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Abstract. Cheletropic additions forming cyclopropane
rings were studied theoretically. Ten addition paths were
traced by means of density-functional-theory calcula-
tions. Two 1,4-dienes, 1,4-pentadiene, and tricy-
clo[5.3.1.0*"lundeca-2,5-diene ~ were  adopted  as
substrates. CO, SO,, C,HsPCl,, CCl, and SiCl, were
employed as cheletropic reagents (Xs). An orbital cor-
relation diagram of the Woodward—Hoffmann (W-H)
rule and frontier molecular orbital (FMO) interactions
between them were investigated in detail. The FMO
interactions, HOMO (1,4-diene) — lumo (X) and homo
(X) —» LUMO (diene), work reasonably for the progress
of the reactions. Those cause the formation of two C—X
bonds and a cyclopropane ring, and alternation of
double bonds to single bonds. All the additions are
concerted. The easiness of the ring formation depends
upon the energy gap between HOMO and lumo and that
between homo and LUMO, and the spatial directions of
HOMO and LUMO extensions. Symmetry conservation
of the W—H rule does not hold necessarily for those
addition paths. The symmetry-breaking was discussed in
terms of FMO interactions.

Keywords: Cheletropic additions — Frontier molecular
orbital — Woodward—Hoffmann rule — Cyclopropane
ring — Rehybridization

1 Introduction
The present work deals with the cyclopropane-ring for-

mation by cheletropic reactions. The possibility of the
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ring formation is investigated theoretically. Cheletropic
reactions were defined for the first time by Woodward
and Hoffmann (W-H) [1]. In those reactions, two o
bonds are formed or broken at a single atom. A repre-
sentative addition reaction is cyclopropanation between
olefins and carbenes, Eq. (1).

e))

A typical elimination reaction is the decarbonylation
affording a conjugated system in Eq. (2) [2].
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Cheletropic additions compete with Diels Alder reac-
tions between dienes and SO, in Eq. (3) [3
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A dissociative cheletropic reaction involving the
cyclopropane-ring opening is shown in Eq. (4) [4]
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While there are experimental and theoretical data of
those cheletropic reactions, the mechanism of the reac-
tions in Eq. (5) has not been investigated so far.

+ X —— <iI::>X (5)
—

4

Although such cyclopropane-ring openings as in Eq. (4)
are likely to occur, the reverse ring formation in Eq. (5)
would usually be difficult owing to the ring strain.
The novel cheletropic reaction in Eq. (6) was shown
to proceed readily [5].
+H,0

Et Et
/
+ EtPCl,— PCl, PO (6)
-2HC1
5 6

The reactant, tricyclo[5.3.1.0*Jundeca-2,5-diene (5),
has the structure of the parent homodiene, penta-1,4-
diene (4), supported by three axial C-C bonds to a
cyclohexyl ring. The reaction takes place in a mild
conditions (no solvent, room temperature, 1 day, 70%
yield) and is regarded as a new class of the cheletropic
reaction [5].

It is tempting to examine whether the new class of the
cheletropic reaction is general or not. The driving force
of the cyclopropane-ring closure needs to be elucidated
in terms of orbital interactions. In this work, we focused
our attention on paths of the cheletropic additions, and
Eq. (5) was investigated theoretically by the use of the
two 1,4-dienes and the five reagents in Scheme 1. The
diene 5 is thought to be suitable for the present reac-
tions, because the two double bonds are fixed to be cis.

In this work, an orbital correlation diagram of the
W-H rule was depicted and indicated that the addition is
symmetry-allowed. At the same time, frontier molecular
orbital (FMO) [6] interactions between 4 and SO, were
examined. In order to assess predictions of the W—H rule
and FMO theory, ten addition paths were determined by
the density-functional-theory method. Although the W—
H rule predicts the C-symmetry conserving paths, some
combinations in Scheme 1 gave symmetry-breaking
ones. The FMO theory was found to be comprehensive
for symmetry-conserving and symmetry-breaking paths
with clear orbital pictures.

