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Nitrone to Ethene, Cyclobutadiene, and Benzocyclobutadiene. A
Computational Study

Cristiana Di Valentin,*' Mauro Freccero,” Remo Gandolfi,” and Augusto Rastelli*

Dipartimento di Chimica Organica, Universita di Pavia, V.le Taramelli 10, 27100 Pavia, Italy, and
Dipartimento di Chimica, Universita di Modena, Via Campi 183, 41100 Modena, Italy

labg@chifis.unipv.it

Received April 17, 2000

The problem of competition between concerted and stepwise diradical mechanisms in 1,3-dipolar
cycloadditions was addressed by studying the reaction between nitrone and ethene with DFT
(R(U)B3LYP/6-31G*) and post HF methods. According to calculations this reaction should take
place via the concerted cycloaddition path. The stepwise process is a viable but not competitive
alternative. The R(U)B3LYP/6-31G* study was extended to the reaction of the same 1,3-dipole
with cyclobutadiene and benzocyclobutadiene. The very reactive antiaromatic cyclobutadiene has
an electronic structure that is particularly disposed to promote stepwise diradical pathways.
Calculations suggest that its reaction with nitrone represents a borderline case in which the stepwise
process can compete with the concerted one on similar footing. Attenuation of the antiaromatic
character of the dipolarophile, i.e., on passing from cyclobutadiene to benzocyclobutadiene, causes
the concerted 1,3-dipolar cycloaddition to become once again prevalent over the two-step path. Thus,
our results suggest that, in 1,3-dipolar cycloadditions that involve normal dipolarophiles, the
concerted path (Huisgen’s mechanism) should clearly overwhelm its stepwise diradical (Firestone’s

mechanism) counterpart.

Introduction

The cycloaddition of nitrones with olefins is one of the
most studied reactions among all the 1,3-dipolar cyclo-
additions,! and the resulting isoxazolidines have been
increasingly used as starting compounds for building
more complex molecules.?

In the context of our studies on the mechanism of this
reaction®* we decided to start a computational investiga-
tion on the reaction between the parent nitrone and the
highly reactive cyclobutadiene®® with the aim of assessing
whether a concerted process is preferred over a stepwise
diradical mechanism.

The proposal, by Firestone” in the 1970s, of a diradical
stepwise mechanism for 1,3-dipolar cycloadditions trig-
gered a hot controversy between this author and Huisgen,

* Ph: +39-0382-507668. Fax: +39-0382-507323.

T Universita di Pavia.

# Universita di Modena.

(1) Tufariello, J. J. Nitrones in 1,3-Dipolar Cycloaddition Chemistry;
Padwa, A., Ed.; John Wiley and Sons: New York, 1984; Vol. 2, p 1.

(2) Grunanger, P.; Vita Finzi, P. Isoxazoles, Part 1 and 2; Wiley-
Interscience: New York, 1991 and 1999.

(3) (a) Burdisso, M.; Gamba, A.; Gandolfi, R. Tetrahedron 1988, 44,
3735. (b) Burdisso, M.; Gandolfi, R.; Grinanger, P.; Rastelli, A. J. Org.
Chem. 1990, 55, 3427. (c) Rastelli, A.; Gandolfi, R.; Sarzi-Amade, M.
Regioselectivity and Diastereoselectivity in the 1,3-dipolar Cyclo-
additions of Nitrones with Acrylonitrile and Maleonitrile. The Origin
of the Endo/Exo Selectivity. In Advances in Quantum Chemistry;
Academic Press: London, 2000; Vol. 36, p 151.

(4) Rastelli, A.; Gandolfi, R.; Di Valentin, C., manuscript in prepara-
tion.

(5) For a computational study on the concerted-stepwise mechanism
for cyclobutadiene dimerization: Li, Y.; Houk, K. N. J. Am. Chem. Soc.
1996, 118, 880.

(6) For 1,3-dipolar cycloaddition of nitrones to benzocyclobutadi-
ene: Saiko, K.; Watanabe, H.; Sakura, M.; Takahashi, K. Bull. Chem.
Soc. Jpn. 1993, 66, 981.

(7) Firestone, R. A. J. Org. Chem. 1968, 33, 2285; 1972, 37, 2182;
J. Chem. Soc. A 1970, 1570; Tetrahedron 1977, 33, 3009.

who strongly and convincingly supported the concerted
mechanism.® The latter mechanism eventually emerged
as the only mechanism that satisfactorily explains all the
experimental observations (such as isotope effects, acti-
vation parameters, solvent effects, selectivity, reactivity
sequences, etc.), in particular the strict stereospecificity
that as a rule characterizes these reactions.®™1!

There is now a general consensus that 1,3-dipolar
cycloadditions follow, as a rule, a concerted path.®~* The
most documented and convincing exceptions have been
discovered by Huisgen.'?® However, these examples are
confined to the realm of stepwise via dipolar intermediate
mechanisms!?2-¢ and not to that of stepwise via diradical
intermediate processes. While several examples of step-
wise diradical processes are known in the field of Diels—
Alder reactions,*® no convincing experimental examples
of this mechanism have been reported so far for 1,3-
dipolar cycloadditions.*2

On the computational side several ab initio MO cal-
culations have been carried out on 1,3-dipolar cycloaddi-
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tions,'*2% put only two of them have specifically ad-
dressed the problem of the possible competition between
the Firestone's and the Huisgen’s mechanisms.7:18

First Hiberty et al.'” compared the two mechanisms
for the reaction of formonitrile oxide with acetylene
(Scheme 1) by using restricted and unrestricted HF
methods with 4-31G basis set and final energy estimates
with a multireference iterative perturbational technique.
They concluded that the extended (anti) diradical transi-
tion structure B lies 3.6 kcal/mol below the concerted
structure A (Scheme 1).

Robb et al.’® contended that the method used by
Hiberty et al.'” artificially favored the diradical path and
reinvestigated this reaction by MCSCF methods that, in
their opinion, should allow a balanced comparison be-
tween the two mechanisms. With CASSCF(4,4) (using the
4-31G basis set) they found that the concerted TS A is
preferred over the anti diradicaloid TS B by 4.7 kcal/mol,
while the energy gap in favor of the concerted path is
larger (i.e., 8.4 kcal/mol) in the reaction of fulminic acid
with ethylene.

