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Sydnone-alkyne cycloaddition: which factors are responsible for reaction rate ?
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In this work we report extensive DFT study of sydnone-alkyne cyclization which included investigation of the reaction mechanism, analysis of different factors affecting sydnone and alkyne reactivity as well as attempt to reproduce quantitatively experimental activation free energy. The calculations were performed for a set of 18 sydnone-alkyne reactions with a help of a semiautomatized workflow involving reagent preparation and generation of starting structures for a plausible transition state. Reconstructed reaction path supported two-step mechanism: cycloaddition followed by retro-Diels-Alder reaction. Since the latter had a tiny barrier, the cycloaddition step was predicted to be the ratelimiting. For the ensemble of reactions, calculations reproduce activation free energies extracted from experimental reaction rates (k) with the accuracy of 2 kcal/mol. Accounting for solvation effects didn't change the overall trend of activation free energies as a function of substituents. A series of statistical model linking logk and sydnones structure was built using Support Vector Regression and Multiple Linear Regression machine-learning methods coupled with different types of molecular descriptors; none of them demonstrated a good performance at crossvalidation stage. Detailed analysis of different factors affecting reaction rate variation as a function of substituents revealed particular role of the charge on C3 atom in the sydnone moiety as well as of the size of the substituent at C3.

Introduction

The ability to selectively form and break chemical bonds in chemically complex and uncontrollable biological media is a long-standing goal of chemists interested in modifying biological materials. Biorthogonal chemical reactions [START_REF] Sletten | From Mechanism to Mouse: A Tale of Two Bioorthogonal Reactions[END_REF],

which don't interfere with biological processes, address precisely this challenge and therefore are of major importance in the fields of chemical biology and biochemistry. To fulfill the requirements of bioorthogonality, reaction partners must be stable and inert towards the plethora of chemical functionalities found in living systems while reacting selectively, efficiently and rapidly under physiological conditions with no or innocuous by-products [START_REF] Lim | Bioorthogonal chemistry: recent progress and future directions[END_REF][START_REF] Gong | Recent advances in bioorthogonal reactions for site-specific protein labeling and engineering[END_REF]. The coppercatalyzed 1,3-dipolar cycloaddition reactions, e.g., azide-alkyne cycloaddition, are the most extensively studied biorthogonal transformations. However, the Cu salts used as catalyst are very toxic for living organisms [START_REF] Kennedy | Cellular Consequences of Copper Complexes Used To Catalyze Bioorthogonal Click Reactions[END_REF]. This was a reason, to explore new reactions based on strain promoted cycloadditions [START_REF] Mbua | Strain-Promoted Alkyne-Azide Cycloadditions (SPAAC) Reveal New Features of Glycoconjugate Biosynthesis[END_REF] which proceed without any catalyst but, unfortunately, have rather low rate [START_REF] Sletten | Bioorthogonal Chemistry: Fishing for Selectivity in a Sea of Functionality[END_REF].

Recently sydnones were discovered to be a promising class of biorthogonal 1,3-diene which can participate in cyclization reaction with cyclic alkynes resulting in pyrazole formation [START_REF] Browne | A Sydnone Cycloaddition Route to Pyrazole Boronic Esters[END_REF]. This reaction proceeds in two step: cyclization with formation of reactive intermediate and retro-Diels-Alder reaction leading to CO 2 cleavage (Figure 1). Thermal cycloaddition of sydnones with alkynes require quite harsh conditions and proceeds with low regioselectivity [START_REF] Browne | A Sydnone Cycloaddition Route to Pyrazole Boronic Esters[END_REF] while copper catalysed reaction proceed selectivity in mild conditions with high yield [START_REF] Kolodych | Discovery of Chemoselective and Biocompatible Reactions Using a High-Throughput Immunoassay Screening[END_REF][START_REF] Specklin | One-Pot Synthesis of 1,4-Disubstituted Pyrazoles from Arylglycines via Copper-Catalyzed Sydnone-Alkyne Cycloaddition Reaction[END_REF][START_REF] Decuypere | Copper(I)-Catalyzed Cycloaddition of 4-Bromosydnones and Alkynes for the Regioselective Synthesis of 1,4,5-Trisubstituted Pyrazoles[END_REF]. Strained alkynes readily react with sydnones and iminosydnones without catalyst [START_REF] Wallace | Strain-promoted sydnone bicyclo-[6.1.0]-nonyne cycloaddition[END_REF][START_REF] Narayanam | Discovery of new mutually orthogonal bioorthogonal cycloaddition pairs through computational screening[END_REF][START_REF] Bernard | Bioorthogonal Click and Release Reaction of Iminosydnones with Cycloalkynes[END_REF].

