Theor Chem Acc (2011) 130:981-990
DOI 10.1007/s00214-011-1039-0

REGULAR ARTICLE

Biradical processes in reactions between benzyne and tropone

Shinichi Yamabe - Tsutomu Minato *
Teruyuki Watanabe - Takahisa Machiguchi

Received: 16 August 2010/ Accepted: 3 September 2011 /Published online: 1 October 2011

© Springer-Verlag 2011

Abstract The title reactions were investigated experi-
mentally and theoretically. The benzyne—tropone pair has
been known to give a Diels—Alder [4+2] cycloadduct.
However, in the present experiment using two sources of
benzyne, many unexpected products were obtained. In
particular, a zwitterion with a C—Cl bond is strikingly a
major product, the structure of which was determined by
the X-ray analysis. The bond is formed by quenching the Cl
atom from the solvent CH,Cl,, which demonstrates that the
reactions proceed via radical processes. DFT calculations
revealed the elementary processes of the reactions. The
presence of the novel zwitterion in the solid state has been
interpreted in terms of the permanent dipole—dipole
attractions/interactions/stabilization.
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1 Introduction

Benzyne (1) is a reactive species [1-6] and is known to
work as a dienophile and to give [442] cycloadducts in
Eq. 1 [7] and Eq. 2 [8].

Ph (ID Ph
Ph Ph on CO Ph
| + O —_— —_—
Ph N gy, Ph
1 Ph Ph Ph
(1)
(0]
- 1) Hy, Pd
‘ n o@ - . Q
= 2) H, -H,0

1 furan

naphthalene

(2)

The species 1 reacts even with an aromatic compound,
anthracene, yielding triptycene in Eq. 3 [9].

O e — JLQ

1 h
anthracene triptycene

Thus, 1 has been thought to be a reactive dienophile of
Diels—Alder reactions in the normal electron demand [10].
However, the yield of the reaction of 1 with tropone (2) is
too low (ca. 40%) as a cycloadduct (6) in Eq. 4 [11].
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19h, 40°C

THF

[4+2] cycloadduct  (4)
-N, 6
40%

In addition, the reactions gave a [6+42] cycloadduct as
well as a [4+2] one in Eq. 5 [12].

4h, 50°C

1,2-dioxane

(0]
e
5 1
[4+2] cycloadduct
6

20%

in tropone) is necessary to obtain the effective overlapping
as Fig. 1 shows. However, the deformation cannot occur
easily because of the seven-membered ring strain. So, the
addition path of the benzyne to the tropone may be syn-
chronous but extremely asymmetric. On the other hand, the
rehybridization in the olefin and deformation in the buta-
diene are easy in a typical [4+2] cycloaddition between
ethylene and cis-butadiene. Consequently, the [4+2]
cycloaddition path is synchronous and symmetric. The
[442] cycloaddition path is known to be competitive with
the one-centered addition path giving a biradical interme-
diate, as demonstrated in the (ethylene + cis-butadiene)
system [19]. Then, the latter path would be more favorable
than the former concerted path for the (benzyne + tropone)
system.

[6+2] cycloadduct
5

<1%

The species 1 also undergoes a dimerization, i.e., a
[24+2] cycloadditon [13]. The “symmetry-forbidden”
[14] cycloadducts should arise from stepwise reactions.
While zwitterions were suggested in some experimental
and theoretical studies [15, 16], recently biradical inter-
mediates were thought to intervene in those symmetry-
forbidden reactions [17]. In our previous study [18], a
reaction between 1 and tropothione was examined. An
anomalous product distribution was explained in terms of
the presence of the biradical intermediate. However, the
intermediate was not captured experimentally, and its
existence is still veiled. Under the confusing status of the
benzyne reactivity, we attempted to investigate whether
the symmetry-allowed [4+2] reaction in Eq. 4 and sym-
metry-forbidden [6+2] one in Eq. 5 are concerned with
biradical processes.

