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1,3-Dipolar cycloadditions of nitrones RGHN(CH3)O and the nitrile oxide CEC=NO to the bifunctional
cyanoalkynes BEC—C=CR and cyanoalkenes-N=CCH=CHR' (R = H, Ph; R = H, Ph)—both free

and ligated to Ptand PY¥—were investigated by theoretical methods at B3LYP and, for some reactions,
CCSD(T) and CBS-Q levels of theory. Chemo-, regio-, and stereoselectivity of the processes and factors,
which affect the reactivity and selectivity, were analyzed, and verified trends are discussed in details.
Coordination of dipolarophiles to 'Pand, particularly, to Pt facilitates the CN relative to the CC additions

of nitrones due to higher activation of the CN group in comparison to the CC group. The bonding of the
ligands to platinum also favors thmetaversusortho pathways andendo versusexo pathways that
sometimes lead to a switch of the reaction direction. Introduction of Ph groups into the reactant(s) molecules
also leads to the promotion of the CN versus CC routes, and this effect is especially strong when both
reactants are Ph-substituted. The substituent effect is accounted for by steric repulsions imposed by the
Ph groups in transition states (TSs) and by the loss of a conjugation in phenylnitrone and phenylcyanoalkene
molecules upon the TS formation. Solvation inhibits the CN imetdaCC additions and, hence, generally
favors the CC versus CN pathway, thieho versusmetapathway, and thexoversusendopathway. All
reactions except one proceed concertedly via a nearly synchronous mechanism for therg&taDa
additions to free ligands and asynchronous mechanism for the other processes. For the reaetion CH
N(CH3)O + PtV-1, a stepwise route is realized.

Introduction 1,3-DCA of dipoles bearing the NO polar bond (e.g., of nitrones
and nitrile oxides, typical representatives of dipoles of both allyl

1,3-Dipolar cycloaddition (1,3-DCA) reactions are among the and propargyl/allenyl anion types, correspondingly) toa@C

most important processes in organic chemistry allowing the
synthesis of a great variety of five-membered heterocycléw

(1) (a) 1,3-Dipolar Cycloaddition ChemistryPadwa, A., Ed.; Wiley:
t Dedicated to Professor Gleb A. Abakumov, Full Member of the Russian New York, 1984. (b) Kobayashi, S.; Jgrgensen, K. @ycloaddition

Academy of Sciences, on the occasion of his 70th birthday. Reaction in Organic Synthesi®iley: New York, 2001. (c) Carruthers,
* Moscow Pedagogical State University. W. Cycloaddition Reactions in Organic Synthesisrgamon: Oxford, 1990.
8 University of Vienna. (d) Gothelf, K. V.; Jgrgensen, K. hem. Re. 1998 98, 863. (e) Frhauf,
1St. Petersburg State University. H.-W. Chem. Re. 1997, 97, 523.
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double bond has been studied extensively by both expeririental logical candidates to study various aspects of chemo-, regio-,

and theoreticd 14 methods. At the same time, their cycload-
ditions (CAs) to a &C triple bond*721522 and particularly

to a heteroatomic €N triple bond®23-28 are much less
explored because of the low reactivity of these dipolarophiles
in CAs. The reactions with bifunctional dipolarophiles having
both G=C and G=N triple bonds have been investigated only
in a few workg® despite the fact that these systeneing

(2) (a) Kuznetsov, M. LRuss. Chem. Re2006 75, 935. (b) Houk, K.
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1997 62, 7033.
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Amade M.; Rastelli, A.J. Chem. Soc., Perkin Trans.1®98 2413. (c)
Rastelli, A.; Gandolfi, R.; AmadeM. S.J. Org. Chem1998 63, 7425. (d)
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200Q 65, 6112. (e) Rastelli, A.; Gandolfi, R.; Sarzi-Amadd.; Carboni,
B. J. Org. Chem2001, 66, 2449.
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Mates, J. A.; Revuelta, J.; Tejero, T.; Chiacchio, U.; Romeo, G.; lannazzo,
D.; Romeo, R.Tetrahedron: Asymmetr2002 13, 173. (c) Merino, P.;
Revuelta, J.; Tejero, T.; Chiacchio, U.; Rescifina, A.; RomeoT &rahe-
dron 2003 59, 3581. (d) Chiacchio, U.; Genovese, F.; lannazzo, D.;
Librando, V.; Merino, P.; Rescifina, A.; Romeo, R.; Procopio, A.; Romeo,
G. Tetrahedron2004 60, 441. (e) Corsaro, A.; Pistar¥.; Rescifina, A.;
Piperno, A.; Chiacchio, M. A.; Romeo, Getrahedron2004 60, 6443.
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and stereoselectivity in CAsare of special interest, and one
of the most intriguing problems related to such processes is the
intentional switch of selectivity by modification of reactants and/
or reaction conditions.

In general, chemo-, regio-, and stereoselectivity are deter-
mined by several factors, such as the electronic structure of
reactants and transition states, steric factors, possible intra- or
intermolecular interactions (which are able to stabilize a
particular transition state), solvent effects, and the reaction
mechanisni2 There are three main ways to control the selectiv-
ity of 1,3-DCA: (i) the alteration of substituents in the reactants’
molecules, (i) variation of the solvent nature, and (iii) coordina-
tion of the reactant(s) to a Lewis acid. While the first two routes
of controlling CAs are commonly explored in organic chemistry,
the third way is substantially less investigated despite the fact
that the Lewis acid may exhibit the dual role in the CA reactions,
that is, to serve as a possible switcher of the reaction selectivity
and as an activator of the process.

Recently, using quantum chemical methods, we investigated
the nature and driving forces of the activation, by coordination,
of monofunctionahitriles N=CR (R= CHs, CF3) in 1,3-DCAs
with nitrone$® and nitrile oxides! The results demonstrate that
the ligation of nitriles to Pt and, especially, to Pt centers
dramatically decreases activation barriers in 1,3-DCA, and
hence, the application of platinum as a Lewis acid is a more
promising and effective route for enhancement of reactivity of
RCN species than the conventional activation of nitriles by very
strong electron-withdrawing groups R such as, for instance, CF
Now we focused our attention on another important aspect of
the 1,3-DCA processes, that is, reaction selectivity, and,
therefore, extended our theoretical studies tolfienctional
dipolarophiles of &C/C=N and G=C/C=N types.

The main goal of this work is the complex study of factors
determining the chemo-, regio-, and stereoselectivity of 1,3-
DCAs to bifunctional dipolarophiles. Within this goal, the
following questions were raised: (i) how the coordination of
bifunctional alkenes and alkynes to Pt and the oxidation state
of the metal center affect the chemo-, regio-, and stereoselec-
tivity of the CAs; (ii) how the coordination of the ligands to Pt
activates them toward CA to the=eN bond, on one hand, and
to the G=C or C=C bond, on the other hand; (iii) how the
nature of dipoles (those of allyl and propargyl/allenyl anion
types) and dipolarophiles (unsubstituted and Ph-substituted
cyanoalkenes and cyanoalkynes) affects the reaction selectivities;
(iv) how the solvation and solvent nature influence the reactivity
and selectivity. To answer these questions, the search for
reaction mechanisms and the estimates of energetic character-
istics have been performed for cycloadditions of Zheitrones
Z-RCH=N(CH3)0?? (allyl anion type) and the nitrile oxide
CH3C=NO (propargyl/allenyl anion type) to the bifunctional
cyanoalkynes EEC—C=CR and cyanoalkendsansN=CCH=
CHR (R = H, Ph; R = H, Ph)—free and coordinated to 'Pt

(29) (a) Houk, K. N.; Chang, Y.-M.; Strozier, R. W.; Caramella, P.
Heterocyclesl977, 7, 793. (b) Padwa, A.; Kline, D. N.; Perumattam, J.
Tetrahedron Lett1987 28, 913. (c) Hu, Y.; Houk, K. NTetrahedror200Q
56, 8239.

