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Abstract. The structural and energetic changes associ-
ated with C—N bond rotation in a squaric acid derivative
as well as in formamide, 3-aminoacrolein and vinyl-
amine have been studied theoretically using ab initio
molecular orbital methods. Geometry optimizations at
the MP2(full)/6-31 + G* level confirmed an increase in
the C—N bond length and a smaller decrease in the C=0
length on going from the equilibrium geometry to the
twisted transition state. Other geometrical changes are
also discussed. Energies calculated at the QCISD(T)/
6-311 + G** level, including zero-point-energy correc-
tion, show barrier heights decreasing in the order for-
mamide, squaric acid derivative, 3-aminoacrolein and
vinylamine. The origin of the barriers were examined
using the atoms-in-molecules approach of Bader and the
natural bond orbital population analysis. The calcula-
tions agree with Pauling’s resonance model, and the
main contributing factor of the barrier is assigned to the
loss of conjugation on rotating the C—N bond. Finally,
molecular interaction potential calculations were used to
study the changes in the nucleophilicity of N and O
(carbonyl) atoms upon C-N rotation, and to obtain a
picture of the abilities of the molecules to act in non-
bonded interactions, in particular hydrogen bonds. The
molecular interaction potential results confirm the suit-
ability of squaramide units for acting as binding units in
host—guest chemistry.

Key words: Squaric acid amides — Ab initio
calculations — Rotational barriers — Molecular
interaction potential — Natural bonding orbital theory

1 Introduction

Squaric acid 1 (3,4-dihydroxy-3-cyclobutene-1,2-dione)
(Fig. 1) and its derivatives have attracted considerable
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attention since the parent compound was first reported
in 1959 [1, 2]. From the synthetic point of view, 1 is a
very powerful Cg-synthon [3] for preparing highly
substituted aromatic compounds [4]. It is readily con-
verted to a wide variety of 3,4-disubstituted cyclobuten-
ediones, 4-hydroxycyclobutenones [5] and furanones [3].
While some members of the squaric acid family are
key components of advanced materials [6], others
have attracted considerable biological interest [7] owing
to the well-known ability of squaric acid derivatives to
act as stable enolate and carboxylate mimics [8] and their
potential as bioisosteric replacements [9].

Recently, we reported the synthesis of several tripodal
receptors based on squaramido rings and their applica-
tion to the recognition of polyalkylammonium com-
pounds [10] and choline-containing phospholipids [11].
We have also reported some theoretical background on
squaramide. First, the study of the electronic change
of the binding unit owing to hydrogen bonding [12].
Second, the investigation of the physical nature of the
interaction by means of calculating the corresponding
molecular potential and analyzing the interactional
complementarity [13].

Here, we report a theoretical ab initio study on the
model compound, 3-hydroxy-4-amino-3-cyclobutene-
1,2-dione 2, a mixed (-OH, —NH,) derivative of 1 and
focus our attention on the nature of the C—N bond and
its rotational barrier, on the hybridization of the N atom
and on its capability as a hydrogen-bond acceptor in
binding processes. These are important factors in de-
termining the binding properties of the previously
mentioned binding units. Calculations on other model
compounds (formamide 3, 3-aminoacrolein 4 and
vinylamine 5) having different kinds of C-N bonds
were also performed for comparison purposes.

Two structural trends are common to all the mole-
cules presented here. First, all the molecules have a
conjugated C-N single bond with presumably partial
double-bond character in the ground state (resonance
model). This double-bond character will be completely
lost at the transition state for the C—N bond rotation.
Second, the possibility of inversion of the N atom can
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Fig. 1. Squaric acid and atomic numbering for squaramide,
formamide, 3-aminoacrolein and vinylamine

lead to a new conformational transition structure. Both
the C-N rotation and the N inversion accompany some
degree of change in hybridization from the ground state
(a mixture of sp®> and sp® character) to sp® and sp’
character at the C—N rotation and N inversion transition
states, respectively. Therefore, the changes in the N atom
hybridization will be a point of interest in this study.

The resonance model in amides has been questioned
by Wiberg and coworkers [14, 15, 16] on the basis of the
changes that occur during the rotation of the amido
group. The geometrical changes, electron population
and electrostatic potentials calculated in the rotation
have been used to propose that the O atom does not
participate to a significant extent in the rotational bar-
rier. The charge distribution obtained by Bader’s meth-
od [17] on all the molecules investigated, 2, 3, 4 and 5,
agrees with Wiberg’s proposal (Fig. 1). However, we will
evince that the resonance model is appropriate to de-
scribe the amide bond by means of the atomic charges
computed using the natural bond orbital (NBO) meth-
od, the molecular interaction potential (MIP) and 70
NMR chemical shifts.

2 Computational methods

Geometry optimizations and frequency calculations were per-
formed with GAUSSIAN 94 [18] at the MP2(full)/6-31 + G* level
of theory, which leads to quite good geometrical parameters [19].
Diffuse functions were included in order to treat the lone pairs
properly [20]. To obtain more satisfactory energies, calculations
were carried out at the QCISD(T)/6-311+ G**//MP2(full)/
6-31+G* level. Vibrational frequencies and the corresponding
zero-point energies (ZPE) were calculated at the MP2(full)/
6-31+ G* level.

