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A simple, mnemonic method for predicting pericyclic reactions in ground states has been worked out by
treating a multi-center reaction as a sequence of one-center reactions analogous to nucleophilic substitution type

reaction.

The analysis of reaction is carried out by illustrating localized MO’s and their stepwise transformation.

This method can lead to predictions for thermal pericyclic reactions in agreement with the Woodward-Hoffmann
rules and the HOMO-LUMO interaction method. A simple modification of this method is applicable to re-

actions in excited states.

The usefulness and cogency of the principle of con-
servation of orbital symmetry by Woodward and
HoffmannV and the HOMO-LUMO interaction method
by Fukui® in rationalizing cyclic concerted reactions
are now indisputable. The Hickel-Mo6bius/4N-+2—
4N method by Zimmerman® and Dewar? is a theoreti-
cal interpretative alternative for the reactions as well
as the MO-following method by Zimmerman.® In
these methods, each MO interaction at reaction cen-
ters is naturally treated in a one-step manner.®) The
orbital phase continuity principle approach by Goddard
IIT based on GI wave functions can also lead to
the same predictions for thermal reactions,” in
which the orbital phase changes are treated stepwise.

In the field of classical organic chemistry, an at-
tempt to explain the stereochemistry of E2 reaction,
one of two-center non-cyclic concerted reactions,® by
analogy with that of Sy2 reaction, a one-center con-
certed reaction, has appeared® but without attracting
much attention; this type of analogy can be found
in not a few reactions.

We have attempted to find an alternative method
to estimate the allowability or prohibition of the reac-
tion. The present paper is concerned with this new
approach, which involves the following treatments:
(1) a multi-center reaction is dealt with as a sequence
of one-center reactions, and similarly, addition and
elimination processes are treated as a combination of
substitution processes respectively; (2) these one-
center reactions should proceed via the process anal-
ogous to Sy2 type reaction;® (3) the nucleophilic
processes are treated qualitatively using localized
MO’s; (4) the allowability of the reaction is predicted
by considering the bonding character of the orbital
finally generated after the sequence of nucleophilic
processes.

Results

The bonding and antibonding MO of the ethylenic
7 system are drawn as follows:
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In ground states, an electron-pair occupies the bonding

MO which lies on the lower energy level. According
to the localized MO concept, the z-system of butadiene
consists of two independent ethylenic z-systems. Thus,
the m-bonding MQ’s of butadiene can be represented
as follows:
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and

Since these two ethylenic m-systems are regarded to
be independent of each other, the phase of AO’s be-
tween the two systems can be taken arbitrarily. Con-

sequently, each MO representation for butadiene is
adoptable.
Let us consider the following reaction process:
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If the reaction I-II proceeds concertedly, it can be
initiated through the interaction between ¢; and
¢,*;11) the reaction system gains the delocalization
energy by this interaction, and the reaction is pro-
moted.’® In order that the bonding interaction
arises between ¢, and ¢,*, x, and g should face
the phase in the same direction, and X3 and 2,
in the inverse direction in the transition state. If
the process I—II is concerted, the reverse reaction,
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II-1, should proceed also concertedly through the
bonding interaction between x, and ¢,’*: in which
%4 and X3 face the phase in the same direction, and
Zs and %, in the inverse direction. Orbital x, which
becomes vacant in II is always in the same, invariable
phase. When the process I-II-I is concerted,
it can be represented by the following scheme (Scheme
1).18,19) ,

In the following concerted reaction of hexatriene
which is considered to comprise a butadienic and an
additional ethylenic system,

CH,=-CH-CH=CH-CH=CH,
III
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the orbital representation of this process can be given
as follows (Scheme 2):1%
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I, IV, Vo
Scheme 2.

The first step, III->IV, is the same as that of I-II
in Eq. 1, and the second step, IV-V, is equivalent
to the reverse process, II->I, in Eq. 1. If these two
steps(III-IV and IV—V) are included in one con-
certed process, viz., the process III->V proceeds
concertedly, the phase of x4 in V, should be dependent
upon that of x; (or 2,). Each elementary step in
Egs. 1 and 2 can be considered to be a sort of nucleo-
philic substitution analogous to Sy2 reaction. Thus,
the conversion of ITI to V may be a sequential nucleo-
philic substitution process. The phase correlation of
AO’s in such concerted processes as shown above can
be expected to hold also for @-systems.