Substituents in sydnone ring [START_REF] Plougastel | 4-Halogeno-sydnones for fast strain promoted cycloaddition with bicyclo-[6.1.0]-nonyne[END_REF][START_REF] Liu | Ultrafast Click Chemistry with Fluorosydnones[END_REF] as well as alkyne structure [START_REF] Narayanam | Discovery of new mutually orthogonal bioorthogonal cycloaddition pairs through computational screening[END_REF] greatly impact the reaction rate switching it from moderate to ultra-fast. Recently, detailed stopped-flow kinetics study of reaction of some sydnones supported two-stage mechanism [START_REF] Liu | Ultrafast Click Chemistry with Fluorosydnones[END_REF].

So far, theoretical studies were mostly focused on structure of alkynes or alkenes possessing the greatest reactivity in 1,3-cycloaddition. Thus, Narayanam et al [START_REF] Narayanam | Discovery of new mutually orthogonal bioorthogonal cycloaddition pairs through computational screening[END_REF] performed a DFT study of N-phenyl sydnone and diaryl-1,2,4,5-tetrazine reaction with eight different alkenes and alkynes. It has been demonstrated that sydnone interactions with the most strained alkynes proceed with large reaction rate. The importance of steric strain of alkene or alkyne moieties to accelerate kinetics of 1,3-cycloaddition with organic azides or tetrazines was also demonstrated in [START_REF] Lopez | Alkene Distortion Energies and Torsional Effects Control Reactivities, and Stereoselectivities of Azide Cycloadditions to Norbornene and Substituted Norbornenes[END_REF][START_REF] Liu | Theoretical Elucidation of the Origins of Substituent and Strain Effects on the Rates of Diels-Alder Reactions of 1,2,4,5-Tetrazines[END_REF]. It looks like strained alkenes and azides are well preorganized toward the Diels-Alder transition structure and, therefore, interact easier.

Tao et al. [START_REF] Tao | Origins of halogen effects in bioorthogonal sydnone cycloadditions[END_REF] performed detailed analysis of cycloaddition rate enhancement for halogen-substituted sydnones. They revealed that distortion energies of sydnone moiety well correlated with activation energies. In such a way, high reactivity of halosydnones was explained by their low distortion energies.

Analysis by Tao et al. [START_REF] Tao | Origins of halogen effects in bioorthogonal sydnone cycloadditions[END_REF] was limited to halogen-substituted sydnones and can't be directly used to predict reaction rate of cycloaddition involving sydnones with any substituents. Moreover, Tao et al. [START_REF] Tao | Origins of halogen effects in bioorthogonal sydnone cycloadditions[END_REF] considered only the first transition state of the reaction between sydnones and bicyclo[6.1.0]nonyne (BCN) but not retro-Diels-Alder reaction.

In this paper, we describe DFT-based full pathway of sydnone-alkyne reactions considering different sydnones and two alkynes -BCN and tetramethylthiacycloheptyne (TMTH). Our aim was to develop a fast semiautomatized screening workflow aiming to select reactants with desired reactivity.

A linear correlation between predicted and experimental activation free energies for 18 sydnone-alkyne reactions was observed which shows that gas-phase DFT calculations can be used as a screening tool for reaction design. We also attempted to build structure-reactivity models linking reaction rate with sydnones structure which provides an insight of different factors responsible for sydnones reactivity.

Computational details

Experimental reaction rate data

The data on cycloaddition reaction rate were taken from publications of F.

Taran's group [START_REF] Kolodych | Discovery of Chemoselective and Biocompatible Reactions Using a High-Throughput Immunoassay Screening[END_REF][START_REF] Bernard | Bioorthogonal Click and Release Reaction of Iminosydnones with Cycloalkynes[END_REF]. The collected dataset contains rate constants at ambient temperatures of 15 reactions of sydnones with BCN and 3 reactions of sydnones with TMTH, see Table 1 and Figure 1. In the series of reactions involving BCN, the fastest is reaction 15 where sydnone bears F substituent at C 3 position. As it follows from Table 1, the same sydnone interacts with TMTH much faster than with BCN (see reactions 15 and 16). Notice that second-order rate constants given in Table 1 correspond to cycloaddition step only because they were obtained by HPLC monitoring of sydnone conversion [START_REF] Plougastel | 4-Halogeno-sydnones for fast strain promoted cycloaddition with bicyclo-[6.1.0]-nonyne[END_REF].