The analysis of the electronic wave functions was carried out
by using both NBO [21] population analysis and the topological

theory of atoms-in-molecules (AIM) [17] as implemented in
GAUSSIAN 94 [22, 23] and the PROAIM package [24]. The charge
distribution and the atomic properties presented here are derived
from the MP2(full)/6-311 + G**//MP2(full)/6-31 + G* calculations.

MIP calculations were carried out by means of the MOPETE
[25] program in order to analyze the effect of C—N bond rotation
and changes in the N substitution pattern on the hydrogen-bond-
acceptor character of the N and O (carbonyl) atoms.

Finally, absolute NMR shieldings were calculated using
the gauge including atomic orbital method [26] at the MP2/
6-311+ G**//MP2(full)/6-31 + G* level. '"O NMR chemical shifts
of 2-5 were determined by comparison with the 70O NMR isotropic
shifts computed for water (single molecule) at the same level.

3 Energies and structures

Four stationary points (Fig. 2) were initially located and
characterized [27] on the corresponding potential hyper-
surface: the ground state 2, the 90° and 270° rotamers
(TS2 and TS1 respectively) and a totally planar
geometry initially assigned to the transition state for
the N inversion TSi (see later). Frequency analysis was
performed to verify the ground-state or transition-state
character of all the structures presented here. The ZPEs
derived from these calculations were scaled by a factor
of 0.9661. Actually this factor corresponds to the
MP2(full)/6-31G(d) method but the magnitude of this
value should not differ appreciably from that for
the method used here, MP2(full)/6-31+ G*. Relevant
geometric parameters for the aforementioned structures
are reported in Table 1.

Selected structural parameters for several stationary
states along the rotational path, of 3, 4 and 5 are shown
in Fig. 3. The computed equilibrium structures pre-
sented here are in good agreement with previously re-
ported theoretical [28, 29] and experimental [30] values.

Several geometrical parameters for the squaramide
ground state are noteworthy. First, the remarkably long
C,—C, bond distance that we found in 2 and its rota-
mers, which is comparable to X-ray structural data of
related compounds [31] and can be explained by hyper-
conjugative interactions between the carbonyl O lone
pairs and the adjacent ¢* C;—C, molecular orbital.
Second, the NH, group in 2 is not coplanar with the
four-membered ring, suggesting that the N atom does
not have exact sp? hybridization as would be expected
for the N in an amide group. For comparison purposes,
we mention that calculations on formamide carried out
by Wiberg et al. [32] at the MP2/6-311+ + G** level
found a nonplanar structure with the amine hydrogens
about 15° out of plane. Its energy differs by only 2 cal/
mol from that of the planar structure, too small to be
significant at any practical theoretical level. In our case
the difference in energy between 2 and TSi is higher
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(0.5 kcal/mol) but smaller than the zero-point vibra-
tional energy corresponding to the amino wagging mode
of 2 (386 cm™" =0.6 kcal/mol). Third, the NH, triangle
is bent toward the O (carbonyl) atom, in agreement with
the results reported for formamide [28].

From the calculated energies reported in Table 2,
several general considerations can be drawn. First, the
relative energy values, E.;, show that the barriers
calculated at the MP2 level are somewhat larger than
those at the self-consistent-field level, in agreement with

Table 1. Selected structural parameters [MP2(full)/6-31+ G*] of
the squaramide C-N rotamers shown in Fig. 2

Parameter Structure Variation
A(TS2-2)
Squaramide TS2 TS1 TSi
Bond lengths (A)
1-Cs 1.544 1.557 1.561 1.544 0.012
C =0, 1.223 1.218 1.218 1.224  —0.005
C,=0, 1.221 1.218 1.214 1.222 -0.004
Cs—N;j 1.342 1.405 1.405 1.337 0.063
C4—Oy 1.339 1.326 1.331 1.340 -0.013
C—Cy 1.473 1.493 1.492 1471 0.021
Cr-C5 1.488 1.492 1.495 1.489 0.004
C3=Cy 1.387 1.378 1.379 1.387 -0.008
Ns-Hj; 1.013 1.022 1.020 1.012 0.009
Ns-Hjy 1.014 1.022 1.020 1.013 0.008
Angles (degrees)
C5-N;-H; 120.5 110.2 111.5 1222 -10.3
C5-N3;-Hj 117.9 110.2 111.5 1195 -7.7
C,—04-Hy 108.4 108.7 108.8 108.4 0.2
Dihedral angles (degrees)
H;-N3;-C3;-H3" 154.4 117.3 120.5 180.0 -37.2
C;-C4—O04-H, 1783 180.0 180.0 179.5 1.8

% H3-N3-C3-Hy values stand for the dihedral angle formed by the
H;-N3-C; and the H;—N3—Cjy planes. The corresponding value for

a “pure” sp> hybridization would be 180°, and 120° for sp’
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reported results [33]. The inclusion of highly correlated
treatments such as CCSD [33] or QCISD (this work)
together with a perturbative correction for the effects of
triple excitations [CCSD(T) or QCISD(T)] leads to a
significant lowering in the barriers. The addition of the
ZPE correction decreases the energy barrier, in agree-
ment with previously reported high-level calculations
[28, 33]. The calculated barrier heights were considerably
lower than the experimental ones measured in various
solvents [34, 35, 36, 37]. As discussed in the literature
[38, 39], one possible explanation for this disagreement is
the intermolecular interaction with the solvent, since
either proton-donating solvents [38] or solvents with
a high dielectric constant [39] increase the rotational
barrier height.

