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1. Introduction

Ever since the first organic compound was synthesized in the laboratory, scientists have been asking themselves questions
about how it was formed. The study of the formation pathway of organic molecules, termed molecular mechanism, quickly
became a distinct and crucial field of modern science, straddling organic and physical chemistry!™. Nowadays, a reaction
mechanism is defined as a trajectory from substrate to product, through intermediate(s) and transition state(s). Correctly
diagnosing the mechanism requires an understanding of the geometric parameters and energies of all critical structures
associated with the existence of minima (substrates, products, intermediate(s)) and maxima (transition state(s)) in the
reaction energy profile. While studying the geometry of reactants and reaction products existing as stable molecules is
straightforward (geometries can be studied using X-ray diffraction® ¢ or microwave spectrometry techniques” %, while
energies can be studied using calorimetric methods®), correctly interpreting the chemical properties of intermediates presents
a significant challenge. Techniques used for this purpose include trapping intermediates'®'? with reactive reagents and then
analyzing the resulting stable compounds, or real-life analysis using fast spectroscopic techniques'3'°. Investigating the
properties of transition states is an even more challenging task, due to their very short lifespans of approximately 10°'3s 16,
Therefore, none of the typical spectroscopic techniques can provide information about the structure or energy of transition
states. Some hope for progress in this area can be pinned on the recently reported discoveries in attosecond spectrometry!’.
However, at present, there are no tools enabling the practical implementation of this theory in the study of transition states.
There is, however, a group of research techniques that allow for the characterization of transition states through indirect
methods, without direct observation of the critical structure. In particular, with the ability to measure reaction rate constants,
appropriate analyses can be performed at a series of varying temperatures, followed by calculation of activation enthalpies
and entropies from the Eyring equation'®. These results, in addition to providing information on the energetics of the
transition state, also indirectly provide information on its structure. Large negative entropy changes are typical of transition
states of bimolecular processes characterized by a high degree of order, such as cyclic transition states in cycloaddition
reactions'® %3, In turn, small activation enthalpies are characteristic of transition states within which changes in the energy
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of the reacting system, determined by the formation of new s-bonds, are compensated by changes resulting from the
disintegration of pre-existing p-bonds?*?’. However, for a while now there has been an available technique that allows one
to obtain information on the degree of advancement of new bonds in the transition state?® %°, This technique is based on the
measurement of kinetic isotope effects and provides information on the degree of rehybridization at the reaction center,
which is closely related to the bond length formed at that atom. We distinguish two types of effects: primary kinetic isotope
effects (PKIEs)* resulting from isotopic substitution of an atom at which new bonds are formed, and secondary kinetic
isotope effects (SKIEs)*!> 3 resulting from isotopic substitution of an atom directly bonded to the atom at which the new
bond is formed. Studies of kinetic isotope effects have been used to investigate the mechanisms of many important reactions
in organic chemistry®3-3°, Interestingly, kinetic isotope effects can be easily calculated using quantum chemistry methods
utilizing DFT. In this work, we decided to test the usefulness of these methods for predicting activation enthalpies and
kinetic isotope effects. For this purpose, we used the (3+2) cycloaddition (32CA) (formally [4+2]- m-electron process)
reaction between (Z)-C,N-diphenylnitrone (1) and (E)-2-phenyl-1-nitroethene (2) as a model process, whose regio- and
stereoselectivity has been studied by many groups in the past’’”#°. This reaction proceeds with the full regioselectivity and
high stereoselectivity yielding the mixture of 3,4-cis-3,4-trans-4-nitro-2,3,5-triphenylisoxazolidine (3) and 3,4-trans-3,4-
trans-4-nitro-2,3,5-triphenylisoxazolidine (4).
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Scheme 1. Experimental results of the (3+2) cycloaddition reaction between
(Z)-C,N-diphenylnitrone (1) and (E)-2-phenyl-1-nitroethene (2)

For this reaction, we experimentally determined both the activation enthalpies and the SKIE values in our laboratory*'.
Within the framework of the present contribution we calculated enthalpies of activation and SKIEs for the nitroalkene
substructure based on quantum chemical calculations. This study should enable a comparison of key energetic and structural
parameters of the reaction transition states obtained experimentally and theoretically. In convection, this work can also help
justify the choice of the level of theory for modeling polar cycloaddition reactions involving both nitroalkenes and other
electrophilic components.

2. Results and discussion

First, we compared experimentally measured with quantum chemically estimated Gibbs free activation energy values.
As expected, calculations using semiempirical Hamiltonians overestimate the activation barrier so significantly that any
attempt to apply such data to the interpretation of practical phenomena is pointless. Intriguingly, the HF*? approximation
yields even worse predictions of the Gibbs free activation energy. These values are almost twice as high as the realistic ones,
even when advanced basis sets are employed. Among DFT methods, the worst approximations are obtained using the old
B3LYP**»* functional, although the overestimations are not as large as in the case of HF calculations. Other functionals
underestimate the activation parameters. Calculations using the B97% functional offer a relatively weaker approximation,
while the relatively best approximations can be obtained using the ®B97XD*® functional. If we compare the influence of
basis set on the precision of thermochemical calculations, it is clear that taking into account the diffusion function
significantly improves the predictions, bringing the obtained values closer to the actual ones.

