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1,3-Dipolar cycloaddition of nitrones [H(R¥EN(CHz)O] to nitriles— free and ligated to Ptand PY in the
complexegrans[PtCL(NCCH),] (1) andtrans[PtCl(NCCH;),] (2)—was investigated by theoretical methods

at different levels of theory, and the substituent and solvent effects have been studied. The activation of the
nitriles upon coordination and the enhancement of their reactivity from theéoRthe P¥ complexes are
interpreted in terms of kinetic (dramatic decrease of the activation barrier) and thermodynamic (increase of
the absolute values of the reaction energies) viewpoints as well as of orbital (lowering of(@&) MO

energy) and charge (increase of the charge orftleatom of RCN) control. The cycloaddition of nitrones
occurs via a concerted mechanism for both free and coordinated nitriles rather than a stepwise mechanism.
However, although the interaction with the uncoordinated RCN is nearly synchronous, the reaction with the
complexesl and?2 is not only asynchronous but may be considered as of an intermediate type between the
“conventional” synchronous cycloaddition (established for the free nitriles) and the nucleophilic addition to
the3-C atom. The C-substituted nitrones are significantly less reactive than the nonsubstitDted (8H;)O

one, and the activation barriers of the aryl-substituted nitrones are higher than those of the C-alkyl nitrones.
Replacement of the methyl by the phenyl group in the nitrile molecule RCN leads to a further promotion of
its reactivity. The activation parameters and reaction energies have been calculated at different basis sets and
levels of theory, up to MP4(SDTQ), CCSD(T), and CBS-Q. The activation energies are weakly sensitive to
a change of the correlated methods. The consideration of the solvent effects results in the increase of the
activation barriers, but the general trend of the change of the activation parameters in solution from free
CHsCN to 1 and2 remains the same as that for the gas phase.

1. Introduction of the FMO energies of the dipolarophile, in the former case
(normal electron-demand reactions), or of the dipole, in the latter

th 1’3'%?0"'?“ C¥C|0add'tt'°n ' etactlfoEs tplay abﬁ)ar?rgpunt rolﬁ for case (inverse electron-demand reactions), upon their ligation to
€ syninesis of a great variety ol heterocyriasiuding suc the Lewis acid. As a result, the HOM@.UMO gap for the

pharmacqloglcally Important ones as tetrazoles, (_)xadlazole_s, Orinteracting orbitals of the reactants decreases favoring the
oxadiazolines which can be obtained by coupling of azides

(RNN=N), nitrile oxides (RG=NO), or nitrones (C(RR=  Cycloaddition? _ _
N(R")O) with organonitriles (R&N).2 However, while the Thus, for both normal and inverse electron-demand reactions,
interaction of dipoles with various types of alkenes and alkynes the selective coordination of the Lewis adid one of the
has been investigated extensivefthe cycloaddition to nitriles, ~ '€@gentsis important, since otherwise the concurrent (but not
as dipolarophiles, is relatively poorly explored. A main problem Necessarily the same in absolute value) lowering of the FMO
with the use of nitriles for the 1,3-dipolar cycloadditions is the €nergies oboth reactantshould lead to a lower activation than
low reactivity of noncoordinated RCN unless a strong electron i the selective complexation. The selectivity is often related
acceptor R group is used. Hence, to proceed smoothly, thesel© the hardness of the donor and acceptor centers. Usually, the
reactions have to be catalyzed or promoted by Lewis acids, for cycloaddition reactions are catalyzed by hard or borderline acids,
example, metal ions. The activation effect is usually reached for example, TV, Mg", Ln"', AI'!, Ni"', and CU® whereas, for

by two ways, that is, interaction of the Lewis acid either with the normal electron-demand cycloaddition to nitriles (the subject
the dipolarophile or with the dipole species. Qualitative Of our previous experimental studfe§), the soft metal centers
considerations in terms of the frontier molecular orbital (FMO) are expected to be effective. Currently, there are only several

theory* allow the interpretation of such activation by lowering €xamples of cycloadditon reactions with RCN that have been
promoted by soft metal ions, for example!' Aed', RH, Ir!, or
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SCHEME 1: Cycloaddition of Nitrile Oxides and reactions. Third, the possibility of the stepwise mechanism is
Nitrones to Pt-Bound Nitriles also considered.
R\' 2. Computational Details
R—C=N-0 I ' b
[P]—N 0] The full geometry optimization of all structures and transition

0
N ! X : . .
7 (|3 states has been carried out in Cartesian coordinates with help
R R of the Gaussian-98and GAMESSP program packages. The

structures of acetonitrileN-methyl nitrone, final products of

R'\C/Ii\o R R” th_eir cy_cloaddition, corresponding transition_ states (TS), and
/ - \C/_N/R orientation complexes (OC) have _been optimized at the HF,
~._ R VAR DFT, and MP2! levels of theory using standard basis sets of
[PI=Ng O Gauss functions 6-31G, 6-31G*, and 643%**.12 The DFT
C| calculations have been performed using Becke’s three-parameter
R hybrid exchange function&lin combination with the gradient-
[Pt] = PtCL(NCR), PtCL(NCR) corrected correlation functional of Lee ett&(B3LYP). Single-

point calculations of all these structures have been carried out

trans[PtCI4(NCR),] toward the nitrile oxid& or nitroné”’ at the HF, B3LYP, MP2, MP3, MP4(SDTQ), and CCSD(T)
cycloaddition to give the 1,2 4-oxadiazole and-1,2,4-oxa- (coupled cluster with single and double excitations and a
diazoline platinum complexes (Scheme 1) was examined Perturbative estimate of triple excitatidfis levels using
experimentally. It was shown that while the 1,3-dipoles do not 6-311++G**,16 6-31+G**, or 6-31G* basis sets (see the
react with free RCN (R= alkyl), the ligation of nitriles to PY section Results and Discussion and tables). Finally, these
provides an easy and effective promotion of the reactions. An structures have been computed using the Complete Basis Set
effect of the metal oxidation state was found, the nitriles & Pt method of Petersson and co-workérat the CBS-Q level!’
reacting much faster than when bound td'.Pin trans The structures of the C-substituted nitrones, PhCN, platinum
[PtCl{(NCRY),], the nature of the R group in RCN does not affect complexes, corresponding final products, TSs, and OCs have
significantly the reaction whereas folans[PtCl,(NCR),] the been optimized at the B3LYP level which was found as the
increase of the electron acceptance of R (e.g., use of the phenymost reasonable one for the investigation of the nitrone-to-nitrile
group instead of an electron-donor alkyl one) facilitates the cycloaddition taking into account the low computational cost
reaction noticeably, demonstrating the importance of the nature of this method and the fact that the results obtained at B3LYP
of R for the reactivity of RCN. agree well with those calculated at the higher correlated methods
The present work, being a continuation of our previous (see Results and Discussion). A quasi-relativistic Stuttgart
experimental studies, is the first attempt of an extended pseudopotential described 60 core electrons and the appropriate
theoretical investigation of the nitrone-to-nitriles cycloaddition contracted basis set (8s7p6d)/[6s5p3&r the platinum atom
and of the activation effect of the “nitrilophilic” electron-poor ~and the 6-31G* basis set for other atoms were used. Further,
metal centers (Btand P¥) which activate only the nitrile  this level is denoted as B3LYP/6-31G* even for the Pt-
without affecting the dipole. A main goal of this work is to complexes despite the usage of the other basis set on the Pt
providequantitatie estimates of thqualitative effects observed ~ atom. Symmetry operations were not applied for all structures.
experimentally and to interpret the platinum activation effect For the stepwise mechanism, the calculations of the possible
on the ligated nitriles, the trends in their reactivity, and its Singlet dipolar, singlet, and triplet biradical intermediates and
dependence on both the metal oxidation state and the nature ofransition states of the Michael-type have been performed at
the organic groups in the nitrile and nitrone molecules. To the UB3LYP/6-31G* and GVB-PP(1)/6-31G* levels, the latter
achieve this goal, a detailed search of the possible mechanismg!sed for the location of possible singlet biradical structures. The

of the reactions of nitrones (mainly this-methyl nitrone, stability of the HartreeFock and DFT solutions for the
H2C=N(CHs)O, taken as the simplest model) with nitriles, free equilibrium geometries was tested using the keyword STABLE
and bound to Pt(in trans[PtCL(NCCH),], 1) or PtV (in trans in Gaussian-98.