It can be observed that the rotational barriers
decrease in the following order: formamide, squaramide,
3-aminoacrolein and, finally, vinylamine. Consequently,
at first sight, this order agrees with what one would
expect by considering the relative importance of the
respective zwiterionic ‘“‘amide-type resonance’ structure
analogous to 3a (Fig. 4).

4 Discussion
4.1 Geometries

When comparing the changes in the structural param-
eters for 2 on going to the saddle point rotamers TS2
and TS1 (Table 1) with those corresponding to 3, 4 and
5 (Fig. 3), the following observations can be made. The
C-N bond in 2 is lengthened by 0.063 A, a smaller
increment than the corresponding one for 3 (0.080 A,
Fig. 3) but larger than for 4 and 5 (0.061 and 0.038 A,
respectively). In addition, the C;=0; bond is more
affected by the rotation than C, =0, in 2, comparable to
4 and less than in 3 (Table 1, Fig. 3). The shortening of

0.009
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Table 2. Calculated energies. Total energies are given in hartrees, relative energies and zero-point energies (ZPE) are given in kilocalories
per mole. GS, TS1, TS2 and TSi represent ground state, 90°, 270° C—N rotamers and the NH, inversion transition state, respectively

Computed HF/6-31G** MP2(full)/6-31 + G* QCISD(T)* ZPE®  AAH Observed
E Erel E Erel E Erel
Formamide
GS - -169.42 1868 0.0 —-169.53 9560 0.0 28.51 0.0
TS anti - —-169.39 4249 17.3 —-169.51 5792 14.9 28.37 14.8 17-22¢
Squaramide
GS —-432.21 5194 0.0 —433.45 9693 0.0 —433.70 1528 0.0 45.01 0.00
TS1 —432.19 7977 10.8 —433.43 6683 14.4 —433.62 8798 11.8 44.28 11.0
TS2 —-432.20 0704 9.1 —433.43 9761 12.5 —433.68 5712 9.9 44.35 9.3 16-18¢
TSi - —433.45 9402 0.2 —433.70 0782 0.5 44.12 €
3-Aminoacrolein
GS —245.81 2859 0.0 —246.55 5702 0.0 —246.73 0420 0.0 50.22 0.0
TS1 —245.79 7735 9.5 —246.53 8526 10.8 —246.71 6424 8.8 49.62 8.2
TS2 —245.79 6232 10.4 —246.53 6543 12.0 —246.71 4237 10.2 49.68 9.6
TSi —245.81 2643 0.1 —246.55 5297 0.3 —246.72 9166 0.8 49.67 0.2
Vinylamine
GS —133.07 5154 0.0 —133.50 4310 0.0 —133.62 8588 0.0 43.88 0.0
TS1 —133.06 4970 6.4 —133.49 3042 7.1 —133.61 8227 6.5 43.48 6.1
TS2 —133.06 7034 5.1 —133.49 5415 5.6 —133.62 0817 4.9 43.50 4.5 6.7"
TSi - - —133.50 1954 1.5 —133.62 5030 2.2 43.01 1.3 1.0-1.38

2 QCISD(T) = QCISD(T)/6-311 + G**//MP2(full)/6-31 + G*

® The MP2(full)/6-31 + G* ZPEs were scaled by 0.9661. See Ref. [27]

¢ Ref. [35]

9 This value is approximate since it corresponds to 3-diethylamino-4-ethoxycyclobutenedione [36]. The barrier for the NH, derivative will be

lower by several kilocalories per mole
¢ Ref. [32]

"' The calculated rotational barrier is somewhat lower than the experimental estimation of 6.7 kcal/mol [37]

¢ See Ref. [30]
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Fig. 4. Zwiterionic amide-type resonance structure of formamide

the C;=0; and C3=C4 bonds and the lengthening of
the C;—C4 bond on rotation of the C-N bond are in
agreement with the loss of conjugation of the N atom
lone pair through the cyclobutenedione system, which
will exclude TS2a as a resonance form (Fig. 5). Another
important change occurs for the C4~O4 bond length,
which decreases by 0.013 A on going from 2 to the TS2
rotamer, thus suggesting a slight increase in double-bond
character and supporting the idea that the resonance
form TS2b increases its contribution to the composite.
The latter observations highlight that C; and the Nj
atoms are involved in the most important geometric
changes during C-N rotation, in accordance with
Wiberg’s model.

The degree of pyramidalization of the N atom, rep-
resented by the H;—N3;—C;-H3 dihedral angle (Table 1,
Fig. 3), decreases in the following order: formamide,
squaramide, 3-aminoacrolein and, finally, vinylamine.
There is a good linear correlation between the dihedral
angle values and the calculated rotational barrier, sug-
gesting that the most important factor is the change in

hybridization (partially sp2 to practically sp’) on rota-
tion.! The value of the slope is small but positive (0.2),
which supports Wiberg’s [14, 15, 16] hypothesis that an
important factor contributing to the rotational barrier is
the need for the N to stabilize its lone pair.