(30) (a) Kuznetsov, M. L.; Kukushkin, V. Yu.; Dementev, A. |;
Pombeiro, A. J. LJ. Phys. Chem. 2003 107, 6108. (b) Kuznetsov, M.
L.; Kukushkin, V. Yu.J. Org. Chem2006 71, 582.

(31) Kuznetsov, M. L.; Kukushkin, V. Yu.; Haukka, M.; Pombeiro, A.
J. L. Inorg. Chim. Acta2003 356, 85.
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SCHEME 1. Cycloadditions of Nitrones and Nitrile Oxides to Cyanoalkynes
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and PY¥ centers in the model complexésns[PtCl,(N=C— the gradient-corrected correlation functional of Lee, Yang, and
C=CH)(N=C—C=CR)] and trans[PtCl,(N=C—CH=CH,)- Parf” (B3LYP). A quasi-relativistic Stuttgart pseudopotential

(N=C—CH=CHR)] (n = 2, 4) (Schemes 1 and 2). These described 60 core electrons, and the appropriate contracted basis
platinum-mediated reactions are promoted rather than catalyzecf€t (87p6d)/[6s5p3#] for the platinum atom and the 6-318*
by the metal, but in accord with experimental d&ehe basis set for other atoms were used. Further, this level is denoted
’ . . . . _as B3LYP/6-31G* even for the Pt complexes despite the usage of
hegerﬁcycles TIOUId be I|b_erat|et_j byll'gaggg'SpECﬁ meng rgac_tlonsthe other basis set on the Pt atom. Some of the reactions have also
and the overall process (involving 1,3-DCA and the substitution) peen calculated at the B3LYP/6-32G*+//B3LYP/6-31G*, CCSD-
opens up the route to oxadiazoles and oxadiazolines, which
cannot be obtained in the conventional metal-free organic  (34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

synthesis. The choice of platinum as a Lewis acid was caused'\s/'t-r Q%aigezsegag rJa-m?-:JngfZDe;Vi?i_éQ/-sG-:'\Al_\l/llgmggm&fybin%l, J’&:
; ; ; ; , R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; iels, A.
by the fact that Pt, being a soft acid, coordinates exclusively to D.: Kudin, K. N. Strain, M. C.. Farkas, O.: Tomasi, J.: Barone, V.: Cossi.

the soft donor center of dipolarophiles but not to dipoles and, M.: Cammi, R.; Mennucci, B.: Pomelli, C.: Adamo, C.; Clifford, S.:
hence, provides the greatest activation effect in agreement withOchterski, J.; Peterson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

e _ D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
predictions of the FMO theory for the normal electron-demand Ottiz. 3. V.. Baboul, A. G.: Stefanov, B. B.: Liu. G.: Liashenko. A.: PiSkorz.

procesgia-c30aAlthough we found that the selectivities of these  p : Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
processes depend on a delicate balance of different factorsLaham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.

(coordination of the dipolarophiles to Lewis acid, nature of Mé;’z-iég%%ionh}l‘?-ﬁg&%’;]g’vé V\slqngégfévg'&»gﬂggie;ﬁ “;'Sté;v(i;s(i)c?rﬁ%z" C:
dipoles and dipolarophiles, variation of substituents, steric g,ssian, inc.: Pittsburgh, PA, 1998. ’

repulsive interactions, intramolecular attractive interactions, and  (35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
solvent effects), certain well-defined trends were verified and ',\\l/l AB-; Chfejsegarll\h_ﬂ- R.;JM(K/rluglomery, JSAé Jf_-l_; erV?“J, T|-3; Kudlny\f-
; ; ; ; .; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
they are discussed in this article. Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

; ; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
Computational Details X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

s - Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
The full geometry optimization of all structures and transition Cammi, R.; Pomelli, C.. Ochterski, J. W.; Ayala, P. Y : Morokuma, K..

states has been carried out in Cartesian coordinates with help ofyoth G. A* Salvador, P.: Dannenberg, J. J.: Zakrzewski, V. G.; Dapprich,
the Gaussian 98and Gaussian G3program packages atthe DFT  S.: Daniels, A. D.: Strain, M. C.; Farkas, O.: Malick, D. K.: Rabuck, A.
level of theory. The calculations have been performed using Becke’s D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

three-parameter hybrid exchange functiéhia combination with G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
(32) The mono-C-substituted acyclic nitrones REN(R')O prepared Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
by conventional methods predominantly exist in the more stable 03, revision D.01; Gaussian, Inc.: Wallingford, CT, 2004.

configuration, that is, with the substituents R aridoR the opposite sides (36) Becke, A. D.J. Chem. Phys1993 98, 5648.

relative to the double CN bond: (a) Hassan, A.; Wazeer, M. |. M.; Saeed, (37) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785.

M. T.; Siddiqui, M. N.; Ali, S. A.J. Phys. Org. Chen00Q 13, 443. (b) (38) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preus3Heor.
Hassan, A.; Wazeer, M. I. M.; Ali, S. Al. Chem. Soc., Perkin Trans. 2 Chim. Actal99Q 77, 123.

1998 393. (39) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl1971,

(33) (a) Bokach, N. A.; Kukushkin, V. Yu.; Haukka, M.; Pombeiro, A. 54, 724. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972
J. L. Eur. J. Inorg. Chem2005 845. (b) Charmier, M. A. J.; Kukushkin, 56, 2257. (c) Hariharan, P. C.; Pople, J. Fheor. Chim. Actal973 28,
V. Yu.; Pombeiro, A. J. LDalton Trans.2003 2540. 213.
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SCHEME 2. Cycloadditions of Nitrones and Nitrile Oxides to Cyanoalkenes
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(T)/6-31G*//B3LYP/6-31G*#° and CBS-@! levels, and a discus-  the intrinsic reaction coordinates (IRC) using the Gonzalez
sion of the influence of the computational method and basis set on Schlegel methd# for selected reactions.

the energetic characteristics is given in the Supporting Information. ~ The bonding nature in the TSs also was searched with the help
The basis set superposition error (BSSE) was not estimated becausef the AIM method of Badetf? For the calculations of the electron

it affects weakly the activation and reaction energies, as it was density distributiono(r), the gradient vector field7p(r), and its
shown previously® Symmetry operations were not applied for all ~associated Laplaciaw?p(r), the programs GRIDV, GRDVEC,
structures. For the stepwise mechanism, the calculations of possibIeCONTOR‘ and EXT94B were usééiThe Wiberg bond indicé8
biradical intermediate of the Michael-type have been performed at [0 the transition states have been computed by using the natural

the unrestricted approximation. The stability test for equilibrium bond orbital (NBO) partitioning schenté.The synchronicity of

geometries of the intermediate and transition states of the stepwisethe reactions, Sy, has been calculated using the formula reported

) ) . .~ “previously*47
;nsechamsm was performed using the keyword STABLE in Gaussian Solvent effects were taken into account at the single-point

calculations on the basis of the gas-phase geometries using the
The Hessian matrix was calculated analytically for all optimized polarizable continuum mod#lin the CPCM versioff with variety
structures in order to prove the location of correct minima (no
imaginary frequencies) or saddle points (only one negative eigen-  (42) (a) Fukui, K.Acc. Chem. Res1981, 14, 363. (b) Gonzalez, C.;
value) and to estimate the zero-point energy correction and Schlegel, H. BJ. Chem. Phys1991, 95, 5853. (c) Gonzalez, C.; Schlegel,
thermodynamic parameters; the latter were calculated aE2%he Eh B. Jéﬁherlnégljczhgil%%% 30, 2154. (d) Gonzalez, C.; Schlegel, H. B.
. : . ys. Chem ) .

nature of tra_nsT_on s_tates:’ was studied by analysis of vectors (43) Bader, R. F. WAtoms in Molecules: A Quantum Thep@xford
associated with “imaginary” frequency and by the calculations of yniversity Press: Oxford, 1990.

(44) Biegler-Kunig, F. W.; Bader, R. F. W.; Tang, T.-d. Comput.
Chem.1982 3, 317.

