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We have calculated the n-electron density, atom self-polarizability, and free valence on each atom of N-(2-chlorobenzyl)-
pyridinium, N-(benzyl)-2-chloropyridinium, and N-(2-chlorobenzyl)-2-chloropyridinium salts using a simple Hicke! me-
thod in order to discuss their intramolecular photocyclization reaction in a qualitative method. Our calculation qualitati-
vely predicts that photocyclization occurs through forming radicals as a reaction intermediate by breaking a C-Cl
bond after photoexcitation into a triplet state via intersystem crossing from an initially excited singlet state. We noticed
that this C-Cl bond breaking is aided by n-complex formation between a chlorine atom and the m-electrons of the
neighboring ring in the triplet state and a stronger n-complex bond makes C-Cl bond breaking, 7., radical formation,
much easier. A chlorine atom will form a stronger n-complex bond to a benzyl ring of N-(benzyl)-2-chloropyridinium
than a pyridinium ring of N-(2-chlorobenzyl)-pyridinium because the former can donate its n-electron more easily
than the latter. The chlorine at position 15 of N-(2-chlorobenzyl)-2-chloropyridinium salt in the excited state also
provides its n-electron to the benzyl ring. So this n-electron can increase the bond strength of the n-complex. Therefore,
the strength of n-comptex follows the order of N-«(2-chlorobenzyl)-2-chloropyridinium, N-(benzyl)-2-chloropyridinium,
and N-(2-chlorobenzy)-pyridinium salts and thus the radical formation rate. This provides us with an intramolecular
photocyclization reaction rate of the same order as given above.

Bull. Korean Chem. Soc. 1994, Vol. 15, No. 10 857

Introduction

There has been much interest in the reaction mechanism
of intramolecular photocyclization of N-(halobenzyl)-halopyri-
dinium salts, but a few experimental studies including photo-
chemical reaction! and time resolved spectroscopy® have heen
performed, which are oot enough to satisfactorily establish
the intramolecular photocyclization mechanism. No theoreti-
cal study in this field has been performed so far. Thus a
theoretical approach would be valuable,

When the compounds were irradiated with ultraviolet light,
the photocyclization was observed. It was experimentally ve-
rified that the photocyclization was followed by intersystem
crossing between the excited singlet and triplet states. That
is, the photocyclization did not occur when the oxygen mole-
cule, the well-known triplet quencher, existed. This implied
that mainly the triplet states participate in the reaction.!

Grimshaw and de Silva proposed it includes n-complex
before a ring formation? Park ef al. later proposed two possi-
ble n-complexs, ie., a tight n-complex and a loose n-complex,
in the reaction path after the intersystem crossing.! He desc-
ribed the tight n-complex as a halogen atom of the pyridi-
nium ring bound to a benzene ring through a strong n-comp-
lexation, and the loose n-complex, a hydrogen atom of the
benzene ring bound to a pyridinuim ring through weak n-
complexation. He suggested that the tight one should provide
more quantum yields, ie., a higher reaction rate.

Our recent experiment showed that the reaction involved
radicals. In this experiment, transient absorptions were obse-
rved for three radicals, halogen anion, free phenyl, and con-
jugated pyridinium radicals® The results indicate that the
reaction mechanism should involve the radicals as reaction
intermediates. There also have been many other works
which report radical intramolecular photocyclization reac-

tions.” "

Here, we performed a simple Hiickel calculation in order
to discuss the photocyclization reaction in a qualitative way
with the n-electron density, atom self-polarizability, and free
valence on each atom of the N-(2-chlorebenzyl)-pyridinium,
N-(benzyl)-2-chloropyridinium, and N-(2-chlorobenzyl)-2-ch-
loropyridinium salts, respectively. The experimentally obser-
ved ratio of rate constant of the above three compounds
in the same order as above is 1:22:6.1. The above three
calculated values will be used to qualitatively discuss the
relative photocyclization rate. Although the present calcula-
tion is so simple, the results explain the observed relative
photocyclization reaction rates qualitatively well and may
help finding the correct mechanism.

