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The substituent effects on the ring-opening reaction of cyclobutene radical cations have been studied
at the Becke3LYP/6-31G* level of theory. The effect on the reaction energies and activation energies
of the concerted and stepwise pathways of electron-donating substituents such as methyl and
methoxy as well as electron-withdrawing substituents such as nitrile and carboxaldehyde in the
3-position of the cyclobutene is discussed. The exothermicity of the reaction correlates well with
the ability of the substituent to stabilize the 1,3-butadiene radical cation by electron donation or
conjugation. The relative stability of the (E) and (Z) isomers of the resulting 1,3-butadiene radical
cations depends largely on steric effects. Similarly, steric effects are responsible for the relative
energies of the different diastereomeric transition structures. The cyclopropyl carbinyl intermediate
of the stepwise pathway resembles the nonclassical carbocation and is stabilized by electron-donating
substituents. In the case of electron-donating substituents, this species becomes a minimum on
the potential energy hypersurface, whereas unstabilized or destabilized cyclopropyl carbinyl radical
cations are not minima on the hypersurface. The stabilization of the cyclopropyl carbinyl radical
cation by substituents correlates qualitatively with the Brown—Okamoto substituent parameter
ot. However, in all cases studied here, the concerted mechanism is the lowest energy pathway.

Introduction

The acceleration of slow or symmetry-forbidden peri-
cyclic reactions by electron transfer catalysis is one of
the most simple applications of a redox umpolung pos-
sible, yet it can accelerate the rate by many orders of
magnitude under mild conditions.? This, together with
the very high selectivities observed in many of these
reactions, makes the application of this method desirable
in many areas of organic chemistry. To exploit the full
potential of this reaction class, the mechanisms of these
reactions need to be understood in more detail. Experi-
mental studies of the mechanism using the traditional
methods of mechanistic organic chemistry have proven
to be difficult since the effects of solvents or substituents
on the electron transfer and the chemical step are
difficult to separate.? Consequently, the main tools for
the investigation of these reactions have been mass
spectroscopic studies and, more recently, the use of high-
level ab initio calculations.

A class of pericyclic reactions of radical cations that is
of particular interest is the electrocyclic ring opening of

(1) For recent reviews, compare: (a) Bauld, N. L. Tetrahedron 1989,
45, 5307. (b) Linker, T.; Schmittel, M. Radikale und Radikalionen in
der Organischen Synthese; VCH—Wiley: New York, 1998. (c) Bauld,
N. L. In Advances in Electron-Transfer Chemistry; Mariano, P. S., Ed.;
JAI Press: New York, 1992; Vol. 2. (d) Schmittel, M.; Burghart, A.
Angew. Chem., Intl. Ed. Engl. 1997, 36, 2550. (e) Bauld, N. L. Radicals,
Radical lons, and Triplets; Wiley-VCH: New York, 1997. (f) Maller,
F.; Mattay, J. Chem. Rev. 1993, 93, 99.

(2) Examples of these difficulties include, for instance, the applica-
tion of isotope effect studies on eletron transfer catalyzed reactions:
(a) McMordie, R. A.; Begley. T. P. 3. Am. Chem. Soc. 1992, 114, 1886.
(b) Witmer, M. R.; Altmann, E.; Young, H.; Begley, T. 3. Am. Chem.
Soc. 1989, 111, 9264. (c) Jacobsen, J. R.; Cochran, A. G.; Stephans, J.
C.; King, D. S.; Schultz, P. G. 3. Am. Chem. Soc. 1995, 117, 5453. (d)
Reddy, G. D.; Wiest, O.; Hudlicky, T.; Schapiro, V.; Gonzales, D. J.
Org. Chem. 1999, 64, 2860.
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cyclobutene radical cations. There are numerous reports
on this reaction in the literature,® and the synthetic
utility of the reaction has been demonstrated.* However,
experimental studies of the reaction have not yielded
conclusive evidence about the mechanism of the reaction.®
For example, the activation energy was estimated to be
<7 kcal/mol in mass spectroscopic studies,® while other
studies indicated significantly higher activation energies
of approximately 16.5 kcal/mol.” This situation is quite
typical for many pericyclic reactions of radical cations in
that a comprehensive understanding of the mechanistic
details has yet to evolve.