(40) (a) Cizek, JJ. Chem. Phys1966 45, 4256. (b) Pople, J. A;; (45) Wiberg, K. B.Tetrahedron1968 24, 1083.
Krishnan, R.; Schlegel, H. B.; Binkley, J. Bit. J. Quantum Chenl978 (46) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
14, 545. (c) Bartlett, R. J.; Purvis, G. nt. J. Quantum Chenl978 14, 899.
561. (d) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910. (e) (47) (a) Moyano, A.; Pericg M. A.; Valenf| E. J. Org. Chem1989
Purvis, G. D.; Bartlett, R. . Chem. Phys1987, 86, 7041. 54, 573. (b) Lecea, B.; Arrieta, A.; Roa, G.; Ugalde, J. M.; Cossi. P.J.
(41) Ochterski, J. W.; Petersson, G. A.; Montgomery, J. AJJEhem. Am. Chem. Sod 994 116, 9613.
Phys.1996 104, 2598. (48) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.

4478 J. Org. Chem.Vol. 72, No. 12, 2007



1,3-Dipolar Cycloadditions of Nitrones and Nitrile Oxides

of solvents. The Gibbs free energies in solutiGg) (vere estimated

by addition of the ZPE, thermal, and entropic contributions taken
from the gas-phase calculation¥3y) to the single-point CPCM-
SCF energyE).

Results and Discussion
Previously, theoretical studies of the CC additions of nitrones
—
CH=N(H)O 0 CH;C(H>=N(H)O! and C(CH),OCH,C-

- 1

(CHz)=NO"2and fulminic acid H&NO®1%to acrylonitrile N=
CCH=CH, and of RG=NO (R = H, 2,4,6-(CH)sCsH) to
cyanoacetylene #C—C=CH?2°¢ have been undertaken. How-

JOC Article

First, all reactions (especially those with ligated species) belong
to the normal electron-demand proce8%egth predominant
HOMOyipole— LUMO gipolarophileinteraction. Second, coordination
of the ligands to Ptand, particularly, to Pt leads to a decrease
of the LUMO energy f£*cn andr* cc orbitals) providing the
activation of the ligands. Third, from FMO viewpoints, regi-
oselectivity is determined “by the rule that the reacting centers
choose the alternative of facing largkarge and smattsmall”
orbital coefficient$® An inspection of the coefficients of
reacting atoms indicates that the oxygen atom of dipoles and
the terminal C(4) atom of dipolarophiles have the highest
coefficients in the HOMO andt*cc LUMO, respectively.

ever, theoretical analysis of the corresponding processes involv-Hence, one can predict the preferred formatiometaisomers

ing metal centers and the effect of a metal on the selectivity of Upon the cycloadditions to CC bonds. Furthermore, the coor-
reactions with these bifunctional dipolarophiles, to the best of dination of the ligands to platinum center(s) should increase
our knowledge, has not been performed. Thus, results on thethe relative stability of thenetaisomer due to an enhancement
CAs to free cyanoalkenes and cyanoalkynes are given and Of the difference in coefficients of the carbon atoms of the
discussed here mostly for comparison with metal-mediated multiple CC bond. More detailed description of the FMO energy
reactions. and composition is given in Supporting Information, while more
In the present article, the following naming scheme is used. accurate quantitative estimates of the energetic characteristics

Each reaction product or transition state is denoted by a nameof the reactions are discussed below.
comprised of six or seven components: nature of the structure  Equilibrium Structures of Reactants, Products, the Nature

(P, reaction product; TS, transition state), dipole (NR,»€H
N(CHs)O, NRPh, PhCHN(CH3)O, NO, CHC=NO), coordi-
nation type of dipolarophile (L, Ptand PY, free, coordinated
to Pt and to PV), dipolarophile (1, R==CC=CH; 1Ph, N=
CC=CPh; 2, N=CCH=CHy,; 2Ph, N=CCH=CHPh), chemose-
lectivity (CN, CC), regioselectivity (Mmeta O, ortho), and
stereoselectivity (enendq ex, exg (Schemes 1 and 2). For
instance, the transition state for taedemetaCC addition of
CH,=N(CH3)O to Pt"-2 is marked asTS(NR-Pt"-2)CCyen.
All three types of the selectivity (chemo-, regio-,

of Transition States and Reaction Mechanismsdn the initial

step, the equilibrium structures of the reactants such as dipoles,
free ligands R==CC=CH and N=CCH=CH,, complexesPt" -

1, PtV-1, Pt"-2, andPtV-2, as well as of the reaction products
(Schemes 1 and 2) have been calculated. The selected calculated
bond lengths are given in Supporting Information (Table 2S).
The computational results are in reasonable agreement with the
experimental X-ray structural parameters for the ligatids,
related cyanoalkenédcyanoalkynes$? 1,2,4-oxadiazolé and

and A*-1,2,4-oxadiazoling2Pcomplexes of the eight-group transi-

stereoselectivity) may inhere in the reactions studied. The 4,1 metals and for the cyanoisoxazolidifézyanoisoxazo-

chemoselectivity is related to an addition either to the CN bond

or to the CC bond (Schemes 1 and 2). The addition to the CC

bonds may afford two regioisomers (i.eaneta and ortho-
isomers). The CAs to the CN bond also, in principle, may occur
via two regioisomeric pathways, the first leading to the 1,2,4-
oxadiazolesRP(NO-X)CN) andA“-1,2,4-oxadiazolinesA(NR-
X)CN) and the second resulting in the formation of the

corresponding 1,2,5-isomers. However, only the 1,2,4-products
were isolated experimentally, while the other regioisomers were

never observed due to significantly higher activation barfigrs.
For this reason, in this article, we examine only the first
regioisomeric pathway of the CN additions. Finally, the CA of
Z-nitrones to the €&C bond may lead to formation of two
stereoisomers along tlendoor exochannels.

It was showrR2that the majority of 1,3-DCAs of nitrones and

lines>556and cyanoisoxazolé$:5” The difference between the
calculated and experimental bond lengths often falls within the
3o interval of the X-ray data. Comparison of the structupés

1, PtV-1, Pt"-2, and PtV-2 with the acetonitrile complexes
trans[PtCI,(N=CCH),] (n = 2, 4P demonstrates that the
conjugation results in some equalization of the CN and CC
internuclear distances within the ligands.

(50) (a) Sustmann, Rletrahedron Lett1971, 2717. (b) Sustmann, R.
Tetrahedron Lett1971, 2721.

(51) (a) Shallcross, F. V.; Carpenter, G./&cta Crystallogr.1958 11,
490. (b) Yokoyama, Y.; Ohashi, Bull. Chem. Soc. Jprl998 71, 345.

(52) (a) Yang, Z.; Ebihara, M.; Kawamura, J. Mol. Catal. A200Q
158 509. (b) Blake, A. J.; Horsburgh, L. E.; Schroder, M.; Yellowlees, L.
J.J. Chem. Soc., Dalton Tran$997, 1973. (c) Kumar, P. G. A.; Pregosin,
P. S.; Vallet, M.; Bernardinelli, G.; Jazzar, R. F.; Viton, F.; Kundig, E. P.

nitrile oxides with alkenes and alkynes occur via a concerted Organometallics2004 23, 5410. (d) Sadow, A. D.; Haller, I.; Fadini, L.;
rather than stepwise mechanism. The same holds true also forfogni, A. J. Am. Chem. So@004 126 14704.

the CAs to the &N bond where a switch of the mechanism to

a stepwise one does not take place even upon coordination of (54) (a) Kusurkar, R. S.; Wadia, M. S.; Bhosale, D. K.; Tavale, S. S.;

the nitrile to PY despite the great decrease of the synchronic-
ity.30 Therefore, in the present work, we mainly focused on the

(53) Cordiner, R. L.; Corcoran, D.; Yufit, D. S.; Goeta, A. E.; Howard,

J. A. K.; Low, P. J.Dalton Trans.2003 3541.

Puranik, V. G.J. Chem. Resl996 478 2701. (b) Grigg, R.; Jordan, M.; ’
Tangthongkum, A.; Einstein, F. W. B.; Jones, JI.Chem. Soc., Perkin
Trans. 11984 47.

concerted routes except the most asynchronous reaction of (55) (a) Skof, M.; Svete, J.; Stanovnik, B.; Golic, L.; Golic-Grdadolnik,

CH=N(CH3)O with Pt'V-1.
Frontier Molecular Orbital Considerations. The qualitative

analysis of the energies and composition of frontier molecular

S.; Selic, L.Hely. Chim. Actal1998 81, 2332. (b) Pirc, S.; Recnik, S.;
Skof, M.; Svete, J.; Golic, L.; Meden, A.; Stanovnik, B Heterocycl. Chem.
2002 39, 411.