A doubt on concerted [4+2] cycloadditions of 1 comes
from the fact that it does not involve the sp’> — sp°
rehybridization at the dienophile center. Generally, the
rehybridization is required to obtain the effective HOMO-
LUMO overlapping for the formation of the two C-C
bonds. In the [4+2] cycloaddition between benzyne and
tropone, the rehybridization in the acetylene of benzyne is
infeasible. The deformation (rotation of two olefinic bonds
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In this work, definite evidence of the biradical process
was found; a chlorine atom of the CH,Cl, solvent is
quenched by a reaction intermediate.

2 Experimental results
Benzyne (1) was generated in two ways in Eq. 6 [13, 20].
©:COOH iso-amylnitrate @[COO' A
NH; THF Ng*

anthranilic acid benzenediazonium-2-carboxylate

@[NHZ NaNO, ©[N‘N A
H,SO /
SO,Na a 8

O,

o]

2-aminobenzenesulfinate
fnobenzenesuilt 1,2,3-benzothiadiazole 1,1-dioxide

(6)

The reaction between 1 and 2 was performed in CH,Cl,
solvent. The products that were obtained are shown in
Fig. 2 and exhibit 1:1, 2:1 and 3:1 adducts. The result of
the product formation is independent of the benzyne pre-
cursor of Eq. 6.
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benzyne + tropone

inclination leftward

LUMO (NO rehybridization)

rotation rotation

HOMO

ethylene + cis-butadiene

LUMO

rehybridization

HOMO

rotation rotation

Fig. 1 The schematic presentations of the HOMO-LUMO interac-
tion between benzyne and tropone (upper) and that between ethylene
and cis-butadiene (lower). The arrows in the center figure of the
(benzyne-tropone) show the direction of the sp® hybridization

Although many products were obtained, they are derived
primary from the biradical intermediate (3), i.e., the one-
centered addition product in Eq. 7.

Cor-attack

In addition to the cycloaddition, the [442] (6) and [6+2]
(5) cycloadducts may be generated by ring closures from 3.
The detailed reaction paths will be explained in the next
section. A striking and main product is 15 ([33%]), which
has a zwitterion structure. The structure was determined
successfully by the X-ray diffraction analysis. The dimer
fragment in the accumulated layer of the crystal structure
is shown in Fig. 3. The dimer geometry is of point group i.

Since the zwitterion form of 15 is very peculiar, an IR
measurement of the solid sample of 15 in KBr pellet was
made. The obtained frequencies in wave numbers (cm™h)
are 3,326 (vs.), 1,914 (w), 1,896 (w), 1,774 (w), 1,592 (s),
1,495 (s), 1,449 (vs.), 1,316 (s), 1,231 (s), 1,153 (m), 1,033

(m) and 746 (vs.). The very strong wave number, 3326 cm !,

may be assigned to the O—H bond stretching vibration. The
wave number is close to the BLYP/6-31G(d) value, 3444
cm ™! for 15. This vibrational mode is obviously absent in
the neutral geometric isomer, i.e., the ether compound
fluorene (14). Thus, the solid-state IR data also support the
zwitterion structure of 15.

The product distributions suggest that the (1+2) reaction
proceeds via both the [4+2] cycloaddition and biradical
processes. Crucially, the main product 15 has a C-Cl
covalent bond, where the source of the chlorine atom is
evidently the CH,Cl, solvent. The Cl delivery is feasible
only in radical reactions.

3 Computational results and discussions
3.1 The 1:1 adduct intermediates and products

First, the TS of the concerted [442] cycloaddition was
examined. As expected, the TS geometry is highly asym-
metric and is shown in Figure S2. One newly forming C-C
bond distance is 2.532 A and the other one is 3.085 A. The
high asymmetry is consistent with the discussion based on
the HOMO-LUMO interactions in Fig. 1.