Figure 1. The two steps reactions considered in this study: (3+2) cyclisation followed by retro-Diels-Alder reaction. 

Quantum chemical calculations

Density Functional Theory (DFT) [START_REF] Hohenberg | Inhomogeneous Electron Gas[END_REF][START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF] calculations were performed with the Priroda 11 program [START_REF] Laikov | PRIRODA-04: a quantum-chemical program suite. New possibilities in the study of molecular systems with the application of parallel computing[END_REF]22] using PBE exchange and correlation functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] and built-in triple-zeta split valence basis set 3z which is equivalent to Schäfer's TZVP basis set [START_REF] Schäfer | Fully optimized contracted Gaussian basis sets of triple zeta valence quality for atoms Li to Kr[END_REF]. Relativistic effects were neglected. Priroda11 is one of the fastest DFT software due to efficient evaluation of density functional exchange-correlation terms based on the electron density expansion [START_REF] Laikov | Fast evaluation of density functional exchange-correlation terms using the expansion of the electron density in auxiliary basis sets[END_REF].

Geometry optimization for reagents, intermediates and products as well as saddle point optimization were performed using built-in quasi-Newton-Raphson method and BFGS hessian update scheme. Scanning procedure was used to localize reasonable structural guess for transition state. This was achieved in constrained local optimization along the N1…C alkyne coordinate which varied from 2.1 to 3.1 Å with step 0.1 Å. In order to detect different kind of species (stable molecules, intermediates, transition state) geometry optimization was followed by the frequencies calculations. Thus, no imaginary frequencies must be found for stable species (reagents, products and intermediates) and only one large imaginary frequency must be detected for a transition state. The correctness of transition states was also checked using the intrinsic reaction coordinate (IRC) following approach.

Full reaction pathways were calculated for reaction 2 (also considered in early theoretical calculations [START_REF] Narayanam | Discovery of new mutually orthogonal bioorthogonal cycloaddition pairs through computational screening[END_REF]) as well as reactions 15 and 16 for which detailed kinetic experiments were performed by Liu et al [START_REF] Liu | Ultrafast Click Chemistry with Fluorosydnones[END_REF].

Since continuum solvation is not available in PRIRODA, for some molecules and transition states, solvation free energy in water was calculated using the IEF-PCM model [START_REF] Tomasi | The IEF version of the PCM solvation method: an overview of a new method addressed to study molecular solutes at the QM ab initio level[END_REF][START_REF] Tomasi | Quantum Mechanical Continuum Solvation Models[END_REF] with SMD parameters for non-electrostatic terms [START_REF] Cramer | An SCF Solvation Model for the Hydrophobic Effect and Absolute Free Energies of Aqueous Solvation[END_REF] implemented in the Gaussian 09 program [START_REF] Frisch | Gaussian 09 Revision D.01[END_REF]. In this case, geometry optimization and hessian were calculated with Gaussian 09 [START_REF] Frisch | Gaussian 09 Revision D.01[END_REF] using PBEPBE/6-311++G(d,p) method.

Workflow for transition state detection

All structures were drawn with the Marvin View program [START_REF] Chemaxon | [END_REF] following the same numeration of atoms in sydnone ring. ChemAxon Calculator Plugin cxcalc [31] was used to generate up to 500 conformers with diversity limit 0.1 Å followed by geometry optimization with the MMFF94 force field [START_REF] Halgren | Merck molecular force field. I. Basis, form, scope, parameterization, and performance of MMFF94[END_REF][START_REF] Halgren | Merck molecular force field. II. MMFF94 van der Waals and electrostatic parameters for intermolecular interactions[END_REF][START_REF] Halgren | Merck molecular force field. III. Molecular geometries and vibrational frequencies for MMFF94[END_REF]. Then, geometry of each structure was optimized using the PM6 semi-empiric method [START_REF] Stewart | Optimization of parameters for semiempirical methods V: Modification of NDDO approximations and application to 70 elements[END_REF] implemented in the MOPAC 11 program [36]. Duplicated conformers (with RMSD <0.1 Å) were removed using an in-house script which aligns molecules according to principal components of inertia. Remaining conformers were ranked according to their energies, and then 100 most stable conformers were retained for further calculations. All structures issued from PM6 optimization were reoptimized with DFT PBE/3z. One lowest energy conformer was selected.