(56) (a) Groselj, U.; Drobnic, A.; Recnik, S.; Svete, J.; Stanovnik, B.;

orbitals (FMO) of the reactants (Table 1S, Figure 1S, Supporting Golobic, A.; Lah, N.; Leban, I.; Meden, A.; Golic-Grdadolnik, Belv.

Information) leads to the following preliminary conclusions.

(49) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995.

Chim. Acta2001, 84, 3403. (b) Nishiwaki, N.; Nogami, T.; Kawamura, T;
Asaka, N.; Tohda, Y.; Ariga, MJ. Org. Chem1999 64, 6476.

(57) Bratusek, U.; Meden, A.; Svete, J.; Stanovnik ARKIVOC2003
4, 77.
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TABLE 1. Energetic Characteristics (in kcal/mol) of the Cycloadditions of CH=N(CH3)O to Cyanoalkenes and Cyanoalkynes at the B3LYP/

6-31G* Level

type of

dipolarophile addition Eag (Ea9 AGg* (AGS) AEg (AEs) AGq (AGs)
N=CC=CH to CN 13.50 (15.17) 25.72 (27.39) —21.26 (-21.63) —6.20 (-6.57)
to CC,meta 6.81 (7.34) 18.68 (19.21) —51.75 (-53.07) —36.13 (-37.45)
to CC,ortho 8.23 (7.61) 19.77 (19.15) —45.85 (-46.68) —30.58 (-31.41)
Pti-1 to CN 3.33(5.93) 16.49 (19.09) —32.28 (-28.88) —15.54 (-12.14)
to CC,meta —1.50 (0.04) 10.76 (12.30) —56.10 (-56.99) —40.12 (-41.01)
to CC,ortho 3.57 (2.68) 15.78 (14.89) —46.71 (-47.13) —29.41 (-29.83)
PtV-1 to CN —5.44 (-1.31) 7.79 (11.92) —38.06 (-33.89) —20.24 (-16.07)
to CC,meta ~7.74 (-2.78p 5.60 (10.56) —11.40 (13179 +3.15 (¢+1.38p
~10.86 (-11.68f 4.28 (3.46) —58.30 (-58.83F —42.06 (-42.59F
to CC,ortho 2.02 (1.39) 15.79 (15.16) —47.83 (-47.64) —31.91 (-31.72)
N=CCH=CH, to CN 13.33 (16.27) 26.83 (29.77) —25.47 (-24.40) —8.81 (-7.74)
to CC,meta endo 8.31(9.18) 22.47 (23.34) —25.75 (-26.76) —8.54 (-9.55)
to CC,meta exo 9.27 (9.20) 23.28 (23.21) —25.39 (-26.93) —8.28 (-9.82)
to CC,ortho, endo 8.30 (7.69) 22.22 (21.61) —25.45 (-26.60) —8.37 (-9.52)
to CC,ortho, exo 8.90 (7.98) 22.55 (21.63) —24.32 (-25.89) —7.74(-9.31)
Pl -2 to CN 2.11 (6.63) 17.14 (21.66) —36.16 (-31.62) —17.67 13.13)
to CC,metg endo 2.31 (5.13) 17.24 (20.06) —26.03 (-25.94) —8.86 (-8.77)
to CC,meta exo 5.27 (4.70) 21.09 (20.52) —25.25 (-26.61) —8.51(-9.87)
to CC,ortho, endo 2.42 (3.57) 17.35 (18.50) —25.90 (-25.79) —8.30 (-8.19)
to CC,ortho, exo 5.11 (4.06) 18.71 (17.66) —24.01 (-25.05) —7.51 (-8.55)
PtV-2 to CN —5.83 (-0.50) 5.82 (11.15) —42.06 (-36.68) —25.24 (-19.86)
to CC,metg endo —2.98 (-0.07) 9.23 (12.14) —27.25 (-26.30) —10.80 (-9.85)
to CC,metg exo 0.37 (~4.16) 12.99 (8.46) —26.11 (-26.97) —10.19 (-11.05)
to CC,ortho, endo 0.90 (3.33) 12.33 (14.76) —26.42 (-25.58) ~10.02 (-9.18)
to CC,ortho, exo 3.85 (3.17) 16.19 (15.51) —24.34 (-24.94) —~11.19 (11.79)

aEnergies corrected on the solvent effects in parenthesesQlgds a solvent)? Energies ofTS(NR-PtV-1)CCy; and I(NR-Pt'V-1)CCy relative to
reactants® Energies ofTS(NR-PtV-1)CCy, and P(NR-PtV-1)CCy relative tol(NR-Pt"V-1)CCy.

For the concerted mechanism, one transition state was foundof activation for CHCI, solution €, AHs, andAG¢, respec-
for each of the reactions studied (Schemes 1 and 2) except theively, Tables 1, 2, and 3S) indicates that the cyanoalkyse N
metaCC addition of CH=N(CH3)O to Pt"V-1. For the latter CC=CH is more reactive than the cyanoalkereGICH=CH,
process, the detailed search of the potential energy surfacein all CN and CC additions by 2.384.13 kcal/mol (by a factor
resulted in location of a closed-shell zwitterionic intermediate of 5.6 x 10 — 1.1 x 10°%). Both N=CC=CH and N=CCH=
I(NR-Pt'V-1)CCy and two transition state$S(NR-PtV-1)- CH; ligands are predicted to be more reactive, by 6.33.3
CCwm1 andTS(NR-PtV-1)CCy, corresponding to the stepwise  kcal/mol, than N=CCH;3% toward the CN addition of Cp=
mechanisnt® The reactant molecules are unitedli&(NR-PtV - N(CHs)O, whereas for the CA of nitrile oxide,38CCHs is
1)CCu: and I(NR-Pt"V-1)CCy by the CO bond. The IRC  slightly (by 0.28 kcal/moB! more reactive than 8#CCH=CH,.
calculations demonstrated the connection along the same |, the case ohitrone CAs the coordination of B<CC=CH
reaction path between these TSs HMNR-Pt'V-1)CCy as well and NECCH=CH, to P{' and, particularly, to P¢ results in
as respective reactants and the prod(@®R-PtV-1)CCy. the significant decrease of the activation barriers. This activation