Second, the one-centered addition was examined. The
addition TS, TS (142 — 3) and the consequent biradical
adduct 3 were obtained. Their geometries are shown in Figure
S3. The TS geometry is as if it were for the [8+2] cycload-
dition. That is, at the C---O region (3.308 A), the secondary
orbital interaction is operative. Superiority or inferiority of
[4+2] path (Figure S2) and the one-centered path (Figure S3)
were examined. Their activation energies are similar
(3.7 kcal/mol for the one-centered path and 4.0 kcal/mol for
the [4+42] path), and the activation entropies are also similar
(—39.1 kcal/K/mol and —39.5 kcal/K/mol). Therefore, both
reactions are expected. The one-centered addition is slightly
more favorable than the [44-2] cycloaddition.

Isomerization processes from 3 were sought, and the
obtained products are shown in Fig. 4.

Transition-state and related geometries are shown in
Figure S5.

The benzyne ring can rotate almost freely around the
newly formed C—C bond. The intermediate 3 gives four
cycloadducts, 4, 5, 6 and 7. The electronic reaction ener-
gies with zero-point correction (relative to that of 1 4 2)
are —72.2 (4), —73.9 (5), —75.9 (6) and —53.2 kcal/mol
(7). Among the four cycloadducts, the cyclobutane 7 is
significantly unstable and is unlikely. While 5 and 6 have
been obtained in the present experiment, the [8+2] cyc-
loadduct 4 has not been detected. This species would
undergo some subsequent radical reactions, which will be
discussed in the Sect. 3.4. For the reaction with the molar
ratio [1]:[2] = 1:1, the major product is the [4+42]
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Fig. 2 Summary of the
products obtained in the present
experiment. The precursor is
benzenediazonium-2- |
carboxylate in Eq. 6. Yields in

parentheses are by the reaction =
of the molar ratio, [1]:[2] = 1:1
(Figure S4a in Supporting
Information). Those in the
square brackets are with
[1]:[2] = 2:1 (Figure S4b in
Supporting Information)

1:1 adducts

5
(8%), [3%]

2:1 adducts

asgy
Uty

17
(2%), [2%]

3:1 adduct

(8%), [7%]

cycloadduct (6), 27%, as shown in Fig. 2. This adduct may
be afforded both by the concerted addition, TS(1 4 2 —6),
and by the isomerization from 3. Therefore, the difference
in the yields of the two 1:1 adducts (3%) of 5 and (27%) of
6 suggests that the [442] adduct is derived from the two
routes. This is because 5 and 6 may be produced almost
equally from 3 via the rotation ring closure. The similar
yields, (27%) and [28%], of 6 indicate that the [4+2]
cycloadduct is generated solely by bimolecular (142), not
termolecular reactions.

3.2 The 2:1 adduct intermediates

In Fig. 2, various 2:1 adducts have been present. Among
them, the zwitterion 15 is the major product. Its formation
path was traced. The biradical 3 may be subject to addition
of the second benzyne. The exo-cyclic oxygen is less ste-
rically crowded than the carbon radical centers and may be
combined with 1, which leads to the biradical 8 (Fig. 5).
Hereafter, reaction paths were sought in the criterion of
extension of conjugated moieties including the formation
of benzene ring and retention of the radical character as
much as possible.

@ Springer

(27%), [28%]

2:1 adducts

OH
o O
15 16

(19%), [8%]

(10%), [5%] (3%), [2%]

Q.
=
O

21
(2%), [4%]

not reacted
@
2

(15%), [5%]

biphenylene
trace

The paths shown by the dotted arrows were not traced.
The detailed computed data of TSA + 2 — 3),
TS(8 + CH,Cl, - 9" + CH,CI), TS(9—-10), TS(10 —
11), TS(11-12) and TS(12 — 13) are in Supporting
Information. Alternative paths for 12 — 14 are depicted,
which includes 14a, 14b, 14c and 14d in the consecutive H
[1,5] sigmatropic shifts.