1l,4-diene cheletropic reagent X

- co
—
so,
4
H,C,PCl,
ccl,
5 sicl,

Scheme 1 Combination of five 1,4-dienes and three cheletropic
reagents (Xs).

2 W-H rule and FMO predictions of cheletropic
additions involving cyclopropanation

The reaction path of Eq. (5) is predicted in terms of the
W-H rule [1] and FMO theory [6] in this section. As an
example, a pair of 4 and SO, was taken up. Figure 1
exhibits occupied and vacant orbitals which are com-
ponents of an orbital correlation diagram. The W-H
rule states that the C,-symmetry conserving cheletropic
addition path is symmetry-allowed when the symmetry
assignment to the occupied orbitals is the same. In both
reactants and adduct, it is (A, S, S) and accordingly the
Cy-symmetry path is allowed. Figure 1 shows a predic-
tion of the W—H rule. Next, an FMO prediction is ex-
plained. The FMOs of 4, HOMO and LUMO, are
shown in Fig. 2 and their nodal properties and spatial
extensions are the same as those of cis-1,3-butadiene (1).
HOMO is antisymmetric and LUMO is symmetric with
respect to the C; mirror plane (m). The FMOs of SO,,
homo and lumo, are also shown in Fig. 2. The homo is
symmetric and the lumo is antisymmetric as to the plane
m. Now, the HOMO — lumo and homo — LUMO
charge transfers (CT, and back CT) are in phase (sym-
metry-favorable). Concerted formation of two S-C
bonds was expected.

The two CT interactions also work for the bond
interchanges in the diene fragments. HOMO of 4 has
bonding property on two olefinic bond (7 bond) regions
(C1-C2 and C4-C5), and antibonding property on the
C2—C4 region. The electron-density loss from HOMO
by the (HOMO — lumo) CT contributes to the cleavage
of the C1-C2 and C4-C5 = bonds and the weakening of
the antibonding character on the C2—-C4 region. LUMO
of 4 has antibonding property on two olefinic bond re-
gions (C1-C2 and C4-C5) and bonding property on the
C2-C4 region. The -electron-density acceptance in
LUMO via the (homo — LUMO) back CT contributes
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Vacant MOs

Occupied MOs

Fig. 1. An orbital correlation

diagram of the Woodward-
Hoffmann (W-H) rule along
the Cg-symmetry conserving

cheletropic addition. The

reactants are 1,4-pentadiene (4)

and SO,. Interrupted lines show
H the C,-symmetry mirror plane
(m). S and A attached to all
molecular orbitals (MOs)

to the cleavage of two (C1-C2 and C4-C5) = bonds and
the formation of the C2-C4 bond, cyclopropane-ring
formation. The CT and back CT operate reasonably to
cause the reaction in Eq. (5). Both the CT and the back
CT contribute to the formation of two S—C bonds
(O,S+C1 and O,S--C5) and the cleavage of two olefinic
bonds (C1=C2 and C4=C5), that is, change of double
bonds to single bonds. The C2-C4 cyclopropane-ring
formation is brought about both by the weakening of
the antibonding nature of HOMO via the
(HOMO — lumo) CT and by the appearance of the
bonding nature of LUMO via the (homo — LUMO)

denote symmetric and

-c H antisymmetric orbitals,
respectively, with respect to the
mirror plane.

back CT. Thus, the concerted and Cy-symmetry con-
serving mechanism of cheletropic additions forming cy-
clopropanes may be predicted by the FMO theory.

According to the normal electron demand for Diels—
Alder (DA) reactions [7], CT works more than back CT
to promote the reaction. There is a significant difference
of CTs between the present and DA reactions
(Scheme 2).