Transition states of the CN ansletaCC additions to Pt effect is the most pronounced for CA to the CN bond and
copplexes (excepTS(NI?/-Pt" -2)CCuex) as well "’I‘\f’TS(NR' reaches 18.62 kcal/mol (in terms Af¢) corresponding to the
Pt -.Z)CC.:oEn, TS(NR-Pt'_ -2)CCQen, and I(NR-Pt'V-1)CCy reaction acceleration by a factor of 4:510' (reaction with
exhibit intramolecular interactions .between hydrogens of complexPtV-2). Such enhancement of the reaction rate is even
the CH and/or CH groups of the dipole and the Cl atoms  pigher than that for the CAs to monofunctional nitrileSCCHs
(Figure 2S). The respective €-IH_ contacts are within the range (10.76-17.00 kcal/molf® The metaCC addition is also sig-
of 2.50—3.05 A. These attractive mteractlonls even result in nificantly facilitated on going from free ligands to thePt
bending of the PN(1)C(2) fragment TS(NR-Pt!-1)CCy, TS- complexes when the activation barrier is reduced by 8.65
(NR-PtY-1)CCy, TS(NR-PtY-2)CCyen, TS(NR-PtY-2)CC- 14.75 kcal/mol (by a factor of 2.2 10°—6.6 x 10'9), despite
vex, TS(NR-PtY-1)CCui), and I(NR-PtY-1)CCy with the the fact that the CC bond is not involved di;ectly in a
PINC angle of 127.6158.9, while for other TSs of the CC coordination to the metal center. In contrast, for ¢htho-CC

addition, this fragment is nearly_linear. The H-bonding _stabilizes addition, the activation is much smaller, only by 4685 kcall
the TS and provides the regio- and stereoselectivity of the mol, and the reaction rate should increase by a factor ok1.3
corresponding reaction, at least in the gas phase (see below):l_o?,;:L 1% 106

Detailed analysis of the nature of transition states and the

intermediate, reaction mechanisms, and synchronicity of the ; -
processes is given in the Supporting Information. much smaller. The maximum decrease of A@* value is 5.82,

Activation Effect and Reactivity. An inspection of the ~ 6-10, and 5.08 kcal/mol for the CNneta, and ortho-CC

electronic activation energies, enthalpies, and Gibbs free energiedditions, respectively, corresponding to the reaction acceleration
by factors of 1.9x 10% 3.0 x 10% and 5.3x 1C%. In contrast

(58) A minimum for the triplet biradical intermediate was also located, O t_he _n_itrone CAs, the C_Oordination of the "Qf’_smds th &tects
but it is 33.29 kcal/mol less stable than the closed-shell zwitterionic structure. insignificantly the kinetics of the CN addition. In fact, the

In the reactions withitrile oxides the activation effect is
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TABLE 2. Energetic Characteristics (in kcal/mol) of the Cycloadditions of CHC=NO to Cyanoalkenes and Cyanoalkynes at the B3LYP/

6-31G* Level

type of
dipolarophile addition Eag (Ea9 AGg (AGS) AEg (AEy) AGq (AGy)
N=CC=CH to CN 13.90 (15.95) 24.55 (26.60) —51.08 (-50.15) —35.58 (-34.65)
to CC,meta 11.15 (13.15) 22.36 (24.36) —79.97 (-80.39) —63.68 (-64.10)
to CC,ortho 12.25 (12.12) 22.65 (22.52) —76.64 (-76.93) —60.49 (-60.78)
Pti-1 to CN 12.66 (17.61) 25.42 (30.37) —57.70 52.77) —40.33 (-35.40)
to CC,meta 6.04 (9.90) 18.37 (22.23) —82.37 (-81.24) —65.49 (-64.36)
to CC,ortho 9.61 (9.50) 19.58 (19.47) —76.69 (-76.21) —60.11 (-59.63)
PtV-1 to CN 6.98 (11.86) 20.33 (25.21) —57.55 (-53.04) —39.22 (-34.71)
to CC,meta 3.56 (8.34) 16.27 (21.05) —83.77 (-81.93) —65.37 (-63.53)
to CC,ortho 8.58 (8.66) 21.29 (21.37) ~76.99 (-76.12) —60.60 (-59.73)
N=CCH=CH, to CN 13.50 (16.32) 26.35 (29.17) —55.20 (-53.52) —37.95 (-36.27)
to CC,meta 12.12 (13.97) 25.21 (27.06) —36.30 (-37.66) ~19.37 (-20.73)
to CC,ortho 11.75 (12.31) 24.36 (24.92) —36.49 (-38.57) —19.82 (-21.90)
Pt -2 to CN 12.22 (17.82) 25.90 (31.50) —61.37 (-55.69) —42.43 (-36.75)
to CC,meta 8.40 (11.93) 22.58 (26.11) —35.66 (-35.90) —18.17 (-18.41)
to CC,ortho 9.46 (10.70) 22.36 (23.60) —35.67 (-36.67) —19.21 (-20.21)
PtV-2 to CN 6.05 (11.69) 17.71 (23.35) —61.24 (-55.78) —44.86 (-39.40)
to CC,meta 6.88 (10.18) 17.66 (20.96) —35.81 (-35.36) ~18.26 (-17.81)
to CC,ortho 8.69 (10.35) 18.18 (19.84) —35.57 (-36.33) —18.35 (-19.11)

aEnergies corrected on the solvent effects in parenthesegdigHs a solvent).

ligation of N=CC=CH and N=CCH=CH, in complexedt'-1 them. The reactions dfee N=CC=CH and N=CCH=CH,
andPt!"-2 even inhibits the reaction by 2.33.77 kcal/mol! It exhibit clear CC chemoselectivity (Tables 1, 2, and 3S). The
is also worthwhile to mention th&t" -1 is predicted to be more  additions to the CC bond (along the least energetic channel)
reactive toward the@rtho-CC addition tharPt'V-1. are by 4.08-8.24 kcal/mol (in terns oAGs") more energetically

For some reactions of the complexes, the negafyand favorable than the CN additions. Thus, the exclusive formation
AH* values relative to reactants have been obtained. Suchof CC addition products rather than oxadiazolines and oxadia-
situation was described previously for the nitrone addition to zoles is expected, and this conclusion is in agreement with
the activated acetonitrif®, and it is caused by formation, on  experimental data for the reactions of nitrones wigsGICH=
the first step of the process, a molecular van der Waals complexCH,’25405%and of mesitonitrile oxide with cyanoacetyletfé.
with a total energy lower than the sum of the total energies of The chemoselectivity is similar for the reactions of both NCCCH
separated reactants. The consideration of the entropic factor forand N=CCH=CH, with each particular dipole, while the CAs
these bimolecular reactions increases the activation barriers, an@f nitrone are twice more selective (in terms of the activation
the AG* values become positive. barriers) in comparison with CAs of nitrile oxide.

Reaction EnergiesThe calculations of the reaction energies The coordination of the ligands to'Ptesults in a decrease
AEs, AHs, andAG; (Tables 1, 2, and 3S) indicate the following.  of the CC chemoselectivity for the nitrone CAs but a significant
First, all reactions are exothermic and exoergonic. Second, theincrease for the nitrile oxide CAs, and the latter reactions
alkenyl oxadiazoline®(NR-X-2)CN (X = L, Pt!, PtV) and become more selective than the former ones. The coordination
alkenyl oxadiazole$(NO-X-2)CN appear to be more stable, of the ligands also causes the reactions of cyanoalkynes to be
by 1-5 kcal/mol (in terms ofAGg), than the corresponding  more selective than those of the cyanoalkenes. Meanwhile all
alkynyl heterocycle®(NR-X-1)CN andP(NR-X-1)CN. Third, of the reactions of platinum(ll) complexdt"-1 and Pt''-2
the products of the nitrile oxide additions are more stable than should lead exclusively to formation of the CC addition
those of the nitrone additions especially in case of oxadiazoles products. This is in contradiction with experimental observations
P(NO-X-1)CN and P(NO-X-2)CN and isoxazole®(NO-X- on the formation of oxadiazoline as the only product in the
1)CC, reflecting their aromatic character. Thus, the thermody- reaction of PhCHN(CH3)O with trans[PtClL,{N=CCH=
namic stability of the cycloaddition products generally increases CHPH} ,].5° The reasons for this disagreement are discussed
along the following sequence: isoxazolidine@NR-X-2)CC below (see Substituent Effects section).