In general, from a non-cyclic system (S.) with n-
two-center MO’s (¢ and/or %, n=2,3,4,--*) by sequen-
tial nucleophilic process, a new non-cyclic system
(So) can be obtained which is composed of an unoc-
cupied nonbonding MO (X;) and an occupied non-
bonding MO (%,,) in the two terminals, and of
new (n—1)-two-center MO’s between the two non-
bonding MO’s (vide infra). If this system forms a
pericyclic system, the unoccupied orbital 2; should
be situated in the position adjacent to the occupied
orbital %,,. So long as the reaction proceeds con-
certedly, the phase of x,, is determind by that of ;.
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When the positive overlapping between ¥; and 2,,
in S, is possible, an additional two-center bond is
formed by x; and x,,, making the pericyclic reaction
allowable. On the other hand, when the overlapping
between x; and Z,, is negative or antibonding, the
two-center bond between the two terminals can not
be formed, thus the reaction is forbidden.

Sequential Nucleophilic Process
S« Se

Dy Py Py e D Oy hy e & nn Aon
¢1* ¢2* ¢3* ...... ¢n* 1 ¢1'* ¢2'* ...... ¢'n~1*

X1 Xem In S, Pericyclic Rection

Allowable

Forbidden

Antibonding

The phase relationship (bonding or antibonding)
between X, and Xy in S, should change according to
the number and the relative configuration of the two-
center bonds included in the pericyclic system. For
example, when II, and V,_ are shown in the cis-bent
form, it can easily be predicted that the reaction
butadiene—cyclobutene is conrotatory, and that the
reaction hexatriene—cyclohexadiene is disrotatory (Fig.

2).
(TT) ()
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(a) Parallel approach.

(b) Orthogonal approach.

Fig. 1. Mutual cycloaddition of ethylenes.

The analysis of reaction based on this argument is
well demonstrated by the examples in Fig. 1. The
mutual cycloaddition of ethylene in parallel approach
gives the antibonding interaction between the terminals
in the final step, which indicates that the reaction is
forbidden. On the other hand, the bonding interac-
tion between the terminals can be obtained in orthog-
onal approach, which means that the reaction is
allowable. Other examples of allowed reactions are
given in Fig. 2.

When the reaction system contains an odd number
of AO’s as in the case of carbanion or carbonium ion,
the following treatment is reasonable.

System Involving an Occupied Nonbonding MO, In
the following reaction,
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(e} Cope rearrangement (with chair-type transition state).

Fig. 2. Examples of allowed reaction.

CH,-CH=CH-CH=CH, — CH,-CH-CH-CH-CH,

VI VII
Xo & & I P (/"
oy* oo &o'* do*
- CH,=CH-CH-CH-CH, 3)
VIII
o’ &' A
o' 9'*

the orbital-array representations of each step are
given as follows (Scheme 3):

POOED _,.0RNOED _. TGO 6
AN OD 0D A adDd
Vi, VII, VIII,
Scheme 3.
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Since the two ethylenic n-systems and one negative
center in VI are regarded as being independent of
each other, the phase of AO’s between these three
systems can be taken arbitrarily. Similarly to Egs.
1 and 2, reaction VI-VII is initiated through the
interaction between x, and ¢,*, two new two-center
bonds and an occupied nonbonding center at another
terminal being obtained in VIII.

In general, by sequential nucleophilic process,
from a noncyclic system (S.) consisting of an occupied
nonbonding MO(x,, the lone-pair center) at the
beginning terminal and n-two-center MO’s(n=
1,2,3------),1%) a new system (S.,) can be obtained
which is composed of new n-two-center MO’s and a
new lone-pair center (X,,) at the end terminal.

Sequential Nucleophilic Process

When this system forms a pericyclic system, the unoc-
cupied orbital ¢y'*(=2x,—x,) is to be situated in the
position adjacent to the occupied orbital 2%,,. So
long as the reaction proceeds concertedly, the phase
of X5, is determined by that of x,. Thus, if the positive
overlapping between X,, and x, in ¢,'* is possible,
X2, can interact with ¢y'* in a bonding manner; in
this case, this pericyclic reaction is allowable.

Alternatively, this type of reaction can be treated
in the same way as that of systems with an even number
of AO’s by regarding X, as a two-center MO with a
ghost unoccupied AO. (Gf. Participation of Lone-pair
Orbital).

System Involving an Unoccupied Nonbonding MO. In
the following reaction,

+ +
CH,-CH-CH-CH-CH, — CH,-CH-CH-CH=CH,

IX X
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+ + -
— CH,-CH-CH=CH-CH “)
XI
N ¥
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the orbital-array representations of each step can be
given as follows (Scheme 4):
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Scheme 4.