Calculations

All calculations were performed using the simple Huckel
method.! The simple Hiickel method has been widely used
in n-bonded organic molecules, Although the calculation is
s0 simple, the results are qualitatively well consistent with
the experimental ones and thus it has been one of the major
tools for organic chemists when they tried to explain their
experimental results from a theoretical perspective. This
qualitative agreement should result from the usage of the
experimental parameters, o and B in the calculation which
are defined as,

GlH|=H;=q

GIR\j>=H;=p if i is bonded to §
0 otherwise N

respectively, where H is the Hiickel Hamiltonian whose exact
form need not be defined since the experimental parameters
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Table 1. Values used for 4 and % parameters

k k

N+t 20 1.0

Cl 20 04
Methylene® -05 00

“A bridge carbon atom between benzyl and pyridinium rings.

Table 2. n-electron density (g,), atom self-polarizability (n, ,),
and free valence (¥)) for the rth~carbon atom which participates
in the photocyclization reaction®

4 My F,
C, n 0.7592 —04192 05151
A {or Cy) n* 0.7518
C|,3 n 0.9879 - 0.3914
n* 0.6768
N* n 1.6219
n* 1.7763
Clu n 1.9848
n* 19387
Ce n 0.7506 —0.4022
B n* 0.7561
Cuo n 1.0 —0.3982 03987
(or Cy) n* 10
N* n 1.6288
n* 1.7789%
Cl; n 1.9764
n* 1.9490
Cs n 0.7506 —0.4022
o n* 0.7561
Crn n 09995 —03979 03983
n* 1.1788
N+ n 1.6288
n* 17789
Chs n 1.9849
i 1.9377
Cly, n 09879 —03914 (.1632
n* 0.6768

¢ Subscripts on carbon, chiorine, and N* atoms indicate position
of atoms presented in Figure 1. *A is N«(2-chlorobenzy)-pyridi-
nium salt, B is N-(benzy))-2-chloropyridinium salt, and C is N-
(2-chlorobenzyl)-2-chloropyridinium sait. ‘When ¢ is smaller than
1.0, the rth-carbon atom possesses positive polarity, when bigger
than 1.0, it possesses negative one, and when 1.0, it is neutral.

a and P are used. Each structure of N-(2-chlorobenzyl)-pyri-
dinium, N-(benzyl)-2-chloropyridinium, and N-(2-chioroben-
zyl)-2-chloropyridinium salts with their atom number are
presented in Figure 1-(A), -(B), and -(C), respectively. The
a* and B* for each nitrogen, chlorine, and methylene carbon
atoms are corrected such that o*=a+ 4B and f*=%f where
a and B are the parameters for carbon atoms on the benzyl
and pyridinium rings. The # and % values are provided in
Table 1. The determinants can be divided into two parts
because the methylene carbon between benzyl and pyridi-
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Figure 1. Schematic diagrams of N-(2-chlorobenzyl}-pyridinium
(A), N-(benzyl)-2-chlorepyridinium (B), and N-(2-chlorobenzyl)-2-
chloropyridinium (C) salts.

nium rings does not pass the m-electrons. This implies that
the two rings may be treated as independent of each other.
The concerned carbon atoms which participate in the reac-
tion are here carbon atoms at position 2, 6, and 13 of N-
(2-chlorobenzyl) pyridinium salt, carbon atoms at position 6,
10, and 14 of N-(benzvi}-2-chloropyridinium, and carbon
atoms at position 6 and 10 of N-(2-chlorobenzyl}-2-chioropy-
ridinium salt, referring to the experimental results.! The re-
sults of m-electron density, atom self-polarizability, and free
valence on these atoms are presented in Table 2.