Recently, in a B3LYP study of the 1,3-dipolar cyclo-
addition involved in the dimerization of methanethial
S-oxide, Arnaud et al.?® located a very asynchronous
“concerted” TS (with two bonds partially formed), which

(14) (a) Leroy, G.; Sana, M. Tetrahedron 1975, 31, 2091. (b) Leroy,
G.; Nguyen, M. T.; Sana, M. Tetrahedron 1978, 34, 2459.

(15) (a) Houk, K. N.; Sims, J. 3. Am. Chem. Soc. 1973, 95, 5798. (b)
Houk, K. N.; Sims, J.; Duke, R. E.; Strozier, R. W.; George, J. K. J.
Am. Chem. Soc. 1973, 95, 7287. (c) Houk, K. N.; Sims, J.; Watts, C.
R.; Luskus, T. J. Am. Chem. Soc. 1973, 95, 7301. (d) Liu, J.; Niwayama,
S.; You, Y.; Houk, K. N. J. Org. Chem. 1998, 63, 1064.

(16) Komornicki, A.; Goddard, J. D., Ill; Schaefer, H. F. J. Am.
Chem. Soc. 1980, 102, 1763.

(17) Hiberty, P. C.; Ohanessian, G.; Schlegel, H. B. J. Am. Chem.
Soc. 1983, 105, 719.

(18) McDouall, J. J. W.; Robb, M. A.; Niazi, U.; Bernardi, F.;
Schlegel, B. J. Am. Chem. Soc. 1987, 109, 4642.

(19) Pascal, Y. L.; Chanet-Ray, J.; Vessiere, R.; Zeroual, A. Tetra-
hedron 1992, 35, 7197.

(20) Soso, C.; Andzelm, J.; Lee, C.; Blake, J. F.; Chenard, B. L;
Butler, T. W. Int. J. Quantum Chem. 1994, 49, 511.

(21) (a) Rastelli, A.; Bagatti, M.; Gandolfi, R. 3. Am. Chem. Soc.
1995, 117, 4965. (b) Rastelli, A.; Gandolfi, R.; Sarzi-Amadé M. J. Org.
Chem. 1998, 63, 7425.

(22) Matsuoka, T.; Harano, K. Tetrahedron 1995, 51, 6451.

(23) Sustmann, R.; Sicking, W.; Huisgen, R. 3. Am. Chem. Soc. 1995,
117, 9679.

(24) (a) Morao, 1.; Lecea, B.; Cossio F. P. J. Org. Chem. 1997, 62,
7033. (b) Cossio, F. P.; Moras, 1.; Jias, H.; Schleyer, P. v. R. J. Am.
Chem. Soc. 1999, 121, 6737.

(25) Karadakov, P. B.; Cooper, D. L.; Gerratt, J. Theor. Chem. Acc.
1998, 100, 222.

(26) Nguyen, M. T.; Chandra, A. K.; Sakai, S.; Morokuma, K. J. Org.
Chem. 1999, 64, 65.

(27) Su, M; Lias, H.; Chung, W.; Chu, S. J. Org. Chem. 1999, 64,
6710.

(28) Arnaud, R.; Juvin, P.; Vallée, Y. J. Org. Chem. 1999, 64, 8880.

(29) Murray, E.; Alvarez-Larena, A.; Piniella, J. F.; Branchadell, V;
Ortuno, R. M. J. Org. Chem. 2000, 65, 388.

J. Org. Chem., Vol. 65, No. 19, 2000 6113

is connected to both the cyclic final product (according
to RB3LYP IRC) as well as to a syn diradical intermedi-
ate (according to UB3LYP IRC). The two paths involve
the same TS. This TS is definitely more stable than the
diradicaloid TS leading to the anti diradical.

Thus, computational results reported so far indicate
that the concerted process (i.e, A) should prevail over the
stepwise mechanism via an anti diradicaloid TS (i.e., B).
Distinction between the concerted and the stepwise
mechanism, via a syn diradicaloid TS (i.e., C), seems to
be more elusive.

To support viability of a stepwise process, we remind
that 1,3-dipoles, in particular those of the allyl type, have
some diradical character.3°~32 For example, Yamaguchi
and Houk classified nitrones as 1,3-dipoles with very
weak diradical character (2%),%! while a value as high
as 44% was evaluated by Hiberty.3® However, it has also
been stressed®*~36 that even a very high diradical char-
acter of the 1,3-dipole does not necessarily result in a
stepwise process. In the case of nitrone cycloaddition
more than the diradical character of the starting nitrone,
it is worth emphasizing the high stability of the nitroxide
moiety3” (present in the diradical intermediates and
incipient in TSs leading to them) as a possible factor that
might favor the stepwise process.

Cyclobutadiene exhibits not only the well-known high
antiaromatic character (which is responsible for its high
reactivity) but also a peculiar reactive biradical nature.3®
Moreover, in the reaction of nitrone with cyclobutadiene,
there should be no sizable “energy of concert”, which
usually makes the concerted path favored over the
stepwise diradical mechanism.3% Cyclobutadiene cannot
benefit from maintenance of a closed-shell structure and
the potential energy of a diradical intermediate should
lie well below that of reactants (nitrone + cyclobutadi-
ene).

The latter observations should make it clear that the
reaction of nitrone with cyclobutadiene lends itself as a
reaction in which the stepwise process has a real pos-
sibility to win competition with the concerted process.
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Here we report the computational study of this reaction
and, for sake of comparison, of the cycloaddition of
nitrone with ethene and benzocyclobutadiene, respec-
tively.

Computational Methods

Recent explorations of quantum chemical procedures,
with the aim of assessing their reliability in describing
potential surfaces of pericyclic reaction3®~4! and competi-
tion between concerted and stepwise processes (e.g., in
Diels—Alder reactions),3%24° allowed the authors to con-
clude that the B3LYP/6-31G* method is adequate for this
task.