Four possible orientations of reagents were considered (Figure 2). They lead to formation of two pairs of enantiomeric 1 st transition states (TS1). Further, at the retro Diels-Alder stage, a racemic mixture of two enantiomers was formed.

Four possible orientations of reagents were generated using in-house Python script in a way that distance between reaction center atoms (C3…C10 and N1…C11 or C3…C11 and N1…C10, depending on orientation) was 3.1 Å, i.e.

much greater than those in TS1 (Figure 2). A reasonable guess for TS1 was found using scan procedure implemented in PRIRODA11 in which the distance between reaction center atoms varied from 3.1 Å to 2.1 Å with step size 0.1 Å. For a greatest energy structure, the hessian was calculated followed by saddle point optimization.

Theoretically, pair of enantiomeric structures of TS1, intermediate and TS2

should have the same energies. In practice, however, due to possibility to generate different conformations for the stereoisomers, the energies of TS1 resulted from 4 different orientations of reagents slightly differ. For further analysis the lowest energy transition state among the four structures was selected. Hessian for the selected structure was calculated and presence of one large imaginary frequency was checked. The correctness of transition state TS1 was checked using Intrinsic Reactional Coordinate following (IRC) procedure.

The second transition state TS2 was found after IRC downhill shift towards the products. Resulting intermediate structure was used as starting structure for scanning reaction coordinate (N1-O5 bond length in this case). We found that small step of 0.01 Å was required because TS2 looks like a small "hubble" on the potential energy surface followed by steep energy drop.

Detailed description of the workflow and corresponding Python scripts are given in Appendix 1 in Supporting Information. Formula (1) was used for calculation of activation free energy on the basis of quantum chemical calculations:
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Calculation of activation free energy based on experimentally measured reaction rate was performed using formula (3) derived from Eyring equation of the Transition state theory (2) :
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where k -rate constant; κ -transmission coefficient (here, κ=1); T -Temperature in Kelvin; K B -Boltzmann constant; ∆∆G ≠ -Difference of free energies of reagents and TS at 298.15 K; h -Planck constant; R -gas constant.

Conceptual DFT indices calculation

Several Conceptual DFT [START_REF] Geerlings | Conceptual Density Functional Theory[END_REF] indices were used in order to reveal structural factors responsible for reaction rate variation. Electrophilicity index, ω, measures the stabilization energy when system acquires an additional electronic charge [START_REF] Parr | Electrophilicity Index[END_REF]:

* + 2-
where μ is electronic chemical potential, and η -chemical hardness. The latter could be expressed in terms of HOMO (ε HOMO ) and LUMO (ε LUMO ) energies as: Charge transfer from alkyne to sydnone in the transition state was calculated as absolute value of the entire electric charge of one of the species.
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QSPR modeling

Quantitative Structure-Property Relationships (QSPR) for logk were established using Support Vector Regression (SVR) and Multiple Linear Regression (MLR) machine-learning methods as well as ISIDA fragment descriptors [START_REF] Varnek | Substructural fragments: an universal language to encode reactions, molecular and supramolecular structures[END_REF] or quantum mechanics descriptors generated for sydnones.

SVR models were built and validated using the ε-SVR algorithm implemented in the libSVM package [START_REF] Chang | LIBSVM: A Library for Support Vector Machines[END_REF] using ISIDA fragment descriptors. The modeling was performed using the evolutionary SVR optimizer [START_REF] Horvath | An Evolutionary Optimizer of libsvm Models[END_REF], which can be used to perform both descriptor space selection and optimization of the operational parameters (epsilon, kernel type, cost, gamma) of the SVR method.

The MLR models were built using CODESSA software [START_REF] Karelson | QSPR and QSAR Models Derived Using Large Molecular Descriptor Spaces. A Review of CODESSA Applications[END_REF]. Three different sets of descriptors were explored: (i) quantum-chemical CODESSA-PRO descriptors [START_REF] Karelson | QSPR and QSAR Models Derived Using Large Molecular Descriptor Spaces. A Review of CODESSA Applications[END_REF], (ii) descriptors based on Bader's quantum theory of Atoms in Molecules [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF] calculated with CODESSA-3 [START_REF] Katritzky | CODESSA 3 program[END_REF] program, and, (iii) conceptual DFT [START_REF] Geerlings | Conceptual Density Functional Theory[END_REF] indices calculated for key atoms of sydnone with Priroda 11 [START_REF] Laikov | PRIRODA-04: a quantum-chemical program suite. New possibilities in the study of molecular systems with the application of parallel computing[END_REF]22].