[PtCIL(NCCHg)2], 2), has been carried out. The driving forces The Hessian matrix was calculated numerically (for HF) or
of the activation of the nitriles in the complexes are discussed, analytically (for B3LYP) for all optimized structures to prove
and a comparative analysis of the energetic characteristics ofthe location of correct minima (no imaginary frequencies) or
the reactions (calculated at different levels of theory, including saddle points (only one negative eigenvalue), and to estimate
the estimate of the solvent and substituent effects) was the zero-point energy correction and thermodynamic parameters,
performed. the latter were calculated at 28C. The intrinsic reaction
This article has the following structure. First, we describe coordinate (IRC) was also calculated at the HF/6-31G* level
the energetic characteristics and the composition of the frontier (for the reaction of HC=N(CH3)O with CH:CN, 1 and2) and
MOs of the reactants as well as the calculated structural at the B3LYP/6-31G* level (for the reaction of@=N(CHs)O
parameters of the final products and discuss the reactivity in with free CHCN) by the GonzalezSchlegel methoé® The
terms of the qualitative FMO theory. Second, the concerted calculations were started from the saddle points found at the
pathway of the reaction is examined in detail including (i) the respective approach to the direction in which the largest
comparative analysis of the mechanistic features and the naturgnagnitude component of the imaginary normal mode is positive
of the transition states for the reaction of free acetonitrile and and to the opposite direction. The structures of the orientation
the platinum nitrile complexes at the B3LYP/6-31G* level; (i) complexes found as a result of these calculations have been
the discussion of the energetic parameters of the reactionreoptimized at all above-mentioned levels.
calculated at different levels of theory, up to MP4(SDTQ), The Wiberg bond indicé8for the transition states have been
CCSD(T), and CBS-Q; and (iii) the analysis of the solvent and computed by using the natural bond orbital (NBO) partitioning
substitution effects on the energetic characteristics of the schemé? The synchronicity of the reactions has been calculated
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using the formula reported previous®?23 The bonding nature
in the TSs has been studied with the help of the AIM method
of Bader? For the calculations of the electron density distribu-

Kuznetsov et al.

TABLE 1: Selected Bond Lengths (A) for the Starting
Complexes 1 and 2, Products of the Nitrone Cycloaddition
(3—5, 9-13), and the Transition States (TS+TS8)
Calculated at the B3LYP/6-31G* Level

tion p(r), the gradient vector fieldvp(r), and its associated
LaplacianV2p(r), the programs GRIDV, GRDVEC, CONTOR,

and EXT94B were uset.

Because of the presence of the van der Waals orientation
complexes which are formed at the initial steps of the reaction,
counterpoise estimates of basis set superposition error (BSSE)
were made for the reaction of,@=N(CH3)O with CH;CN, 1,
and2 by performing calculations on the nitrone and acetonitrile
or the complexes including basis functions from the other
reactant, in the orientation complex geometries.

Solvent effects were taken into account for the estimate of

the energetic characteristics of tiNemethyl nitrone cyclo-
addition to CHCN, 1, and2 at the B3LYP/6-31G* level by
using the polarizable continuum mo#féh the CPCM versiof?
with CHCI, as a solvent. For the reaction of free nitrile, the
full geometry optimization at this level has been performed
while, for the reaction of the complexes, the single-point CPCM

calculations based on the gas-phase geometry have been carried N(4)—C(7)

out.

3. Results and Discussion

Owing to their high basic and applied significance, the
cycloaddition reactions in genefaf® and the 1,3-dipolar
cycloaddition®3tin particular have been the object of extensive
theoretical investigations which, in the latter case, include studies
on cycloaddition of such dipoles as fulminic acid, nitrile
oxides?3:32 nitrones?3:32k33 pitronates’* azomethine ylide&®
diazomethané?¢ 1,3-heterocumulenes (these compounds can be
also assigned as dipoles when the polar resonance structure

are considered® ozone?’ or allyl anions® to alkenes and
alkynes. However, to the best of our knowledge, the cyclo-

addition to nitriles was not theoretically studied at all despite
the possibility to use these reactions for the synthesis of
important heterocycles such as oxadiazolines and oxadiazoles
For the 1,3-dipolar cycloaddition, two general plausible
mechanisms are usually considered, that is, concgtéthnd
stepwisé® ones. The former proceeds with formation of one
transition state and may be synchronous or asynchronous

depending on whether the two new contacts between the reacting CEG)_C(g)

molecules in the transition state have the same bond orders and

extensions or not. The stepwise route starts with the one-end

addition of a dipole to give a dipolar or diradical intermediate
or transition state, whereupon the ring closure terminates the
reaction. The concerted mechanism is supported in most of the
publicationg331a.32c.e.ikl33acef34.35.8hd there are only a few
works32i:33b.350. 38y hich suggest that the stepwise mechanism is
the more preferable one. Following the plan given in the
Introduction, we first discuss the interaction of nitrones with
nitriles in terms of the FMO theory.

Equilibrium Structures and MO Composition of the
Reactants.As preliminary steps of the theoretical study, the
equilibrium geometries of the reactants, thaiNsnethyl nitrone
(H2C=N(CHz3)-O) and acetonitrile (CKC=N), taken as the
simplest models, have been calculated at different levels and
basis sets (see Computational Details). The geometry optimiza-
tion of the complexedrans[PtCl,(NCCH;z),] 1 and trans
[PtCI4(NCCHg),] 2 as well as the analysis of the composition

1 2 3 4
Pt—Cl 2.369  2.394 2.3682.374
Pt-N(1) 1.963 1.975 2.023
N(1)—-C(2) 1.152 1.148  1.273  1.288
c(2)-C(3) 1.455 1454 1493  1.488
C(2)-0(5) 1.370  1.344
N(4)—0(5) 1472  1.482
N(1)—C(6) 1461  1.474
N(4)—C(7) 1.465  1.469
N(4)—C(6) 1.490  1.473

5 9 10 11

Pt—Cl 2.391-2.397
Pt-N(1) 2.036
N(1)—C(2) 1.296 1.273 1272 1.273
c(2)-c(3) 1.486 1.493 1493  1.493
C(2)-0(5) 1.341 1.369 1.369  1.369
N(4)—0(5) 1.482 1.470 1.467  1.467
N(1)—C(6) 1.487 1.465 1.469  1.469

1.469 1.464 1464  1.464
N(4)—C(6) 1.463 1.501 1.494  1.495
C(6)-C(8) 1.527 1.525  1.525

12 13 TS1 TS2
Pt—Cl 2.369-2.382
Pt-N(1) 1.996
N(1)—-C(2) 1.277 1278 1197  1.205
c(2)-C(3) 1.470 1.470  1.476  1.484
C(2)-0(5) 1.374  1.372  1.935  1.700
N(4)—0(5) 1.469 1464  1.326  1.336
N(1)—C(6) 1.459 1.466  2.066  2.388
N(4)—C(7) 1.466 1465  1.465  1.464
N(4)—C(6) 1.488 1.494  1.328  1.305
S C(6)-C(8) 1.526
TS3 TS4 TS5 TS6

Pt—Cl 2.387-2.405
Pt-N(1) 1.980
N(1)—-C(2) 1.193 1.198 1201  1.201

- Cc(2-C(3) 1.478 1.477 1.479  1.480
C(2)-0(5) 1.770 1.919 1.869  1.863
N(4)—0(5) 1.327 1.330 1.337  1.339
N(1)—C(6) 2.533 2.081 2092  2.097
N(4)—C(7) 1.468 1464 1464  1.464
N(4)—C(6) 1.294 1.337 1.345  1.346

1.499 1472  1.469
TS7 TS8
N(1)-C(2) 1.200 1.205
c(2)-c(3) 1.453 1.457
C(2)-0(5) 1.976 1.885
N(4)—0(5) 1.322 1.336
N(1)—C(6) 2.057 2.088
N(4)—C(7) 1.464 1.464
N(4)—C(6) 1.327 1.346
C(6)-C(8) 1.468

lengths of nitrone and acetonitrile are available from the authors
upon request.