Results and Discussion

It was experimentally observed that intramolecular photo-
cyclization occurred by forming a bond between a carbon
atom at position 2 (or 6, both are equivalent) and a carbon
atom at posttion 13 of N-(2-chlorobenzyl)-pyridinium salt, a
carbon atom at position 6 and a carbon atom at position
10 (or 14, both are equivalent) of N-(benzyl)-2-chloropyridi-
nium, and a carbon atom at position 6 and a carbon atom
at position 10 of N-(2-chlorobenzyl)-2-chloropyridinium salt
and the measured relative photocyclization rate was 1:22:
6.1

It is reasonable to assume that the structural effect is
the same for all of the compounds as can be imagined from
their two dimensional figures presented in Figure 1. Al-
though there are three possible transitiens, #e, n to n*, =
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to a* and n to n* transitions when they are irradiated with
UV photon, we consider there only one n* excited state in
this study because the observed large extinction coefficient
of absorption of the pyridinium salts indicates this transition.
The o* state had been recently assigned by Takemura and
his coworkers from their phosphorescence spectra of haloge-
nated benzenes.>® Thus n to o* transition needs to be includ-
ed to discuss the photoreaction more accurately. We also
assume that the n-complex model'® is applicable to the com-
pounds considered here. The n-complexation aids radical
formation because it weakens the C-Cl bond and thus facilia-
tes C-Cl bond breaking.

The radical reaction rate largely depends on both the free
valence value of the attacked carbon atoms and the ease
of radical formation. The latter is related to the strength
of the ncomplex. When there are several possible carbon
atoms to be attacked by a radical, then the radical goes to
the carbon atom with the largest free valence value. In the
present compounds, there are two possible carbon atoms to
be attacked, which are carbon atoms at position 2 and 6
(both are equivalent) of N-(2-chlorobenzyl)-pyridinium salt,
carbon atoms at position 10 and 14 (both are also equivalent)
of N-(benzyl)-2-chloropyridinium salt, and carbon atoms at
position 10 and 14 or carbon atoms at position 2 and 6 of
N-(2-chlorobenzyl)-2-chloropyridinium salt as can be seen in
Figure 1. We will qualitatively consider the photocyclization
reaction for each compound seperately.

Considering the reaction of N-(2-chlorobenzyl)-pyridinium
salt, the n-electron charge of the pyridinium ring is drawn
into N* in the ground n and excited triplet n* states (see
Table 2). The chlorine atom at position 14 gives away its
n-electron to benzyl ring by 0.04 when it is photoexcited.
Thus it would draw a2 n-electron through n-complexation
from the pyridinium ring. However, the pyridinium ring can
not efficiently provide its m-electron to the chlorine atom
because it is a poor electron donor. Thus, the m-complex
would be relatively very weak and so the bond between car-
bon atoms at position 13 and 14 is not much weakened and
radical formation is not much aided by formation of the n-
complex. Once a radical carbon atom at position 13 is formed,
photocyclization readily proceeds through radical attack to
carbon atom at position 2 or 6 both of which possess large
free valence and atom self-polarizability, respectively. Geo-
metry allows the radical carbon atom at position 13 to attack
only the carbon atom at position 2 or 6. Thus intramolecular
photocyclization occurs slowly, which s limited by radical
formation.

[n photocyclization of N-(benzyl)-2-chloropyridinium sal,
the benzyl ring can provide the chlorine atom with its n-elec-
tron more easily than the pyridinium ring of N-(2~chloroben-
zyl)-pyridinium salt. So N-(benzyl)-2-chloropyridinium salt
forms a stronger n-complex than N-(2-chlorobenzyl}-pyridi-
nium salt. This stronger n-complex allows radicals to form
more easily. Therefore, the photocyclization reaction of N-
{benzyl)-2-chloropyridinium salt is faster than N-(2-chlorobe-
nzyl)-pyridinium salt.

N-(2-chlorobenzyl)-2-chloropyridinium salt reacts fastest
among the three compounds according to the experimental
observation.' This means that this compound makes radicals
most easily. As mentioned before, the chlorine atom at posi-
tion 15 adds its n-electron to benzyl ring by 0.04 when the
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benzyl ring is excited and so the benzyl ring can donate
its increased n-electron to the chlorine atom at position 7.
Therefore, N-(2-chlorobenzyi)-2-chloropyridinium salt forms
the strongest m-complex and makes a radical most easily
among the three compounds. Once a radical on carbon atom
6 is formed, it can attack the carbon atom at position 10
or 14. However, the carbon atom at position 10 has larger
a free valence (0.3983) than the carbon atom at position 14
(0.1632) with similar atom self-polarizabilities, respectively,
the radical on the carbon atom at position 6 attacks the car-
bon atom at position 10 rather than at position 14, which
is consistent with the experimental results.!

