponding order
is F(§ = 4.22 au) < CI(S = 4.51 au) < Br(S = 4.58 au).
Note that at the TS the maximum value of the polariz-
ability coincides with the maximum value of the softness,
because the enamine ground states display softness val-
ues that are between those of the imine ground states and
TS: F(S = 4.15 au) < CI(S = 4.23 au) < Br(S = 4.33 au).

4.2 Bronsted coefficients and Hammond postulate

Besides the MHP and MPP rules, the Marcus equation
allows one to rationalize the energy barrier for the
intramolecular proton transfer. All the parameters
allowing the characterization of the TS structures at
both HF and B3LYP levels of theory are collected in
Table 2. From the optimized AV7 and AV° values we
have determined Ky through Eq. (3); the Bronsted
coefficients f§ are then obtained from Eq. (4). It may be
seen that for the whole series the f values are very close
to 1/2, indicating that at the TS the transferred proton is
about midway between the corresponding donor and
acceptor atoms. This behavior is typical in reactions
with large activation energies [54], as in the present case.
The use of linear free-energy relationships, such as the
Hammett equation [55], or the use of the slopes of
structure-reactivity correlations, specifically the Bron-
sted coefficients to characterize TS structures [56, 57],
has come under criticism in recent years [58]. However
the above result shows that a qualitative discussion of
the TS in terms of the Marcus equation and Bronsted
coefficients is possible.
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Fig. 2. Potential energy electronic chemical potential, hardness and polarizability profiles at the HF/6-311G** level for the

CH3;CXNH = CH,CXNH,; interconversion

Columns four and five of Table 2 display the values of
k(p) obtained from Eq. (5) and ki, obtained from
standard frequency calculations. Both quantities are re-
lated through the parameter A, shown in the sixth col-

umn of Table 2. We note that 1 is quite constant along
the series, with average values of 0.353 and 0.354 for the
HF and B3LYP calculations, respectively. With this
value at hand, we calculated the energy barriers AV
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from Eq. (7); the results are very close to the optimized
values (AV7). The relative errors indicated in the last
column of Table 2 are less than 4% this indicates that in
this series of molecules our assumption about linear
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proportionality between k(f) and ki, applies. On the
other hand, it is important to mention that the consis-
tency reached between k() and ki, validates the models

we used to analyze our results.
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4.3 Substituent effects

In order to study the effect of chemical substitution on
the activation parameters we define relative quantities
with reference to the unsubstituted molecule (X = H) as
follows:

SAP” = AP7(X) — AP7(H) , (8)

for any property P. Equation (8) quantifies the effect of
chemical substitution on the activation property and
may be further developed to determine the effect of
chemical substitution on both the TS structures and the
reference ground states. Using the definitions AP7(X) =

48 -
46
X=Br
44 4
42 4
40 4
=Cl
28] X=Cl
8
36 4
34
324
304
1 X=F
28 4
26 T T T T T
£ 4 2 0 2 4

irc

=1

0.0 0.2 0.4 0.6 0.8 1.

(0]

Fig. 3. HF/6-311G** polarizability profiles for the halogen imines

P#(X) —P°(X) and AP7(H)= P7(H)— P°(H), we
obtain from Eq. (8):

SAP” = [P7(X) — P*(H)] — [P°(X) — P°(H)]
= (AP7 — AP°) . 9)

The first term of Eq. (9) contains the effect of chemical
substitution on the property P at the TS, whereas the
second contribution represents the effect of the substit-
uent on the reactant state (imine form in this case).
When SAP# >0, we find that AP* > AP° and the
effect due to the substituent is larger on the TS than on
the reactant species. In contrast to this, when JAP7 < 0,
we find that AP < A,P°; in this case the effect due to
the substituent is larger on the reactant than on the TS.

The variations of the energy barrier with respect to
the reference system are characterized through SAV7
and numerical values at the HF/6-311G** level of cal-
culation are displayed in the second column of Table 3.
We note that SAV7 > 0 is obtained for the systems with
F, Cl and Br, usually classified as electron-withdrawing
chemical groups. In these cases AJV# > AV° and the
electron-withdrawing character for these substituents
acts mainly on the TS structure, destabilizing it with the
result of an increase in the activation energy with respect
to the reference system. On the other hand, systems with
X = CHj;, OH, NH, and N(CH;), groups, which are
classified as electron donors, present SAV# < 0; this
implies that A;V7 < AgV°. These groups mainly act on
the stable imine reference species, resulting in a decrease
in the activation barrier with respect to the reference
system.