Predictive performance of the models has been estimated by root mean squared error and squared determination coefficient (R 2 ) calculated in 10-fold cross-validation. Notice that predictive performance is acceptable only for the models with R 2 >0.5.

Results and Discussion

Reaction pathway investigation

The full reaction path was explored for the reaction 2 and 15 (see Table 1)

sharing the same alkyne (BCN) and sydnones differed by the substituent X (X = H and F, respectively). The procedure included scanning along the reaction Figure 3 shows that the limiting step of reaction 15 is the first transition state (TS1), free energy of the intermediate is 21 kcal/mol lower than that of reagents.

The intermediate looks rather unstable since it is separated from products by transition state (TS2) with a tiny barrier (some 1 kcal/mol). Decomposition of the intermediate is exergonic by some 85 kcal/mol. The pathway of reaction 2 looks very similar to that of 15. Much smaller, compared to 15, rate constant of 2 (Table 1) can be explained by ~2 kcal/mol higher activation free energy which is in line with the results by Tao et al [START_REF] Tao | Origins of halogen effects in bioorthogonal sydnone cycloadditions[END_REF]. Quite small TS2 activation free energies decrease from reaction 2 to 15 together with TS1 energies. Unlike reactions 2 and 15, reaction 16 between fluorosydnone and TMTH proceeds as synchronous one-step addition /elimination leading immediately to the products. Similar observations concerning very small second barrier in reactions between sydnone and BCN were also reported by Narayanam et al [START_REF] Narayanam | Discovery of new mutually orthogonal bioorthogonal cycloaddition pairs through computational screening[END_REF]. These observations, however, contradict with experimental results by Liu et al [START_REF] Liu | Ultrafast Click Chemistry with Fluorosydnones[END_REF] who demonstrated that the second step was rate limiting and quite slow compared to the first one. A contradiction between experiment and computations could be related to cage effect of solvent or some specific interactions TS2 with solvent. On the other hand, solvation free energies of reactants and TS1 estimated with the IEF-PCM model [START_REF] Tomasi | The IEF version of the PCM solvation method: an overview of a new method addressed to study molecular solutes at the QM ab initio level[END_REF][START_REF] Tomasi | Quantum Mechanical Continuum Solvation Models[END_REF] were found very similar for all studied reactions. Thus, the first-step reaction barrier was found insensitive to solvent effects.

Activation free energies: prediction vs experiment

The question arises: whether rate constants estimated from activation free energy correlate with the experimentally measured values? Activation free energies, ΔG ≠ calc , were assessed for all 18 studied reactions according to eq. ( 1).

For the comparison purposes, "experimental" free energies, ΔG ≠ exp , were calculated from the rate constants according to eq. ( 3). Figure 4 demonstrates that calculated free energies well correlated with the "experimental" ones. 

QSPR models

Quantum chemical assessment of reaction rate is rather reliable but, computational resources consuming task. In this case, QSPR models for logk of could become an efficient solution allowing to accelerate the screening of potentially interesting reactants. A large panel of models was built using Multiple Linear Regression and Support Vector Regression [START_REF] Drucker | Support vector regression machines[END_REF] machine learning methods and different types of molecular descriptors for sydnones including conceptual DFT indices (see Section 2.6 for details). Despite of our efforts, no models with acceptable predictive performance in cross-validation were obtained. This can be explained by small number of considered cycloaddition reactions and relatively large structural diversity of sydnones listed in Table 1.

Analysis of structural and electronic factors affecting reaction rate

Conceptual Density Functional Theory (DFT) indices [START_REF] Geerlings | Conceptual Density Functional Theory[END_REF] are often used to analyze cycloaddition reactions [START_REF] Domingo | Quantitative characterization of the global electrophilicity power of common diene/dienophile pairs in Diels-Alder reactions[END_REF][START_REF] Domingo | Understanding the mechanism of polar Diels-Alder reactions[END_REF]. To reveal structural factors affecting the rate constant we looked for linear correlations within restricted series of reactions involving the same alkyne (BCN). However, neither sydnone electrophilicity index [START_REF] Parr | Electrophilicity Index[END_REF] nor chemical potential (calculated as half-sum of HOMO and LUMO energies) nor chemical hardness (calculated as HOMO -LUMO gap) correlate with logk.