4.2 Atomic properties

In order to explore the C-O and C-N bonds features of
the compounds studied here, the charge density varia-
tions caused on rotating the amino group were initially
examined from the point of view of Bader’s theory [17]
(Table 3). Integration of the charge density showed a net
change of 0.030¢ for the O carbonyl of the squaramide
and 3-aminoacrolein, being about half of what was
found for formamide (0.055¢). These values are in
agreement with the known [40] attenuation of electronic
effects along the chain caused by the two carbon
CH=CH fragments between the C=0 and the NH,
groups in 2 and 4, suggesting poor involvement of the O
atom in the vinylogous amide resonance.’

'The correlation coefficient, 12, of the linear plot is 0.9925, being the
sum of squares error equal to 0.4038

It is a classical example of the use of the reaction constant, p, of
the Hammett equation to measure the efficiency of various groups
in transmitting electronic effects. The attenuation factor assigned to
the CH =CH group is 0.48, in good agreement with the relationship
between the charge shifts found for the carbonyl O in 2 or 4
(0.030¢) and 3 (0.055¢)
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The electronic changes at the C—N bond upon rota-
tion are more complex: in 3, C; increases its electron
density by 0.151e, whereas in the vinylogous derivatives
2 and 4, the C; atom increases its electron density by
0.10le and 0.113e, respectively. The C;, C, and C4
electron densities remain practically unchanged. The
changes in the electron density of the N atoms are more
significant, going from 0.157¢ in 3 to 0.144¢, 0.122¢ and
0.066¢ in 2, 4 and 5, respectively. AIM charges show that
the magnitude of the changes are significantly lower
when the NH, group charges are used instead of the N
atomic charges. In the AIM theory the charges assigned
to two bonded atoms are strongly dependent on the
location of the boundary (determined by the zero-flux
surface) between them. This location is affected by the
difference in the electronegativity between the two at-
oms. In fact, the change in the electronegativity of the N
atom in passing from the ground state to the transition
state produces a variation in the location of the
boundary between the N atom and the three atoms di-
rectly bonded to it (C and the two H atoms); therefore,
part of the depletion of the N charge density is directed
towards the two H atoms. Consequently, the observed
N — C charge-density transfer would be better de-
scribed by the charge shifts corresponding to the NH,
group and the C atom.

In order to test charge shifts upon rotation from
another point of view, we carried out a NBO population
analysis. It is well known that the NBO analysis, as well
as other methods based on atomic orbitals that are as-
signed to specific atoms [41, 42], gives different results
than Bader’s treatment [15]. In formamide, the main
differences concern the C (carbonyl) and N atomic
charges for which NBO and AIM analyses give opposite
results (Table 3). Whereas changes in the NBO popula-
tion of formamide point toward an O to N flow of
charge on C-N rotation, AIM analysis proposes that the
carbonyl carbon gains electronic population at the
expense of the amide N [14]. One general trend can be
envisaged. Regardless of the method used, the O atom
(carbonyl) loses charge density upon rotation, with the
most relevant charge shifts corresponding to the NBO
analysis for all the compounds calculated.

For example, in 4 most of the AIM charge shifts in-
volve the N and the C; atoms, with the O atom being
affected to a minor extent. NBO charges also show
changes in the C-N bond, although the major change is
located on the C, atom. A clear difference between both
methods is the charge shift of the N atom, which is
negative (—0.052¢) for NBO and positive for AIM
(0.122¢). This difference is also observed in the other
molecules calculated.

NBO charge analysis of 2 shows a change in the C; =0,
and C5—-NH; groups. Another remarkable change is that
concerning the O4—~C,4 bond where the impossibility of the
NH, group to donate charge to the ring when rotated is
compensated with the electron donation from Oy4. This
fact help us to understand the electronic behavior of the
squaramide ring on C—N rotation.

The flow of electronic population between the atoms
may be envisaged, according to AIM theory, by con-
sidering the relative changes in atomic electronegativities
caused by the differences in the N hybridization during
C—-N bond rotation. In the ground-state conformers, the
hybridization at N would be close to sp”, whereas on
going to the transition states the amino group undergoes
pyramidalization, showing a close sp® hybridization. The
lowering in s character explains that the N atom would
be much less electronegative in the transition conformers
than in the ground state, thus diminishing the with-
drawing effect over the rest of the molecule and being the
origin of a new distribution of electronic population in
which the rest of the atoms of the molecule become
smoothly more stabilized. This explanation takes into
account mainly the o-clectron system. On the other
hand, NBO population analysis concludes that the im-
possibility of C to N 7 overlap in the rotated form
prevents the electronic flow from N to C atoms, thus
increasing the atomic charge of the N on going from the
ground state to the rotated transition state. In conclu-
sion, it is possible to obtain a more realistic picture of
the electronic flow considering the so-called o—n polar-
ization phenomenon [42] that includes both aforemen-
tioned explanations.