The species 8 has two in-plane sp” radical lobes. One
(new) lobe is surrounded more by solvent (CH,Cl,) mol-
ecules than the other. Here, a striking reaction occurs; the
solvent CI-C bond is cleaved by the former lobe, TS
(8 + CH,Cl, —» 9 + CH,CI'), shown in Fig. 6.

A doublet radical 9 is formed. Further processes need to
be directed for conversion of the seven-membered ring of 9
to the benzene ring in view of the structure of 15. For the
conversion, the radical center in 9 is connected to the
o carbon of the seven-membered ring, TS (9 — 10).
A cyclobutane 10 is afforded. The ring strain of the cyclo-
butane ring is large, and one C—C bond is long (=1.603 A).
Its scission gives a nine-membered radical 11 via TS
(10 — 11). The radical is transformed to 12 of the six-
membered ring through TS (11 — 12). Next, the H [1,2]
shift TS, TS (12 — 13), was obtained. Energy changes
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Fig. 3 The geometry of the dimer unit (15+15) in the crystal. Gray,
light blue, red and olive color circles denote carbon, hydrogen,
oxygen and chlorine atoms, respectively. The crystal structure was
determined by the present X-ray analysis. The detailed geometric data
are shown in Figure S1 (Supporting Information)

[8+2] adduct

[6+2] adduct [4+2] adduct [2+2] adduct

Fig. 4 Four cycloadducts produced from the biradical intermediate 3

along the path, 9 —» 10 —» 11 — 12 — 13, are exhibited
in Table 1. The resultant doublet radical (13) has a long
C-H bond (1.113 A). The bond may be cleaved readily by
attack of another benzyne. In fact, in the (13 + benzyne)
system, partial optimizations with the fixed and assumed
C-H distances give monotonic energy descent. Therefore,
the H abstraction TS could not be obtained. That is, the
step, 13 — 14 + H/, is quite probable. Alternatively, the
hydrogen atom in 13 may be quenched by the CH,CI
radical formed at 8 — 9. A 9-O-aryl-substituted fluorene 14
is arrived at. The tricyclic aromatic hydrocarbon 14 is a
stable compound and appears to be the obtainable product.
However, the product of the solid state detected in the
previous section is the zwitterion 15 (Fig. 3). Formally, the

ion 15 is generated from the fluorene 14 via H [1,2] shift.
However, the isomerization from the stable fluorene seems
to be unlikely. There should be another factor to cause the
(14—15) conversion, and we take that up in the next
section.

By the use of dimer, trimer and tetramer fragments in
the crystal structure of 15, their geometry optimizations
were carried out. The obtain results are displayed in Table 2.
Isomers of 14c and 14d are involved in the optimized
geometries. Their structural formulae are shown in Fig. 5.
Figure S9 shows that the 14d dimer form was obtained
starting from the 15 one of the crystal moiety. The opti-
mization of (15)4 leads alternatively to a system composed
of (14c), and (14d), (Table 2). Thus, the route up to the
zwitterion 15 is thought to be via the intermediates 14c and
14d. These species are derived from 14b and 14a, respec-
tively, via H[1,5] shifts (Fig. 5).

3.3 Formation of a zwitterion in the crystal structure

The following figure shows structural formulae of the flu-
orene 14 and the zwitterion 15.

Ne 0
L0

fluorene (14) zwitterion (15)

1 =3.10 debye
E = 0 kcal/mol

| =7.41 debye
E = 62.2 kcal/mol

The ion 15 is by 62.2 kcal/mol unstable relative to 14.
On the other hand, the zwitterion 15 is a polar species and
its dipole moment was calculated to be 7.41 debye, while
that of the fluorene 14, 3.10 debye. The former value may
cause a permanent dipole—dipole attraction in the anti-
parallel orientation (Fig. 7).

The way of calculating the attraction energy is explained
in Sect. 5.3. The 4.061 A distance between two molecular
planes in the crystal structure of Fig. 3 is approximated by
4.0 A for calculating the attraction energy.