< alkynyl oxadiazoline®(NR-X-1)CN < alkenyl oxadiazolines The coordination of the ligands to the"Ptenter leads to a
P(NR-X-2)CN < isoxazolines®(NO-X-2)CC < isoxazoleP- decrease of the CC chemoselectivity. As a result, the difference
(NR-X-1)CC ~ alkynyl oxadiazole®*(NO-X-1)CN < alkeny! of the activation barriers for the CN amietaCC additions of
oxadiazole$*(NO-X-2)CN) < isoxazoleP(NO-X-1)CC. Fourth, CH,=N(CH3)O reduces to 1.36 kcal/mdP{"V-1) and 2.69 kcal/
coordination of the ligands to 'Ptand, particularly, to Pt mol (PtV-2), corresponding to the isomeric ratios of 1:10 and
increases the relative stability of the oxadiazolif{IR-X- 1:94, respectively. The selectivity of nitrile oxide additions to
1)CN andP(NR-X-2)CN and, in smaller degree, of theeta PtV-1 and PtV-2 becomes comparable to that of the free
isoxazoleP(NR-X-1)CCy but weakly affects the stability of ligands. Nevertheless, the ligation o\CC=CH and N=
isgéga_zolidinesP(NR-X-Z)CC and products of the nitrile oxide  cCH=CH, to platinum—even in its high oxidation stateis not
additions.

Chemoselectivity. The 1,3-DCAs to bifunctional dipolaro- (59) Burdisso, M.; Gandolfi, R.; Grunanger, Petrahedron1989 45
philes such as cyanoalkenes and cyanoalkynes may occur eithegs7qg- T o ’ '
to the CN bond or to the CC bond or concurrently to both of  (60) Desai, B.; Danks, T. N.; Wagner, Galton Trans.2003 2544.

J. Org. ChemVol. 72, No. 12, 2007 4481



JOC Article

sufficient to switch chemoselectivity in the reactions with.£H

and solvent effect which make the CC pathways more preferable

Kuznetsov et al.

TABLE 3. Activation Energies (Ea9 and Gibbs Free Energies of

N(CH3)O and CHC=NO because of intramolecular interactions Activation (AGs") in Solutions (in kcal/mol) for the Reaction of
CH2=N(CH3)O with Pt'V-2 Calculated at the B3LYP/6-31G* Level

than the CN ones (see below). type of . .
Regio- and Stereoselectivity The CC addition of Chi= addition solvent Eas AGS solvent B AGs
N(CH3)O to free NSCC=CH is predicted to have no regiose- tCN heptane —2.59  9.06 GH;OH 091 12.56
lectivity (Tables 1, 2, and 3S) and should afféNR-L-1)CCy 10 &C.meta endo T o9 1270
andP(NR-L-1)CCo in ratio of 47:53. For other reactions with ¢ chonh?,, endo 581 1424 313 14.56
free N=CC=CH and N=CCH=CH,, the CC addition along to CC,ortho, exo 3.83 16.17 2.05 14.39
the ortho pathway is more favorable (by 1.6@.14 kcal/mol) to CN GHs  —294 871 CHCN -170 9.95
in comparison to thenetapathways, and formation of theeta :g 2822{6‘ endo :;-gg 18'22 :é-ig 12'%
cycloadducts is expected only in a small amount. These results, Cc’orthg anodo 260 14.03 212 13.55
are consistent with the experimerita**-6land theoretic&f-10.2% to CC.ortho, exo 3.36 15.70 175 14.09
data on the reactions of Ph&N(CH,CH,CN)O, cyclic ni- to CN CHCk —1.82 9.83 HO 1.08 12.73
trones, and HENO with N=CCH=CH, and of RG=NO (R to CC,meta endo —-108 1113 0.11 12.32
= H, 2,4,6-(CH):CeHz) with N=CC=CH. At the same time, {0 CZMeBex0 Taal 8% T2 1030
no regioselectivity is predicted theoretically for the CA of £H to CC. ortho, exo 270 15.04 151 13.85
N(H)O'" and CHCH=N(H)O" to N=CCH=CHj, while R,C= to CN CHCl; —050 11.15
N(R)O (R = cycloCaHs, R = Me; R= Ph, R = Me, Ph}°62 to CC,meta endo —0.07 1214
andN-methylfluorenoneiminéN-oxideP3 react with acrylonitrile to CC, meta exo —4.16 846
to give themetaisomer as the dominant or the sole product. fo CC,ortho, endo 333 14.76

to CC,ortho, exo 3.17 1551

This demonstrates that the substituent nature may significantly
affect the reaction course (see Substitution Effects section).

The additions tdhe Pt complexegxhibit even higheortho-
selectivity except the reaction of GHCN(CHz)O with Pt"-1
which becomes clearlyetaselective. Finally, theoordination
of N=CC=CH and N=CCH=CH; to the Pt center results in
significant facilitation of themetaapproaches. The reactions
of the nitrone are completelypetaselective, while the interac-
tions of CHsC=NO with Pt"V-1 andPt'V-2 should lead to the
mixture of themeta andortho-isomers in the ratios of 63:37
and 13:87, correspondingly. The previous theoretical studies of
the reaction of CR=N(H)O with another electron-deficient
alkene (e.g., acrolein GHCHCHO) also demonstrated the
great increase of theetaselectivity upon interaction of the
dipolarophile with such Lewis acid as B

The reaction of Ck=N(CH3)O with N=CCH=CH, is not

intramolecular interactionsTE&(X-Y-Z)CCoex, TS(NR-Pt!-
2)CCuex). TSs with the H-bonding sufficiently strong to distort
the structure TS(NR-Y-1)CCy andTS(NR-PtV-2)CCuien,ex)
have the lowest relative energies. Hence, a modification of
reactants’ molecules leading to formation of H-bonds in the TS,
for example, by introducing appropriate substituents, should
reduce the energy of this particular TS, and it is another way to
control the selectivity. The structures of TSs with the intramo-
lecular H-bonds are rigid enough to preserve this bonding in
solutions. Indeed, the full geometry optimization of, for instance,
TS(NO-Pt'-1)CCy at the CPCM level does not result in any
changes of the intramolecular H-bonding.

Solvent Effects.In the previous sections, the reactivity and
selectivity of the processes studied were analyzed in terms of

stereoselective. The products of this process are formed in thethe Gibbs free energy in only GBI, solution. In the current

isomeric ratioP(NR-L-2) CCpen/P(NR-L-2)CCpyex/P(NR-L-2)-
CCoen/P(NR-L-2)CCpex ~ 3:3:48:46. For the nitrone additions
to Pt'-2 andPt"V -2, theexoapproaches become more favorable,
by 0.84 kcal/mol Pt -2, ortho channel) and 3.68 kcal/mdp{'V -
2, metachannel) in comparison with thendoapproaches. In
fact, in the latter reaction, the almost exclusive formation of
exometaisoxazolidine is predicted. Thus, the coordination of
cyanoalkenes and cyanoalkynes tt &nd PV is a promising
and effective way to control regio- and stereoselectivity of 1,3-
DCA to the CC multiple bonds.

Another important factor which greatly affects the electronic

part of the article, we attempt to verify how the solvation and
solvent nature affect the reaction course. Comparison of the
AGg* and AGS* values and also the\Gs* magnitudes for
different solvents reveals the following (Tables4, 3S, and
4S). First, solvation by any of the solvents listed in Tables 3,
4, and 4S leads to a growth of activation barriers of the CN
and endg-metaCC additions by 0.535.64 kcal/mol, and such
inhibition increases on going from the free ligands=QIC=

CH and N=CCH=CH, to the P¥ complexes. Second, the
different situation was found for thertho-CC andexometa

CC additions, that is, the solvent effects result in acceleration

activation energies and, therefore, determines the regio- and®f only weak inhibition of the reactions along these channels.
stereoselectivity is the intramolecular interactions in the transi- FOr CAs to the free dipolarophiles, there is a general correlation
tion states. Indeed, for the metal-mediated CC additions, TSsPetween the relative solvent effect and dipole moment of the

bearing the stabilizing H-bonding §(X-Y-Z)CC wen), TS(NR-
PtV-2)CCpiex, andTS(NR-Y-2)CCoer: X = NR, NO; Y = P!,

PtV; Z = 1, 2, see aboveglwayshave lower total energy than
the TSs of other regio- and stereoisomeric routes with no

(61) (a) Ashburn, S. P.; Coates, R. Nl.Org. Chem1984 49, 3127.
(b) Yu, Y.; Ohno, M.; Eguchi, S.; Kawai, T.; Terada, Yetrahedronl 997,
53, 5413.