Analysis of orbital symmetries and energies shows that electrons are transferred from HOMO of alkyne to LUMO of sydnone (Figure 5) in agreement with earlier publication by Liang et al [START_REF] Liang | Control and Design of Mutual Orthogonality in Bioorthogonal Cycloadditions[END_REF] studied azide and tetrazine cycloaddition to alkynes. No valid correlation of LUMO of sydnones with reaction rate was found. In contrast to observations of Domingo et al [START_REF] Domingo | Understanding the mechanism of polar Diels-Alder reactions[END_REF] who studied Diels-Alder reactions between cyclopentadiene and some ethylene derivatives, no correlation of logk with the charge transfer in the transition state was found. So even within this congeneric series of reactions there is no evidence that orbital interactions represent the major factor affecting the reaction rate variations. Different descriptors characterizing electrostatic interactions (Fukui nucleophilicity, electrophilicity and radical attack susceptibility) using Conceptual DFT [START_REF] Geerlings | Conceptual Density Functional Theory[END_REF] were calculated. However, none of them correlated with logk values for all 15 considered sydnones -BCN reactions. One may suggest that there exists a complex interplay of structural and electronic factors which cannot be explained by simple linear correlations.

In order to reveal factors responsible for reaction rate, we considered two small congeneric series of reactions. The first one assembled reactions of BCN with sydnones having different substituents X and the same R = p-Me C 6 H 4 (2, 10-12, 15), whereas the second one included three reactions of TMTH with fluorosydnones (X=F) having different substituents R [START_REF] Lopez | Alkene Distortion Energies and Torsional Effects Control Reactivities, and Stereoselectivities of Azide Cycloadditions to Norbornene and Substituted Norbornenes[END_REF][START_REF] Liu | Theoretical Elucidation of the Origins of Substituent and Strain Effects on the Rates of Diels-Alder Reactions of 1,2,4,5-Tetrazines[END_REF][START_REF] Tao | Origins of halogen effects in bioorthogonal sydnone cycloadditions[END_REF]. Calculations for the first series show significant variation of charges on С3 atom, which change from negative (X = H) to positive value (X = F), whereas the charge on N2 atom slightly varies as a function of substituents. In this series, logk well correlate with the C3 charges (Figure 6a), r=0.98 and RMSE = 0.13 logk, p value 4•10 -4 . In line with observations reported by Tao et al. [START_REF] Tao | Origins of halogen effects in bioorthogonal sydnone cycloadditions[END_REF] , no correlation with LUMO energy was observed (Figure 6b).

Variation of aryl substituents at N3 atom in reaction of fluorosydnones with TMTH [START_REF] Lopez | Alkene Distortion Energies and Torsional Effects Control Reactivities, and Stereoselectivities of Azide Cycloadditions to Norbornene and Substituted Norbornenes[END_REF][START_REF] Liu | Theoretical Elucidation of the Origins of Substituent and Strain Effects on the Rates of Diels-Alder Reactions of 1,2,4,5-Tetrazines[END_REF][START_REF] Tao | Origins of halogen effects in bioorthogonal sydnone cycloadditions[END_REF], doesn't lead to significant variations of charge at C3 atom (Figure 6a). The LUMO energy in this series decreases from -3.57 to -3.05 eV which could partially explain considerable raise of the rate constant (Figure 6b). 1. Reactions with TMTH and BCN are shown in red and blue, respectively. The reaction numbers correspond to those in Table 1.

Notice that larger steric strain of alkyne in TMTH compared to BCN affects both charges on triple bond carbon atoms (-0.663 and -0.652 in BCN and -0.636 for both atoms in TMTH) and HOMO energies (-5.88 eV in BCN and -5.15 eV in TMTH, Figure 6). The latter favors larger reactivity of TMTH. This effect was mentioned in previous works on optimization of alkyne reactivity [START_REF] Liu | Bioorthogonal Cycloadditions: Computational Analysis with the Distortion/Interaction Model and Predictions of Reactivities[END_REF].

DFT calculations of the transition state of the cycloaddition of sydnones with BCN reveal an increase of the distance between alkyne C atom and C3 atom (C alkyne -C3) with the size of the substituent at C4 atom: 2.283 Å, 2.345 Å and 2.348 Å for X = H, F and I, respectively (Figure 7). This could be explained by steric Notice that steric and electronic effects for halogens vary in the same direction.