In the DA reaction, two C—C covalent bonds may be
formed readily, because 2pr orbitals are aligned through
the sp> — sp° rehybridization. The C, symmetry may be
conserved to complete the two C—C ¢ bonds. On the
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Fig. 2. Frontier MO (FMO) interactions between 4 and SO,.
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other hand, the 2pn(C)-3pn(S) alignment is infeasible as
far as the C; symmetry is imposed on the reaction path.
The C,-symmetry constraint precludes the sp? — sp°
rehybridization on the center of the reagent X, because
the pm orbital (antisymmetric) cannot mix with the s
orbital (symmetric). If a large antisymmetric orbital
overlap cannot be obtained in CT, the C,-symmetry
constraint should be relaxed. Once the relaxation is
introduced, the pn—s mixing and the subsequent rehy-
bridization are feasible to stabilize the reacting system.
In this case, the W—H rule is violated, and CT and back
CT operate in different regions (Fig. 3). It is necessary to
examine numerically whether symmetry (in Fig. 2) or
asymmetry (in Fig. 3) reaction paths are likely. The
geometric conditions are taken into account by the
parent and flexibly distortable diene (4) and the fixed-
geometry diene (5). The size of the cheletropic reagents
(Xs) might affect the symmetry or asymmetry.

3 Method of calculation

For the ten addition paths given by the combination of
1,4-dienes and Xs in Scheme 1, geometries of reactants
(1,4-diene and X), addition transition states (TSs) and
adducts were fully optimized using the B3LYP/6-31G*

CsD OO
This alignment for ¢
bond formation is
infeasible

Scheme 2. Charge transfer (C7T) interactions to
form C—C and C-S covalent bonds.

Fig. 3. FMO interactions in the donor—acceptor
relationship without the C, symmetry.



method [8]. Subsequent vibrational analyses were car-
ried out to check whether the TS geometries obtained
are correct at the saddle points. Reaction paths were
traced by means of the intrinsic reaction coordinate
(IRC) [9] to check whether the reactions are concerted
or stepwise.

The dependence of computational methods on the
TSs of the additions of cheletropic reagents, X (X is CO,
SO, and EtPCl,), to 1,4-pentadiene (4) was examined.
The TS structures were calculated by the restricted
Hartree-Fock (RHF) method with the 6-31G* basis set
(RHF/6-31G*), and by density-functional methods,
B3LYP/6-31G*, B3LYP/6-311+G(2d,p), B3LYP/cc-
pVTZ [10], BLYP/6-31G*, BLYP/6-311 + G(2d,p), and
BLPY /cc-pVTZ.

Configuration (quantitative fragment MO) analyses
(CA) [11] were carried out at the TSs to evaluate
numerically the orbital interactions. The MOs for CA
were calculated using the RHF/STO-3G method on the
optimized geometries using the B3LYP/6-31G* method.

All the calculations were performed using the
GAUSSIAN 98 program package [12] installed on the
Compaq ES40 computers of the Information Center of
Nara University of Education and of the Computer
Center of Nara University.

4 Calculated results and discussion
Figure 4 shows TS geometries of two cheletropic
additions, 4+ CO and 5+ CO. They were found to have

concerted characters, cheletropic formation of two
covalent bonds, alternations of C1=C2 and C4=C5

side view
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double bonds to single bonds and C2-C4 bond for-
mation (cyclopropanation). The TS structure of
(4+CO) is similar to that of (5+CO). Clearly, the
diene 4 is reactive, because it is free from the ring strain
in the reactant and can accommodate the cheletropic
addition. In this respect, it is noteworthy that the tri-
cyclic diene 5 gives TS structures similar to those of 4.
The cyclohexyl ring supporting the diene moiety does
not hinder the addition but makes the C2-C4 distance
short (2.514 A in 4 versus 2.382 A in 5) for the ready
cyclopropanation. In Figs. 1 and 2, the Cgsymmetry
conserving path was predicted. The symmetry is cer-
tainly conserved in Fig. 4.

Figure 5 shows two TS geometries for 4+ SO, and
5+S0,. While the former TS has C; symmetry, the
latter does not (small violation of the W—H rule). While
the linear diene 4 can make two S—C bonds (S—-C1 and
S—C5) flexibly, the fixed diene 5 cannot. A slight donor—
acceptor role is involved in the latter TS. Figure 6 shows
two TS geometries for 4+ C,H;sPCl, and 5+ C,HsPCl..
The same trend is seen in Figs. 5 and 6; the W—H rule
holds or almost holds for the cheletropic additions.