Following the classification of Sustmarithe cycloaddition
reactions can be classified in any of the following three groups
according to the type of the HOMELUMO interaction of the
dipole and the dipolarophile molecules. Group | includes the
reactions that are controlled by the HOM§Qe-LUMO gipotarophile
interaction, whereas the reactions of group Il are determined
by the mixing of the HOM@olarophie@nd the LUMQjpole. FOr

of their FMOs at the HF, MP2, and B3LYP levels of theory the reactions of group Il, both types of the HOMQUMO

have been performed previousfyand selected BSLYP bond
lengths are included in Table 1 for comparison with those of
the other systems of the current study. The main calculated bond

interactions take place. The 1,3-dipolar cycloaddition of nitrones
is usually considered as a reaction of the typelHdeed, our
calculations of HC=N(CH3)O and noncoordinated GBN
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SCHEME 2: Interaction of the #(CN) or #*4-5¢) and #*(CN) Orbitals of RCN, 1, and 2 with the Corresponding
LUMO and HOMO of Nitrones (H(R ")YC=N(CH3)O) for B3LYP/6-31G* Level

E, Hartree
8 7 6 H,C=N(CH3)O PhCN CH;CN 1 2
1-LUMO T*(CN) T*(CN)
0.000+ _ 1-LUMO 2-LUMO 3-LUMO
—0.100+

AAE=2.19eV AAE =436 eV

AME=14TeV A AAE=201ev

—0.200+ _H_ _H’
—0.300T 1-HOMO
1-HOMO 8-HOMO

~0.400T 11-HOMO
Td-n(L) T dn(L)

suggest that the difference of the two HOMOUMO energetic
gaps AAE, Scheme 2) is in the range of 6:8.3 eV indicating
that both HOMQitrile—LUMO pitrone 2Nd HOMGjitrone-LUMO irite
types of interactions occur for the reaction of the free nitrile,
although the latter prevails over the former one.

As it was showrfi¢ the coordination of the nitriles to Pt
and PY, in complexesl and2, leads to the energetic lowering
of the LUMOs which contain ther*(CN) orbitals (Scheme 2,
Figure 1). The energies of the HOMOs bearing A(€N) MOs
also decrease f@&in comparison with free CECN. As a result,
the HOMQitrone-LUMOinile gap is reduced from CHCN to 1
and further ta@2 but the HOMGjiyile-LUMO irrone difference for
2 is even higher than for free GBN. Thus, the qualitative
consideration of the FMO composition suggests that the 1,3-
cycloaddition of nitrones to the bound nitriles are determined
mostly by the HOMQirone-LUMOirile interaction, being a
normal electon-demand reaction, and the activation of the
ligands can be interpreted in terms of frontier MO arguments
as the result of the lowering of the*(CN) MO energy upon
coordination.

Equilibrium Structures of the Cycloaddition Products.

The equilibrium structures of the products of the cycloaddition
of N-methyl nitrone to free acetonitrile and to the complexes

1 and 2, that is, N=C(CHy)ON(CHy)CH, (3) and trans

[PtCI(MeCN) N=C(CHs)ON(CHs)CHz}] (n = 2, 4 n = 4,
5) (Figure 2 and Table 1), have been calculated at the B3LYP/

1
6-31G* level. The N=C(C)ONC fragments are not com-
pletely planar, the displacement of the N(4) atom from the
N(1)C(2)O(5)C(6) plane is ca. 0:D.4 A, and this atom has
pyramidal surroundings because of the presence of the lone
electron pair. For compleX, the N(1)C(2)O(5)C(6) plane
forms an angle of ca. 65with that defined by the Pt, Cl, and
N(1) atoms, which agrees with the X-ray data foans

[ |
[PtCl{N=C(CHs)ON(CHs)C(Ph)H ;]” (the X-ray dihedral
angles are 682and 57.9). The plane of the organic cycle in g
5 is situated between the Cl atoms, also being consistent with 3

the experimental data farans[PtCls{ I\II=C(CH3)ON(CH3)&Z-
(p-CeH4OCHz)H} 5].6 11-HOMO 3-LUMO

Only three experimental X-ray structures of noncoordinated 2
A*-1,2,4-oxadiazolines are knowh,and the bond lengths  Figure 1. Plots of selected HOMOs and LUMOSs determining the
calculated foi3 are in perfect agreement with the experimental nitrone-to-nitrile cycloaddition.
parameters for 2-(7-cyanonorcaran-7-yl)-5-(ethoxycarbonyl)-
4,5,6,11b-tetrahydroA(*-1,2,4-oxadiazolino)(2,3-g}-carbo- (6) bond. The maximum difference between the main calculated
line*3awith the maximum deviation of 0.016 A for the N(1)C-  bond lengths fo# and5 and the respective X-ray experimental
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Figure 2. Equilibrium geometries of starting nitrile complexds Z), products of cycloadditior{-12), transition statesTS1—TS8), and orientation

complexes QC1—-0C3).
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parameters foirans[PtClx{ I\II=C(CH3)ON(CH3)&:(Ph)I—} 2] and

trans [PtCls{ N=C(CHs)ON(CHs)C(p-CeHsOCHs)H} 5]67 was
detected for the P{Cl bonds (0.066:0.077 A) and the N(1)C(2)
bond for5 (0.032 A) and is not higher than 0.019 A for the
other bonds, often appearing within ther dterval of the
experimental data.

Concerted Mechanism. (i) Gas-Phase Transition States.
For theconcertednitrone-to-nitrile cycloaddition, one TS was
located for each process at the B3LYP/6-31G* leWé& 1, TS2,
and TS3, Figure 2). The N(1)}C(2) distance and the corre-
sponding bond order have intermediate values in TSs in
comparison with those for the reagents and the products whereas
the N(4)-C(6) distance inTS2 and TS3 is even shorter than
that in the initial nitrone. The N(4O(5) and P+N(1) bonds
are generally elongated from the reactants to the TSs and then
to the final species. The NPA charge transfer from the nitrone
to nitrile molecules upon formation ofS1 is small (0.06 e)
but increases noticeably forS2 (0.28 e) andTS3 (0.33 e)
reflecting the increased electron deficiency of the nitrile
molecule from CHCN to 1 and 2 and correlating with the
enhancement of the reactivity along this sequence.

The “imaginary frequencies” of the TSs have small values
and they decrease fromS1 to TS3 (450i, 268i, and 143i for
TS1, TS2, and TS3, respectively), which correlates with the
growth of the asynchronicity along this sequence (see below).
Vectors associated with these imaginary frequencies correspond
to the approach of the #&N(CH;)O and CHCN fragments to
form two new C(2)O(5) and N(1)C(6) bonds and to further
bending of the acetonitrile ligand that results in the final
formation of the cycloaddition produc8-5 if the movement
to the product’s basin occurs.

The TS1 corresponds to the concerted almsghchronous
pathway despite that the N¢1)C(6) internuclear distance is
0.131 A longer than the C(2)O(5) one. Indeed, the calculated
NBO Wiberg bond indices (which give more reliable informa-
tion about the synchronicity of the reaction than the internuclear
distances) are almost the same for these two contacts, that is,
0.38 and 0.39, respectively, and the synchroni&y ¢alculated
for the reaction of free C¥CN using the formula reported
previously?23is 0.92 (for perfectly synchronous reactioi$;,
=1).