To validate this conclusion also in the field of 1,3-
dipolar cycloadditions we have reinvestigated the proto-
type reaction of nitrone with ethene not only with the
RB3LYP/6-31G* (for closed-shell species) and UB3LYP/
6-31G* (for open-shell species) methods but also, for
purpose of comparison, with CAS(6,5)/6-31G* and QCISD/
6-31G* methods (full geometry optimization). The geom-
etries obtained by all these approaches were used for
single point evaluation of transition structure energies
with the QCISD(T)/6-31G* (with RHF and UHF refer-
ence) and CCSD(T)/6-31G* (coupled cluster with single
and double excitations and a perturbative estimate of
triple excitations) methods.*?

A well-known problem for UB3LYP/6-31G* calcula-
tions is that wave functions for the optimized singlet
open-shell species can exhibit some degree of spin
contamination as a result of the use of nonexact func-
tionals. In the present study, the [$?[lvalues range from
0.3 to 1.1 for diradicaloid TSs while they are ~1.0 for
diradical intermediates. Thus, the corresponding wave
functions are not pure singlet (($200= 0) but contain a
triplet ([82C= 2) component® [i.e., Wug) = Cs '@ + ¢t 3P].
The problem of spin contamination removal from UB3LYP
wave functions has not satisfactorily been solved yet, and
in particular it is not clear to what extent this procedure
can improve the quality of the DFT potential energy
surface.* We have used the approximate spin projection
procedure proposed by Yamaguchi et al.:*®

1E(SC) = 1E(UB) +fsc [lE(UB) - 3E(UB)]
foo = c72/(1 — ¢&%) ~ 'BICH - )

However, Houk et al.3®® have demonstrated, on the
basis of a H, dissociation study, that this spin-correction
procedure leads to overestimation of the stability of pure
singlet states and suggested that the true energy of these
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Soc. 1999, 121, 5772.

(42) Reliability of the practice of refining energies by carrying out
single point calculations with higher level methods on lower level TS
geometries finds support in the results by several authors who
demonstrated that calculation by the same method on rather different
TS geometries led to very similar potential energy values (for 1,3-
dipolar cycloaddition see ref 26). Flatness of the energy surface in the
saddle regions has been indicated as a possible reason for this
observation.26
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states actually lies between the spin-contaminated and
spin-projected singlet energies and closer to the former.
Moreover, Schlegel showed that B3LYP potential energy
curves have the correct shape, when compared to the full
Cl ones, for bond dissociation and concluded that one
should not use spin projected DFT calculations.**2 Finally,
also Cremer pointed out that “contrary to an orbital-
based method a density-based method is less sensitive
to the triplet contamination, which indicated that it is
not justified to use in this case an orbital-based method
such as spin-projection to get a noncontaminated state”.*°

All calculations were performed with the GAUSSIAN
98 suite of programs.*® Geometries of reactants, oriented
complex, intermediates, transition structures and prod-
ucts (Scheme 2, Figures 1 and 2) were fully optimized at
the RB3LYP/6-31G* and UB3LYP/6-31G* level for closed-
and open-shell species, respectively.

Critical points have been characterized by diagonaliz-
ing the Hessian matrices calculated for the optimized
structures. Transition structures have only one negative
eigenvalue (first-order saddle point) with the correspond-
ing eigenvector involving the formation of two bonds in
the concerted cycloaddition and only one bond (either
C—C or C—0 bond) in the stepwise reaction. The stability
of all the wave functions was positively tested.

Vibrational frequencies in the harmonic approximation
were calculated for all B3LYP/6-31G* optimized struc-
tures and used, unscaled, to compute both the zero point
energies and activation parameters (Tables 1, 3, 4, 6, and
7). For the prototype system (nitrone + ethene), also
CASSCF(6,5)/6-31G* vibrational frequencies were com-
puted on CASSCF(6,5)/6-31G* optimized structures
(Tables 2 and 4).

Solvent effects on Gibbs free energies were evaluated
with the polarizable continuum model*’@ (in the CPCM
version,*”® which takes into account not only electrostatic
but also cavitation, dispersion and repulsion effects) for
benzene and dichloromethane solutions by single point
calculations with unrelaxed gas-phase geometries.

Results and Discussion

Prototype System: Reaction of Nitrone with
Ethene. Recent studies (by B3LYP/6-31G*, B3LYP/6-
31+G* and MP2/6-31G* methods)?32* on the reaction of
nitrone with ethene has been focused only on the
concerted process. According to Cossio et al.?* the TS of
this reaction shows a strong aromatic character.

Robb et al.’® addressed, several years ago, the con-
certed stepwise problem in nitrone + ethene reaction by
CASSCF(4,4) calculations (with the 4-31G basis set).
They took into account only four electrons of two x
orbitals of the reacting system and neglected the nitrone

(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L,;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.6; Gaussian, Inc.: Pittsburgh, PA,
1998.
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Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995.
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12a 12b

Figure 1. Optimized (B3LYP/6-31G*) cyclobutadiene (7) and
nitrone + cyclobutadiene transition structures (8—12) (bond
lengths in A).

lower energy & orbital, which was assumed to remain
doubly occupied. At that time CASSCF calculations were
considered to treat both mechanisms on the same footing,
but later on it became progressively evident that these
calculations overestimate the stability of diradical (open-
shell) species relative to that of closed-shell species.
Notwithstanding this bias in favor of the stepwise
process, the concerted TS was found to lie below the
diradicaloid anti TS by 5.1 kcal/mol.

We also carried out MCSCF calculations on the two
competing paths, but with a more extended basis set (6-
31G*) and by including also the nitrone lower s orbital
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endo-14

Figure 2. Optimized (B3LYP/6-31G*) transition structures
(14) (bond lengths in A) for cycloaddition of nitrone to cyclo-
butene.
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1.306
H 1.303 H H H
N 108+ N /
C N /C C\
H/ 1262\ H }giz H
1238 O~ 17338
1.278 ’
1 2
1335 H 1290 1248 r 1370
1.345 | 1.269 1.278 | 1.368
1.338 1.303 1.248 1.373
N H OCC,C2
Hu.. C/ \O . /——N%C; 1493
e o= N TH 1503
\ ; | 150.3
Y 100.5° 102.60 2.202 1.949 4
2186\ ypy 50 jopref 222 1950 % 1.6
2.206 \ 1005 1027 2148 1.942 1114
2169 \ / e q
) = O C fndaded C ........ H He o Yozmzom=mes !
2 I~y v Cy Cy~H
H 1380 H H” 1392
1384 108
: 1.406
3 4
1478 H 1482
1.282 1.455 1453 | 1454
1.266 144 1.494 1.506