In summary, the differences between the NBO and
AIM analyses carried out for 2, 3 and 4 are mainly lo-
cated on the computed charges at N and O atoms. Apart
from the most important difference, i.e. the opposite sign
of the charge shift of the N atom upon rotation, the
magnitude of the charge shifts are also significant. The
AIM analysis always predicts charge shifts much greater
at the N atom than at the O atom. This fact together
with the small carbonyl bond length decrease compared
to the C-N bond length increase upon rotation support
Wiberg’s model. The NBO analysis predicts similar
charge shifts at N and O atoms, thus behaving as in
n-conjugated systems.

4.3 Bond properties
The properties of the charge density at the (3,—1) bond

critical points (CP) may be useful to discuss the changes
caused by C—N bond rotation (Table 4). By focusing our
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Table 3. Atoms-in-molecules

(AIM) and natural bond orbital ~Atom GS Ts Charge shifts
NBO) charges, group charges
nd Cl)large Shifis [TS.GS] AIM NBO AIM NBO AIM NBO
upon C-N bond rotaii*on. Squaramide
E%E)Z/%f}}lll)féi]l -gece} Fi/g\/[]szor O, —-1.091 —-0.655 —-1.061 —-0.609 0.030 0.046
the atomic labels. TS stands for C, 1.001 0.519 0.995 0.530 —-0.006 0.011
the C-N rotation process 0, -1.079 —0.631 -1.077 —-0.626 0.002 0.005
transition state C, 1.007 0.554 1.000 0.548 0.007 —0.006
Cy 0.535 0.258 0.556 0.348 0.021 0.090
Cs 0.488 0.162 0.387 0.088 —0.101 -0.074
N; -1.210 —-0.819 —-1.066 —-0.851 0.144 —-0.032
Oy —1.130 -0.711 -1.118 —0.687 0.012 0.024
NH, —-0.343 —-0.001 -0.292 —-0.095 0.051 —-0.094
OH -0.520 —-0.207 —-0.508 —-0.185 0.012 0.022
C,0, —-0.090 —-0.136 —-0.054 -0.079 0.036 0.057
Formamide
o —-1.120 —-0.710 —1.065 —-0.620 0.055 0.090
C 1.475 0.690 1.324 0.695 —-0.151 0.005
N -1.224 —-0.875 -1.067 -0.929 0.157 —-0.054
H 0.027 0.099 0.056 0.107 0.029 0.008
NH, —-0.382 —-0.080 -0.315 -0.182 0.067 -0.102
CH 1.502 0.789 1.380 0.812 —-0.122 0.023
CcO 0.355 —-0.020 0.259 0.075 —-0.096 0.095
3-Aminoacrolein
o -1.071 —-0.665 —-1.041 -0.625 0.030 0.040
C, 0.958 0.512 0.959 0.506 0.001 —0.006
H —-0.007 0.089 0.010 0.102 0.017 0.013
C, —-0.055 —0.456 —0.040 —-0.351 0.015 0.105
Cs 0.446 0.198 0.333 0.144 —-0.113 —-0.054
N -1.179 —-0.832 -1.057 —-0.884 0.122 —-0.052
NH, —0.366 —0.060 -0.329 —-0.149 0.037 —0.089
CcoO —-0.113 —-0.153 —-0.082 -0.119 0.031 0.034
Vinylamine
C —-0.070 —0.498 —0.048 —-0.363 0.022 0.135
C 0.379 0.093 0.318 0.023 —-0.061 —-0.070
N -1.127 —-0.849 —-1.061 —-0.873 0.066 -0.024
NH, -0.377 —-0.121 —-0.356 —-0.172 0.021 —-0.051

attention on the C-N bond CP we can see that the
magnitude of the charge density decreases by one-tenth
when the corresponding interatomic distance lengthens.
The moderate change in this magnitude is similar in all
the compounds, and can be attributed to a little loss of
covalent bonding between C and N. The increase in p(r)
found for the C4,~O4 bond, accompanied by a slight
augmentation of the ellipticity indicates the = character
of the Oy4-ring interaction. The Laplacian of the charge
density (V?p) at the C-N bond CP upon rotation
remains essentially unchanged. For 2 and 3 the V?p at
the C=0 bond CP changes its sign upon rotation,
indicating a discrete increase in the polar character of
the bond. In the C—N bond the bonded radius of the C
atom increases in all cases, while that of the N atom
decreases slightly. Consequently, the lengthening of the
C-N bond is mainly due to the increase in the size of
the C atom, indicating a net gain of charge density from
the neighboring N. The rest of the bond CP properties
are relatively insensitive to the C—N rotation [15].

As already stated, the AIM results presented here and
the analyses derived from them support Wiberg’s amide
bond model in which the C=O bond, particularly the O
atom, does not participate (is a spectator) in the rotation
of the C—N bond. However, the NBO method predicts
the opposite trend. To solve this dilemma, we extended

our study in order to know which model, i.e. the
resonance or Wiberg’s model, is appropriate for a true
definition of the controversial amide bond.

4.4 Molecular interaction potential

MIP calculations have been shown to be valuable tools
for exploring molecular reactivity [43] but also to
rationalize and predict molecular interactions [44]. Since
the MIP is based on the molecular electrostatic potential
(MEP) with further addition of a classical repulsion—
dispersion term, MIP is able to represent not only
electrostatic interactions but also steric effects. For these
reasons, MIP will be used to describe nonbonded
interactions, in particular hydrogen bonds.