The attraction (stabilizing) energy of (15 4+ 15) was
calculated to be —170 kcal/mol, while that of (14 + 14),
—5.2 kcal/mol (See Sect. 5.3 Calculation of dipole—dipole
attraction energies). This energy difference overcomes that
of the above-mentioned unimolecular energy difference,
i.e., 2 x 62.2 kcal/mol < (170-5.2) kcal/mol. In fact, the
dimer unit in the crystal structure (Fig. 3) has the anti-
parallel orientation in the point group i. Thus, the zwit-
terion 15 can be present only as accumulated and stacked

@ Springer
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Fig. 5 The calculated reaction
paths toward the major product,

15 O
+ CH2CI2
-
Co-attack - CH.CI-
1 2 (Figure S3) 3 8 (Figure 6)

9 o of

12

T

14b

(in the aggregated state)

-~ Q)
H O H[1,5] shift

14a HH 144

aggregates in the anti-parallel form. The isomerization, 14  tetramer. They were optimized starting from that of the
— 15, is thought to occur by the intermolecular mutual ~ dimer of 15 shown in Fig. 3. Three dimer geometries of
proton transfer during the crystal growth. Once the crystal (14d + 14d), (14c + 14d) and (15 + 15) are shown in
is dissolved in the solvent (e.g., CH,Cl,), the ion form 15 is Figures S9, S10 and S11, respectively.

instantly converted to the fluorene 14 via the mutual proton Recently, we detected a zwitterion in a ketene—olefin
transfer. In fact, when the geometry of the dimer of 15 in  reaction spectroscopically [21]. Its presence was inter-
Fig. 3 is optimized, it becomes that of 14c 4+ 14d or 14d +  preted in terms of the permanent dipole—dipole attraction.
14d. These species are shown in Fig. 5. Table 2 shows  According to the interpretation, a dimer of the zwitterion in
various geometries of the dimer and those of the trimer and  the anti-parallel combined conformation was monitored

@ Springer
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vi=3101icm 1

Fig. 6 The geometry of TS (8 + CH,Cl, — 9 + CH,CI). Gray,
light blue, red and olive color circles denote carbon, hydrogen,
oxygen and chlorine atoms, respectively. Distances are in angstrom.
v} stands for the sole imaginary frequency. AE* is the activation
energy relative to the sum of the 8 and CH,Cl, energies

Table 1 Relative Energies Starting from 9 (=0) to 13

Relative energy (kcal/mol)

AE AG
9 0 (0) 0
TS (9-10) 8.8 (8.8) 9.3
10 —17.1 (—=18.1) —15.8
TS (10—11) 13.6 (12.8) 14.9
11 —6.1 (=6.7) -5.0
TS (11-12) 3727 4.9
12 —30.7 (=30.8) —29.4
TS (12-13) —5.1 (=5.1) 3.7
13 —42.6 (—43.4) —413

AE and AG stand for the relative electronic energy (with zero-point
corrections) and relative Gibbs free energy (T = 298K, P = latm),
respectively. The values in parentheses are the relative energies including
the SCRF = PCM solvent effect (solvent is dichloromethane)

@ 1 Q o+ Cl @ 4.061 A
A S
el 14 15
3 dipole-dipole interaction
O o -5.2 kecal/mol << -170 kcal/mol

62.2 kcal/mol X 2 < (170-5.2) kcal/mol

Fig. 7 The anti-parallel-oriented dimer which gives the large
permanent dipole—dipole attraction

successfully. Even if the monomers are unstable, formation
of the anti-parallel array of the polar species gives rise to
the aggregation.