~H
G~n 12.7° -152.0° H=C" 051 10600 O
i?ﬁz 11250 s 102.3° 105.9° 1.493
e 11230 1 5ag —— \ 0" 1082/ Le53
. )
..... 1560
HeC Cy= e Co

....... C e
AT 1as0 I—II/ 1.548 1\}1{'1
1,493 13535
1.491 1557

5 6

B3LYP/6-31G*
CASSCF(6,5)/6-31G*
QCISD/6-31G*

[i.e., with CASSCF(6,5), to take into account all the
electrons directly involved in the reaction]. Likewise, the
two mechanisms (with full geometry optimization of all
structures) were studied with both the R(U)QCISD/6-
31G* and R(U)B3LYP/6-31G* theories.

It is gratifying that, as shown in Scheme 2, the
R(U)B3LYP/6-31G* geometries are remarkably close
to those obtained with the more time-consuming
R(U)QCISD/6-31G* method. In particular, B3LYP TSs
exhibit forming bonds that are only slightly longer than
the corresponding bonds in the QCISD TSs. Also CASS-
CF structures do not show strong differences with respect
to the other two methods, that is, geometries do not
heavily depend on the calculation level. The latter
observation made us confident on the reliability and
accuracy of the energies obtained with high level post
HF methods (such as QCISD(T)/6-31G* and CCSD(T)/6-
31G* methods) by single point calculations on the men-
tioned (B3LYP, QCISD and CASSCF) geometries. The
refined energies obtained in this way (Table 3) allow us
to evaluate the performance of the R(U)B3LYP/6-31G*
and CASSCF(6,5)/6-31G* methods on the problem under
study.
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Table 1. B3LYP/6-31G* and QCISD/6-31G* Energies,
B3LYP/6-31G* Entropies, and [$2[Values for Stationary
Points for Nitrone plus Ethene Cycloaddition

mole- EgsLvp ZPEgaLyr  SesLvp Eqcisp

cule (au) (au) (eu) [32MBaLvp (au)
1 —169.793 491 0.045 367 59.71 0 —169.311 428
2 —78.587 457 0.051 219 55.08 0 —78.313 352
3 —248.362 7332 0.100216 72.21 0 —247.598 695
4 —248.347 997 3 0.098 040 76.56 0.468 —247.579 634
5 —248.362 4011 0.098 819 78.08 0.944 —247.606 736
6 —248.356 3328 0.105115 71.45 0 —247.345 291

Table 2. CASSCF(6,5)/6-31G* Energies and Entropies for
Stationary Points for Nitrone plus Ethene Cycloaddition

Ecas ZPEcas Scas

molecule (au) (au) (eu)
1+2 —246.9045532 0.101361° 114.8¢
3 —246.8659789 0.106306 71.74
4 —246.8572142 0.104388 76.11
5 —246.87161572 0.105040 79.97
6 —246.9739083 0.112809 70.40

a Nitrone and ethene are 10 A apart. ® Sum of individual ZPEs.
¢ Sum of individual entropies.

As for the absolute electronic activation energies (Table
3, values in square brackets) the concerted reaction
barrier (i.e., the energy of 3 relative to reactants) is only
slightly underestimated (by roughly 2 kcal/mol) by the
RB3LYP calculations. This finding is in agreement with
previous observations that emphasized the good perfor-
mance of the B3LYP/6-31G* method but with tendency
to underestimate barrier heights.*84° Likewise, the
UB3LYP method also underestimates (by ~3 kcal/mol)
the barrier for the diradicaloid TS 4, with respect to those
evaluated with higher level methods. Things become
much worse after spin correction, which gives rise to a
large reduction in energy barrier (by 5.4 kcal/mol) for 4.

On the other hand, from inspection of Table 3, it is
quite clear that the CASSCF method strongly overesti-
mates absolute electronic activation energy for TS 3 (by
11 kcal/mol) and also, to a reduced extent, that for 4 (by
6 kcal/mol).

But how do B3LYP and CASSCF methods perform in
evaluating competition of the concerted with the stepwise
path?

The barrier height of 4 relative to that of 3, predicted
by B3LYP methods without spin-correction, compares
well with those predicted by QCISD(T) and CCSD(T). For
example, the R(U)B3LYP result (9.3 kcal/mol) is sand-
wiched by those of CCSD(T)/6-31G*//B3LYP/6-31G* (9.6
kcal/mol) and QCISD(T)/6-31G*//QCISD/6-31G* (8.9 kcal/
mol) (Table 3). On the basis of these methods the
concerted mechanism via 3 should largely overcome the
stepwise process via 4, and this conclusion also holds if
Gibbs free energy (Table 4) is considered. In previous
studies authors took into account only electronic energy,
completely neglecting contribution of molecular motions.
Actually, both ZPE (by ~1.4 kcal/mol) and entropy (by
~4 eu.) favor the diradical over the concerted path, and
the Gibbs free energy gap between the two paths is
smaller than the corresponding potential energy differ-

(48) Bach, R. D.; Glukhovtsev, M. N.; Gonzales, C.; Marquez, M;
Estevez, C. M.; Baboul, A. G.; Schlegel, H. B. J. Phys. Chem. A 1997,
101, 6092 and references therein.

(49) Gorling, A.; Trickey, S. B.; Gisdakis, P.; Résch N. In Topics in
Organometallic Chemistry; Brown, J., Hofmann, P., Eds.; Springer:
Heidelberg, 1999; Vol. 4, pp 109—-163.

Di Valentin et al.

ence (7.0 vs 9.3 kcal/mol). Moreover, also solvent effects,
evaluated by the CPCM method, further slightly reduce
this gap (by 1.3 kcal/mol in dichloromethane and by 0.2
in benzene).® The latter observations warn one to be
careful in comparing concerted vs stepwise mechanisms
only on the basis of relative electronic energies, as the
contribution of molecular motions and solvent effects is
far from being negligible and in borderline cases can
switch the mechanism from concerted to stepwise.