In Figs. 7 and 8, the cheletropic reagents are diva-
lent and more electrophilic than CO, SO, and EtPCl,.
The donor—acceptor relation is strengthened, and the
TS geometries are very asymmetric (large violation of
the W—H rule) according to the CT and back CT
interactions in Fig. 3. The in-phase CT and back CT
interactions in Fig. 2 may be applicable only to reacting
systems having those interactions of similar magni-
tudes.

On the left side of Fig. 9, reaction-coordinate vectors
of (1,4-dienes+ EtPCl,) are exhibited. Concerted

front view

Fig. 4. Two transition-state
(TS) geometries of cheletropic
additions forming inside
cyclopropane rings (Eq. 5). The
cheletropic reagent X is carbon
monoxide. Empty circles denote
hydrogen atoms. Distances are
in angstroms. Relative energies
and sole imaginary frequencies
are shown in Table 1.
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Fig. 5. Two TS geometries
where X is sulfur dioxide.

TS
X=EtPCl,

Fig. 6. Two TS geometries
where X is

Tricyclo[5.3.1.0*’Jundeca-2,5-diene(5) + C,HsPCl, dichloroethylphosphine.

motions are clearly shown. On the right side of Fig. 9, the reaction-coordinate vectors of TSs. The vectors of v,
low-frequency symmetric vibrational modes of two 1,4- of 4 and v, of 5 are fit both for the cheletropic addition
dienes are sketched. These modes correspond to those of and for the cyclopropane-ring closure. The P---C
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Fig. 7. Two TS geometries with
X is dichlorocarbene.

. . . ) Fig. 8. Two TS geometries with
Tricyclo[5.3.1.0*’Jundeca-2,5-diene(5) + SiCl, Xgis dichlorosila%le.

approaching vector component deviates somewhat from Table 1 shows activation energies of the ten reactions
the C; mirror plane, which indicates the slight donor— and sole imaginary frequencies. X =CCl, and X =SiCl,
acceptor interaction of Fig. 3. react with the two dienes with small activation energies,
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(@ 4

vy =229.9 cm™!

(b) 5 + EtPCl,

Fig. 9. Left, reaction-coordinate vectors at TSs corresponding to
the sole imaginary frequency, v*, for two reactions, (a) 4+ EtPCl,
and (b) 5+ EtPCl,. Right, low-frequency vibrational modes of
dienes, (a) 4 and (b) 5.

Table 1. Relative energies (AEs) of transition states (7'Ss) calcu-
lated using B3LYP/6-31G* and sole imaginary frequencies v

1,4-Diene Reagent X AE (kJ mol™ ) ¥ (em™)
1,4-Pentadiene(4) Cco 112.93 (117.07) 486.1i
SO, 85.98 (95.14) 394.0
EtPCl, 104.68 (113.85) 371.4i
CCl, 21.00 (22.47) 267.0i
SiCl, 5.15 (25.69) 187.4i
Tricyclo[5.3.1.0%7] CcO 95.06 (100.08) 462.0i
undeca-2,5-diene(5) SO, 71.25 (86.40) 390.9i
EtPCl, 93.47 (100.21) 349.5i
CCl, 4.90 (8.79) 136.6i
SiCl, -2.97 (16.02) 187.4i

“There is a reactant like complex (aprecursor), 4---X or 5---X,
andthe values in parentheses are differences of the total energies
between precursors and TSs. Those without parentheses are
differences between reactants and TSs

and X'=CO and X = EtPCl, do so with similar and large
activation energies. The cyclohexyl ring attached to the
lower side of the 1,4-pentadiene moiety enhances the
reactivity of 5.