In order to better describe the suitability of the
compounds tested in this study to serve as hydrogen-
bond acceptors, in particular 2 and 3, we carried out
MIP calculations starting from ab initio MP2(full)/6—
311+ G** wave functions. MIPs were computed for the
interaction with a positive classical particle (charge 0.5)
having van der Waals characteristics of a hydrogen
bound to an electronegative atom [MIP (1/2 H")], thus
simulating a hydrogen bond. The results are shown in
Fig. 6 and Table 5.



Table 4. Bond critical point properties and bond orders. All values
are in atomic units except r, and r,, which are in angstroms. The
properties of the charge density are calculated at bond critical
points. p(r) is the charge density, V2p(r) the Laplacian of the charge
density, € the ellipticity of the bond, r, and r, the bonded radii.
Atomic labels correspond to the ones shown in Fig. 1. The covalent
bond orders were calculated by means of the methodology
implemented in Gaussian 94 by Cioslowski and Mixon [22]

Bond p(r) V2p(r) € Bond r, v
order
Squaramide GS
C-C, 0.243 —-0.531 0.115 -4 0.773 0.775
C,;=0; 0.390 -0.022 0.061 - 0.415 0.808
C,=0, 0.391 -0.015 0.062 - 0.415 0.807
C-C; 0272 —-0.663 0.182 - 0.703 0.772
C,-Cs; 0.265 -0.629 0.136 - 0.712 0.778
C;=C4 0.311 -0.837 0.284 - 0.696 0.695
C3-N3  0.321 —-0.800 0.062 - 0.477 0.865
C4s04 0.295 -0.225 0.004 - 0.448 0.892
N;-H; 0.331 -1.672 0.052 - 0.755 0.237
N;-Hs  0.330 -1.684 0.052 - 0.758 0.236
Squaramide TS2
C-C, 0.238 -0.513 0.088 0.925 0.790 0.770
C;=0; 0.393 0.050 0.053 1.415 0.412 0.806
C,=0, 0.394 0.032 0.055 1.407 0.413 0.805
C—-C4 0.265 —0.640 0.127 0.989 0.719 0.778
Cy-C;  0.265 -0.621 0.163 1.051 0.735 0.759
C;=C,; 0.319 —-0.878 0.327 1.457 0.662 0.719
C3-N3  0.296 —-0.898 0.065 1.024 0.565 0.841
C404 0.304 -0.202 0.059 0.934 0.442 0.884
N;-H; 0.326 -1.517 0.046 0.815 0.753 0.249
N;-Hs  0.326 -1.517 0.046 0.815 0.753 0.249
Formamide GS
H-C 0.278 -0.970 0.029 0.901 0.372 0.716
C=0 0.392 —-0.168 0.090 1.333 0.418 0.811
C-N 0.312 —-0.808 0.096 1.045 0.483 0.877
N-H; 0.333 -1.661 0.056 0.788 0.750 0.239
N-H; 0.331 —1.669 0.053 0.800 0.754 0.238
Formamide TS anti
H-C 0.282 -0.997 0.029 0.912 0.364 0.720
C=0 0.395 0.051 0.102 1.417 0.411 0.808
C-N 0.285 —0.840 0.049 0.945 0.592 0.849
N-H; 0.324 -1.476 0.041 0.824 0.751 0.253
N-H,; 0.324 —-1.476 0.041 0.824 0.751 0.253
3-Aminoacrolein GS
H-C, 0.271 -0.915 0.019 0.919 0.381 0.716
C;=0 0.381 -0.066 0.068 1.406 0.418 0.818
C-C, 0.284 —-0.764 0.157 1.092 0.724 0.724
C,=C5; 0.325 -0.930 0.347 1.630 0.632 0.725
C3—N3  0.306 -0.799 0.054 1.071 0.488 0.881
Ni;-H; 0.334 —1.651 0.055 0.804 0.751 0.242
Ni;-Hs  0.333 -1.637 0.052 0.806 0.750 0.240
3-Aminoacrolein TS1
H-C, 0.274 -0.933 0.018 0.921 0.377 0.718
C'=0 0384 -0.018 0.069 1.429 0.415 0.816
C,-C, 0.278 -0.749 0.105 1.040 0.735 0.731
C,=C5; 0.338 —1.000 0.360 1.702 0.657 0.687
C3—Nj3;  0.283 —-0.833 0.043 0.998 0.573 0.858
Ni;-H; 0.328 —1.493 0.048 0.838 0.748 0.254
Ni;-Hs  0.328 —1.493 0.048 0.838 0.748 0.254
Vinylamine GS
C,-C, 0.331 -0.949 0.418 1.782 0.634 0.709
C,-N, 0.292 —-0.838 0.060 1.027 0.517 0.884
N>-H, 0.332 -1.566 0.050 0.829 0.748 0.247
N>-H, 0.333 -1.574 0.054 0.830 0.747 0.247
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Table 4. (Contd.)