The small energy difference between the intermediate
diradical 5 and TS 3, predicted by B3LYP calculations
(0.2 kcal/mol), is comparable to that obtained with all
post-HF methods (—0.4—1.1 kcal/mol) but UQCISD(T)//
CAS (—3.1 kcal/mol). Anyway, all calculations indicate
that diradical 5 is much less stable than the starting
reactants.

Predictions by the CASSCF(6,5))/6-31G* method clearly
demonstrate the tendency by this theory to favor the
diradicaloid or diradical open-shell systems over closed-
shell structures. In fact, the potential energy preference
of TS 3 over TS 4 decreases to 5.5 kcal/mol (from ~10
kcal/mol obtained with other methods), and now 5 is more
stable than 3 by 3 kcal/mol (in agreement with the
UQCISD(T)//ICAS value). Dominance of concerted 3 over
diradicaloid 4 is maintained also, even if attenuated, at
the free energy level (by 3.4 kcal/mol). Thus, it is
gratifying that our results, with the use of improved
CASSCF calculations and with inclusion of molecular
motions contributions, confirm the previous conclusion
by Robb et al. on the prevalence of 3 over 4.

Introduction of spin correction into UB3LYP data
completely broke down the accord of the B3LYP with
other methods and strongly reduces the prevalence of 3
over 4. If we trust energetics obtained with higher level
methods we can state that Yamaguchi procedure signifi-
cantly errs in the case of diradicaloid TSs for nitrone
cycloaddition (in accord with criticisms mentioned above)*
and that uncorrected UB3LYP values have to be used to
adequately describe the stepwise process.5!

Moreover, it is important to stress that diradicaloid 4,
even after the 5.4 kcal/mol stabilization from spin-
correction, lies above concerted 3 (both at the potential
and the free energy levels, Tables 3 and 4) and that
introduction of solvent effects® does not reverse this
stability order.

It is definitely concluded that, according to calculations,
the Huisgen'’s concerted mechanism clearly overcomes the
stepwise Firestone’s mechanism in the nitrone + ethene
reaction.

Moreover, we feel that, despite the problem of spin
correction, R(U)B3LYP methods at present provide the
most reasonable tool, as far as both reliability and
computational time are concerned, to computationally
investigate the problem of concertedness in the 1,3-
dipolar cycloadditions.

(50) The solvent effect on the energy of the transition structures,
evaluated by the CPCM method at B3LYP/6-31G* level, in dichloro-
methane and benzene, respectively, is 3 —4.3 and —1.1 kcal/mol; 4 —5.6
and —1.3 kcal/mol; 5 —5.7 and —1.5 kcal/mol; endo-9 —4.4 and —0.7
kcal/mol; ex0-9 —6.2 and —0.1 kcal/mol; 10a —5.8 and —0.9 kcal/mol;
10b —5.8 and —1.0 kcal/mol; endo-16 —4.8 and —0.4 kcal/mol, exo-16
—6.2 and —1.0 kcal/mol; 17a —6.5 and —0.9 kcal/mol; 17b —-5.9 and
—0.8 kcal/mol; 17c —6.6 and —1.1 kcal/mol.

(51) However, one could argue that B3LYP calculations actually
strongly underestimate the energy difference between 4 and 3 and that
this error is compensated by increase in energy of 4 induced by spin
contamination. Spin contamination removal causes this drawback to
emerge.



1,3-Dipolar Cycloaddition of Nitrone

J. Org. Chem., Vol. 65, No. 19, 2000 6117

Table 3. Relative Electronic Energies (kcal/mol) for the Diradical Transition Structure 4 and the Diradical
Intermediate 5 with Respect to Concerted Transition Structure 3 and (square brackets) with Respect to Reactants2b

method
QCISD(T) UQCISD(T) QCISD(T) QCISD(T) CCSD(T) CCSD(T)
molecule B3LYP CAS(6,5) /ICAS /ICAS /IB3LYP /IQCISD /ICAS /IB3LYP
3 0.0[11.4] 0.0[24.2] 0.0[13.4] 0.0[13.4] 0.0[13.2] 0.0[13.5] 0.0[13.3] 0.0[13.1]
4 9.3[20.7] (3.8)2 5.5[29.7] 10.5[23.9] 11.5[24.9] 9.7[22.9] 8.9[22.3] 10.4[23.7] 9.6[22.7]
5 0.2[11.6] (—1.9)2 —3.5[20.7] 0.6[14.0] —3.0[10.3] 1.1[14.3] —0.4[13.0] —0.2[12.8]

a |n parentheses are reported spin-corrected relative energies (kcal/mol). ® B3LYP stands for R(U)B3LYP/6-31G*. The 6-31G* basis set

was used for all calculations.

Table 4. Relative Gibbs Free Energies? (kcal/mol) for

the Diradical Transition Structure 4 and the Diradical

Intermediate 5 with Respect to Concerted Transition
Structure 3

molecule B3LYP CAS(6,5)
3 0.0[22.0]° 0.0[38.8]°
4 7.0(1.6)° 3.4
5 —1.6(—3.8)° -5.8

a Harmonic approximation assumed. P In square brackets are
reported absolute activation free energies (kcal/mol) for 3. ¢In
parentheses are reported spin-corrected relative energies in kcal/
mol.

Table 5. Dihedral and Plane Angles (deg) and
Pyramidalization (A) of Concerted Transition Structures

9 and 142

endo-9 endo-14 exo0-9 exo-14
a 89.9 105.2 96.6 104.7
B 1115 125.9 126.1 127.9
y 125 24.6 19.8 25.3
C—-N-0O 124.0 119.3 123.7 119.9
N pyrb 0.098 0.188 0.099 0.176
C pyr® 0.096 0.193 0.121 0.196

a See Scheme 3.  pyr = pyramidalization.

Reaction of Nitrone with Cyclobutadiene. Geom-
etries of Intermediates and Transition Structures.
Exploring the RB3LYP/6-31G* potential energy surface
for the nitrone-cyclobutadiene reaction we located a
minimum corresponding to the oriented complex endo-
8% and two first-order saddle points corresponding to
concerted TSs endo-9 and exo0-9 (Figure 1).