In recent years, the use of highly correlated MO and
hybrid DFT methods has contributed significantly to our
understanding of these reactions as several studies of the

(3) E.g.: (a) Faucitano, A.; Buttafava, A.; Martinotti, F.; Sustmann,
R.; Korth, H.-G.; J. Chem. Soc., Perkin Trans. 1 1992, 865. (b)
Takahaski, Y.; Kochi, J. K. Chem. Ber. 1988, 121, 253. (c) Marcinek,
A.; Michalak, J.; Rogowski, J.; Tang, W.; Bally, T.; Gebicki, J. 3. Chem.
Soc., Perkin Trans. 1 1992, 1353. (d) Gebicki, J.; Marcinek, A,
Michalak, J.; Rogowski, J.; Bally, T.; Tang, W. J. Mol. Struct. 1992,
275, 249. (e) Miyashi, T.; Wakamatsu, K.; Akiya, T.; Kikuchi, K.;
Mukai, T. 3. Am. Chem. Soc. 1987, 109, 5270. (f) Aebischer, J. N.; Bally,
T.; Roth, K.; Haselbach, E.; Gerson, F.; Qin, X.-Z. 3. Am. Chem. Soc.
1989, 111, 7909.

(4) E.g.: (a) Takahashi, Y.; Miyamoto, K.; Sakai, K.; Ikeda, H.;
Miyashi, T.; Ito, Y.; Tabohashi, K. Tetrahedron Lett. 1996, 37, 5547.
(b) Pasto, D. J.; Yang, S.-H. J. Org. Chem. 1989, 54, 3544.

(5) (@) Hoffmann, M. K.; Bursey, M. M.; Winter, R. E. K. J. Am.
Chem. Soc. 1970, 92, 727. (b) Mandelbaum, A.; Weinstein, S.; Gil-Av,
E.; Leftin, J. H. Org. Mass Spectrom. 1975, 10, 842.
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106, 5780. (c) Dass, C.; Gross, M. L. J. Am. Chem. Soc. 1983, 105, 5724.
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Chim. Acta 1979, 62, 577. (c) Kawamura, Y.; Thurnauer, M.; Schuster,
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Figure 1. Possible reaction pathways for the ring opening of
the cyclobutene radical cation.

parent reactions of cycloadditions,® cycloreversions,® and
sigmatropic shifts'® appeared in the literature. The
electrocyclic ring opening of the cyclobutene radical cation
has been analyzed in detail.** A common feature of all of
these reactions is that the corresponding potential energy
hypersurfaces are extraordinarily flat, making several
pathways simultaneously available for the reaction. For
the case of the ring opening of the cyclobutene radical
cation 1°*, the reaction pathways summarized in Figure
1 have been proposed.

There are two pathways leading from 1*" to 2*: a
concerted pathway through a nonsymmetric transition
structure and a stepwise pathway involving a cyclopropyl
carbinyl radical cation 4" first proposed by Bauld.'> A
symmetry-conserving concerted pathway from 1° to 2**
is not possible because there is no adiabatic connection
between the two different electronic ground states of
these molecules. Bally and co-workers also located a
species connecting 1t and 3*" which structurally re-
sembles the cyclopropyl carbinyl intermediate. Depend-
ing on the level of theory used, this species represents
either a shallow minimum on the hypersurface or a
transition structure. Although the electronic states of 1**
and 3* connect adiabatically through a C,-symmetric
structure, this structure was found to be a second-order
saddle point due to vibronic Jahn—Teller interactions.12
The energy differences between these pathways are very
small and the characteristics and geometries of the
different species depend strongly on the computational
method used. It is therefore likely that the relative
energetics of the species on this so-called “Bauld-plateau”
will be heavily influenced by dynamic, substituent, and
solvent effects. Indeed, a recent computational investiga-
tion of this area of the C4Hg¢t hypersurface using

(8) (a) Haberl, U.; Wiest, O.; Steckhan, E. 3. Am. Chem. Soc. 1999,
121, 6730—6736. (b) Haberl, U.; Wiest, O.; Steckhan, E.; Blechert, S.
Chem. Europ. J. 1999, 5, 2859—2865. Compare also: (c) Hofmann, M;
Schaefer, H. F. 3. Am. Chem. Soc. 1999, 121, 6719. (d) Bauld, N. L. J.
Am. Chem. Soc. 1992, 114, 5800.

(9) Wiest, O. J. Phys. Chem. A 1999, 103, 7907. (b) Jungwirth, P.;
Carsky, P.; Bally, T. 3. Am. Chem. Soc. 1993, 115, 5776. (c) Jungwirth,
P.; Bally, T. 3. Am. Chem. Soc. 1993, 115, 5783.

(10) (a) Oxgaard, J.; Wiest, O. 3. Am. Chem. Soc. 1999, 121, 11531.
(b) Herbertz, T.; Roth, H. J. Am. Chem. Soc. 1998, 120, 11904. (c)
Hofmann, M.; Schaefer H. F. Book of Abstracts; 51" World Congress of
Theoretically Oriented Chemists, 1999; Abstr. P582.