Vinylamine TS2

C-C, 0.340 —-1.006 0.412 1.794  0.657 0.680
C-N, 0.277 -0.804  0.027 0.988 0.570 0.868
No-H, 0.329 -1.487 0.049 0.849 0.746 0.254
N,-Hy 0.329 —1.487 0.049 0.849 0.746 0.254

#Unfortunately the bond order calculation, as well other AIM
atomic properties, corresponding to the GS squaramide 2 was
impossible to carry out by the aforementioned implementation
since the program stops with an error message; therefore, the cor-
responding bond order values are not available

MIP maps of 3 were computed in the carbonyl plane,
since it is the most informative concerning the hydrogen-
bond formation. Initial inspection of the maps clearly
shows that in the planar form, the O region is the only
suitable hydrogen-bond acceptor. The value of the MIP
minimum originating from the interaction with the lone
pairs is —17.4 kcal/mol. Computation of the MIP along
the line perpendicular to the molecular plane passing
through the N atom, reveals a minimum energy located
at 2.1 A having an energy of only —1.19 kcal/mol, in
agreement with the poor nucleophilic character of the
amide N atom and reflecting the 7 conjugation.

The most important differences between the MIP
energy maps computed at the ground and the transition
states are located in the N area, where a significant
minimum on the molecular plane is found in the rotated
form (—13.9 kcal/mol). The energy depth (in absolute
value) of the MIP minimum close to the O atom slightly
decreases on rotating the C—N bond (—14.9 kcal/mol),
indicating a lower nucleophilicity. In summary, the O
atom in the equilibrium geometry is a better nucleophile
than in the rotated form, whereas the N atom becomes a
good nucleophile in the twisted conformer. These results
are in agreement with those previously reported by
Luque and Orozco [45] from MEP calculations and by
Wiberg and coworkers [14] from two pertinent quantities
readily obtained from the wavefunctions: the Laplacian
of the charge density calculated on the molecular van der
Waals surface [17, 46] and the electrostatic potential [47].
It must be mentioned that the results are in accord with
the predictions of the resonance model.

The MIP maps for 4 are parallel to those of 3 (Fig. 6).
In the two conformers, we found the lowest minimum in
the molecular plane and close to the carbonyl O atom,
deeper in the planar (—18.0 kcal/mol) than in the rotated
form (—14.9 kcal/mol). A second region of the MIP min-
imum is located near the expected position of the N atom
lone pair (—14.9 kcal/mol) in the 90°-twisted conformer.

The squaramide MIP map is a little more complex
(Fig. 6). The ground state of 2 shows several minima near
the area presumably occupied by the lone pairs of the two
carbonyl O atoms, the lowest minimum being located in
the vicinity of O, (-16.3 kcal/mol). The region between
the two carbonyl O atoms has a considerable energy depth
ranging from —12.0 to —13.0 kcal/mol, thus indicating a
large area suitable for accepting hydrogen bonds. The
“out-of-plane” MIP in the O4 region shows two energy

minima, above and below the molecular plane (at 2.3 A
from the O atom), of —1.0 and —0.6 kcal/mol, respectively.
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Fig. 6. MP2(full)/6-311+ G**
molecular interaction potential
maps calculated in the molecular
plane corresponding to the
ground state and transition state
for a, b formamide, ¢, d 3-am-
inoacrolein and e, f squaramide,
respectively. The isopotential
lines are in kilocalories per mole
and the coordinates are in ang-
stroms. Negative and positive
isopotential lines are represented
by dashed and solid lines, respec-
tively. The orientation of the
structures corresponds to the
standard coordinates of the

The latter has a smaller energy depth owing to the nuclear
repulsion term corresponding to the hydrogen atoms
of the amino group. Another local minimum of only
—0.3 kcal/mol is found 2.1 A above the N atom in a
direction perpendicular to the molecular plane. Again,
it agrees with the poor nucleophilicity of the N atom,
presumably involved in the ring conjugation.

When the squaramide C-N bond rotates, a second
region of the MIP minimum appears in the vicinity of
the N atom, with an interaction potential of —11.2 kcal/

Gaussian calculation

mol. Similarly, there are some changes in the MIP
topology around the two carbonyl area, in such a way
that the lowest minimum is actually found near O,
(—1-3.9 kcal/mol), thus reinforcing the aforementioned
argument that O, donates charge density to the ring
when the C—N bond rotates.

All these observations suggest, in agreement with
Pauling’s resonance model, that when the C-N bond
is rotated, the nucleophilicity of the carbonyl O atom
decreases. Accordingly, the MIP results suggest that the
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Table 5. 7O NMR chemical

shifts (ppm) relative to water Compound GS Ts
and molecular interaction 7 7
potential (MIP) depth values O NMR MIP O NMR MIP
(kcal/mol) Squaramide 446 (0)) -16.3 (C=0,) 526 (0y) -12.8(C=0y)
470 (0O,) -154 (C=0y) 491 (0,) -13.9(C=0,)
—-0.3 (NH,) —11.2 (NH,)
Formamide 390 -17.4 (C=0) 602 -149 (C=0)
—-1.2 (NH,) —13.9 (NH,)
3-Aminoacrolein 568 -18.0 (C=0) 630 -14.9 (C=0)
—-5.1 (NH,) —14.9 (NH,)