(62) Bimanad, A. Z.; Houk, K. NTetrahedron Lett1983 24, 435.

(63) Damavandy, J. A.; Jones, R. A. ¥.Chem. Soc., Perkin Trans. 1
1981, 712.

(64) Tanaka, J.; Kanemasa, Betrahedron2001, 57, 899.
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TS, that is, the higher the dipole moment, the lower the solvent
effect (Tables 1, 2, 3S, and 5S). However, this trend is not
always fulfilled for CAs to the Pt complexes, indicating the
importance of the nonelectrostatic component in the total solvent
effect30p

Third, solvation is a key factor determining, in some cases,
direction of the process. Indeed, for the reactions of,€H
N(CH3)O with cyanoalkenes, the change of chemoselectivity
from the CC- to CN-type is predicted for the gas phase upon
coordination of N=CCH=CH, to Pt' and P¥, but solvation
prevents such a switch due to a higher inhibition of the CN
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TABLE 4. Activation Energies (Eag and Gibbs Free Energies of
Activation (AGs") in Solutions (in kcal/mol) for the Reactions of
CHz=N(CH3)O with Pt"V-1 and N=CCH=CH, Calculated at the
B3LYP/6-31G* Level

type of
addition solvent Eas AG¢
Reaction: CH=N(CH3)O + Pt\V-1
to CN heptane —2.75 10.48
to CC,meta —4.58 8.76
toCN GsHe -3.20 10.03
to CC,meta —-5.04 8.30
to CN CHCE —2.52 10.71
to CC,meta —3.65 9.69
toCN CHCI, -1.31 11.92
to CC,meta —2.78 10.56
to CN GHsOH —-1.14 12.09
to CC,meta —2.40 10.94
toCN CHCN —2.68 10.55
to CC,meta —-3.97 9.37
toCN H,O —0.55 12.68
to CC,meta —2.07 11.27
Reaction: CH=N(CH3)O + N=CCH=CH;,
to CN heptane 14.73 28.23
to CC,metg exo 9.10 23.11
toCN GsHe 14.38 27.88
to CC,metg exo 8.65 22.66

addition than the CC ones. The change of regio- and/or
stereoselectivity (from thenetato ortho channel and from the
endoto exoapproach) is also found for the reactions of £H
N(CH3)O with N=CC=CH, Pt"-2, andPt"V-2 and of CHC=

NO with N=CC=CH, Pt"-1, and PtV-2 on going from the
gas phase to the solution.

Fourth, variation of the solvent provides significant changes
of the reactivity and even selectivity. The reaction of £H
N(CHsz)O with Pt"V-2 should occur at the CC bond with solvents
of high and medium polarity, but it proceeds in another direction,

namely, at the CN bond in benzene and heptane solutions, that

is, with the most nonpolar solvents of the selected series. In
the latter cases, the predicted @xémetaCC isomeric ratio
reaches 19:1, while for the GBI, solution, this ratio is 1:94.
Thus, the solvent nature is among the most important factors,
which allows the control of selectivity in the reactions studied.
In contrast toPtV-2, for additions of CH=N(CHz)O to the
free N=CCH=CHo,, a variation of the solvent does not lead to
the switch of the selectivity. The same holds true also for the
nitrone CA toPtV-1; CC selectivity in heptane and benzene
becomes even higher in comparison to that of other solvents.
Fifth, for the reactions of CH=N(CH3)O with Pt"V-1 and
Pt'V-2, the CN and ¢ndg-metaCC additions are facilitated on
going from the polar to low-polar solvents, with the exception
of acetonitrile, for which the comparatively low activation
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FIGURE 1. Dependence of thAGs' values on the dielectric constant

(€) of the solvent for the reaction of GHN(CH3)O with Pt'V-2.

TABLE 5. Activation Parameters (in kcal/mol) of the
Cycloaddition Reactions of Phenyl-Substituted Reactants Calculated
at the B3LYP/6-31G* LeveP

type of
dipolarophile addition Eag (Ea9 AHg"  AGg* (AGS)
Dipole — CH;=N(CH3)O
Pt!l-2Ph to CN 357(9.57) 4.40 18.23(24.23)
to CC,metaendo 8.39(13.52) 9.04 23.15(28.28)

to CC,metaexo  11.87 (15.67)
to CC,ortho, endo 9.72 (13.42)
to CC,ortho,exo  12.82 (14.74)

12.66
10.40
13.52

25.80 (29.60)
24.47 (28.17)
26.15 (28.07)

PtV-1Ph to CN —2.59(3.23) -2.02 10.86(16.68)
to CC,meta —1.84(2.01) -145 12.37(16.22)
Dipole — PhCH=N(CH3)O
pPtl-2 to CN 5.31(12.72) 594 20.76 (28.17)
to CC,metgendo 7.06 (11.24) 7.87 22.03(26.21)
to CC,metaexo 9.80(13.30) 10.47 24.70 (28.20)
to CC,ortho, endo 10.40 (12.32) 11.04 25.05 (26.97)
to CC,ortho, exo  13.44 (14.95) 14.04 27.89 (29.40)
Pt!-2Ph to CN 6.88(15.93) 7.49 22.24(31.29)
to CC,metgendo 14.72 (22.00) 15.13 29.84 (37.12)
to CC,metaexo  18.06 (25.32) 18.39 33.25 (40.51)
to CC,ortho, endo 20.84 (27.59) 21.11 35.90 (42.65)
to CC,ortho, exo  22.20 (27.83) 22.60 37.35 (42.98)
Pt!-1Ph to CN 8.36 (15.80) 8.69 22.99 (30.43)
to CC,meta 5.89(12.62) 6.29 21.50(28.23)

a3 Energies corrected on the solvent effects in parenthesesQichs a
solvent).

experimental data suggest that the reaction of PERRKCH3)O

with trans[PtCl{ N=CCH=CHPH ;] leads to exclusive forma-
tion of CN addition product& We proposed that such disagree-
ment is accounted for by the substituents (phenyl groups) at

barriers were obtained (Tables 3, 4, and 4S and Figure 1). Thisthe nitrone and dipolarophile molecules, which affect the

finding is similar to that for the reactions of cyclic nitrones with
coordinated acetonitrilé®® Surprisingly, theexometaCC ad-
dition of CH;=N(CH3)O to Pt"V-2 in heptane and benzene is
characterized by a relatively high activation barrier, close to
that for water or ethanol solutions. This is because of the
relatively small stabilizing electrostatic component in the total
solvent effect for this reaction in the nonpolar solvents. The
endceortho-CC addition is only weakly affected by the solvent
nature, while the reaction along thexcortho-CC route is
inhibited from the polar to nonpolar solvents.

Substituent Effects.The calculations predict that the reaction
of nitrone CH=N(CHjz)O with complexPt" -2 occurs preferably
at the CC bond rather than at the CN one. However, the

chemoselectivity of the reaction. In order to prove this hypoth-
esis, theoretical studies of the reactions of REN{CH;)O (R

= H, Ph) withtrans[PtCl,{ N=CCH=CH,}{ N=CCH=CHR}]
(R'=H, Pt"-2; Ph,Pt"-2Ph), trans[PtCl,{ N=CC=CH} {N=
CC=CPHR] (Pt"-1Ph), and trans[PtCl{ N=CC=CH}{N=
CC=CPRH] (PtV-1Ph) have been undertaken (Schemes 1 and
2).