Conclusion

We have calculated the r-electron charge density, atom
self-polarizability, and free valence of N-(2-chlorobenzyl) py-
ridinium, N-(benzyl)-2-chloropyridinium, and N-(2-chloroben-
zyl)- 2-chloropyridinium salts, respectively in order to discuss
their intramolecular photocyclization reaction in a qualitative
way using a simple Hickel method.

We found that the photocyclization rate is governed by
the ease of radical formation. If we assume that reaction
proceeds through m-complexation, which is a bond between
a Cl atom and n-electrons of the neighboring ring, the radical
formation is aided by n-complexation. Here, the stronger n- _
complex bond makes radical formation easier because it ma-
kes the carbon-chlorine bond weaker and thus can break
this bond easily to make radicals.

A chlorine atom will form a stronger n-complex bond to
the benzyl ring (N-(benzyl)-2-chloropyridinium case) than the
pyridinium ring (N-(2-chlorobenzyl}-pyridinium case) because
the former can donate its n-electron to a chlorine atom more
easily than the latter. The chlorine atom at position 15 of
N-(2-chlorobenzyl)-2-chloropyridinium salt in the excited
state also provides its m-electron to the benzyl ring. So this
added n-electron further increases the strength of its n-com-
plex bond. Therefore, since a stronger n-complex bond pro-
duces radicals much more easily, the radical formation rate
follows the order of N-(2-chlorobenzyl)-2-chloropyridinium,
N-(benzyl)}-2-chloropyridinium, and N-(2-chlorobenzyl)-pyridi-
nium salts. Thus this provides us with the order of relative
intramolecular photocyclization reaction rate as given above.

However, it should be emphasized that the present calcu-
lation is only qualitative and thus a high level calculation
including contribution of n to ¢* and 2 to n* transitions
in photocyclization reaction is desired in order to discuss
the relative rate in a quantitative way.

Acknowledgment. This work was supported by the
Korea Science and Engineering Foundation.

References

1. (@) Park, Y. T.; Kim, K. S.; Lee, I. H.; Goo, C. H.; Park,
Y. C. Bull. Korecan Chem. Soc. 1993, 14, 152. (b} Park,
Y. T.; Joo, C. H.; Choi, C. D.; Park, K. S. J Heterocyclic
Chem. 1991, 28, 1083. (¢) Park, Y. T.: Joo, C. H.; Choi,
C. D.; Park, K S. Bull. Korean Chem. Soc. 1991, 12, 163.
(d Park, Y. T.; Joo, C. H,; Lee, L. H. Bull Korean
Chem. Soc. 1990, 11, 270.

2. Park, Y. T.; Kim, Y. H.; Kim, S. K; Song, N. U. {0 be



860 Bull. Korean Chem. Soc. 1994, Vol. 15, No. 10

published.

3. Grimshaw, J.; de Silva, A. P. J Chem. Soc. Chem. Com-
mun. 1980, 302.

4. Lowe, John P. Quantum Chemistry; Academic Press: Inc;
Orlando, 1978; p 202-p 266.

5. Takemura, T.; Yamada, Y.; Sugawara, M.; Baba, H. J
Phys. Chem. 1986, 90, 2324.

6. Nagaoka, S.; Takemura, T.; Baba, H.; Koga, N.; Moro-
kuma, K. J Phys. Chem. 1986, 90, 759.

7. Wilson, R, M.; Schnapp, K. A.; Hannemann, K.; Ho, D.
M.; Memarian, H. R.; Azadnia, A.; Pinhas, A. R.; Figley,
T. M. Spectrochim. Acta 1990, 46A, 551.

8. Bromberg, A.; Schmidt, K. H.; Meisel, D. J. /. Am. Chem.
Soc. 1985, 107, 83.

Dong-Sook Kwon et al.