Cyclobutadiene is a very reactive compound so that
also its reaction with nitrone should be very fast and very
exothermic. On the basis of the Hammond postulate one
can anticipate that this reaction should exhibit signifi-
cantly earlier TSs than those for reactions of related
“normal” olefins (e.g., TSs endo-14 and exo-14 for cyclo-
butene, Figure 2). Indeed, this expectation is borne out
by (i) longer incipient bond lengths (Figures 1 and 2), (ii)
lower pyramidalization of the C and N nitrone centers
and larger CNO angle (Table 5), and (iii) smaller out
of plane distortion of the olefinic hydrogens [i.e., v,
Scheme 3 and Table 5] in TSs 9 than in the corresponding
TSs 14.

Noteworthy geometrical features of endo-9 are the
perpendicular orientation of the forming bonds with
respect to the cyclobutadiene plane (i.e., oo = 90°, Scheme
3 and Table 5) as well as the almost parallel orientation
of the heavy atom planes of the two reactants (dihedral
angle = 22°). These features are unique for the cyclo-
butadiene reaction. In fact, in endo-14 the incipient bonds

(52) An oriented complex was located by Sustmann et al.?® on the
potential energy surface of the reaction of nitrone and ethylene with
the B3LYP, MP2 and HF methods (always by using a 6-31G* basis
set). It is more stable than reactants by ~2.0 kcal/mol.

Scheme 3
ENDO EXO
He .- H_H
,g - N\H H/N T C'n
o ol
S Al
SRR R
YHL/ 1 4 yH‘g/ 1 4

Pyramidalization of a center is the height (in  A) of the pyramid
with the atom of this center at the apex and the three atoms
connected to it at the base

are inclined outside (o« = 105°) and the nitrone plane
tilting with respect to the cyclobutene plane (as a result
of an upward shift of the nitrone nitrogen atom) is now
more pronounced (dihedral angle = 42°).

The characteristic geometrical overlap between the
reactant partners in endo-9 is even more enhanced in the
oriented complex endo-8 [o. = 85.3° (Table S1); dihedral
angle between the reactant planes = 14.3°].

Then we explored the potential energy surface with the
UB3LYP/6-31G* method and located four minima cor-
responding to anti diradical intermediates 11a, 11b, 12a
and 12b (Figure 1). We were not able to locate diradical
intermediates with a syn geometry (i.e., intermediates
with a geometry very similar to that of adducts but with
the C—0O bond completely broken).

Structures 11a and 11b originate from a cyclobutadi-
ene attack to the nitrone carbon with formation of the
sole C—C bond and lie much lower in energy (by 30 kcal/
mol, Table 6) than 12a and 12b deriving from attack at
the nitrone oxygen with formation of the sole C—0O bond.
In all of these intermediates the radical center located
on the former cyclobutadiene moiety is highly stabilized
by conjugation, while the second unpaired electron is
much more stabilized when it is located on the oxygen
atom (as in 11a,b) than when it is located on the carbon
atom (as in 12a,b). It is well-known that nitrones can
act as a very efficient trap for radicals, which only attack
the nitrone carbon with formation of the very stable
nitroxide moiety.%’

The energy gap between diradicals 11 and 12 is very
high and it should certainly give rise to a large energy
gap between the transition structures leading to them.
Thus, we focused our study on the search of the sole TSs,
i.e.,, 10a and 10b, leading to the former intermediates.

The two diradicaloid TSs 10a and 10b exhibit C—C
bond lengths slightly shorter (by 0.15 A) than those in
the corresponding concerted TSs. These open-shell tran-
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sition structures present a very high spin separation, i.e.,
a strong diradical character that is almost has high as
that of 11a,b.

Wave functions of 10a,b and 11a,b are not pure singlet
but are spin-contaminated by the higher lying triplet. The
($2Ovalue for all these species is close to 1.0 (Table S2),
indicating that we are in the presence of ~1:1 mixture
of the two states.

The ring closure of diradical 11 (or 12) to final
isoxazolidines 13% is certainly very fast, much faster than
reversion to reactants, and consequently it is of no
relevance for the concerted-stepwise problem.

Energetics. The free energy levels for all the station-
ary points located by us on the potential energy surface
of nitrone-cyclobutadiene reaction are depicted in Scheme
4 with the separate reactants as reference. Other ther-
modynamic parameters for this reaction are reported in
Table 6.

The oriented complex endo-8%2 is a minimum that lies
3.2 kcal/mol below reactants on the potential energy
surface (the favor decreases to 1.4 kcal/mol if enthalpy
is considered) while it is less stable (by 4.6 kcal/mol) than
reactants at the free energy level, being disfavored by
entropic factors.53

This complex can evolve to the final isoxazolidine
passing through the concerted endo TS, i.e., endo-9, along
what is the most favored of the two concerted pathways.
Actually, the electronic activation energy and activation
enthalpy for the latter TS are negative (—2.5 and —1.2
kcal/mol, respectively); however, it is a true first-order
saddle point slightly higher in energy than endo-8. The
free activation enthalpy for endo-9 is small but positive
owing to the contribution of sizable negative activation
entropy.

(53) It should be realized that removal of BSSE would certainly
reduce but might even reverse the potential energy gap between
reactants and endo-8.

(54) The isoxazolidines (i)-13 [(i) conformation] and (0)-13 [(0)
conformation] can easily convert into each other by ring flipping and
nitrogen inversion: Gandolfi, R.; Grinanger, P. Partially Saturated
Polynuclear Isoxazoles. In Grunanger, P.; Vita Finzi, P. Isoxazoles, Part
2; Wiley-Interscience: New York, 1999.