As in the case of I, III, and VI, the phase of AO’s
between three systems (two ethylenic z-systems and
one nonbonding center) in IX can be taken arbitrarily.
The phase of the unoccupied nonbonding MO is
adjusted to that of ¢, so that the bonding interaction
may arise between them in the process IX —>X_;
the treatment corresponds to that of each elementary
step in Scheme 1—3. The first nucleophilic process
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(IX—X) is not of substitution, and the second process
(X—XI) is equivalent to I-»II in Eq. 1.

For this type of reaction system, the following general,
schematic expression can be given:®)

Seq. Nuc. Process
Sa S.’ S.
do Gy P O1 Py P &) Py Ao
Dok A2 D™ hn* Lo Pr* Po*ooobn® Ao X1 P F P nr*

In the concerted process, the phase of %,, is determined
by that of x4(or 2,) in ¢y of Sa(Po=1x¢+%;1). There-
fore, when the positive overlapping between x, and
X2s in S, 1is possible, the pericyclic reaction is
allowable.'?)

Cheletropic Reactions. Cheletropic reactions are
a specific type of pericyclic reaction. As an example,
the addition reaction of singlet carbene to ethylene
is discussed. The carbene species has two localized
MO’s; one is occupied sp? (¢ orbital) and the other unoc-
cupied p(p orbital).’® In order to avoid introducing
a qualified nucleophilic and electrophilic center into
the reaction process, these two orbitals are dealt with
as their combination in terms of LCMO. Thus, the
new bonding and antibonding MO are given as fol-
lows:

B9-Be De-He D

o+p —(o+p)
Bonding MO

o—p —(0-p)
Antibonding MO

The bonding MO should be occupied, having its
maximum extension in the direction of B; the antibond-
ing MO should be unoccupied, having its maximum
extension in the direction of A. Consequently, carbene
species should direct side B toward the ethylene =
system in its pseudo-nucleophilic(PN) approach to
ethylene (vide infra), and side A toward the m system
in its pseudo-electrophilic(PE) approach according to
the HOMO-LUMO maximum overlapping princi-
ple!® In view of the fact that the extensions B-B’
and A-A’ can be considered alternatively to be the
¢ and the p MO of carbene, respectively, the merit
of = approach of carbene in addition to olefin2® can
be interpreted easily.

QO (%1
1@@_,%_»
() 0 00
S R

(a) PE approach of carbene.

A

VOC=S —— —

% q"“\
(b) PN approach of carbene.

Fig. 3. Addition of carbene to ethylene,
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Thus, the addition of singlet carbene to ethylene
can be illustrated as in Fig. 3, in which the MO’
of carbene can be treated in the same manner as that
of olefinic # MO.2) The process through PE approach
of carbene to ethylene is allowed, while the reaction
through PN approach is impossible because of steric
reasons though the process is formally allowed. By
this MO representation, it can be easily understood
that carbene functions in an antarafacial manner in
PE approach, namely in non-linear cheletropic reac-
tion, and that it acts in a suprafacial fashion in PN
approach, namely in linear cheletropic reaction.

Interpretation of Secondary Effects. The secondary
conformational effects in concerted cyclo-addition or
sigmatropic reactions have been interpreted in terms
of the HOMO-LUMO?) or the NHOMO-NLUMO
interaction.?> The present approach can also provide
an analogous interpretation for the effects. As an
example, the endo selectivity in the Diels-Alder reac-
tion of two butadiene molecules is explained in the
following way (Fig. 4). The reaction is represented
by the process: from Cg to C;, from C, to C,, and
from C, to C;(Ce—Cy; Cy—Cy; C,—C;, Route I).
An alternative process, however, can proceed via
[Co—Cy5 Cg—C,, (Route II)] to afford a four-mem-
bered cyclic transition species. In this transition
species, C, and C; are still interactive, so that it changes
to the Diels-Alder adduct via [C;—~Cy; Cg—Cy; GGy,

Fig. 4. Diels-Alder reaction of two butadiene mole-
cules

Fig. 5. MO representation of the endo approach of
[4+6] cycloaddition between butadiene and hexa-
triene,
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(Route III)]. That is to say, the MO bonding inter-
action, C,—C, and Cg—C,;, may decrease the
energy of the endo transition state, and promote the
formation of cyclohexene ring. In contrast, in a
[4+4-6] cyclo-addition (Fig. 5), an allowed process,
Cy—C5; Cp>Gy; GG, CG—Cy; Cyp—Cy, can be
followed to give the [4+6] cyclo-adduct. However,
an alternative process via C;—Cg; Cy—C, is possible
to give easily a six-membered cyclic transition species,
in which the orbitals of C, and C,y, and of C4 and C,
become antibonding with each other, respectively.
Consequently, the endo approach of the reactants
may prevent the [446] cycloaddition. The pre-
ference of chair type transition state in the Cope rear-
rangement can be interpreted also in the same way.