The coordination of CBCN results in a great increase of
asynchronicity of the reaction mechanism which, nevertheless, B
remains to be concerted. The difference of the N(1)C(6) and
C(2)O(5) distances rises upon coordination to 0.688 ATf62 Eigudre 3£h00nté)Uf :inet d(;agfamﬂs of thef Lapl«’%Ci?ﬁ diSItfibUPV?P(ré.b "

: ; ond paths and selected zero-flux surfaces in the plane forme e
and to 0.763 A forTS3, and the first contact is also longer N(D). ’(’:(2)’ O(5), and G(6) atoms IS (A) and TSp3 ®) Dashedy
Fhan the second one. The corresponding Wiberg indices differ lines indicate charge depletioR3p(r) > 0), solid lines indicate charge
in ca. 0.35 (020 and 0.55 farS2 and 0.11 and 0.48 fOTSS) concentration Vzp(r) < O)
and$§ is 0.69 for the reaction af and 0.53 for that oR. The

increase of the asynchronicity fromS1 to TS2 and TS3 of the orbitals of the N and C nitrile atoms in the unoccupied
conceivably may be accounted for by the steric hindrances ;*(CN) MOs is also similar for free and bound nitriles.
imposed by the CI atoms, which elongate the-N contact, Another tool that can be useful for the investigation of the
and, probably, by the electronic influence of the metal in the transition-state nature including the synchronicity is the topo-
complexesl and?2. Indeed, the coordination of GBN leads  |ogical analysis of the electron density distribution. This analysis
to a noticeable growth of the NBO atomic charge on the nitrile was performed for two borderline cases, thafliS1 andTS3,
carbon atom from 0.29 to 0.48 nand 0.53 ir2**that facilitates ~ and the contour line diagrams of the Laplacian distribution
the attack of the nucleophilic O-center of the nitrone molecule V2p(r) are shown in Figure 3. The ring critical point was found
to the -carbon atom of the coordinated nitrile and provides for both structures suggesting that these TSs should be
the shorter &-O contact in the transition state. At the same considered as cyclic ones and they correspond to the concerted
time, the negative NBO charge on the N atom of CN cycloaddition. The bond critical points for the C(2)O(5) and
increases only insignificantly from+0.33 in CHCN to —0.36 N(1)C(6) contacts were found farS1andTS3. The values of
and —0.34 in1 and 2, respectively. The relative contribution the electron density(rp) at both critical points are similar for
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Figure 4. Calculated intrinsic reaction coordinate for the reaction of
H2C=N(CHs)O with CH:CN.

TS1 (0.578 and 0.470 e & for C(2)O(5) and N(1)C(6),
respectively) while, fol S3, p(rp) at the C(2)O(5) contact [0.793
e A3 is significantly higher than that at the N(1)C(6) contact
[0.181 e A3, in agreement with the above discussion.
Correspondingly, a deformation of the electron charge distribu-
tion at the C(6) atom toward N(1) iRS1 and at the C(2) atom
to O(5) in bothTS1andTS3is observed (Figure 3). The charge
distribution at the C(6) atom iTS3 remains without visible
deformation. The energy denslty at the CO bond critical point
indicates some covalent contribution in the CO connection for
TS3 (Hp, = —0.282 Hartree A2 being slightly negative) while
for the CN contact infS3 and the CO and CN contactsTi&1
Hy is close to zero demonstrating no covalent contribution.

The presence of the ring critical point, on one hand, and the
small absolute value qi(ry,) for the N(1)C(6) contact, on the
other hand, allow the characterization 63 as a borderline
case between the cyclic and the Michael-type structure (see
below Stepwise Mechanism). Thus, the interaction of the
nitrones with the Pt-bound nitriles also may be considered as
intermediate between the “conventional” cycloaddition (reaction
of the free nitrile) and the nucleophilic addition to the C(2) atom
or even isolated into a separate class of the cycloaddition taking
into account the opposite relationship between the activation
energies and synchronicity of TS for free and ligated RCN (see
below the section Influence of the Substituents). For the
nucleophilic addition, the atomic charge on the C(2) atom is
one of the factors determining the reactivity of the nitriles. As
it was mentioned above, this charge is enhanced frorgGBH
to 1 and to2 and may be considered as another reason of the
activation of nitriles in the Pt-complexes toward the nitrone
cycloaddition.

(i) Mechanism. To investigate the concerted mechanism of
the nitrone-to-nitrile cycloaddition in more detail, the calcula-

Kuznetsov et al.

and by the N(4)C(6)N(1)C(2) and N(4)O(5)C(2)N(1) torsion
angles of—79.1 and—32.1° (OC1), —54.1 and—2.8° (OC2),

and —52.5 and—3.8° (OC3). The electronic energies of the
OCs are by 6.1510.26 kcal/mol lower than the sum of the
energies of the reactants (Scheme 3a). However, the free Gibbs
energy difference is positive for the formation of the orientation
complexesAG = 2.94, 3.23, and 1.93 kcal/mol f@C1, OC2,

and OC3, respectively, Scheme 3b) because of the strong
decrease of the entropy from the reactants to @8 26.03—
39.84 cal/molK). The next phase on the reaction path is the
transformation of the orientation complexes to the transition
states as a result of the following approach of the initial
molecules, bending of the nitrile fragment, formation of the new
C---N and G--O contacts, and weakening of the NJ(2)
bond. On the final step, the TS transforms to the final products
3-5.

(iii) Activation and Reaction Energies. The location of the
transition states and the orientation complexes on the potential
energy surface (PES) for the cycloaddition reaction allows the
estimate of the electronic activation energigg {or this process
as well as the enthalpies and Gibbs free energies of activation
(AH* and AG") (Table 2). The comparison of the activation
parameters indicates that tBg and AG* values relative to the
reactants, that is, calculated as a difference of the total energies
of the TS and the sum of the total energies of the reactants,
decrease strongly from the reaction of free {CN to that of
complex1 and further to that o2 (Scheme 3). This correlates
well with the experimentally observed enhancement of the
reactivity of the nitriles along this sequerfcéThe activation
energy for complexX has a negative value indicating that the
TS3 has lower electronic energy than the reactants’ level.
However, considering the formation of the orientation complex
along the reaction path, the activation energy relativ®@8
becomes positive (4.88 kcal/mol) (Scheme 3a). Such a situation
was found, for instance, for the cycloaddition of azomethine
ylides with acronitrilé>and of nitroethene with methyl vinyl
ether in the presence of a Lewis aéidSimilarly, both free
Gibbs energies of activation (relative to the reactants and to
OC) are positive (8.04 and 6.11 kcal/mol, for the reactiof)of
because of a strong decrease of the entropy from the reactants
to OC and further to TS (Scheme 3b).

The reaction energiesAE) and enthalpies and free Gibbs
energiesAH andAG) have negative values for all the processes
(Table 2) demonstrating their exothermic character. Meanwhile,
the absolute magnitudes of these parameters clearly increase
from the reaction of free C¥CN to that of complex2 also in
agreement with the experimentally found trend of the change
of the reactivity in the row of the nitriles. Thus, the activation
of the nitriles in the platinum complexes toward the nitrone
cycloaddition and the enhancement of the reactivity from the

tions of the intrinsic reaction coordinate (IRC) starting from Pt' complex to that of Pt can be interpreted in terms of both

the found transition states have been carried out (see Compukinetic (the lowering of the activation parameters) and thermo-
tational Details) (Figure 4). The calculations indicate that the dynamlp (growth of the negative values of the reaction energies)
reactions proceed via the following pathway. On the first step, Viewpoints.