/
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Table 6. Relative Electronic Energies (AE),
Spin-Corrected Electronic Energies (in parentheses,
AEsc), Enthalpies (AH), Entropies (AS), Gibbs Free
Energies (AG), and Spin-Corrected Gibbs Free Energies
(in parentheses, AGsc) of Intermediates, Transition
Structures, and Products for the Reaction of 1 with 72

molecule AE (AEsc) AH AS AG (AGsc)

endo-8 -3.2 -1.4 -20.1 +4.6

endo-9 -25 -12 -29.2 +7.5

exo-9 +0.9 +23 —29.2 +111

10a +4.0 (—0.4) +3.2 -19.1 +8.9 (+4.5)

10b +3.6 (—2.1) +29 -194 +8.7 (+3.1)

1lla —35.1(—35.6) —326 —27.1 —245(—25.0)
11b —355(—35.8) —329 —-26.8 —25.0(—25.4)
12a —43 -32 -26.1 +4.6

12b -3.7 —-25 246 +4.9

(i)-13 —75.8 —-70.8 —36.4 —59.9

(0)-13 —70.7 -658 —357 552

a8 Harmonic approximation assumed; energies in kcal/mol, en-
tropy in cal/(mol K); standard state (298.15 K) of the molar
concentration scale (gas in ideal mixture at 1 mol/L, P = 1 atm);
AH, AG are the molar relative enthalpy and free enthalpy; AS is
the molar relative entropy. For conversion from 1 atm standard
state to 1 mol/L standard state (both for gas phase) the following
contributions need to be added to standard enthalpy, free enthalpy
and entropy, respectively: —RT, RT In R'T, —R In R'T—R where
R’ (0.082) is the value of R constant given in (L atm)/(mol K). For
a reaction with A + B = C stoichiometry at 298 K, the corrections
for AH, AG, and AS amount to 0.59 and —1.89 kcal/mol and 8.34
cal/(mol K), respectively. AS includes statistical reaction factors.

The antiaromatic destabilization of the cyclobutadiene
ground state is fully reflected in the low barriers for endo
and exo TSs, which are much lower (by >10 kcal/mol)
than normal barriers in nitrone 1,3-dipolar cycloadditions
(e.g., AE* for endo and exo TSs of the reaction of cyclo-
butene with nitrone are 11.6 and 11.3 kcal/mol, respec-
tively). The endo TS, endo-9, is much more stable than
its exo counterpart, exo-9 (by ~3.5 kcal/mol; notice that
in the reaction of nitrone with cyclobutene the endo TS
is less stable than the exo one by 0.36 kcal/mol) and, as
mentioned in the preceding paragraph, exhibits an
unusually ordered structure with the nitrone fragment
disposed over and almost parallel to the cyclobutadiene
fragment.
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Obviously it is tempting, to explain geometry and
energy of endo-9, to invoke a strong secondary orbital
interaction, LUMOnjtrone— HOMOgyciobutadiene, DETWeenN the
nitrone nitrogen center and the cyclobutadiene C3;—C,
double bond, reminiscent of the more popular Diels—
Alder secondary orbital interactions. We will discuss this
aspect in due time,* but for now it is important to
emphasize that a quantitative evaluation of chemical
interactions indicates that secondary orbital interactions
cannot be held responsible for the stability of the endo
TS. Actually in endo-9 orbital interactions involving the
nitrone nitrogen center and the cyclobutadiene C3—C4
double bond are small.*

Both the radical centers in the anti diradicals 11
experience an efficient conjugative stabilization that
explains why formation of these two intermediates is
exothermic. Diradicals 11a and 11b can easily afford (i)-
13 and (0)-13,%* respectively, by rotation around the new
C—C bond followed by ring closure. This process can be
preceded or accompanied by a fast equilibration of the
two diradicals through rotation around the C—N bond
(AE* = 1.76 kcal/mol).

However, what about the stability of diradicaloid TSs
(10a and 10b leading to 11a and 11b) with respect to
that of their concerted competitors, namely, endo-9 and
ex0-9?

Inspection of Table 6, considering the uncorrected (for
spin-contamination) values for 10a and 10b, shows that
the potential energy and enthalpy of concerted TSs 9 is
lower than that of their diradicaloid counterparts 10 but
the difference, in particular considering exo-9, is far from
being dramatic. Activation entropy strongly favors (by
10 eu) the stepwise over the concerted mechanism, thus
counterbalancing activation enthalpy. It is certainly not
surprising that the more flexible acyclic TSs 10 are
entropically preferred over the cyclic more ordered TSs
9. However, in the cyclobutadiene reaction this effect is
unexpectedly higher; actually it is twice that evaluated
for the reactions of nitrone with ethene and benzocyclo-
butadiene, respectively. As a result activation Gibbs free
energy values (gas phase) (Table 6 and Scheme 4)
indicate that only concerted endo-9 overwhelms, by ca.
1.2—1.4 kcal/mol, diradicaloids 10a and 10b (whose
stability is very similar), which in turn, are more stable
than concerted exo0-9 by ~2.4 kcal/mol. A close context
between endo-9 and 10a,b can be anticipated for con-
densed phase reactions given that solvent effects stabilize
the latter TSs with respect to the former one (by 0.2 and
1.4 kcal/mol, respectively, in benzene and dichloro-
methane).>°

Removal of spin contamination gives rise to a small
change in the energy of diradicals 11a,b, but it induces
a strong decrease (~4.5 kcal/mol) in energy for the
diradicaloids 10a,b. Spin contamination of TSs 10 is
almost the same as that of intermediates 11, but the
singlet—triplet energy gap is substantial (~4.0 kcal/mol,
with the triplet state at higher energy) in the case of 10
while in the case of 11 it is very low (Table S2).

The free energy of both 10a and 10b, evaluated by
using spin corrected electronic energy, is definitely lower
than that of endo-9 and exo-9. However, we have already
stressed that Yamaguchi’'s method leads to overcorrection
and that the uncorrected B3LYP values in the reaction
of nitrone with ethene nicely (and much better than
corrected values) reproduce the results of higher levels
calculations.
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In conclusion, our computational results suggest that
the reaction of nitrone with cyclobutadiene represents a
borderline reaction in which stepwise and concerted
paths can be contemporarily viable in a true competition
with each other.

The “antiaromatic” cyclobutadiene offers the stepwise
process particularly favorable conditions. To define to
what extent attenuation of the “antiaromaticity” of the
dipolarophile can influence stepwise vs concerted com-
petition we examined the reaction of benzocyclobutadiene
with nitrone.

Reaction of Nitrone with Benzocyclobutadiene.
Geometries of Intermediates and Transition Struc-
tures. The potential energy profile of the reaction of
nitrone with benzocyclobutadiene is similar to that of the
reaction of nitrone with cyclobutadiene. In fact, two first-
order saddle points corresponding to concerted transition
structures, i.e., endo-16 and exo0-16 (Scheme 5 and Figure
S1), were characterized with the RB3LYP/6-31G* method
even if no endo oriented complex (of the type endo-8)
could be located.