Table 2 exhibits TS geometries, activation energies
and imaginary frequencies of the (4+ X) reactions cal-
culated by various methods. Generally, geometries are
rather insensitive to the methods. RHF/6-31G* activa-
tion energies are unreasonably large. The difference

Table 2. Dependence of computational methods on various values of TSs in additions between 1,4-pentadiene and cheletropic reagents (X is

CO, SO, and EtPCl,). Distances and angles we defined in the following figure:

. E, is the activation

+ . . . . . . . C
energy. v* is the sole imaginary frequency which verifies that the geometry obtained is correctly located at TS

(2-1)1,4-pentadiene + CO

a(=b) (A) c(=d) (A)
RHF/6-31G* 1.968 1.385
B3LYP/6-31G* 2.024 1.387
B3LYP/6-311+ G (2d.,p) 2.001 1.384
B3LYP/cc-pVTZ 1.999 1.384
BLYP/6-31G* 2.039 1.398
BLYP/6-311+ G(2d,p) 2.009 1.396
BLYP/cc-pVTZ 2.005 1.395
(2-2)1,4-pentadiene + SO, . .

a(=b) (A) c(=d)(A)
RHF/6-31G* 2.261 1.382
B3LYP/6-31G* 2.266 1.395
B3LYP/6-311+ G(2d,p) 2.248 1.393
B3LYP/cc-pVTZ 2.250 1.392
BLYP/6-31G* 2.233 1.417
BLYP/6-311+ G(2d,p) 2.216 1.415
BLYP/cc-pVTZ 2.218 1.414
(2-3)1,4-pentadiene + EtPCl, 3 3

a(=b) (A) c(=d) (A)

RHF/6-31G*
B3LYP/6-31G*
B3LYP/6-311+G(2d,p)
B3LYP/cc-pVTZ
BLYP/6-31G*
BLYP/6-311+ G(2d,p)
BLYP/cc-pVTZ

2.263 (2.265)
2.259 (2.262)
2.243 (2.246)
2.243 (2.246)
2.234 (2.235)
2.223 (2.225)
2.218 (2.219)

1.389 (1.389)
1.397 (1.397)
1.393 (1.392)
1.393 (1.392)
1.415 (1.415)
1.409 (1.409)
1.411 (1.410)

e (A) 0(°) E, (k] mol™") v em™)
2.040 86.5 263.6 854.5
2.152 91.7 113.0 486.2i
2.134 91.1 137.2 505.7i
2.125 90.7 137.7 507.5i
2.197 93.3 93.3 410.4i
2.176 92.4 120.1 432.5i
2.165 92.0 120.5 433.5i
e (A) 0(°) E, (kJ] mol™) v (em™)
2.010 85.1 1933 682.6i"
2.035 85.9 86.2 394.0i
2.013 85.0 103.3 404.5i
2.007 84.8 103.3 407.8i
2.001 83.5 84.2 347.8i
1.970 82.8 102.1 361.4i
1.963 81.9 102.1 365.6i
e (A) 0(°) E, (k] mol™) v (em™)
1.972 83.3 232.6 670.2i
2.045 86.5 104.6 371.4
2.037 86.3 121.8 375.3i
2.023 85.6 126.8 384.5i
2.049 85.9 96.7 306.9i
2.038 85.6 117.6 313.8i
2.017 84.6 122.2 325.0i

aAnother imaginary frequency, 10.9/ cm™, is obtained with Cg symmetry



between those of other methods are 19-33 kJ/mol and
are somewhat dependent on the methods. Overall, the
B3LYP/6-31G* method used in Figs. 4, 5, 6, 7 and 8 and
in Table 1 would be of tolerable accuracy.

Computational results are summarized. 1,4-Dienes
(4 and 5) react with cheletropic reagents (CO, SO,
EtPCl,, CCl, and SiCl,) concertedly affording cyclo-
propane moieties according to IRC calculations. As a
whole, reactant 4 gives C,-symmetry or nearly Cy-sym-
metry reaction paths, while reactant 5 gives C;-symme-
try ones. The larger the donor—acceptor interaction
becomes, the larger the deviation is.