the approach of the reagents’ molecules takes place to give the The absolute values of the energies often depend strongly
orientation complexesOC1-0OC3 (Figure 2). The nitrile on the basis set and approach. With the aim to investigate how
fragments of these OCs are linear and the main bond lengthsthe change of the level of theory and basis set affects the
are similar to those for the starting compounds. The relative energetic characteristics of the reaction, to evaluate the perfor-
position of the HC=N(CH3z)—0O and CHCN fragments in the mance of the B3LYP/6-31G* calculations on the nitrone-to-
OCs is characterized (at the B3LYP/6-31G* level) by the N(1) nitrile cycloaddition, and to estimate the reliable absolute values
-C(6) and C(2)--O(5) distances of 4.802 and 3.358 A1), of the activation and reaction energies, the structures of the
3.643 and 2.759 AQC2), and 3.921 and 2.738 AOC3); by reactants, products, transition states, and orientation complexes
the N(1)C(6)N(4) and N(4)O(5)C(2) angles of 42.4 and 97.4 for the reaction of free CECN with H,C=N(CH;)O have been
(OC1), 68.1 and 105.3(0C2), and 67.3 and 113:4(OC3); calculated at different levels including such high-correlated
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SCHEME 3: Energy Profile of Reactions of CHCN, 1, and 2 with H,C=N(CH3)O in Terms of AE (A) and AG (B)
Values

AE, kcal/mol AG, kecal/mol
20+
30+
10+ ,
/ TSI\
Reactants 201 W
0T — /TS
10+ 4 oTs3 i
0+ 02 ocz. <7
..2=—"0C1 IR
e o7 Reactants 0c3 L
20+ W3 W3
\\ [ —
e T iy
=0T 4 \
- 20+ L5
40 - S
A B

TABLE 2: Energetic Characteristics (in kcal/mol) of the Cycloaddition Reactions ofN-Methyl Nitrone to Free CH3;CN and to
the Complexes 1 and 2 Relative to the Reactants (Plain Text) and to the Orientation Complex (Bold Text) for the B3LYP/
6-31G* LeveP

dipolarophile Ea AH* AG* AE AH AG
CH:CN 13.99 (15.73) 14.90 27.65 —23.78 (-19.91) —21.14 —7.60
15.92 [17.76F [30.47F ~2185 [—20.56F [~7.09F
[16.86P 19.72 24.71 [—23.13p
[16.89 (18.57)] [-23.11 -19.36)F
20.14 (21.07)
1 3.02 (4.53) 3.29 19.58 —35.19 (-31.13) —32.83 —15.31
5.68 11.94 16.36 —32.54
[6.52P [—30.73}
12.46 (13.18)
2 —5.38 (-3.99) -3.93 8.04 —40.69 (-36.27) —-37.05 —22.17
—3.59 4.93 6.11 —38.90
[0.10P [—36.01p
4.88 (5.38)

a Zero-point energy-corrected values in parentheses, the BSSE-corrected values are given in italics, the energies corrected on the solvent effect
are given in square bracketsSingle-point CPCM-calculations based on the gas-phase equilibrium geofifetity geometry optimization at the
CPCM-B3LYP/6-31G* level.

methods as MP4(SDTQ), CCSD(T), and CBS-Q. The activation higher in comparison with the MP2 values obtained at the same
parameters and the reaction energies were calculated for thishasis set and thAAG* difference is 0.873.70 kcal/mol. The

process at all these approaches. extension of the level within the MglleiPlesset method, that
The inspection of theactivation energies relatie to the is, from MP2 to MP3, leads to the increasemfby 4.76 kcal/
reactantsin Table 3 shows, first, that the HartreBock E, mol. However, a further improvement of the approach up to

values are significantly higher in comparison with the correlated MP4(SDTQ) level results again in the decreas&gab 12.13-
methods indicating the great importance of the electron cor- 12.57 kcal/mol that is very close to the values obtained at the
relation effects for the estimate &, AH¥, and AG* of the second order of the MglletPlesset theory. The use of the
nitrone-to-nitrile cycloaddition. Second, the change of the coupled-cluster method with singles, doubles, and noniterative
geometry does not affect significantly the energetic charac- estimate of triple excitations CCSD(T), on the basis of the MP2/
teristics. Indeed, the difference of the electronic activation 6-31G* and B3LYP/6-31G* geometries, gives slightly higher
energies for the MP2//HF/6-31G** and MP2//MP2/6-3%G**, magnitudes for the activation parameters (by 682 kcal/
MP4(SDTQ)//MP2/6-31G* and MP4(SDTQ)//B3LYP/6-31G*, mol in comparison with MP4(SDTQ)) whereas the CBS-Q
and CCSD(T)//MP2/6-31G* and CCSD(T)//B3LYP/6-31G* calculations lead to a slightly lower barrier.
levels is only 1.26, 0.44, and 0.23 kcal/mol, respectively. Third,  Similar trends were obtained for the activation parameters
the extension of the basis set results in the increase of therelative to the orientation complexvhich have, apparently,
activation energies that was found for all levels, especially for higher values foiE, and AH¥ in comparison with the energies
B3LYP (the CBS-Q method uses large basis sets, up torelative to the reactants. However, the Gibbs free energy
6-311+G(2df) on the first-row atoms). difference of activation is lower for the former case than for
TheE, AH*, andAG* values are weakly sensitive to a change the latter one because the entropy decrease from the reactants
of the correlated methods, a situation quite different from that to the OC is significantly higher (by 4.702.97 cal/molK)
found, for example, for the cycloaddition of diazomethane to than that from OC to TS. The energetic characteristics for the
ethylené?e or fulminic acid to acetyleri@where a 2- or even  conversion of the reactants to the orientation complex weakly
3-fold variation of E; was detected, depending on the ap- depend on the basis set and level of theory (including HF) with
proximation. Indeed, our calculations indicate that the BALYP maximum deviation of 3.55 kcal/mol faXE, 4.17 kcal/mol for
electronic activation energies are only by =95 kcal/mol AH, and 4.12 kcal/mol foAG.
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TABLE 3: Electronic Activation Energies (E,), Enthalpies
(AH%), and Free Gibbs Energies AG*) of Activation (in
kcal/mol) for the Cycloaddition Reaction of N-Methyl
Nitrone (H,C=N(CH3)O) to Acetonitrile (CH 3CN) Relative
to the Reactants (Plain Text) and to the Orientation

Complex (Bold Texty

method and basis set

Ea AH*  AG

HF//HF/6-31G

HF//HF/6-31G*

HF//HF/6-3H-G**

HF/6-31H+G**//[HF/6-31+G**

MP2//HF/6-3HG**

MP2//MP2/6-31G*

MP2//MP2/6-3H1G**

MP2/6-31H+G**/IMP2/6-31+G**

B3LYP//B3LYP/6-31G

B3LYP//B3LYP/6-31G*

B3LYP//B3LYP/6-3H-G**

B3LYP/6-31H-+G**//

B3LYP/6-31+G**

MP3//MP2/6-31G*

MP4(SDTQ)//MP2/6-31G*

MP4(SDTQ)//B3LYP/6-31G*

CCSD(T)/IMP2/6-31G*

CCSD(T)//B3LYP/6-31G*

CBS-Q

25.40 (27.46) 26.54 39.53
26.91 28.94 34.05
32.53(33.79
28.71(30.67) 29.78 42.73
30.08 34.42 39.76
34.72(35.92
31.14 (33.01) 32.13 45.04
31.43 36.29 41.52
36.65(37.76

15.20
19.84(21.39
12.49 (14.85)
14.72
20.27(21.99)
13.08
15.05
20.64
12.17 (13.95) 13.11 25.91
14.36 18.75 23.22
19.16(20.04

13.99 (15.73) 14.90 27.65
15.92 19.72 24.71
20.14(21.07)

17.08 (18.80) 17.97 30.71
17.14 2153 26.84
21.92(22.99

19.86 24.86

13.80 27.01
20.36 25.65

10.67 23.43
15.56 21.24

Kuznetsov et al.