(11) (a) Wiest, O. J. Am. Chem. Soc. 1997, 119, 5713. (b) Sastry, G.
N.; Bally, T.; Hrouda, V.; Carsky, P. 3. Am. Chem. Soc. 1998, 120,
9323.

(12) Bellville, D. J.; Chelsky, R.; Bauld, N. L. J. Comput. Chem.
1982, 3, 548.
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continuum solvent models gave evidence for the specific
stabilization of species that localize spin and charge.'®

To understand the relationship between the experi-
mental investigations on substituted cyclobutenes and
the computational studies of parent la*" as well as to
make pericyclic reactions of radical cations more predict-
able, and thus more synthetically useful, an understand-
ing of substituent effects and their influence on the
different possible reaction pathways is highly desirable.
This will also address several of the recently dis-
cussed®1113-15 questions regarding concerted vs stepwise
mechanisms for more realistic model compounds. Here,
we present the first systematic computational study to
address this problem. The paper is organized as follows:
First, we will discuss the effect of representative sub-
stituents on the thermochemistry of the ring opening of
3-substituted cyclobutene radical cations. We will then
investigate the effect of a typical substituent in the four
diastereotopically different positions adjacent to the
breaking bond in the concerted transition structure as
well as for the stepwise pathway involving a cyclopropyl
carbinyl-type radical cation. Finally, the effect of a larger
number of different substituents on the relative energies
of the concerted and stepwise reaction pathways is
studied. To keep the number of different structures on
these fairly complex hypersurfaces manageable, we de-
cided to focus only on the lowest energy pathways for the
two reaction mechanisms to form the corresponding cis-
1,3-butadiene radical cations. The pathways leading to
the trans-1,3-butadiene radical cation are therefore not
considered, since the species involved are geometrically
and electronically similar to the stepwise pathway lead-
ing to cis-1,3-butadiene radical cation. It can thus be
expected that the substituent effects, the focus of this
study, will be very similar.

Computational Methodology

The question of which computational method is appropriate
for the treatment of radical cations has been discussed at some
length in the recent literature.®~'* It is generally recognized
that UHF and UMP2 wave functions are often severely spin
contaminated. This can lead to significant errors in energies
and geometries, rendering these methods unsuitable for the
calculation of radical cations. The advantages and disadvan-
tages of hybrid DFT methods for the calculation of radical
cations have been a topic of recent studies. In particular the
fact that Becke3LYP does not localize charge and spin densi-
ties as readily as other levels of theory led to a discussion of
the bias of this method toward delocalized structures.*®> Many
intermediates and transition states which have been located
at lower levels of theory cannot not be located using Becke3LYP.
Despite these concerns, we decided to use the computationally
efficient Becke3LYP/6-31G* method for all calculations de-
scribed here. In previous studies by our group8ab9a10alia gnd
others!o110.13 this method gave results which were generally
in good agreement with those given by highly correlated MO
methods such as the much more computationally expensive
QCISD(T)//QCISD method. We therefore expect Becke3LYP/
6-31G* to yield adequate results, particularly since we will
focus on energy differences due to substituent effects.

(13) Barone, V.; Rega, N.; Bally, T.; Sastry, G. N. J. Phys. Chem. A
1999, 103, 217.

(14) For a recent overview, compare: Bally, T.; Borden, W. T. In
Reviews in Computational Chemistry; Wiley-VCH: New York, 1998.

(15) a) Braida, B.; Hiberty, P. C.; Savin, A. J. Phys. Chem. A 1998,
102, 7872. (b) Sodupe, N.; Bertran, J.; Rodriguez-Santiago, L.; Baerenz,
E. J. J. Phys. Chem. A 1999, 103, 166.
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Figure 2. Substituted cyclobutene radical cations studied.

Table 1. Reaction Energies and Selected Geometric
Parameters for Substituted 1,3-Butadiene Radical

Cations

compd AE (kcal/mol) Rcs-x (A) ¢ (deg)
5at —20.2

5b+ —25.8 1.47 17.0
6b —30.5 1.47 0.0
5ct —38.5 1.29 0.0
6c —40.5 1.29 0.0
5d-* —29.3 1.40 0.0
6d-t —30.4 1.39 0.0
5e*t —13.6 1.46 33.0
6e" —16.0 1.48 14.6

Calculations were performed with the G94 and G98 series
of programs running on IBM SP1/SP2 and SGI Origin2000
computers at the High Performance Computing Complex at
the University of Notre Dame and with G98 on the National
Center for Supercomputing Applications’ Origin2000.1¢ All
energies listed in this paper are relative to the corresponding
cyclobutene radical cation reactant and are corrected for zero-
point vibrational energies obtained at the same level of theory.
All stationary points were characterized by harmonic fre-
guency calculations. The one imaginary frequency of the
transition structures was animated using MOLDEN?Y to
ensure that the optimized stationary point corresponds to the
transition structure of the desired reaction. In some cases,
intrinsic reaction coordinate (IRC) calculations were used to
confirm the identity of a given transition structure.