The sum of valence angles around C3 atoms can be considered as an implicit measure of its planarity: more its value differs from 360°, less planar (and more strained) the sydnone is. Notice that these observations disagree with conclusions drawn by Liang et al [START_REF] Liang | Control and Design of Mutual Orthogonality in Bioorthogonal Cycloadditions[END_REF] that electronically more reactive electrophiles should be sterically more encumbered. Indeed, iodo-sydnone in 12 is sterically more encumbered than fluoro-sydnone in 15. However, the former is less reactive due to weaker electron acceptor ability, on one hand, and steric repulsion with alkyne hydrogens, on the other hand. Replacement of F with more bulky electron-withdrawing substituent leads to reduction of the reaction rate. Thus reaction 9 involving sydnone with X=CF 3 is drastically slower than reaction 10 with X=Cl, despite the fact that atomic charges on C3 in these molecules are similar (0.009 and 0.0042 a.u., respectively).

In the context of rational design of highly reactive substrates, our calculations lead to the following observations:

• Strong electron acceptor X at C3 atom increases its positive charge and, thus, improves its affinity to alkyne in cycloaddition. However, this substituent should not be bulky because it may cause steric hindrance in the transition state. In this context, fluorine substituent at C4 represents an optimal choice.

• Strong electron acceptor at N3 atom weakly affects charge distribution in sydnone moiety but decreases its LUMO energy. This, in turn, favors cycloaddition, especially in reactions with TMTH.

• Compared to BCN, more sterically strained TMTH has higher HOMO energy which explains its better reactivity. 

Conclusions

Extensive DFT calculations on a set of sydnone-alkyne reactions confirmed previously suggested two-step mechanism: cycloaddition followed by retro-Diels-Alder reaction. Since the latter had a tiny barrier, the cycloaddition step was predicted to be the rate-limiting. For the ensemble of 18 reactions, calculations reproduce activation free energies extracted from experimental reaction rates (k)

with the accuracy of 2 kcal/mol. Accounting for solvation effects didn't change the overall trend of activation free energies as a function of substituents. As an alternative, a series of statistical model linking logk and sydnones structure was built using Support Vector Regression and Multiple Linear Regression machinelearning methods coupled with different types of molecular descriptors; none of them demonstrated a good performance at cross-validation stage.

Detailed analysis of different factors affecting reaction rate variation as a function of substituents revealed particular role of the charge on C3 atom n the sydnone moiety (Figure 1) as well as of the size of the substituent at C3. Large positive charge on C3 enhances reaction rate due to transition state energy lowering, whereas bulky electron withdrawing substituent X at C3 atom leads to steric hindrance with alkyne hydrogens upon the transition state formation. Thus, only sterically unencumbered substituents X allow gaining reaction speed.

Analysis of orbital symmetries and energies shows that in the course of reaction, electrons are transferred from HOMO of alkyne to LUMO of sydnone.

The lower LUMO energy, the larger is reaction rate. Since LUMO energy is affected by π-electron withdrawing ability of substituent R, the usage of stronger electron acceptors will favor reaction.

Figure 2 .

 2 Figure 2. Four possible pre-reaction complexes sydnone and alkyne (top) and related products (bottom)

  coordinate, optimization of the transition state, motion along the intrinsic reaction coordinate which links transition state with reagents and products. At the initial stage, the first transition state (TS1) was localized. An intermediate was found in course of intrinsic reaction coordinate downhill movement with following local optimization. The intermediate's geometry was used to identify the second transition state (TS2) corresponding to retro-Diels-Alder reaction. In this case, an elongation of the N1-O5 bond was used as reaction coordinate (Figure2). Since TS2 structural was close to intermediate, a small step size of 0.01 Å was used in the scan procedure. Geometry of TS2 was found by saddle point optimization of the highest energy structure found in the scan procedure. IRC procedure supported that TS2 belong to reaction minimal energy pathway. Descent from TS2 resulted in either the intermediate or the product molecules. Energetic profile of reaction (Figure3) shows that the N1-O5 bond length smoothly elongates along the reaction path. Thus, for reaction 15 this bond length is equal to 1.379 Å in reagents, 1.414 Å in TS1, 1.546 Å in the intermediate and 1.721 Å in TS2.

Figure 3 .

 3 Figure 3. Reaction pathways for reactions 2 (dashed red line), 15 (solid black line) and 16 (dashed blue line). Relative free energies at 298K of molecules with respect to reagents are shown. Structure of reagents, transition states and intermediate for reaction 15 is shown. Substituent R of sydnone and some atoms of alkyne are omitted for the sake of clarity. Bond orders correspond to molecule representation on Figure 1.