5 Results of configuration analyses and discussions

In Figs. 2 and 3, orbital-interaction schemes are pre-
sented. The reactivities of two dienes (4 and 5) are
compared. The cyclohexyl group supporting the 1,4-
pentadiene moiety makes 5 more electron-donating. The
HOMO level (-0.263 au by RHF/STO-3G) of 5§ is much
higher than that (—0.307 au) of its parent 1,4-diene, 4.
The LUMO level (0.292 au) of 5 is also lower than that
(0.304 au) of 4. These energy-level differences are caused
by the cyclohexyl group. The HOMO of 1,4-diene is
composed of two olefinic = bonds (rzl and =2 in
Scheme 3). The energy level of the HOMO depends
upon the interaction between nl and #n2. The cyclohexyl
group makes the two olefinic bonds come closer to each
other. Then, the n1-n2 interaction in 5 becomes large as
a first approximation. Consequently, the HOMO level of
5 is higher than that of 4. A similar discussion holds for
the LUMO levels (Scheme 3).

(LU+1)MO (LU+DMO
————
n* 1 1['2 n*l n'z
LUMO
LUMO
HOMO

HOMO

™ wo-nmo ™ T z o

(HO-1)MO

R'C?A%nz " 5

L

far
4 5

Scheme 3. The first mixing of two olefinic 7 (or 7*) orbitals.

near
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In order to examine orbital interactions quantita-
tively, CA [11] was carried out and the results are shown
in Table 3. Absolute values of the coefficients of the
main electron configurations are displayed. The coeffi-
cient Cy shows the extent of reactant (4+ X) electron
configurations (the zeroth order). Except for Cy, the
(HOMO — lumo) CT interaction contributes most to
the reaction progress. This result is consistent both with
the prediction in Figs. 2 and 3 and with the normal
electron demand [7]. The (homo — LUMO) back CT
follows generally CT. The prediction made in Figs. 2
and 3 has been confirmed. The extent of the difference
between (HOMO — lumo) and (homo — LUMO) may
be related to that of the asymmetry of the TS structures.
These of (4+ CO), (4+S0O,) and (4+ EtPCl,) are sym-
metric or nearly symmetric according to the in-phase
FMO interaction in Fig. 2. Those of (4+ CCl,) and
(4+SiCl,) are asymmetric according to the donor—
acceptor FMO interaction in Fig. 3. The coefficient
values in Table 3 show (HOMO — -
lumo)=z(homo — LUMO) for the in-phase FMO and
(HOMO — lumo) > (homo — LUMO) for the donor—
acceptor FMO. For 4+ CCl,, CA values at the C,-
symmetry constrained TS (not a real TS) geometry were
obtained and are shown in parentheses. As expected, the
donor—acceptor relation is weakened by the constraint.

The unexpectedly large contribution of the polariza-
tion (one-electron excitation electron configuration),
(HO-1)MO — LUMO in 4+CO and 4+EtPCl,, is
noteworthy. Both MOs are symmetric with respect to
the mirror plane (m in Fig. 1 and the interrupted lines in
Fig. 2), and the excitation works effectively to elongate
C1-C2 and C4-CS5 bonds in response to the antibonding
character of LUMO. More importantly, the mixing-in of
(HO-1)MO to LUMO enlarges the lobes for the cy-
clopropanation (the lobes of C2 and C4). When X ap-
proaches the 1,4-diene, homo (X) interacts with
(HO-1)MO and LUMO. The mixing of (HO-1)MO
and LUMO is the largest in “new homo” in Scheme 4.
In new homo, (HO-1)MO and LUMO intermix with
each other in the opposite sign through the overlap with
homo. This orbital mixing enlarges the lobes of the
carbon atoms (C2 and C4) for the cyclopropanation
(Scheme 4).

The large contribution of the polarization,
(HO-1)MO — LUMO, is also observed in the typical
DA reaction between butadiene and ethylene. The result
of the configuration analysis at the TS is Cy=0.747,
HOMO — lumo=0.278, homo — LUMO=0.272 and
(HO-1)MO — LUMO =0.085. The polarization caused
by the orbital mixing helps the intramolecular bond
formation generally.