Results and Discussion

Thermochemistry. We started our investigations by
studying the overall thermochemistry of the ring opening
of 3-substituted cyclobutene radical cations to cis-1,3-
butadiene radical cations with the substituent in either
the (2) position, 5*, or the (E) position, 6°*. Our results
are summarized in Table 1 and Figure 2.

The nitrile, methoxy, and methyl substituents all lead
to reactions more exothermic than the parent reaction.
The reaction energy for the parent ring opening of 1a**
to 5a'* is —20.2 kcal/mol.**2 Adding one methyl substitu-
ent in the 3-position in 1b*" changes the reaction energy
to —25.8 kcal/mol to form the (Z)-isomer 5b*" and —30.5
kcal/mol to form the (E)-isomer 6b**. The dihedral angle

(16) Gaussian 98, Revision A.6: Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R;
Zakrzewski, V. G.; Montgomery, J. A,; Stratmann, R. E., Jr.; 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,
l.; 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.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian, Inc.,
Pittsburgh, PA, 1998.

(17) MOLDEN Version 3.2 written by Schaftenaar, G. (Netherlands).
For details of this program, see the URL: http://www.caos.kun.nl/
~schaft/molden.
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of the carbon backbone is 17.1° in 5b** as compared to
0.03° in 6b**. We attribute the difference in reaction
energies and geometry of the 1,3-butadiene radical
cations to the steric repulsion of the methyl group with
the endo-hydrogen at C, in 5b°*.

The methoxy substituent, a stronger electron donor,
further increases the exothermicity of the reaction: the
reaction energy to form 5c** is —38.5 kcal/mol and the
reaction energy to form 6c¢** is —40.5 kcal/mol. The C3—0
bond length is 1.29 A in both isomers. This indicates that
this bond has significant double bond character; that is,
the oxygen atom exhibits some oxonium character in both
isomers. In 5c**, the lone pairs on oxygen point toward
the carbon backbone, which is planarized to allow for
maximum conjugation. The C,—O distance is 2.99 A,
suggesting that there could be a weak, stabilizing Cou-
lomb interaction between the free electron pair on the
oxygen and the delocalized positive charge in the 1,3-
butadiene moiety.

The nitrile group was chosen for study due to its ability
to stabilize radicals. Here, the reaction energy is —29.3
kcal/mol for the formation of 5d** and —30.4 kcal/mol for
the formation of 6d**. The C3—Cyi; bond length is 1.40 A
in both 5d** and 6d**, and the C—N bond length is 1.17
A, indicating that the former has significant double bond
character, while the nitrile bond is in the typical range
for a triple bond. As is to be expected for a small
substituent such as a nitrile, the energy difference
between the (E) and (2Z) configurations is fairly small,
only 1.1 kcal/mol.

The aldehyde substituent is the only one leading to a
reaction less exothermic than the parent reaction. The
reaction is exothermic by —13.6 kcal/mol and —16.0 kcal/
mol to form 5e*t and 6e*t, respectively. The electron-
withdrawing character of the aldehyde substituent de-
stabilizes the substituted 1,3-butadiene radical cation,
thus making the reaction less exothermic than the parent
reaction. The destabilization of the delocalized form of
the radical cation is also apparent in the structure of the
1,3-butadiene moiety, which deviates considerably from
planarity with C,—C,—C,—C; dihedral angles of 33.3° and
14.6° in 5e*" and 6e°", respectively. Although a planar
(E)-butadiene structure exists that does correspond to a
local minimum on the potential energy surface, it is 7.5
kcal/mol higher in energy than 6e**. The decreased
stabilization of the radical cation is only partly recovered
by the delocalization in the o,f-unsaturated carbonyl
functionality since the C,—C3;—C—0 bonds are not prop-
erly aligned; these dihedrals are 13.7° for 5e*" and 21.7°
for 6e*t. Consequently, the C—O bond length is 1.22 A
for 5e*t and 6e**, and the charges on the oxygen atom
are —0.18 and —0.25, respectively, so there appears to
be little oxonium ion character in these isomers.

In summary, the overall thermochemistry of the reac-
tion is determined by the ability of the substituent to
stabilize the 1,3-butadiene radical cation by electron
donation or conjugation. The (E) isomer is 1—5 kcal/mol
lower in energy than the (Z) isomer in all cases. The
largest energy difference between isomers is in the
methyl case, which is the largest substituent studied
here, while the smallest energy difference is calculated
for the smallest substituent, nitrile. We conclude that the
difference in energy between the isomers is mostly due
to steric interactions. If an isomerization is possible
during the reaction and the product is thus determined
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Figure 3. Diastereotopic positions in the concerted transition
structure 7°.