Participation of Lone-pair Orbital to Pericyclic Systems.
In nucleophilic non-cyclic concerted reactions with
amines, the lone-pair orbital (n orbital) of nitrogen
should function as the HOMO. When a hetero-atom
such as nitrogen, oxygen, or halogen is contained in
a pericyclic reaction system, its n orbital can also
participate, at least formally, as a HOMO in the MO
interaction.?223)

Isomerization of isoxazoline to C-acylaziridine?®
can be analyzed as an allowed [1,3] sigmatropic reac-
tion with inversion at nitrogen. For this reaction,
an alternative allowable process can be represented
with participation of the nitrogen n orbital (Fig. 6),
in which the configuration of nitrogen of the product
is identical with that of the former process. By steric
requirement, the latter process might be favorable. In
this type of process, an n orbital should be regenerated
with retention of orbital phase at the heterc-atom for
allowed reactions (Fig. 6). By taking up the participa-
tion of 3p-n orbital of chlorine, a cyclic concerted
scheme can be illustrated formally for Syi reaction of
alkyl chlorosulfite.

Fig. 6.

Isomerization of isoxazoline to acylaziridine
with participation of nitrogen lone-pair orbital.

Discussion

Pericyclic reactions in ground states can be followed
by the present procedure (Fig. 2). The acutal reac-
tions proceed neither stepwise nor via the so-called
nucleophilic substitution scheme. However, according
to Fukui, “a stepwise recognition of concerted reactions
may be more reasonable than an attempt to understand
each concerted multi-center reaction as a simultaneous
change.”® The feasiblity of stepwise recognition of
concerted multi-center reactions might be related to
the fact that delocalized MO’s can be derived from
localized MO’s in terms of LCMO.?) If a multi-
center cyclic reaction proceeds concertedly, each
consituent elementary step should be a concerted
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process(vice versa).

The orbital arrays of II,, V,, VIII, and XI, are
the same as those of the HOMO-LUMO interaction
method(Scheme 1—4):

II, Vo
CVECHORS CEONONCNOKC
D QLD © 0 OO 60 C

HOMO LUMO HOMO LUMO

@0 O @
CNCNCNCHS)
—

HOMO2® LUMO

XTI,

CEONONON®
CACESNCNC

——

HOMO?? LUMO

+

So far as the orbital phase alteration is concerned, the
process through nucleophilic substitution scheme re-
presents the delocalized LUMO: for example, in
systems with an even number of AQO’s, the first nucleo-
philic process induces the localized HOMO to the
localized LUMO, and the next and further processes
will give the delocalized LUMO through the procedure
corresponding to the LCMO method. This rela-
tionship can afford a theoretical ground to the present
method.

Transformation between canonical forms of a con-
jugate system in classical molecular formula is to be
taken as an intramolecular nucleophilic process. In
Hiickel systems, the two Kekulé formulas of [4N-4-2]
annulene can be converted into each other by the
present procedure, but not those of [4N] annulene;
on the other hand, the principle should be the reverse
in Mobius systems. This situation can give an alterna-
tive indirect reasoning for the present method in view
of the aromaticity of transition state of pericyclic
reactions in the Hiickel-Mobius concept.34)

Although the present method is somewhat round-
about, it can in a unified manner be applied also to
the systems with low symmetry and to those in which
the delocalized HOMO and LUMO can not easily
be represented. This method is inapplicable to the
systems with delocalized or three- or multi-center
bonds. Since reaction systems are represented with
localized MO’s, the exact nature of molecules, especial-
ly of conjugate systems, can not be expressed. & and
¢ bonds are not differentiated from each other, and
the analysis of reaction is carried out merely qualitative-
ly. This method can not estimate the facility of
reaction, but only whether a reaction can proceed
concertedly or not.

For reactions in excited states, the present procedure
does not afford any prediction, since it is based es-
sentially on nucleophilic substitution process. For-
mally, however, a modification in which the antibond-
ing representation is adopted for the initial nucleophilic
center instead of the bonding one can give selection
rules for reactions in excited states. This procedure
corresponds to the SOMO-LUMO interaction scheme,?
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but has no theoretical grounds within the scope of
the present consideration based on nucleophilic proces-
ses.
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