TABLE 4: Electronic Reaction Energies (AE), Enthalpies
(AH), and Free Gibbs Energies AG) of the Reaction (in
kcal/mol) for the Cycloaddition of N-Methyl Nitrone
(H2C=N(CH3)O) to Acetonitrile (CH sCN) Relative to the
Reactant$

level and basis set AE AH AG

HF//HF/6-31G —15.71 11.40) —12.61 0.82
—14.19

HF//HF/6-31G* —27.56 (-23.00) —24.28 —10.62
—26.18

HF//HF/6-3HG** —23.50 (-18.99) —20.27 -6.63
—2322
HF/6-31H-+G**//HF/ —-22.35
6-314+-G** —2215
MP2//HF/6-3H-G** —21.79
—20.37

MP2/IMP2/6-31G* —22.96 (-18.37) —19.78 -5.81
—20.06

MP2/IMP2/6-3H-G** —20.15 (15.60) —17.03 —3.00
—-17.92
MP2/6-31H+G**//IMP2/ —20.26
6-31+G** —-1829

B3LYP//B3LYP/6-31G —14.78 -11.26) —12.43 1.01
—1259

B3LYP//B3LYP/6-31G* —23.78 (-19.91) —21.14 -7.60
—21.85

B3LYP//B3LYP/6-3H-G** —18.45(14.61) —15.85 —2.29
—-1839
B3LYP/6-31H-+G**// —15.22
B3LYP/6-314+-G** —15.15
MP3//IMP2/6-31G* —30.12
—27.35
MP4(SDTQ)//IMP2/6-31G*  —22.67
—1963
MP4(SDTQ)//B3LYP/6-31G* —22.81
—-20.16
CCSD(T)/IMP2/6-31G* —24.86
—21.87
CCSD(T)//B3LYP/6-31G* —24.66
—22.06

CBS-Q —19.59 —-20.80 —7.34

aZero-point Energy Corrected Values in Parentheses, the BSSE-
corrected Values Are Given in ltalics.

example, the energies calculated at B3LYP/6-31G*, MP2/6-
31G*, MP4(SDTQ)//IMP2/6-31G*, and MP4(SDTQ)//B3LYP/
6-31G* levels vary within the range of 1.14 kcal/mol, although
the MP3 and CCSD(T) approaches also give slightly higher
estimates foiE, (19.82, 17.17, and 16.55 kcal/ mol).
Unfortunately, there are no experimental data about the
activation energies for a cycloaddition to simple alkylnitriles.
Meanwhile, it was showkf that the Complete Basis Set schemes
of Petersson and co-wokers, for instance, the CBS-Q méthod
used by us, allow to get very accurate absolute energies which
are often very close to the experimental ones. Hence, the CBS-Q
energies may be taken as reference values for comparison with
those obtained by other methods. Such comparison shows that

aZerO_point energy_corrected values in parentheses’ the BSSE-the results of the calculations at the B3LYP/6-31G* level (One
corrected values are given in italics.

of the least expensive approaches among the correlated ones
used by us) agree well with those computed using the higher

Another effect that often affects noticeably the calculated correlated methods, and this functional may be recommended
energies is the basis set superposition error (BSSE). Indeedfo be applied for the calculations of the nitrone-to-nitrile
our calculations with the counterpoise estimates of BSSE cycloaddition.

indicate that the BSSE correction increases the activation barrier

Thereaction energie¢Table 4) appear to be rather sensitive

by 0.06-3.04 kcal/mol, and such an increase is found mainly to a change of the basis set, especially to the insertion of the
for the relatively small basis sets while for the extended ones, polarization functions. Indeed, changing from the 6-31G to the
for example, 6-31++G**, the difference is smaller (up to 0.06
kcal/mol for B3LYP/6-3%G** and B3LYP/6-31H-+G**).
Thus, the BSSE corrected activation energies are less sensitivébasis set leads to some decrease|®E|. Meanwhile, the
to the change of the basis set as well as of the method, forcorrelated methods, including the high-level ones, give rather

6-31G* basis sets results into a 2-fold increase of the absolute
magnitude of the reaction energy. A further extension of the
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similar values for the reaction energy for the same basis setTABLE 5: Absolute (AGson) and Relative to the Reactants

(e.g., in the range-22.67 to —24.86 kcal/mol for 6-31G*)
except the MP3 approach. The Hartrdeock method also only
slightly overestimates the reaction energy in comparison with
the correlated levels. The CDS-Q calculations resultihand

AG values 0f—19.59 and—7.34 kcal/mol, respectively, which
are close to those obtained at the B3LYP/6-31G* leve23.78
and—7.60 kcal/mol, respectively). The BSSE correction reduces
the values of AE| by 0.06-3.04 kcal/mol, and this lowering is
also not significant for the extended basis sets, especially for
B3LYP.

(iv) Solvent Effects. The experimentally studied reactions

of the cycloaddition of nitrones to nitriles have proceeded in
CH,Cl, solution®7 To take into account the influence of the

solvent on the energetic characteristics of the reactions, the CH,.CN

calculations of the activation parameters and the reaction
energies for the interaction of,8=N(CH3)O with CH;CN, 1

and 2, have been performed using the self-consistent reaction
field method based on the CPCM model. For the cycloaddition
to free nitrile, the geometries of the molecules have been fully
optimized at the CPCM-B3LYP/6-31G* level. As a result, the
transition statel' S1 becomes slightly more asynchronous, for
example, the difference of the N(1)C(6) and C(2)O(5) inter-
nuclear distances increases from 0.131 A for gas phase to 0.16
A for solution and the difference of the Wiberg indices rises
from 0.01 to 0.03. Other bond lengthsTi®1 as well as those

in H,C=N(CH3)O, CH;CN, and3 change only insignificantly
upon inclusion of the solvent effect. Meanwhile, the CPCM-
geometry optimization almost does not affect theand AE
values in comparison with the single-point CPCM-calculations
based on the B3LYP/6-31G* gas-phase geometry (Table 2).
Therefore, for the reactions df and 2, only the single-point
calculation of the solvent effect was carried out.

The effect of solvation (i) increases the activation barriers
(by 2.87-5.48 kcal/mol) and (ii) decreases the negative values
of the reaction energies (by 0.68.68 kcal/mol, Table 2). This
situation is due to a higher stabilization of the reactants’ level
in comparison with the TSs or the final produ@s5 upon
going from the gas phase to solution that is accounted for by
the strongly polar character of the reactants’ molecules. The
total solvent effect within the CPCM model (in termsAG of
solvation, AGsoy) can be split into two contributions, the

electrostatic component (EL) and the nonelectrostatic one (non-

EL), the latter including the cavitation, dispersion, and repulsion

(AAGs,," and AAGs,,) Solvent Effects (in kcal/mol}

Structure EL Non-EL AGgoly
H,C=N(CH3)O -3.25 -0.74 -3.99
CHsCN —2.88 —-0.04 —2.92
1 —9.90 +3.23 —6.68
2 —-11.32 +5.14 —6.19
TS1 —2.92 —-1.13 —4.05
TS2 —-9.57 +2.36 —-7.21
S3 —9.92 +5.21 —-4.70
3 —3.52 —2.75 —6.27
4 —8.55 +2.33 —6.23
5 —8.90 +3.40 —5.51

Dipolaro-
phile  AEL* ANon-ELf AAGsu' AEL ANon-EL AAGsy
+3.21 -0.35 +2.86 +2.61 -—-1.97 +0.64
1 +3.58 -0.13 +3.45 +459 -0.17 +4.44
+4.65 +0.81 +5.46 +5.68 —1.00 +4.68

a Electrostatic and non-electrostatic components are denoted EL and
non-EL, respectively.

while, the general trend of the changekfand AE in solution
from the free nitrile to the complexes of'Pand further of PY
remains the same as that for the gas phase, that is, a significant

feduction of theE,, and increase of thAE| values take place.