3.4 Formation of the other 2:1 adducts than 15

Figure 2 has shown other 2:1 adducts than 15. Formation
of the other adducts is discussed here. The [8+2] adduct 4
is only slightly less stable than [6+2] (5) and [4+2] (6)
adducts. However, 4 is not obtained in the present exper-
iment. The bridge-head C-H bond is long (=1.107 /&), and
the hydrogen would be abstracted readily by some radical
species, e.g., CH,Cl (Fig. 8). When the hydrogen is
removed, a 3-furyl radical (4-H, 4 minus H') is produced.
The furyl moiety isomerizes to a furan moiety to form the
6m-electron system. Thus, in the radical with a furan
structure, three canonical resonance structures, (4-H)a, (4-
H)b and (4-H)c, coexist. Each may be linked with the other
benzyne (1). Then, the added benzyne moiety is converted
to the phenyl or aryl ring in the products, 16, 17 and 18
(Fig. 2).

The [8+42] cycloadduct 4 may undergo the H' abstrac-
tion, which is similar to the (13 — 14) step in Fig. 5.
Subsequently, the resultant radical (4-H) may be combined
with the second benzyne.

4 Concluding remarks

In this work, the benzyne—tropone reaction was studied
experimentally and computationally. In addition to the
reported 1:1 adducts of [442] (6) and [6+2] (5), we
obtained a novel 2:1 adduct (15) as a main product. Their
formation is initiated by a biradical intermediate 3 (Fig. 9).
The biradical character was elucidated for the first time by
the Cl quench from the solvent CH,Cl,.

Indeed, the zwitterion 15 appears to be unstable com-
pared to the neutral isomer, fluorene 14, but the permanent
dipole—dipole interaction brings about the stability of 15 in
the crystal structure. Noteworthy is that the crystal struc-
ture of the zwitterion could not be obtained when the
CH,Br, solvent is used instead of CH,Cl,. The fluorene
14(Br) is the product. The failure of formation of the
zwitterion 15(Br) comes from the difficulty in the anti-
parallel orientation of the two ions by the large-size bro-
mine substituents (see Figure S8). Examination of the
correlation between the zwitterion formation and the size
of substituents is now in progress.

By nature, the benzyne 2 has two in-plane sp® hybrid-
ized orbitals. Its rigid directionality of the angle 120°
degree cannot conform to the (sp> — sp°) rehybridization
at cycloadditions. The benzyne works as a biradical reagent
along with as a dienophile toward conjugated compounds.
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Table 2 Various geometries of dimer and those of trimer and tetramer

Crystal Dimer Dimer® Dimer Dimer Trimer Tetramer®
Method BPWOI1(SCRF) BPWO91(SCRF) MP2 BPWI1 BPWO1 BPWO1
Basis set 6-3114+G(d.p) 6-3114+G(d,p) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)
H-C2 2.504 2.136 8.284 1.103 2.143 1.111 1.111 (1.111)
H-C3 3.286 1.109 8.255 2.130 I.111 2.128 2.122 (2.123)
H-C2 2.664 2.140 8.417 2.116 2.144 2.146 2.145 (2.146)
H'-C3’ 2.504 1.109 8.269 1.100 1.112 1.112 1.112 (1.112)
O-H 0.992 3.518 0.994 2.630 3.232 3.483 3.127 (3.325)
O-H 0.992 4.667 0.994 2.687 4.796 11.540 5.698 (6.446)
Result 14d, 14d 15, 15 14c, 14d 14d, 14d 14c, 144, 15 14c*2, 14d*2

H, H', C2/, C2/, C3 and C3’ are defined in Fig. 7. Bond distances are shown in A. In the “result” item, the obtained fragment geometries (14c,
14d and 15) are exhibited. Their structural formulae are displayed in Fig. 5

? Another dimer in crystal, hydronium hydrogens toward the outside of the dimer. (Figure S11)

b . . . . .
A tetramer is composed of two dimers. The geometric parameters of one dimer are shown in parentheses

Fig. 8 Further reactions of
[8+2] product (4)

o)