In the case of activation hardness we found that in all
cases with the only exception of X = Cl, sAy” > 0, in-
dicating that Ay”(X) > An7 (H). Since A7 (i) is negative
for any species i = X, H then |An7(X)| < |An7(H)| as
can be verified from Table 1. From Eq. (9), this last
outcome implies that A;y7 < Agy°, and so the variations
in chemical hardness at the ground states promoted by
the substituent effects become more significant than the

Table 2. Transition-state para-

meters for CH;CX = NH = Ky B k(B) Kim 2 AVF AVy % error
CH, = CXNH, equilibria. All
values are in kilocalories per 3235 05094  —161.7  —4455 0363 839 81.7 2.6
mole. The first entry corre- 2602 05072 -130.1  -360.7 0361  66.9 65.7 1.8
sponds to HF/6-311G** F 3241 05218 -161.8  —461.6 0350 882 88.9 0.8
calculations and the second 2619 05250  -130.6  -363.6 0359 722 71.2 1.4
entry corresponds to B3LYP/
6-311G** calculations 3248 05194 -162.2  —4792 0338  87.6 91.1 4.0
260.1 05234 1298 -376.4 0345 713 73.0 2.4
Br 3239 05196  -161.7  —477.2 0339 875 90.8 3.8
2594 05245 1294 3783 0342 714 73.6 3.1
CH; 3155 05084 —157.1  —433.7 0364 815 79.2 2.8
2543 05077 -127.1 3540 0359 655 64.6 1.5
OH 2947 05186 1472 4153 035 793 79.0 0.4
2384 05222 -1189  -3339 035  65.0 64.6 0.6
NH, 2858 05164 1427 4032 0354 762 76.0 0.3
2294 05192 -1145  -3196 0358 618 61.1 1.1
N(CH;), 2724 05154  -1360  -399.5 0341 723 74.8 3.5
2160 05188 1079  -309.3 0349 582 58.9 1.2




Table 3. Variations of activation parameters for CH;CX = NH =
CH, = CXNH, interconversion at the HF/6-311G** level of
theory. Energy and hardness values are in kilocalories per mole;
polarizabilities values are in atomic units

X SAVT  SA AT Ag° SAod” Ag” AW

H 00 00 00 00 00 00 0.0

F 43 12 112 100 -0.15 -1.50 -1.35
cl 37 =27 14 41 025 880 855
Br 35 83 05 -88 037 1489 14.52
CH; -24 53 -10 -63 -025 1020 1045
OH -47 109 10 -99 -034 162 196
NH, -7.7 149 -42 -191 -032 559 591
N(CH;), -11.6 21.8 —-42 -260 034 2749 27.15

ones observed at the TS structures, as is shown in Table
3. On the other hand, since n7(X) is always positive,
positive values of Asy7 indicate that the TS for the X-
substituted system is harder than the TS of the reference
system. Similarly, positive values of Agn° indicate that
the X-substituted imine is harder than the corresponding
reference system. Conversely, negative values of Agy”
and Agx° indicate that the unsubstituted species are
harder than the substituted ones. It is interesting to note
in Table 3 that in most cases Agy” and Agy° have the
same sign, indicating that the effect of the substituent is
in the same sense for TSs and reference imine forms. For
the variations in the activation polarizability we found
that Ao and Ase° have the same sign and order of
magnitude. In general, we observe a similar effect of
chemical substitution on both the TSs and the reference
imine forms.

5 Summary and concluding remarks

A global analysis on the imine = enamine tautomerism
for a series of eight imine derivatives CH3;CXNH has
been performed. In all cases the imine tautomers are
more stable than the enamine ones. The relative stability
between reactants, TSs and products follows order
relationships that are consistent with the MHP and the
MPP.

We have rationalized the imine—enamine tautomerism
by combining DFT concepts with properties such as
force constants and energy barriers. The Marcus equa-
tion has been used to rationalize the energy barriers for
intramolecular proton transfer and accurate values of
them may be obtained through an empirical formula
involving the force constant of the mode presenting the
imaginary frequency of the TS.

Substituent effects on the barrier to intramolecular
proton transfer manifest themselves through differential
inductive effects: while the electron donor groups stabi-
lize the TS structure, the electron-withdrawing groups
(X =F, Cl and Br) increase the energy barrier with
reference to the unsubstituted system (X = H). Substit-
uent effects may be also analyzed in a partitioned form
to probe the effect of the substituent group at the ground
state and the TS structures in terms of the variations of
the activation hardness and polarizability with respect to
the system with X = H.
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