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tual arrangement of the cationic and 
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le spirocyclic rupture process has been 
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are isomeric structures of relative 
e their SP and MC forms have different 
 1). According to experimental data, 
piropyran 1 in the DMSO solution and 
ound 2 forms the mixture of SP (2a) 

and one of the MC (2c,d) isomers in DMSO, and in crystals it 
exists in one of possible trans-MC (2d) forms.14 It allowed to 
consider the process of opening and closing pyran ring for two 
compounds with similar structural motifs but different behavior 
of this ring.

The simulation was performed with Gaussian 16 software 
package.15 The density functional theory (DFT) method with 
three-parameter Lee–Yang–Parr correlation functional 
(B3LYP)16 and the 6-311++G(d,p) basis set17 were used. 
Previously obtained XRD data14 were used as initial geometric 
approximations. Stationary points on the potential energy 
surfaces (PES) were identified by analytical calculating the 
matrix of constants. The analysis of the natural bond orbitals was 
performed with NBO 6.0 package.18 Optimized structures were 
rendered using Chemcraft program.19 GaussView program20 was 
used to visualize the electrostatic potential (ESP) map.

For considered structures the modeling approach without 
transition states is used due to well-known problems of DFT 
modeling for big size molecules such as computational 
complexity. So, available XRD data is starting point for modeling 
of 1a and 2d. Other structures were simulated based on reaction 
schemes previously proposed.5,13,21,22 Also, the analysis of the 
relative positions of the natural bond orbitals in 1a–d and 2a–d 
was used for checking the results.

The NBO energetic (deletions) analysis allowed us to estimate 
the stabilizing effect of the localized and delocalized (non-
Lewis) contributions in the structural stability. The Lewis-type 
wavefunction of structure has an energy E(L) greater the full 
energy E(full). The value of E(L) allows one to estimate localized 
contribution in structural stability. Also, the net energy difference 
E(NL) = E(full) – E(L) enables to estimate the stabilizing effect 
of the delocalizing (non-Lewis) contributions.

The relative values of E(L) and E(NL) for isomeric structures 
of compounds 1 and 2 are shown in Figure 1. The summary of 
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deletions analysis is outlined in Table S4 (see Online 
Supplementary Materials). The stability of 1a, 1c and 1d has 
been favored by localized contribution, whereas the stability of 
1b can be attributed to the electronic delocalization energy 
E(NL). However, the large differences in DE(L) values for 1a 
and 1b and for 1b and 1c cast doubt on the possibility of the 
corresponding isomerization reactions.

The consideration of structures 1a'–d' without perchlorate 
anion allowed us to reveal the anion effect on the cationic 

fragment in part of E(L) and E(NL) energies. However, 
preserving the rather large difference in DE(L) values for 1a' and 
1b' suggests that the pyran ring opening is not possible under 
normal conditions for cation case also. In other words, the pyran 
ring preservation is a property of the cationic part of compound 
1 itself due to disbalance between localized and delocalized 
contributions in the structural stability in favor of localized one.

All four considered isomeric structures of compound 2 are 
characterized by E(L) and E(NL) values of a similar order. So, 
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Figure  1  The schematic energy profiles of the Lewis-type wavefunction energy E(L) and the net energy difference E(NL), and the graphics of total electronic 
energy Etot for isomeric structures with (1a–d, 2a–d) and without (1a'–d', 2a'–d') perchlorate anion.
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all these structures are possible from the viewpoint of the balance 
between E(L) and E(NL). It should be noted only that structure 
2b is more stable due to E(L) contribution, while 2c is more 
stable due to E(NL) contribution, but DE(NL)>3·DE(L). So, in 
this case some factors of stabilization differ from expected steric 
and electrostatic differences. For compound 2 without perchlorate 
anion, the schematic energy profiles of E(L) and E(NL) are 
similar to the case of 2a–d. However, for 2b' and 2c' the values 
of DE(L) and DE(NL) are of the same order. It allows us to 
suppose that 2c is more stable than 2b due to the effect of 
perchlorate anion on the cationic part.

In terms of the NBO theory, there are no bonds between 
anionic and cationic fragments in the studied structures. There 
are the multiply second-order interactions between the fragments 
with very small the stabilization energy E(2) with values close to 
zero. In structures 1a–d the maximum of E(2) is 3.63 kcal mol–1, 
whereas for 2a–d the maximum of E(2) is 1.86 kcal mol–1. It 
allows us to look in a new way at the questions posed earlier23 
about chemical bonds in similar compounds. We tend to associate 
the interactions between anionic and cationic fragments more 
with the electrostatic nature of the ionic parts than with 
interactions between atoms orbitals according the current level 
of calculations.

We assume that the difference in structure stabilization for 
compounds 1 and 2 with respect to the previously known 
spiropyrans is due to the presence of an extended conjugation 
chain in the molecule and different efficiency of conjugation for 
1 and 2. In order to qualitatively assess the effect of conjugation, 
the ESP charge redistribution in the isomeric structures during 
possible isomerization reactions was studied (see Online 
Supplementary Materials, Figures S1 and S2). The quantitative 
changes of atomic charges are given in Table S5. It was found 
that there was an equalization of ESP charges along the skeleton 
of the cationic fragment during passing from 1a to 1d. In case of 
compound 2, the positive charge is initially distributed over the 
entire backbone, and its migration is combined with the location 
at several carbon atoms. The negative charge migrates far enough 
along cationic part, except for a case of oxygen atoms. The 
Mulliken and APT (Atomic Polar Tensor) charges have been also 
investigated. The problems of Mulliken charges such as basis 
choice sensitivity are well known. The calculations show that the 
pyran ring is broken and the charge of oxygen atom O(1') 
changes its sign in compounds 1 and 2 (see Online Supplementary 
Materials, Scheme S1 and Table S5) with value sufficiently 
differ from zero, which contradicts the electronegativities of this 
atom. This may point out to the inadequacy of the Mulliken 
scheme in this case. Calculated APT charge of atom N(1) in 
structures 1a and 2a is negative that makes doubt in acceptance 
of this scheme for studied compounds also.

The geometry configuration of 1a shows that a carbon bridge 
has the single-double-single bond pattern. This bridge remains 
intact during the hypothetical isomerization process of 
compound 1. Also, after the opening of pyran ring the second 
bridge appears where the bonds transform to three resonance 
hybrid bonds. It based on a comparison of computed bond 
lengths (Table S7) with table values of characteristic bond 
lengths in free molecules.24 The similar situation with the bonds 
of carbon bridges also takes place in compound 2.

The qualitative geometry changes of the studied structures in 
the dependence on the presence of perchlorate anion are 
illustrated in Figures S3 and S4. It is shown that according to 
calculations (see Table S7), the distortion of the cationic moiety 
is more for 1c and 1d and it is caused by the interaction of this 
moiety and the perchlorate anion. The isomeric structures of 
compound 2 are more sustained for different geometric changes 
connected with anion effect. Compared to the XRD data, in the 

gas phase double bonds are elongated and single bonds are 
shortened (Table S6). Thus, the conjugation is more pronounced 
without environmental effects.

The qualitative effect of the perchlorate anion on 3c–4e 
hyperbond in the studied isomeric structures (Figures S5 and S6) 
is based on NBO analysis (Table S8). So, despite the absence of 
bonds between anionic and cationic fragments in the studied 
structures, the perchlorate anion noticeably affects a position of 
hyperbonds in case of 1b and 1b'. In other cases, such effect is 
not so obvious.
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