(v) Influence of the Substituents. The N-methyl nitrone
H,C=N(CHz3)O and acetonitrile CECN have been used for the
calculations as the simplest models, the former being a
hypothetical compound, but experimental data on the cyclo-
addition to nitriles are available for C-substituted nitrones
H(R)C=N(R)O [R = Bu, Ph,0-C¢H4OH, p-CsHs-X (X = CHs,
OCHs, NOy); R' = CH3, CH,Ph] and for the Pt-bound nitriles
CH3CN and PhCN.” Obviously, the nature of the substituents
should affect the reactivity for both the nitrone and the nitrile.
Hence, to study the substituent effect, an additional theo-
retical investigation of the reactions of H(G=N(CH3)O
(6) and Hf-CsH4CH3)C=N(CH3)O (7) with CH3CN, H(p-
CeH4OCHs)C=N(CH3)O (8) with CH3;CN and PhCN, and
H>C=N(CHj3)O with PhCN, to give the producg-13 (Figure
2), has been carried out, including the location of the final
product and transition states and the estimate of the main
energetic characteristics of the reactions.

The consideration of the frontier MO composition of the
nitrones indicates that the HOMO energy increases along the
row H,C=N(CH3)O—6—7—8 (Scheme 2). The LUMO energy
of 6 is higher but that of the phenyl-substituted nitrones is lower

terms. The analysis of the contribution of these components intothan that for theN-methyl nitrone demonstrating a narrower

AGs (Table 5) indicates that the EL term is strongly negative
for each particular structure. The non-EL component is negative
only for the nitrone TS1, and3 (because of a relatively high
dispersion component that is negative), whereas for the initial
Pt-complexed and?2, corresponding TSSIS2 andTS3), and
products 4 and 5), the non-EL component is positive (pre-
dominance of the positive cavitation term). Nevertheless, the
total solvent effect is negative for all species.

The calculations of theelative solvent effect, that is, that of
TSs [AAGF 5oy = AGson(TS) — SAGso (reactants)] and the final
complexes AAGgony = AGgoy (product)— ZAGgqy (reactants)]
relative to the reactants, indicate that the electrostatic tafh {
andAEL) plays the main role in the increase®fand decrease
of |AE| from the gas phase to the solution while theon-EL*
and Anon-EL components are comparatively small except the
Anon-EL for the reaction of free GJ@N (Table 5). Both
AAG¥oy and AAGsy effects increase from the reaction of
CH3CN to that of2, determining the growing difference between

HOMO-LUMO gap for 7 and 8 in agreement with the data
reported previouslyl¢ although the LUMO energy o8B is
slightly (by 0.17 eV) higher than that of. Thus, the frontier
molecular orbital theory arguments suggest that the enhance-
ment of the reactivity of the phenyl-substituted nitrones is
due to the decrease of both HOMne LUMOirie and

LU Monitron&HOMOnitrile gapS-

However, a more detailed theoretical study of these reactions
predicts the opposite trend of the reactivity change. The
calculated activation barriers for the reaction$of¥, or 8 with
CHsCN (TS4, TS5, andTS6 are corresponding transition states)
are noticeably (by 2.12, 6.60, or 6.44 kcal/mol, respectively)
higher than that for the reaction of ,6=N(CH3)O with
acetonitrile (Table 6), which is probably due to the lower orbital
coefficients at the reacting centers, especially at the C(6) atom,
and to a possible steric hindrance imposed by the phenyl ring.
Indeed, the replacement of the hydrogen by the methyl,
p-methyl-, orp-metoxy-phenyl group results in the increase of

the gas phase and CPCM-energies along this sequence. Mearthe asynchronicity of the respective transition state, for example,
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TABLE 6: Energetic Characteristics (in kcal/mol) of the Cycloaddition of the Substituted Nitrones (H(R)C=N(CH3)O) to Free
Nitriles (RCN) Relative to the Reactants for the B3LYP/6-31G* Levet

R R Ea AH* AGH AE AH AG
CHs H 13.99 (15.73) 14.90 27.65 —23.78 (-19.91) —21.14 ~7.60
CHs CHs 16.11 (17.83) 16.89 30.30 —21.28 (-17.50) ~16.89 —-4.73
CHs p-CeHaCHs 20.59 (21.75) 21.07 34.08 —14.46 (-11.32) -12.93 +2.12
CHs p-CeHsOCHs 20.43 (21.60) 20.94 33.79 —14.14 (-11.01) ~12.05 +1.02
Ph H 12.96 (14.49) 13.87 26.97 —25.13 (-21.45) —22.48 -8.37
Ph p-CeH4OCHs 19.28 (20.26) 19.84 33.15 —15.38 (-12.50) -13.27 +0.41

a Zero-point energy-corrected values in parentheses.

the difference of the N(1)C(6) and C(2)O(5) internuclear
distances rises from 0.131 A f#iS1to 0.162, 0.223, and 0.234

A for TS4, TS5, and TS6, respectively, with the CN contact
longer than the CO one. The difference of the Wiberg indices
for these contacts are 0.03, 0.07, and 0.07 for these TSs. The
AGF increases from 27.65 kcal/mol for,8=N(CH3)O +
CH3CN to 30.30, 34.08, and 33.79 kcal/mol f§r7, and8 +

AG;&, kcal/mol
8

CH3CN, respectively. The predicted decrease of the reactivity 28
from the C-alkyl to the C-aryl substituted nitrones is in d
agreement with the experimental observatidf® The reactivity 26 . . . . .
of 7 and8 should be similar and the latter appears to be slightly 000 00z 004 006 008
more reactive than the former. [AWI|
The reaction energies increase along the ro@+N(CHz)O— Figure 5. Dependence oAG* on the difference of the Wiberg indices

6—8—7 and theAG value becomes positive for the C-phenyl- of the d¢(2%0c§5) 'ta'rI]d l\llq(é)l\?(?%:bandﬁg/Vl)_tfr?r Fthe rea(i_t'iz)gé of
nitrones (Table 6). Thus, the high magnitudes A&* and uncoordinated nitriles , with nitrones .
positive AG of reactions7 and8 explain the experimental data, INeE/?a:—Ia)o (R =H, CHs, p-CoH4CH, p-CeH,OCHy) for B3LYP/6-31G
suggesting that these nitrones do not react with the uncoordi- '
nated acetonitrile even under harsh conditibns. and, for the bound nitriles, the latter predominates over the
The replacement of methyl by phenyl in the nitrile molecule former. Thus, the cycloadditions of the nitrones to free or bound
results, as expected, in some decrease of the activation barrienitriles indeed can be assigned to two types of mechawighin
and increase of the negative reaction energies, correlating withthe concerted pathwafsee above).
the narrower HOMG-LUMO gap for PhCN than for CECN. Stepwise Mechanism.Another plausible pathway for the
The corresponding transition stat87is less asynchronous than  cycoaddition reactions, originally proposed by Firestthis,
TS1 with the N(1)C(6) and C(2)O(5) distance difference of the stepwise mechanism involving the initial (nucleophilic)
0.081 A and with equal Wiberg indices. Finally, for the reaction addition of the dipole molecule to the dipolarophile by one
of 7 with PhCN, two opposite effects of the substituents take center to give a Michael-type intermediate or transition state,
place. As a result, the activation barrier for this process is also followed by the cycle closure to form the final cycloaddition
significantly higher (by ca. 6 kcal/mol) than for the reaction of product. Although this mechanism is not supported by the
H,C=N(CHs)O with PhCN but by ca. 1 kcal/mol lower than  majority of authors, it cannot be excluded especially for the

for the reaction o7 with CHsCN. The calculated\H* value is reactions of the nitriles coordinated to a transition metal.
consistent with the experimental parameter found for the reaction Therefore, we investigated the possibility of the stepwise
of a cyclic nitrone with benzonitrile (20.1 kcal/mdf. mechanism for the reaction of free @EN and the comple®