6 Symmetry or asymmetry in cheletropic additions.

In Sect. 2, the addition path for 1,4-pentadiene (4) and
SO, was examined by the W—H rule and FMO theory.
The W-H rule predicted that the path should conserve
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new homo = homo - (HO-1)MO + LUMO

Polarization

(HO-1)MO

Scheme 4. Three-orbital mixing, new homo=homo—-(HO-1)-
MO+ LUMO, to enlarge the lobes of C2 and C4.

the C; symmetry. The FMO theory predicted either the
C,symmetry path based on the in-phase FMO overlap
or the Cj-symmetry one on the donor—acceptor inter-
action. The computational results of TS geometries
(Figs. 4, 5, 6, 7, 8) have shown there are Cy- and C;-
symmetry paths. Both (4+ CO) and (5+CO) have C;
symmetry (Fig.4). A large back CT (homo —
LUMO=0.234 in Table 3) controls the symmetry irre-
spective of the reactant dienes (4 or 5). Orbitals (7;* and
n,¥) are used to promote CT (the right half of
Scheme 5).

The orthogonality is confirmed in the C,---CO---C,
angles, 97.4° and 92.3°, of the (4+CO) TS and the
(5+CO) TS (Fig. 4), respectively. Except for three
reactions, (4 + CO), (5+ CO) and (4 + SO»), the reactions
have C;-symmetry paths. The deviation from the C,-
symmetry plane is larger for X' = CCl, than for X = SiCl,.
The C—C bond formation requires severer bond direc-
tionality than the Si—C one, because the carbon atom is
harder than the silicon one [13]. The more inflexible
substrate 5 gives asymmetry compared with 4. Thus, the
present cheletropic additions generally take the C;-
symmetry paths and do not follow the W—H rule. They
are critical between the in-phase FMO overlap (with C;
symmetry, Fig. 2) and the donor—acceptor interaction
(without C; symmetry, Fig. 3). The donor—acceptor
interaction is enhanced, when the (lumo-HOMO) en-
ergy gap is smaller than the (LUMO-homo) one. In
Fig. 10, correlations between the energy-gap ratio, ra-

Table 3. Results of the configuration analyses on theTSs of the
cheletropic additions between 1,4-pentadiene and X (X is CO, SO,,
EtPCl,, CCl, and SiCl,). Cy is the coefficient for the adiabatic-
interaction configuration (without any electron transfer or excita-
tion). The coefficients (absolute value) of more than 0.1 are taken
up. HOMO, (HO-1)MO, LUMO, (LU+ 1)MO, homo and lumo
are shown at the reactant side in Fig. 1. The values in parentheses
are for the C;-symmetry contrained TS geometry

1,4-Pentadiene + CO

Co 0.625 Adiabatic

HOMO — lumo 0.254 Charge transfer
homo — LUMO 0.234 Backcharge transfer
(HO-1)MO —» LUMO 0.129 Polarization

1,4-Pentadiene + SO,

Co 0.687 Adiabatic

HOMO — lumo 0.298 Charge transfer
homo — LUMO 0.240 Back charge transfer
(HO-1)MO — LUMO 0.102 Polarization

1,4-Pentadiene + EtPCl,

Co 0.603 Adiabatic

HOMO — lumo 0.272 Charge transfer
homo — LUMO 0.230 Back charge transfer
HOMO — (LU +1)MO 0.104 Polarization
(HO-1)MO — LUMO 0.104 Polarization

1,4-Pentadiene + CCl,

Co 0.759 (0.881)
HOMO — lumo 0.302 (0.254)
(HO-1)MO — lumo 0.146 (0.040)
homo — LUMO 0.105 (0.118)

Adiabatic

Charge transfer
Charge transfer
Back charge transfer

homo — lumo 0.125 (0.0) Polarization
1,4-Pentadiene + SiCl,
Co 0.678 Adiabatic

HOMO — lumo 0.264 Charge transfer
homo — LUMO 0.183 Back charge transfer
(HO-1)MO — lumo 0.130 Charge transfer

Scheme 5. Frontier molecular orbital interactions to support the
C,-symmetry addition path.

tio(E), and the extent of asymmetry of TS geometries,
ratio(/), are shown. As ratio(£) becomes large, ratio(/)
deviates from 1.000. The critical value, ratio(E)=1.4,
may be defined arbitrarily. Thus, ratio(E) is a criterion
to distinguish symmetric TS geometries from asymmet-
ric ones.