9. Fox, M. A.; Gaillard, E.; Chen, C-C. J. Am. Chem. Soc.
1987, 109, 7088.

10. Jent, F.; Paul, H.; Fischer, H. Chem. Phys. Lett. 1988,
146, 315.

11. Fischer, H; Baer, R.; Hany, R.; Verhoolen, 1.; Walbiner,
M. J. Chem. Soc, Perkin Trans. 1990, 2, 787.

12. Ouchi, A.; Yabe, A. Tetrahedron Lett. 1990, 31, 1727,

13. Adam, W.; Denninger, U; Finzel, R.; Kita, F.; Platsch,
H.; Walker, H.; Zang, G. J Am. Chem. Soc. 1992, 114,
5027.

14. Haider, K.; Platz, M. S.; Despres, A,; Lejeune, V.; Migir-
dicyan, E.; Bally, T.; Haselbach, E. J Am. Chem. Soc.
1988, 110, 2318.

15. Johnston, L. J. Chem. Rev. 1993, 93, 251,

The Effect of Polarizability on Reactivity of 4-Nitrophenyl
Benzoate and Its Sulfur Containing Analogues with Anionic
Nucleophiles in Ethanol

Dong-Sook Kwon, Jee-Young Park, and Ik-Hwan Um*

Department of Chemistry, Ewha Womans University, Seoul 120-750, Korea
Received July 4 1994

2nd-order rate constants have been measured spectrophotometrically for the reactions of 4-nitrophenyl benzoate (1),
S-4-nitrophenyl thiobenzoate (2) and 4-nitrophenyl thionbenzoate (3) with alkoxides, aryloxides and thioaryloxides
in absolute ethanol at 25.0+ 0.1 T. The substitution of O by polarizable S in the leaving group has little affected
the reactivity of 2 toward the charge localized species (eg EtO~ and CF.CH,0"), while the effect of the similar
replacement in the carbony) group has led to a decrease in reactivity by a factor of 10. However, the reactivity
of these esters toward charge delocalized aryloxides has been found to be in the order 1<3<2. The effect of replaced
sulfur atom on reactivity becomes more significant for the reaction with polarizable thioaryloxides, ie. the reactivity
increases in the order 1<2<3. The difference in reactivity for the present system is attributed to a polarizability

effect.

Introduction

Nucleophitic reactivity has been suggested to be governed
by many factors, such as basicity of nucleophiles and leaving
groups,’ ionization potential of nucleophiles,® solvation,® etc.!
However, unusual reactivity has often been reported for
reactions involving polarizable reactants’® Pearson has attem-
pted to explain the unusual reactivity shown by polarizable
reactants in terms of hard and soft acids and bases (HSAB)
principle.’ The explanations based on the HSAB principle
have been satisfactorily for many types of reactions in a qua-
litative manner. However, exceptions have frequently been
reported and these could be attributed to a lack of systematic
study.

We have chosen the following reaction system in order
to study the effect of polarizability on reaction rates systema-
tically. The structure of 1 would not be changed upon the
substitution of the oxygen atom by a sulfur atom either in
the ether-like oxygen {12} or in the carbony! oxygen (1
—3). However, the polarizability of the reaction center would

be considered to increase gradually but significantly. Besides,
the nucleophiles employed in the present study are in a
wide range of polarizability, such as charge localized alkoxi-
des (EtO~ and CF3CH,07), charge delocalized aryloxides
and an oximate (Ox™), and charge delocalized polarizable
thioaryloxides (PhS™ and p-CIPhS™). Thus, the present study
would give us an important information regarding polarizabi-
lity effect on reaction rates.

Since the acylated coenzyme A, an intermediate in many
biological reactions, was known to be a thiol ester, studies
of thiol esters have been accelerated.® However thion esters
have not intensively been studied due to difficulties in pre-
parations. The substrates studied in the present investigation
are biologically important. Therefore, the present study
would be considered to help us understand the reactivity of
the biologically important compounds.

ﬁ Y=0, 4-nitrophenyl benzoate
@"Cﬂ’ S, S-4-nitophenyl thiob

Y=0, 4-nitrophenyl thionbenzoate