For the uncoordinated reagents, there is a rather goodas two borderline cases, by a detailed search of the potential
correlation between the synchronicity of the TS (in terms of energy surface and the location of possible stepwise intermedi-
the bond lengths or Wiberg indices differences which are more ates and TSs in different spin states. For th€ N(CHz)O +
sensitive than the values §jf) and the activation barrier (Figure ~ CH3CN system, two types of the stepwise addition product were
5), an increase of the former corresponding to a growth of the examined, that is, NC(CHON(CHs)CH, (type A) and N(CCH)-
latter and the reaction should proceed easier via formation of CH,N(CH3)O (type B) bearing either the C(2)O(5) or the
the more synchronous TS. For the reaction of free nitriles, this N(1)C(6) bond between the reactant molecules. For both of these
trend may be accounted for by the better overlap of the types, various starting conformations of theQl(CHs)O
interacting HOMO and LUMO of the reactants for the syn- molecule relative to the nitrile have been used. As a result, 2
chronous TS than for the asynchronous one, leading to thesinglet dipolar, 16 triplet biradical (B3LYP/6-31G*), and no
lowering of the relative energy of the former TS. However, for singlet biradical (GVB-PP(1)/6-31G*) intermediates or transi-
the reaction of the nitrile complexek and 2, the activation tion states-which, in principle, could be involved in the
barriers are significantly lower despite the higher asynchronicity stepwise mechanisfwere found. However, the energies of all
of TS2 and TS3 in comparison withTS1 In the complexes,  these structures are higher, by 2340.3 kcal/mol, than those
there is another factor to be considered, that is, the activationof the TS1, that is, the transition state for the concerted
of the 8-carbon atom of the bound nitrile toward the nucleophilic mechanism.
addition (almost a 2-fold rising of the NBO effective charges  As it was found}* the coordination of CECN to the metal
on this atom from free to ligated GEN was found* with leads to an increase of the electrophilicity offft€arbon atom
nearly no charge alteration on the N atom). This activation that might result in favor of the stepwise mechanism via the
facilitates the one-end addition of the nitrones to nitriles by the initial nucleophilic attack at that atom by the oxygen of the
O atom. These two factors, that is, the maximum HOMO  nitrone. However, for the $C=N(CH;)O + 2 system, no singlet
LUMO overlap and the activation of th2C atom, are opposite  dipolar or triplet biradical structures of the “pure” Michael-
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type [i.e., that bearing only the C(2)O(5) but no N(1)C(6) bond] = The concerted mechanism was also found to be common
at the B3LYP/6-31G* level and no singlet biradical structures for the related reactions of the nitrones with alkenes and
at the GVB-PP(1)/6-31G* level have been found. All attempts alkynes32«33fThe synchronicity of these processes depends
to locate the intermediates and TSs of such type resulted in theon the nature of substituents, on the regioisomeric pathway, and
removing of the reactants’ molecules from each other or the on the presence of a Lewis acid as a catalyst. For instance, the
formation of the singlet dipolar final products or the transition cycloaddition of C-methyN-methylnitrone (H(CH)C=N(CHz)O)
states corresponding to the concerted mechanism. Thus, théo methyl vinyl ether (HC=CHOCH;) along themetapath-
calculations do not support the stepwise mechanism of the ways is almost synchronous (the difference of the Wiberg bond

nitrone-to-nitrile cycloaddition either for free GBN or for the indices of two new contacts in the TSs is 0:8104) whereas

Pt-bound nitriles. for theortho pathways as well as for the reactions of the nitrones
with methyl propiolate (H&CC(O)OCH,) and acrylonitrile

4. Final Remarks (H2C=CHCN) there is a noticeable degree of asynchronféiy.

. o " . It is interesting that the cycloaddition of nitrones to nonsubsti-

The experimentally observed activation of nitriles in  y,teq ethylene and acetyléfichas the same synchronicity as
platinum complexes toward cycloaddition of nitrones and the e reaction with free acetonitril&(= 0.92 for all processes)
enhancement of their reactivity from the complexes &f®t  gegpite the change of the nature of one of the reacting atoms
those of P can be interpreted in terms of both kinetic (dramatic yoyard the dipolarophile molecule. It also seems that the increase
decrease of the activation barrier by ca—1B kcal/mol) and ¢ the asynchronicity as a result of the Lewis acid coordination
thermodynamic (growth of the absolute values of the reaction is the general rule for the reactions of the nitrone cycloaddiin.
energies) viewpoints. For the related Lewis acid catalyzed |, the interaction of the nitrone with acrolein bound with8F
normal electron-demand reaction of nitrone(H-NHO) with the stepwise mechanism was even more probable than the
acrolein CH=CHCHO, a significantly smaller decrease of the qncerted onds® However, these results have to be taken
activation parameters (by +-02.5 kcal/mol) was found by caytiously because the calculations have been performed at the
Tanaka and Kanemad® For the inverse electron-demand BH (¢ evel without considering the electron correlation effects.
or AlMes-catalyzed cycloaddition of nitrones to olefins, the The influence of the nature of the substituents in the nitrone

acceleration effect was predicted to be smaller_{-&.? keall and nitrile molecules on the reactivity has also been investigated
mol) or even switched to inhibition of the reactigit> in the present work. The calculations suggest that the C-
_Our calculations show that the cycloaddition of nitrones to gypstituted nitrones are significantly less reactive than the
nitriles is mainly determined by the HOMgone-LUMOnitie nonsubstituted FC=N(CH3)O one, and the activation barriers
type of interaction (the normal electron-demand process) evenot the aryl-substituted nitrones are higher than those of the
for the ace_tonitrile with the electron_-donor methyl group. At c_alkyl nitrones. However, benzonitrile exhibits a higher
the same time, for the alkenes as dipolarophiles, the predomi-reactivity than acetonitrile. The influence of the substituents at
nance of the type of the HOMELUMO interaction depends  the nitrone on the reactivity is much higher than that found for
more crucially on the nature of the substituent than in the nitriles. o cycloaddition of nitrile oxides (RENO) to cyanoacetylene
For electron-donor groups at the alkene, like methoxy or even (HC=CCN): the replacement of the hydrogen atom by the
methyl, the HOMQikene-LUMOitrone type prevaildte33awhile mesityl group in R&NO (R = H or mesityl) does not affect
for the electron-withdrawing groups, the normal electron- ihe activation energy in gas phaie.
demand process is followéd:33 The FMO consideration The activation parameters and reaction energies have been
suggests that promotion of the nitrone-to-nitrile cycloaddition .4icyjated by us at different basis sets and levels of theory, that
can be achieved by the selective Lewis acid coordination is, HF, B3LYP, MP2, MP3, MP4(SDTQ), CCSD(T), and CBS-
nitrile rather than to nitrone. Indeed, the ligation of the nitriles Q. The activation energies are weakly sensitive to a change of
and increase of the metal oxidation state lead to lowering of o method (except the HF one). This situation is quite different

the virtual7*(CN) MOs energy, thus providing the activation  fom that found for the cycloaddition of diazomethane to
effect. However, for the cycloaddition to alkenes, the promotion ethylend2e or of fulminic acid to acetyleri@? where a 2- or

may be reached by Lewis acid ligation either to alkene or t0 gyen 3-fold variation ofE, was detected, depending on the
nitrone, depending on the substituents. approximation. Our results of the calculations at the B3LYP/
Both general mechanisms of cycloaddition, that is, concerted .31 G* |evel (one of the least expensive approaches among the
and stepwise, have been investigated in detail, and the calculatgrrelated ones used by us) agree well with those computed at
tions support the former pathway via formation of one five- the higher correlated methods. Thus, this functional may be

membered transition state. The reactions of the nitrones with recommended to be applied for the calculations of the nitrone-
uncoordinated and ligated nitriles may be assigned to two typesio-pjtriles cycloaddition reactions.

of cycloaddition within the concerted mechanisnkor the
reactions of free nitriles, the cycloaddition is neayychronous

and the reactivity of the RCN (in terms of the activation barriers) 5
correlates with the synchronicity of the process. For the Pt-
bound nitriles, the cycloaddition igsynchronousand the
respective TSs are characterized as a borderline case betwe
the cyclic and the Michael-type structure. The interaction of
the nitrones with the complexdsand2 may be considered as
intermediate between the “conventional” synchronous cyclo-
addition (reaction of the free nitriles) and the nucleophilic
addition to theB-C atom. Thus, the increase of the effective References and Notes
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