A similar contrast was reported in cheletropic reac-
tions between butadiene (1) and SO, uncatalyzed or
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Fig. 10. Correlations between the donor—acceptor strength and the
asymmetry of the obtained TS geometries. For the abscissa,
ratio(E) means the ratio of the gaps of the frontier orbital energies,
(LUMO-homo)/(lumo-HOMO). HOMO and LUMO belong to
the diene (4 and 5) and homo and lumo to the reagent X as shown
in Fig. 2. The larger value of ratio(E) corresponds to the stronger
donor—acceptor relation. For the ordinate, ratio(/) means the ratio
of two X---C distances (X---Cl and X---C5) in the TS geometries
of Figs. 4, 5, 6, 7 and 8. Ratio(/) <1.00 corresponds to the more
asymmetric TS structure. Ratio(E)=1.40 (the vertical dotted line)
may be a borderline between symmetric [ratio(/)=1.000] and
asymmetric TS structures.

H\ 1.385 /H H\ 1.379 /H
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2327 2 97 S\ 1.997
i ;
o)
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H
C, symmetry, without BH, C, symmetry, with BH,

Scheme 6. Transition-state geometries of different point groups for
cheletropic additions between butadiene and SO, (without and with
a Lewis acid, BHj3) [14].

catalyzed by BH; (Scheme 6) [14]. The reason for the
contrast was not discussed in the literature [14].
According to the present classification, the BHj;-free
reaction obeys the in-phase FMO interaction of Fig. 2
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cl Cl\
\ GCL
3 431& . 2 224
—Z_E— - -
Reactants TS1 A zwitterionic
1+ CCly) intermediate

Scheme 7. A one-center (not cheletropic) addition between buta-
diene and dichlorocarbene.

and the BH3-containing one follows the donor—acceptor
one of Fig. 3. Our calculation on a model system,
butadiene and CCl,, was also made and the system takes
the C;-symmetry addition path. The large asymmetry
leads to not a concerted but to a stepwise path
(Scheme 7) as an extreme case. The stepwise path of
(1+CCl,) is in contrast with the concerted path of
4+ CCl, (Fig. 7). The conjugated diene 1 has rigid pla-
narity and cannot conform to simultancous formation
of two C-C (CL,C-Cl and Cl,C-C5) bonds via
sp? — sp> rehybridization.

In our previous work, combinations of strong donor
dienes and strong acceptor olefins were found to give
asymmetric cycloaddition paths [15]. When the donor
and/or the acceptor ability is weakened, normal C,-
symmetry paths were obtained. It is a matter of degree
whether the symmetric or the asymmetric path is taken.
Generally speaking, the DA reactions tend to take
symmetric paths, and the cheletropic ones take asym-
metric paths. A crucial difference between those reac-
tions is in the degree of flexibility for sp? — sp°
rehybridization between the dienophile (olefin) and the
cheletropic reagent X.

7 Concluding remarks

This work has dealt theoretically with ten cheletropic
additions forming inside cyclopropane rings. They are
all of concerted processes with synchronous or almost
synchronous formation of X—Cl, X—C5 and C2-C4
(cyclopropane-ring closure) bonds and alternation of
C1=C2 and C4=C5 double bonds to single ones. The
diene 5 is a suitable reactant to lower activation energies.

The most typical example of the FMO theory is the
DA reaction [6]. The theory describes well bond for-
mation and interchange. The present cheletropic addi-
tions forming a cyclopropane moiety would be as
representative as DA reactions for the theory. A ¢ (C2—
C4) bond is formed at a site distant from the reaction
center. Cyclopropane may be formed by the [homo—
(HO-1)MO + LUMO] three-orbital mixing in the
cheletropy additions.

Cheletropic additions between dienes and Xs do not
follow the W—H rule generally. Three-center interactions
to form two ¢ bonds simultaneously undergo steric
strains and are not in line with the C-X bond
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directionality. There is a borderline between the in-phase
FMO overlap (Fig. 2) and the donor—acceptor interac-
tion (Fig. 3). When the reagent X is a strong electro-
phile, the later interaction is favored and the reaction
takes the C-symmetry path.
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