Analysis of the suitability of individual levels of theory for predicting SKIEs leads to similar conclusions. Semi-empirical
and high-frequency calculations offer results so far removed from reality that the transition state geometries obtained this
way are certainly highly distorted and may even lead to erroneous interpretation of the reaction mechanism. In some cases,
the estimated SKIE is higher than 1, which makes no physical sense. DFT functionals allow to obtain satisfactory
predictions, with the best results achieved using the M062x*” and ®B97XD functionals. Visualizations of the transition
states of the tested reaction obtained using the latter method in a database with an additional diffusion function are illustrated
in Fig. 1.
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Fig. 1. Views of stereoisomeric transition states for the (3+2) cycloaddition reaction between (Z)-C,N-diphenylnitrone (1)
and (E)-2-phenyl-1-nitroethene (2) according to the ®B97XD/6-311+G(d) (PCM) calculations.

Table 1. Experimental and theoretically predicted key parameters of stereoisomeric transition states for the (3+2)
cycloaddition reaction between (Z)-C,N-diphenylnitrone (1) and (E)-2-phenyl-1-nitroethene (2) (AG” are in kcal/mol).

Ph 1 NO,
N\, /
C---C
1 \
Source Ph/'\j\‘o,/tz:\Ph
Path A Path B
AG* SKIE, SKIE, AG* SKIE, SKIE,
Exp. ¥ 27.4 0.94 0.92 26.4 0.95 0.92
AM1 42.8 1.02 0.92 42.1 0.99 0.96
PM3 49.1 0.96 0.97 47.8 1.00 0.96
HF/6-311G(d) 49.6 1.06 0.83 46.5 1.04 0.81
HF/6-311+G(d) 50.4 1.05 0.83 47.7 1.04 0.81
HF/def2svp 52.6 0.89 0.96 53.0 0.89 0.87
B3LYP/6-311G(d) 37.8 0.97 0.91 34,5 0.94 0.93
B3LYP /6-311+G(d) 39.7 0.97 0.90 36.6 0.95 0.95
B3LYP/def2svp 35.7 0.97 0.92 33.0 0.94 0.94
B97/6-311G(d) 24.8 0.91 0.93 22.1 0.89 0.96
B97/6-311+G(d) 27.2 0.92 0.93 242 0.89 0.94
B97/def2svp 23.2 0.92 0.94 20.7 0.95 0.96
MO06/6-311G(d) 26.1 0.97 0.93 23.4 0.93 0.96
MO6/def2svp 25.1 0.97 0.94 21.9 0.93 0.97
MO062x/6-311G(d) 22.8 0.99 0.91 20.7 0.96 0.92
MO062x/def2svp 23.0 0.98 0.92 20.6 0.96 0.93
®B97XD/6-311G(d) 25.4 0.97 0.89 22.3 0.94 0.92
®B97XD/6-311+G(d) 27.4 0.97 0.91 23.7 0.94 0.93

3. Computational procedure

All quantum-chemical computations were performed using algorithms implemented in the Gaussian 16 package*®. The
computational P1Grid infrastructure at the polish “Cyfronet” centre was utilized. All localized stationary points were verified
on the basis of the full vibrational analysis. We found that starting molecules and products had positive Hessian matrices.
On the other hand, all optimized transition states (TS) exhibited one negative eigenvalue in their Hessian matrices. Next,
the IRC (intrinsic reaction coordinate) trajectories computed for all TSs confirmed, without doubt, their postulated nature
and the role within the energy profile. The presence of solvent (toluene) in the reaction environment was included
implementing the IEFPCM (Integral Equation Formalism Polarizable Continuum Model) algorithm*. Calculations of all
critical structures were performed at the temperature T=353K and pressure p=Ilatm. Gibbs free energies of the activation
and rate constants were calculated using standard thermochemical equations®®. The kinetic isotope effects were defined as
the kn/kp ratio. The results are collected in Tables 1.

4. Conclusions

We tested a number of quantum chemistry algorithms that are popular among scientists for their suitability for predicting
transition state energies and key transition state parameters. We performed these studies on the test reaction between (Z)-
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C,N-diphenylnitrone (1) and (E)-2-phenyl-1-nitroethene (2). As expected, simpler approaches requiring low computational
power provide data so far removed from reality that their use in modeling modern reaction systems is pointless. However,
among the DFT functionals tested, the ®B97XD/6-311+G(d) method yielded the best approximation. It is this exact level
of theory that we recommend for theoretical studies of the mechanisms of polar pseudocyclic reactions, including
cycloadditions.
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