Table 2. Selected Results for the Diastereomeric
Transition Structures 7°+

compd Ea(kcallmol) Rci-ca (B)  ¢ci-co-ca—a vM9 (cm~1)

7ot 8.8 2.19 135 —318
76t 13.9 2.34 116 —436
Tyt 10.1 2.23 141 —383
70"t 10.2 2.09 137 —310

by thermodynamics, the predominant formation of the
(E) isomers 6+ would be expected.

The Ring Opening of 3-Methylcyclobutene**. We
will now turn to the effect of a substituent on the
activation energy. An unsymmetric pathway has been
proposed for the concerted ring opening reaction of
la*".12 In this transition structure, shown in Figure 3,
one methylene group is perpendicular to the carbon
backbone while the other methylene group is at a 120°
angle to the backbone. This results in four diastereotopic
positions for the transition structure 7" at which a
substituent could be placed. We studied the effect of a
methyl substituent in each of the four positions labeled
o—0d as shown in Figure 3.

The effect on the geometry and relative energies of
methyl substitution at these four positions leading to the
diastereomeric transition structures 7a.—4" is compared
in Table 2. 7a°*, the transition state with a methyl group
at position a, the least sterically hindered position, is the
lowest in energy with a computed activation energy of
8.8 kcal/mol. Substitution at positions y and ¢ leads to
transition states 7y ** and 76", which are with activation
energies of 10.1 and 10.2 kcal/mol, respectively, very close
in energy to each other and only 1.3 kcal/mol higher in
energy than 7a°". Finally, we found a transition state
substituted at position 5. However, steric factors force
the breaking bond distance to be 0.1 A greater than in
7oct, 7y, and 76, and both methylene groups in 75"
are nearly perpendicular to the carbon backbone. This
hindrance is also reflected in the imaginary frequency,
which is significantly higher than in the three other
diastereomers; the more negative value indicates a stiffer
potential in the transition state region of the potential
energy surface. In summary, the relative energies of the
four diastereomeric transition structures 7°* are, at least
in the case of the methyl substituent, dominated by steric
interactions. This situation is comparable to the simpler
case of the two diastereotopic positions in the thermal
ring opening of 1a, which leads to different isotope effects
for these positions.!®

One of the key questions in earlier investigations of
the ring opening of 1a'* was the existence and relative
energy of a cyclopropyl carbinyl intermediate such as the

(18) (a) Wiest, O.; Houk, K. N.; Black, K. A.; Thomas, B., IV. J. Am.
Chem. Soc. 1995, 117, 8594, (b) Baldwin, J. E.; Reddy, V. P.; Hess, B.
A., Jr.; Schaad, L. J. Am. Chem. Soc. 1988, 110, 8555.
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one proposed by Bauld et al.*? For the unsubstituted case,
such an intermediate has been found only at the MP2
level of theory; no minimum has been found using either
Becke3LYP or QCISD methods. Single-point calculations
on MP2 optimized structures using QCI and coupled
cluster methods indicated, however, that the energy of
such a structure would be very close to the energy of the
concerted transition structure. It was speculated that
substituent effects might stabilize this cyclopropyl carbi-
nyl structure enough for it to become a local minimum.*!

We therefore investigated the stepwise ring opening
of the 3-methylcyclobutene radical cation 1b** to form
6b**. As can be seen from the results summarized in
Figure 4, the methyl substituent does indeed stabilize
the cyclopropyl carbinyl intermediate sufficiently to make
this species a minimum on the Becke3LYP energy
hypersurface. The problems of this method in localizing
spin and charge in radical cations are therefore not
observed in these unsymmetric structures. The activation
energy of the first step involving transition structure 8"
is 13.4 kcal/mol. The intermediate 9** is 8.6 kcal/mol
higher in energy than 1b**. In this structure, the C,—C;
distance has increased to 2.53 A, indicating that the bond
is completely broken, whereas there is a weak interaction
with a bond length of 1.75 A between C, and C,. The
second transition structure 10°" is 8.5 kcal/mol higher
in energy than the cyclobutene; after zero-point energy
correction this transition structure is actually lower in
energy than the intermediate. We conclude that the
minimum for the intermediate is extremely shallow, and
the ring opening of the cyclopropyl carbinyl radical cation
intermediate occurs barrierless. This is mostly due to the
very exothermic reaction from 9** to 6b**, making the
very early transition structure for this step structurally
and energetically similar to 9**. A structural feature
shared by 8"—10"" is that the exocyclic carbons are
aligned with the C,—C; bond; the C;—C,—C3—Cy, dihe-
dral angle changes only slightly from 165° in the first
transition structure to 173° in the second one.