H\

4 1107 A

5 Methods and results of experiment and methods
of computation

5.1 Experimental method and results

Typical experimental procedure.
(1) The reaction of the molar ratio [1]/[2] = 1.
Mixtures of dichloromethane (23 mL), tropone (2,
0.71g, 6.70 mmol) and benzenediazonium-2-carboxylate
prepared from anthranilic acid (1.00 g, 7.28 mmol) and iso-
amyl nitrate (1.39 g, 11.9 mmol) were heated at 40 °C
under nitrogen reflux. The reaction was monitored by

@ Springer

afgiaigtg g )

— o L — o H
OO |- G0
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[furan ring involved]

HPLC. For HPLC, the small and settled amount of the
solution was taken periodically, cooled in the ice bath, and
washed with water. After 5% NaHCO; was added to the
solution, it was adjusted to pH = 7.0. It was dried by
magnesium sulfate and concentrated.

(2) The reaction of the molar ratio [1]/[2] = 2.

Mixtures of dichloromethane (23 mL), tropone (2,
0.72 g, 6.80 mmol) and benzenediazonium-2-carboxylate
prepared from anthranilic acid (1.99 g, 14.5 mmol) and
iso-amyl nitrate (2.79 g, 23.8 mmol) were heated at 40 °C
under nitrogen reflux. Then, the same procedure as in (1)
was taken for the HPLC analysis.
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Fig. 9 Summary of the present
study. Yields (%) are from the
reactant molar ratio, [1]:[2] =
2:1

(0]
-~
benzyne tropone
1 2

5.2 Computational method

The BPWO91 DFT method was used for the geometry opti-
mizations. It is composed of the Becke88 gradient-corrected
exchange-energy functional with the proper asymptotic limit
[22] and the Perdew/Wang 91 gradient-corrected correlation-
enery functional [23]. BPW91 has been frequently applied to
radical and biradical species [24-26]. Also, the electronic
structure of the benzyne was examined by BPW91 [27].
Other DFT calculations, B3PW91 [28-33], M05 [34, 35] and
MO06 [36], were carried out. Symmetry-broken singlet
biradical orbital is formed by mixing of HOMO and LUMO.
The basis set used was 6-3114G(d,p). Transition states were
verified by sole imaginary frequencies. Relative energies
with SCRF = PCM [37-39] were calculated and are shown
in Table 1. All the calculations were carried out, using

concerted [4+2] cycloaddition

[4+2] product 6
[28%]

[6+2] product 5

[3%]
| O ot Cl
3 ok
15
[33%]

biradical intermediate

—

other adducts

GAUSSIANO3 program package [40], which is installed at the
Research Center for Computational Science, Okazaki Japan.

5.3 Calculation of dipole—dipole attraction energies
Definition of dipole—dipole interaction is shown in Eq. 8
[41].

2 x 18 x i3 1

Uj_a(r) =— X — 8
a-d(r) (47758())2><3XkB><T ré ®

r: distance; u;, up: values of the dipole moments; At
T = 300 K; 4mey = 1.11265 x 1070 C*J ' m™'; kg =
1.380658 x 1072 J K™! (Boltzmann constant); 1 debye =
3.3356 x 107°° Cm.

(1) fluorene (14); r: 4.0 A shown in Fig. 7. u;, po: 3.10
debye.

2 % (3.10 x 3.3356 x 10730)*

Ug—a(4.0) = —

= —3.6288 x 107207
= —5.23 kcal/mol

]
(1.112666 x 10-10)*x3 x 1.380658 x 10-2 x 300 x (4.0 x 10-10)6

@ Springer
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(2) zwitterion (15).
r: 4.0 A shown in Fig. 7. u;, up : 7.41 debye.

2 x (7.41 x 3.3356 x 10730)*

Ug_a(4.0) = — ; J
(1.11265 x 10-10)?x3 x 1.380658 x 1023 x 300 x (4.0 x 10-10)6
= —1.18466 x 10 '#J
= —170.6 kcal/mol.
Acknowledgments We thank five reviewers for their careful 26.

examinations and fruitful comments.
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