Figure 5 .

 5 Figure 5. HOMO and LUMO energies obtained in DFT PBE/3z (TZVP) calculations for reactions 2, 15, 16. The energies are given in eV.

Figure 6 .

 6 Figure 6. Variation of logk in congeneric series of halo-sydnones as a function of (a) Hirshfield charge of C3 atom of sydnone and (b) LUMO of sydnone. The numbers correspond to reactions in Table1. Reactions with TMTH and BCN are shown in red and blue, respectively. The reaction numbers correspond to those in Table1.

  repulsion between substituent X and aliphatic CH 2 group next to triple bond in the alkyne moiety in the transition state. The shortest contact H…I (3.486 Å) in transition state TS1 is almost equal to the sum of the Pauling vdW radius of H and I (3.4 Å). While fluorine atom is almost located in the plane of sydnone ring in TS1, iodine atom deviates from it avoiding steric clashes, Figure 7. It can also be noticed that distances C3-C10 and N1-C11 in case of fluoro-and unsubstituted sydnones are almost equal (see Supplementary Information) which supports synchronous cyclization mechanism. At the same time, the N1-C11 bond in sydnones 10-12 (X = Cl, Br, I) is shorter than the C3-C10 bond. This supports our hypothesis that steric clashes can lower reaction rate in case of bulky substituent X.

Figure 7 .

 7 Figure 7. Transition state of cycloaddition reaction 12, between sydnone (X=I) and BCN. Only few atoms of both reactants are shown for clarity. Dashed line shows steric contacts H…I between halogen atom of sydnone and H atoms attached to one of carbons at the triple bond of alkyne, dotted lines indicate new single bonds forming in this reaction.

  

  

Table 1 .

 1 Rate constants of reaction shown on Figure1. The measurements were performed in water -DMSO mixture.

	No	R	X	Cycloalkyne

Rate constant (tolerance), M - 1 *sec -1

  

	1	p-MeO C 6 H 4	H	BCN	0.006 (0.001)	[14]
	2	p-Me C 6 H 4	H	BCN	0.032 (0.001)	[15]
	3	C 6 H 5	H	BCN	0.027 (0.002)	[14]
	4	p-CO 2 H C 6 H 4 H	BCN	0.059 (0.001)	[14]
	5	p-CF 3 C 6 H 4	H	BCN	0.199 (0.002)	[14]
	6	p-NO 2 C 6 H 4	H	BCN	0.289 (0.012)	[14]
	7	C 6 H 5	CH 3	BCN	0.018 (0.002)	[14]
	8	C 6 H 5	C 6 H 5	BCN	0.027 (0.001)	[14]
	9	C 6 H 5	CF 3	BCN	0.008 (0.001)	[14]
	10	p-Me C 6 H 4	Cl	BCN	0.872 (0.034)	[15]
	11	p-Me C 6 H 4	Br	BCN	0.592 (0.021)	[15]
	12	p-Me C 6 H 4	I	BCN	0.306 (0.008)	[15]
	13	p-CO 2 H C 6 H 4 Br	BCN	0.798 (0.065)	[14]
	14	p-CO 2 H C 6 H 4 Cl	BCN	1.593 (0.034)	[14]
	15	p-Me C 6 H 4	F	BCN	42	[15]
	16	p-Me C 6 H 4	F	TMTH	1500	[15]
	17	p-F C 6 H 4	F	TMTH	3500	[15]
	18	p-CF 3 C 6 H 4	F	TMTH	12000	[15]
						Reference

  where : 6 @ -Hirshfield charge on the atom A in molecule with M electrons, ;number of electrons in neutral molecule. Geometry of cation-radical and anionradical molecules corresponded to lowest energy structure of neutral molecule.
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	The HOMO and LUMO energies were obtained within DFT scheme [20] for
	sydnone molecules.		
	Fukui indexes are used to characterize atom ability to share/withdraw
	electronic charge. For calculation of Fukui nucleophilicity 5 6 7 , elecrophilicity 5 6 8
	and radical attack susceptibility 5 6 9 indexes of atom A single point calculations of
	molecules with added and removed electron were done:
		5 6 7	: 6 ;	: 6 ; 1
		5 6 8	: 6 ; 1	: 6 ;
	5 6 9	0.5 * : 6 ; 1	: 6 ; 1
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