TSs 16 exhibit C—O and C—C forming bond lengths
shorter than those of the corresponding cyclobutadiene
TSs. These and other geometry details such as pyrami-
dalization of nitrone nitrogen and carbon atoms, as well
as the relative disposition of the two reactants, are
midway between the “normal” values for nitrone-cyclo-
butene and those for the nitrone-cyclobutadiene reaction.

As for the open-shell structures we limited our UB3LYP/
6-31G* search to diradical intermediates resulting from
attack of benzocyclobutadiene to nitrone carbon, i.e., 18.
As a result of the lower symmetry of benzocyclobutadiene
with respect to that of cyclobutadiene, we located four
minima with the carbon—carbon bond fully formed, i.e.,
the anti singlet diradicals 18a—d. They look very similar
to 11a,b and can easily convert into each other by
rotation around the new C—C bond and/or rotation
around the former nitrone C—N bond.

We managed to locate only three, i.e., 17a—c, out of
the four conceivable diradicaloid TSs on the pathway to
18a—d. Despite numerous attempts, TS 17d (which
should lead to the diradical intermediate 18d) escaped
localization and the system always collapsed to the
concerted exo-16. The [$2[values for the diradical minima
18a—d are, as for intermediates in the cyclobutadiene
reaction, very close to 1.0, while the singlet and triplet
states have very similar energies. In the case of diradi-
caloid transition structures [$2(values varies from 0.43
and 0.30 for 17a and 17b, respectively, to 0.72 for 17c,
but the singlet—triplet (the latter less stable) energy gaps
for these structures are quite higher (16.2, 19.4 and 9.5
kcal/mol, respectively) than those for 10a,b (~4.0 kcal/
mol) (Table S3).

Energetics. The presence of the condensed benzene
system in benzocyclobutadiene certainly lowers the anti-
aromaticity of the cyclobutadiene moiety in this com-
pound with respect to parent cyclobutadiene, thus ex-
plaining why the energy barriers for the concerted
cycloadditions of the former are higher (by ~5 kcal/mol,
Table 7) than those of the latter. However, benzocyclo-
butadiene is still predicted to be a very reactive di-
polarophile in the reaction with nitrones, with the endo
TS, endo-16, preferred over the exo TS, exo-16, by 2.3
kcal/mol (preference reduced to 1.7 and 1.0 kcal/mol in
benzene and dichloromethane solution, respectively).®°
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Table 7. Relative Electronic Energies (AE),
Spin-Corrected Electronic Energies (in parentheses,
AEsc), Enthalpies (AH), Entropies (AS), Gibbs Free
Energies (AG), and Spin-Corrected Gibbs Free Energies
(in parentheses, AGsc) of Intermediates, Transition
Structures, and Products for the Reaction of 1 with 152

molecule AE (AEsc) AH AS AG (AGsc)
endo-16 +1.9 +33 -316 +12.7

exo0-16 +4.3 +56 —-31.6 +15.0

17a +11.6 (+7.3) +12.0 —26.9 +20.1(+15.8)
17b +8.9 (+5.5) +9.6 —-26.4 +17.5(+14.1)
17c +10.3 (+5.0) +10.0 —26.4 +18.3(+13.0)
18a —159(-16.0) -139 -27.8 —5.6 (—5.7)
18b —16.6 (—16.8) —-145 -27.9 —6.2(—6.4)
18c -16.1(-17.1) -140 -27.6 —5.9(=7.0)
18d -159(-159) -139 -28.7 —5.5(=5.5)
(i)-19 —58.0 —53.6 —37.1 —425

(0)-19 —53.6 —493 364 —385

a See footnote in Table 6.

The reaction of benzocyclobutadiene with nitrone is
strongly exothermic in the formation of the final isox-
azolidines 19, and also the diradical intermediates 18 are
more stable than the educts.

More important for our problem is the observation that
(using uncorrected potential energies for diradicaloid TSs
17) the concerted processes, in particular endo-16, emerge
as clearly dominant over the stepwise reactions. This is
particularly true at the enthalpy level, but the clear-cut
choice between the two kind of processes is carried over
to the free energy level (Scheme 5), even if somewhat
attenuated since the entropic factors promote (by 5 eu;
TAS = 1.5 kcal/mol) the diradical path. Introduction of
solvent effects® does not substantially change the scenery
as it leaves the concerted TS endo-16 favored by >3.6
kcal/mol over the diradicaloid TSs 17.

Thus, the diradical mechanism (in this reaction where
the conditions that can induce it, although present, are
less extreme) seems to be no more able to efficiently
compete with the concerted process.

Once again spin correction strongly lowers the energy
of diradicaloid TSs 17a—c, while it is almost negligible
for the energy of diradicals 18a—d. However, taking into

account considerable overcorrection in the Yamaguchi
procedure, we can confidently anticipate prevalence of
the concerted over the diradical paths in the nitrone-
benzocyclobutadiene reaction.

Conclusions

Our study by R(U)B3LYP/6-31G* and post-HF meth-
ods demonstrates that in the reaction of nitrone with
ethene product formation should take place via the
concerted cycloaddition path. The stepwise process is a
viable but not competitive alternative.

In the case of the reaction of nitrone with the very
reactive antiaromatic cyclobutadiene, a dipolarophile
whose electronic structure is particularly disposed to
promote stepwise diradical pathways, R(U)B3LYP/6-31G
calculations suggest that we are in the presence of a
borderline case in which the stepwise process can com-
pete with the concerted one on similar footing.

Attenuation of the antiaromatic character of the di-
polarophile, i.e., on passing from cyclobutadiene to benzo-
cyclobutadiene, causes the concerted 1,3-dipolar cyclo-
addition to become once again prevalent over the two-
step path.

Thus, our computational results join previously re-
ported computational data and the elegant and convinc-
ing arguing by Huisgen, mostly based on experimental
observations and qualitative theory, in making one
confident that 1,3-dipolar cycloadditions with normal
dipolarophiles will follow a concerted mechanism via an
aromatic transition state.
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