Because no intermediate for the unsubstituted case
was found at the Becke3LYP level of theory, comparing
the concerted and stepwise pathways previously required
one of two evils: either comparing energies from high-
level single calculations of structures obtained at a lower
level of theory or comparing energies of fully optimized
structures at a lower level of theory. In the case of the
ring opening of 1b**, we are able for the first time to
directly compare the two pathways at a level of theory
that has been shown to provide accurate results. The
lowest energy concerted pathway via the transition
structure 7a°" has an activation energy of 8.8 kcal/mol,
whereas the first transition structure for the stepwise
pathway, 8", has an activation energy of 13.4 kcal/mol.
This difference leads us to conclude that even though the
methyl group stabilizes the cyclopropyl carbinyl inter-
mediate sufficiently to make it a minimum on the
potential energy surface, the concerted pathway will be
preferred over the stepwise pathway. Second, we note
that although an intermediate can be located, the ring
opening of 9°* to form 6b** is effectively barrierless after
zero-point correction.

Effects of Other Substituents. In the interest of
simplicity, the effect of stronger electron-donating sub-
stituents such as the methoxy group and electron-
withdrawing substituents such as the nitrile and alde-
hyde functionalities was only studied for the lowest
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Figure 4. Stepwise pathway for the ring opening of 1b**.
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Figure 5. Concerted transition structure 11 (left); stepwise
intermediate 12** (middle), and second transition structure
13+ (right) for the ring opening of 1c**.

energy pathways, i.e., for the positions o and y in the
concerted transition structure and the stepwise reaction
leading to the thermodynamically favored (E) isomers.
Our results for the ring opening of the 3-methoxy
cyclobutene radical cation 1c** are summarized in Figure
5.

The activation energy for the concerted pathway via
transition structure 11°* is only 0.4 kcal/mol after zero-
point correction and thus the pathway is effectively
barrierless. The reaction is highly exothermic, and in
accordance with the Hammond postulate, this transition
state closely resembles the reactant. With a C;—C, bond
distance of 1.81 A, it has the shortest breaking bond
distance of all the concerted pathway transition struc-
tures we studied. For the stepwise pathway, intermediate
12" is actually 2.7 kcal/mol lower in energy than 1c*'.
Despite numerous attempts, we have not been able to
locate a transition structure connecting 1c** and 12°F,
presumably because the reaction is barrierless. Unlike
the methyl cyclopropyl carbinyl intermediate 9°*, 12°* is
in a relatively deep well on the potential energy hyper-
surface; the transition structure 13+ for the formation
of 6¢** is 4.7 kcal/mol higher in energy than 12°". The
relatively short C,—C, bond of 1.62 A gives 12+ the
geometric structure of a cyclopropyl carbinyl intermedi-
ate. The positive charge is borne almost entirely by C;
and the methoxy carbon, and the carbinyl moiety bisects
the cyclopropyl ring to allow for maximum interaction

Eyes = 16.0 kcalimol
14 157 16"

Ee1 = 23.3 kcal/mol

E el = 9.8 kcal/mol

Figure 6. Concerted transition structures 14** and 15" for
the ring opening of 1d**, and concerted transition structures
16 for the ring opening of le**.

of this positive charge with the Walsh orbitals of the
cyclopropyl ring. The C3—C, bond in 12° has significant
double bond character, as shown by its length of 1.41 A,
and this does not change greatly in the transition
structure 13" connecting 12°" to 6¢**. The main geomet-
ric features of transition structure 13" are the lengthen-
ing of the C,—C, bond to 1.91 A and an alignment of the
methoxy group with C3—C,—C;.

For the nitrile case, the concerted transition structure
14** connects 1d** to 6d** with an activation energy of
9.8 kcal/mol. The geometry of 14** is analogous to that
of 7ot in that the substituent occupies the sterically least
crowded position. The bond length of the breaking Cs;—
C,4 bond is virtually identical to the one in 7ot. A second
transition structure 15*% (Figure 6, middle) with an
activation of 16.0 kcal/mol was also located. Even though
this structure resembles the cyclopropyl carbinyl inter-
mediate and the transition structure for the formation
of the trans-1,3-butadiene radical cation,* normal-mode
analysis and IRC calculations show that 15°* is a transi-
tion structure that connects 1d** to 6d*t. 15*" appears
to be unique in that transition structures similar to this
geometry were not found for any other substituent. The
higher activation energy associated with 15" suggests
that the pathway through 14" will dominate. Extensive
searches for a cyclopropyl carbinyl intermediate located
several stationary points on the potential energy surface.
However, normal-mode analysis showed that all these
structures had one negative frequency, and intrinsic
reaction coordinate (IRC) calculations suggested that
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these points are transition structures for the intercon-
version of two isomers of the cyano bicyclobutane radical
cation rather than intermediates for the ring opening of
1d**. This is comparable to earlier findings that on the
“Bauld Plateau”, the transition structures for the forma-
tion of bicyclobutane and 1,3-butadiene radical cations
are closely related.!t?