Table 6. Influence of the N substitution in the disquaramide on the charge and hydrogen-bond-acceptor capabilities of carbonyl O atoms.
For CHELPG charges see Ref. [50]. The MIP was calculated at the MP2(full)/6-311 + G**//MP2 (full)/6-31+ G* theoretical level

0, 0O,
SN NG
\ /
Disquaramide substitution Atomic charges CHELPG MIP [1/2 H*]
(kcal/mol)

N, N» 0, 0,

H,H H,H —0.444 —-0.444 -17.8
Me,H H.H —0.447 —-0.461 -18.3
Me,H Me,H —-0.469 —-0.469 -18.7
Me,Me Me,H —0.452 —-0.481 -19.7
Me,Me Me,Me —-0.490 —-0.490 -21.0

electron flow in the equilibrium structures presented here
goes from N to C, and part of this charge moves toward
to the O. This effect decreases in the following order: 3, 4
and 2.

With the aim to assess the applicability of the reso-
nance model to squaramides, additional calculations on
disquaramide derivatives having different substitution
patterns were carried out in order to evaluate the
changes in the hydrogen-bond-acceptor capabilities of
the carbonyl O atoms by increasing the substitution at
the N. The results (Table 6) clearly support the classical
Pauling model since the greater the N atom substitution
the deeper is the MIP minimum near the corresponding
conjugated carbonyl O and the more negative is its
atomic charge.

4.5 70 NMR calculations

Dahn and coworkers [48f 49] have shown that the
chemical shift values in ''O NMR spectra are very
clearly different for doubly (=O0O) and singly (-O-)
bonded O atoms and that both, but particularly the
former, are very sensitive to electronic influences and
resonance effects. The 7O NMR technique is a valuable
tool to probe n-bond order or n-electron density around
O atoms. The computed 'O NMR chemical shifts of
2, 3 and 4 are summarized in Table 5. The chemical shift
of 3 is 390 ppm, in acceptable agreement, taking into
account the deshielding influence of the hydrogen bonds
in water, with the experimental value of 304 ppm [49].

The 90°-rotated form of 3 gives a computed chemical
shift of 602 ppm, close to the experimental value of
acetone (569 ppm). The observed difference in the
chemical shift of 3 upon rotation is large (212 ppm), in
agreement with the charge shift predicted by the NBO
method on the O atom (0.090¢). For 4 and 2, the
computed chemical shift increments are only 62 and
80 ppm for O; and 21 ppm for O,, respectively. These
results are also in agreement with the NBO charge shifts
obtained for the O atoms (Table 3). The large difference
observed in 3 confirms that the O atom is not an
spectator and is an active participant in the C-N
rotation. The differences observed for 4 and 2 are
considerable, indicating that the O atom is affected by
the rotation of the NH, group.

5 Conclusions

AIM computational results, including changes upon
rotation in electron population and other atomic and
bond properties studied here, support Wiberg’s amide
bond model and show small-to-moderate changes in
their corresponding values. The linear correlation found
between the degree of hybridization of the computed
equilibrium structures and the height of the rotational
barrier supports the hypothesis that one important
factor is the need for the N atom to stabilize its lone
pair electrons as well as possible. The lack of more
significant changes in the bond and ring CP makes
difficult the study of the squaramido ring electronic
structure and the charge density flow.
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In contrast, our NBO, MIP and 'O NMR results
clearly support the Pauling Scheme and that in the planar
geometries the electron flow is in the N — C — O direc-
tion, thus increasing the nucleophilicity of the O amidic
carbonyl when conjugation is possible. In fact, MIP cal-
culations on several N-methyl-substituted disquaramides
reveal an increase in the corresponding conjugated car-
bonyl O negative charge as well as in the depth of the MIP
minimum by augmenting the substitution on the N atoms,
thus supporting the applicability of the resonance model
and offering a possibility to modulate the hydrogen-bond-
acceptor character of the carbonyl O atoms. Additional
examples, theoretical calculations as well as additional
experimental evidence are necessary to better understand
the intimate aspects of the electron flow inside these
molecules. Concerning the binding behavior of the squa-
ramido unit, it shows a large region (between the two
carbonyl O atoms) of a deep MIP suitable for accepting
hydrogen bonds, in contrast with formamide, which
shows a slightly more negative MIP minimum confined in
a minor binding area. This is important, considering that
the larger the area potentially active as a hydrogen-bond
acceptor, the greater is the number of hydrogen atoms
that can point toward that region at a time. This would be
the case for HyN ' or (CH3)4N™ types of cations, for
which the possibility to form several hydrogen-bond
interactions with each squaramido unit must favor the
binding process. The large potential binding region of the
squaramido structures clearly confirms that squaramido-
based host molecules [10, 11] are powerful receptors
for intervening in molecular recognition processes with
adequate positively charged guests.

The results from ab initio calculations clearly indicate
a decrease in the C—N bond rotational barrier on going
from formamide to squaramide and finally to 3-amino-
acrolein. This trend is corroborated by the NBO charge
shifts of the O atom and the computed 'O NMR
chemical shifts, indicating more 7 conjugation (charge
transfer toward the O atom) in formamide than in either
squaramide or 3-aminoacrolein.

Bearing in mind the limitations of any qualitative
model, the present results support the validity of the
amide resonance model.
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