The introduction of the Ph group either to the dipole or to
the dipolarophile or to both of them results in the enhancement
of the activation barriers in comparison with nonsubstituted
reactants (Table 5). For the reaction of C-phenylnitrone P&CH
N(CHs)O with the cyanoalkene compléxt' -2, the CC additions
remain more favorable than the CN addition, while the reactions

J. Org. ChemVol. 72, No. 12, 2007 4483



JOC Article

TABLE 6. Decomposition of the Activation Energy Ea) onto the
Distortion Energy of Dipolarophile (Egist®F), Distortion Energy of
Nitrone (Egist\R), and Interaction Energy (Eint) (in kcal/mol)

type of
dipolarophile addition Egis®" SR Eint
Dipole — CH,;=N(CH3)O

ptl-2 toCN 20.50 9.33 —27.72
to CC,metg endo 12.74 11.38 —21.81
to CC,metg exo 11.50 11.09 —17.32
to CC,ortho, endo 8.23 1055 —16.36
to CC,ortho, exo 7.46 10.26 —12.61

Pt'-2Ph toCN 21.02 9.51 —26.96
to CC,metg endo 13.25 14.21 —19.07
to CC,metg exo 14.45 14.60 —17.18
to CC,ortho, endo 13.30 1453 -—18.11
to CC,ortho, exo 14.27 1525 —16.70

Dipole — PhCH=N(CHs)O

pth-2 to CN 23.53 13.36 —31.58
to CC,meta endo 16.28 15.54 —24.76
to CC,metg exo 16.68 15.53 —22.41
to CC,ortho, endo 11.16 17.87 —18.63
to CC,ortho, exo 10.55 18.36 —15.47

Pt"-2Ph to CN 24.05 13.42 —-30.59
to CC,meta endo 17.45 19.05 —21.78
to CC,metg exo 21.53 18.31 —21.78
to CC,ortho, endo 17.89 22.62 —-19.67
to CC,ortho, exo 17.05 23.40 —18.25

of CH,=N(CHj3)O with Pt"-2Ph and, particularly, of PhCH
N(CH3)O with Pt"-2Ph become completely CN chemoselective,
consistent with the experimental data. Thus, the variation of
substituents, especially at the dipolarophile molecule, allows
the modification of the reaction selectivity.

Itis interesting to note that, for the reactions between P#CH
N(CH3)O andPt"-1Ph and between Cp+=N(CHz)O andPt'V -
1Ph, a switch of the chemoselectivity is not predicted although
the difference of theAGs" values of the CN andnetaCC

Kuznetsov et al.

in comparison to the CN additistsomewhat in case of the
reaction PhCHN(CH3)O + Pt''-2, noticeably for CH=
N(CH3)O + Pt"-2Ph, and very significantly for PhC#
N(CH3)O + Pt'-2Ph. Thus, the substituent effect on the
chemoselectivity is accounted for by the greater increase of the
Eqist terms for CC additions than for the CN ones upon insertion
of the Ph group(s).

Such growth of theEgs: values from unsubstituted to
substituted reactants is determined by two main factors: First,
steric repulsion imposed by the bulky Ph groups in the TSs
and, second, the loss of a conjugation in phenylnitrone and
phenylcyanoalkene molecules at the TS formaffoBoth of
these reasons are more pronounced for CC than for CN
additions.

Other possible reasons for the substituent effect, such as the
relative change of the HOMO and LUMO energies of the
reactants due to electron acceptor character of the Ph group and
additional attractive intramolecular interactions in TSs, are not
effective for the reactions studied. Indeed, the alteration of the
reactivity upon the variation of the substituents does not correlate
with the FMO energies (Tables 1, 5, 1S, and 3S), and the
insertion of the Ph group does not provide any new intramo-
lecular Ct--H interactions (Figure 2S).

Final Remarks

The intentional regulation of chemo-, regio-, and stereose-
lectivity of 1,3-DCA is an important problem of synthetic
organic chemistry. In the present work, extensive theoretical
study of the cycloaddition reactions of nitrones and nitrile oxides
(dipoles of allyl and propargyl/allenyl anion types, respectively)
to bifunctional dipolarophiles bearing botF=Bl and G=C/C=
C dipolarophilic groups has been undertaken. It was shown that
the selectivities of these processes depend on a delicate balance
between different factors such as electronic structure of reactants

channels becomes smaller than that for the reaction of unsub-and transition states, steric repulsive interactions, intramolecular

stituted reactants.
The switch of the selectivity upon introduction of the Ph

attractive interactions, and solvent effects; all of these factors
were investigated, and certain well-defined trends were verified

groups into the cyanoalkene molecule may be determined byand discussed in detail. The modification of selectivity may be
several factors such as steric repulsions imposed by the Phreached by three main ways (or by their combinations), that is,
groups, the electronic factors caused by the electron acceptorcoordination of a dipolarophile to a Lewis acid (e.g., platinum
character of the phenyl group, and the additional H-bonding center selected for this study), variation of substituents, and
emerging when new substituents are inserted. In order to analyzeisage of the appropriate solvent.
the first of these factors, we decomposed the gas-phase The CAs touncoordinatedN=CC=CH and N=CCH=CH,
activation energie&, onto three components. The formation species occur exclusively at the CC bonds. For the reactions of
of a transition state may be represented as the sum of thenitrone,ligation of the dipolarophiles to Btand, particularly,
following processes: (1) distortion of the dipolarophile molecule to PtY viathe N atom results in (i) their great activation toward
from the equilibrium geometry to the geometry corresponding the CN andmetaCC additions and (ii) significant facilitation
to the TS [dipolarophil®® — dipolarophile*, Eq4is™ = E(dipo- of the CN versus CC additions. Nevertheless, the application
larophile*) — E(dipolarophil&€9)]; (2) distortion of the nitrone of platinum as a Lewis acid even in its high oxidation state
molecule from the equilibrium geometry to the geometry (PtV) is not sufficient to switch the chemoselectivity from the
corresponding to the TS [nitroffe— nitrone*, Egs\R CC- to the CN-type. In the case of the nitrile oxide CAs, the
E(nitrone*) — E(nitroned]; (3) interaction of the distorted  situation is more complex: only a weak activation or even
fragments to form the TS [dipolarophile® nitrone* — TS, inhibition of the processes is predicted on going from the free
Eint = E(TS) — (E(dipolarophile*)+ E(nitrone*))] (Table 6). ligands to the complexes.
Therefore,Eq = Egis™ + Egist\R + Eint. Coordination of the dipolarophiles to Pt also affects the regio-
For the reaction of unsubstituted reactants,;&EN(CH3)O and stereoselectivity; that is, it usually favors thetaversus
andPt''-2, the distortion energyEqisF, and interaction energy, ~ ortho pathways an@&ndoversusexopathways that sometimes
Eint, are similar for the CN addition and also for the CC additions
providing similarity ofE, for all processes. The introduction of
the Ph group into reactant(s) leads to an increadg;gP" and

(65) A conjugation between the CC and CN bonds ECGCCH=CH,
also takes place. However, upon its breaking, the destabilizatior=of N
CCH=CHPh is stronger than that of sNCCH=CH, because of more

Edist'R, while theEj, term varies much less. This enhancement
(i.e., relative reactants’ destabilization) is higher for CC additions
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extended conjugated system in the former case involving also the phenyl
group.
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lead to a switch of the reaction direction. One of the main factors anism, nearly synchronous for the CN ametaCC additions
determining this influence is intramolecular interactions between to free ligands and asynchronous for the other processes
hydrogen and chlorine atoms of reactants usually stabilizing the (particularly for CAs to PY-bound dipolarophiles). Transition
metaandendoapproaches. states of all of these reactions have a five-membered cyclic
Variation of the substituents at the dipole and dipolarophile nature. In the case of the reaction of £N(CHs)O with the
molecules, namely, an introduction of the phenyl groups, complexPtV-1, a stepwise mechanism (involving the formation

facilitates the CN versus the CC additions. This effect is the of yo TSs and a zwitterionic intermediate) is realized instead
most significant for the reaction PhGHN(CH3)O + Pt!'-2Ph, of concerted one.

and the switch of the chemoselectivity from the CC to CN
cycloaddition takes place. The substituent effect is caused by
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