Given the geometric and energetic similarities between
the concerted transition structures 7o and 14**, we were
surprised that no stepwise pathway could be located for
the case of the nitrile substituent. The stabilization of
the radical cation in 15" appears not to be sufficient to
make that structure a minimum on the potential energy
hypersurface. It can therefore be deduced that the better
stabilization of the cationic character by the methyl
group® has a more significant effect on whether the
cyclopropyl carbinyl intermediate is a minimum on the
hypersurface than the better stabilization of the radical
character by the nitrile group.?® We also investigated
whether a nitrile substituted at C; would sufficiently
stabilize the radical center to create a minimum on the
hypersurface. However, an extensive search yielded no
cyclopropyl carbinyl-type minimum with the substituent
at this position.

As noted previously, the aldehyde group is the only
substituent studied for which the ring-opening reaction
is less exothermic than the parent reaction. The concerted
pathway transition structure 16+ (Figure 6, right) re-
sembles the concerted transition structures discussed
earlier in that the cyclobutene moiety is essentially
planar. The length of the breaking bond, 2.18 A, is close
to the values obtained for the methyl, methoxy, and
nitrile substituents. However, the activation energy for
this pathway is 23.3 kcal/mol, 5.2 kcal/mol higher than
that calculated for the parent reaction.'* Furthermore,
the substituent is at position y; the corresponding transi-
tion structure with the aldehyde functionality in position
o is actually 0.4 kcal/mol higher in energy than 16++.2%

It is noteworthy that while no cyclopropyl carbinyl
intermediate could be located for the parent system, such
an intermediate exists in a very shallow well on the
hypersurface for the 3-methyl derivative and is actually
2.7 kcal/mol more stable than the cyclobutene reactant
in the case of the 3-methoxy derivative. A similar trend
is obtained for the lengths of the breaking C,—C, bond,
which varies from 1.62 A in 12" to 1.75 A in 9°*. In the
parent case, no stable bond is formed. The length of this
bond and the relative stability of the cyclopropyl carbinyl
intermediate appear to be correlated with the electron-
donating ability of the substituent. This can be explained
by considering a stabilization of the cation at C; through
an interaction with the electrons in the C,—C, bond,
similar to the situation in the nonclassical cyclopropyl
carbinyl cation and the related cyclobutyl and allyl
carbinyl cation structures.??> Such a nonclassical cyclo-
propyl carbinyl radical cation has recently been proposed
in reactions of the norbornene radical cation.?® In the
unstabilized and destabilized radical cations 1a**, 1d**
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Table 3. Selected Bond Lengths, Relative Energies, and
LFER Parameters for Substituted Cyclopropyl Carbinyl
Radical Cations

(19) Brown, H. C.; Okamoto, Y. J. Am. Chem. Soc. 1958, 80, 4979.

(20) (a) Packer, J. E.; Heighway, C. J.; Miller, H. M.; Dobson, B. C.
Austr. J. Chem. 1980, 33, 965. (b) Creary, X.; J. Org. Chem. 1980, 45,
280. (c) Creary, X.; Mehrsheikh-Mohammadi, M. E.; McDonald, S. J.
Org. Chem. 1987, 52, 3254.

(21) We also located another transition structure resembling the
cyclopropyl carbinyl structure 15°*. However, IRC calculations showed
that it does not connect to the cis-1,3-butadiene radical cations 5e**
or 6e*" and it is therefore not discussed here.

4
72 X
X= Rca-ca Erel Up+ a op* a
CHO 0.47 b
CN 0.66 0.24-0.7
H 0.0 0.0
CHs; 1.750 8.6 —-0.31 0.03
F 1.733 5.9 —0.07 —0.07
OCN 1.707 10.3 b b
NCO 1.669 0.8 —0.19 b
OCOCH;3; 1.626 —-0.4 —0.19 —0.05
OCH3 1.615 —2.7 —-0.79 0.11

a Recommended value from ref 21. ® No value given.

and le*, the stabilization of the cation by electron
density from the C,—C, bond leads to a barrierless
cleavage of that bond. If the cation at C; is sufficiently
stabilized by electron-donating substituents, the cyclo-
propyl carbinyl radical cation intermediate becomes a
minimum on the potential energy hypersurface.

To further investigate this apparent relationship be-
tween the donor capabilities of the substituent and the
structure and energy of the cyclopropyl carbinyl inter-
mediate, we performed calculations on the cyclopropyl
carbinyl intermediate for the fluoride, acetoxy, cyanate,
and isocyanate substituents. These substituents were
chosen based on the hypothesis that, even though no
substituent parameters are available for radical cations,
the stabilization of the positive charge is more important
for the characteristics and relative energies of a cyclo-
propyl carbinyl intermediate. Therefore, these features
should qualitatively correlate with a parameter such as
the Brown—Okamoto ot parameter. Our results for all
substituted cyclopropyl carbinyl intermediates are sum-
marized in Table 3.24

The results in Table 3 clearly show that the original
hypothesis is correct. The C,—C,4 bond length, which can
be viewed as a measure of the degree of stabilization of
the positive charge via a nonclassical carbocation, is a
function of the electron-donating ability of the substituent
as measured by the Brown—Okamoto o,* value. The oy°
value appears to have a smaller but not insignificant
influence as can be seen from the relatively long C,—C,
bond length in the case of the methyl-substituted 9°.
This sequence implies that the C,—C, bond lengths in
the unsubstituted, nitrile, and aldehyde cases would have
to be so long (perhaps 1.8 A or more) that these structures
could not exist as minima on the hypersurface. With the
exception of the fluoro-substituted compound, for which
the cyclobutene radical cation reactant is distorted and
destabilized by the strong electron-withdrawing inductive
effect of the fluorine substituent, the relative energies of
the cyclopropyl carbinyl follow the same trend.

(22) For an in-depth discussion of the C4Hg" manifold, compare,
e.g.. (a) Wiberg, K. B.; Hess, B. A, Jr.; Ashe, A. J., I11. In Carbonium
lons; Olah, G. A., Schleyer, P. v. R., Eds.; Wiley-Interscience: New
York, 1972; Vol. 3, p 1295. (b) Olah, G. A.; Reddy, P.; Prakash, G. K.
S. Chem. Rev. 1992, 92, 69.

(23) Ramsden, C. A.; Smith, R. G. Org. Lett. 1999, 1, 1591.

(24) Hansch, C.; Leo, A.; Hoekman, D. Exploring QSAR; ACS:
Washington, DC, 1995; Vol. 2.
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Summary and Conclusions

Here we report what is to the best of our knowledge
the first systematic study of substituent effects in radical
cation pericyclic reactions. The thermochemistry of the
reactions is largely controlled by the electron-donating
ability of the substituent in the 3-position of the cy-
clobutene radical cation. The relative energies of the
products and the different diastereomeric transition
structures are dominated by steric interactions.

For all substituents studied here, the concerted mech-
anism is the lowest energy pathway. However, the
stepwise pathway is only a few kcal/mol higher in energy.
The characteristics of the cyclopropyl carbinyl structure,
in particular whether it represents a minimum or a
transition state on the potential energy hypersurface, are
again dominated by the electron-donating abilities of the
substituent. The stabilization of the cyclopropyl carbinyl
structure is continuous and correlates approximately
with the Brown—Okamoto o' values. In the results
presented here, the transition from a minimum to a
saddle point occurs between the donating abilities of a
methyl and a hydrogen substituent, although this will
depend somewhat on the computational method used.
Furthermore, solvent effects have been shown to provide
additional stabilization for the intermediate of a stepwise
pathway. In comparison to the electron donating ability
of the substituent, the radical stabilizing properties of
the substituent in the 3-position are less important, as
exemplified by the nitrile substituent. It can therefore
be deduced that of the two possible distonic structures
of the cyclopropyl carbinyl intermediate, the one with the
positive charge at C; and the radical at C; is dominant
due to the stabilization of this structure as a nonclassical
cyclopropyl carbinyl cation.

Swinarski and Wiest

In agreement with the available experimental results,®
the calculated activation energies for 3-substituted cy-
clobutene radical cations are lower than the ones calcu-
lated for the parent system. However, the activation
energies presented here are still significantly higher than
the ones obtained in the gas phase by CID experiments,
casting further doubts on the validity of the absolute
values for the activation energies obtained there 11?13

The results discussed in this manuscript represent the
first step in obtaining a more thorough understanding
of the mechanistic changes in radical cation chemistry
that are induced by different substituents. Future studies
will have to show if the findings presented here are
transferable to other pericyclic reactions of radical cat-
ions. This will allow the prediction of these synthetically
useful reactions based on well-understood parent reac-
tions.
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