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Abstract — The photodimers with cyclobutane rings and C: symmetry, derived from coumarin (syn,
head to tail and anti, head to head) have been calculated by PM3-UHF-CI and Molecular Mechanics
force field. The photocycloaddition to coumarin and 5,7-dimethoxycoumarin(DMC) dimers were
deduced to be formed by their preferable frontier orbital interactions and via more stable
cycloaddition by the Cs, Ci bond. These results are consistent with the coumarin dimer model that the
theoretical C.-photocyclodimer of coumarin is predicted much more than the experimental C.-

photocyclodimer.

INTRODUCTION

The cycloaddition reactivity of the photoexcited state
of coumarin is very interesting from the physical and
chemical points of photoexcited states. Concerning
which coumarin excited state is photoreactive, on the
basis of molecular orbital calculations, it has been
predicted that the triplet excited state is more reactive
then the singlet excited state’. This prediction is
consistent with the finding that oxygen and
paramagnetic ions have a quenching effect at the rate
of photoreaction between psoralen and thymine.
Triplet excited states are also normally longer lived
them singlet excited states and so are more available
for reaction, e.g. with oxygen’.

The photodimerizaton of coumarin and 5,7-
dimethoxycoumarin(DMC) have been the subject of
interest for a long time. The triplet dimerization with
benzophenone sensitization gives mainly the anti
head-to-head dimer, and Lewis et al’, have shown that
singlet dimerization in the presence of boron
trifluoride etherate gives a high yield of the pure syn,
head-to-tail dimer. In order to find out more about the
excited state of coumarins and their possible dimer in
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the photocycloaddition reactions, we have described
the excited state of coumarin, 5,7-dimethoxycoumarin
(DMC) the intrinsic photoreactivity of coumarin
derivatives using PM3-UHF-CI and Molecular
Mechanics(MM) calculations.

CALCULATIONS

The electronic transition energies were calculated
by the PM3-UHF-CI calculation®. In the hypothetical
molecular complexes, the chemical reactivity index
can be used as a measure of the relative reactivity
index of the various position of the photocycloaddition.

Molecular Mechanics calculations were performed
by using MM2 force field and BDNR method as a
minimum algorithm™*’. The numbering scheme for
heavy atoms for coumarin and 5,7-DMC are shown in
Figure 1.

Coumarine

5,7-Dimethoxycoumarin

Figure 1. The molecular structure and numbering scheme
for coumarin derivatives.
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RESULTS AND DISCUSSION

The results of PM3-UHF-CI calculations for
coumarin arc summarized in Table 1. Table | shows
optimized geometries tor the ground and excited
states of coumarin. It shows the carbon-carbon double
bond lengthening appears to be responsible for the
presence of the carbon-carbon double bond stretching
mode in the phosphorescence of coumarin
derivatives. And also. bond distance for the 3.4
carbon-carbon double bond and C-C singlet bonds
between coumarin and 5.7-dimethoxycoumarin, as
calculated trom mobil bond orders(PM3-CI-UHF),
increase and decrease upon excitation respectively.
The singlet dihedral angle C2-C3-C4-C10 was
obtained as 0.22° but the triplet dihedral angle was
calculated to be 0.11°.

Table 1. Optimized geometries for the singlet and triplet
state of coumarin by PM3-UHF calculation(length: A,
angle:degree)

Geometry Singlet Triplet
C3-C4 1.36 1.47
Cs5-Co 1.40 1.40
Co6-C7 1.40 1.40

C2-C3-C4 119.42 11811

C3-C4-C10 119.20 116.63
C2-C3-C4-Cl10 -0.22 -0.11

The UV spectrum of the anti, head to head
coumarin dimer has a strong maximum at 215 nm
and a weaker structure band with maxima at 280 and
271 nm. A good agreement between the predicted and
observed transition energies can be seen. Table 2
shows the calculated transition '(m-n*) transition
encergies. Il coumarin was consistent with the
observed transition at 310 nm. while predicted 5,7-
dimethoxycoumarin was transition at 264 nm. The
lowest -7 transition is polarized nearly along the
long molecular axis in previous report.” These results
are consistent with the coumarin dimer model that the
theorctical photocycloaddition of coumarin is

“Table 2. The transition state arising from low energy
configuration by PM3-UHE-CI calculations.

Molecule Transition Encrgy(nm)
Caled Obsd®
Coumarin L) 304 3]_()
L) 460 457
. B T 264 :
5.7-DMC e o :

‘Observed value from reference 9.

i L0 0.9895 LLMO-—— 0. 7847
el
) HSOMO vﬂr— -3.8678 HSOMG- - -3, 2589
,GL
Lsom-ﬁ‘ -6.7954 LSOMO—4— -6. 6697
,8 —
HOMO—H- -9. 1308
HOMO-H— -9, 5362
ol
Coumarin 5,7-bMC

Figure 2. Estimated energics of coumarin and 5.7-
dimetloxycoumarin by PM3-UHF-CI calculation.

predicted much more than is the experimental
photocyclodimer.®

Figure 2 shows the calculated energies and patterns
of coumarin and 5,7-dimethoxycoumarin. The energy
differences between HSOMO(Higest Singly
Occupied Molecular Orbital) and LUMO(Lowest
Unoccupied Molucular Orbital) are 2.88 eV for
coumarin and 2.484 eV for 5,7-DMC. The energy gap
of 5,7-DMC is more narrow and it can be excited
more easily.

Tabie 3. The Results of Molcular Mechanics Calculation
for Possible photocycloadducts of courmarin and 5.7-DMC
dimers (in kcal/mol)

Conformation Eua Eorson Eran 4H,
Coumarin Dimer
Cis-Anti 57.78 25.63 50.56 | -104.11
Cis-Svn 59.94 27.72 52.72 | -101.93
Trans-Anti 56.89 25.94 49.67 | -104.97
Trans-Syn 57.88 27.41 50.66 | -104.06
5.7-DMC Dimer
Cis-Anti 87.95 42.01 71.89 | -245.23
Cis-Syn 87.51 43.01 71.45 | -245.02
Truns-Anti 85.33 38.61 69.27 | -247.48
Trans-Svn 87.61 41.18 71.55 | -245.69
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The carbon-carbon double bond of coumarin
lengthening (C3-C4 singlet state; 1.140 A, and C3-C4
triplet state; 1.440 A) appears to be responsible for
the presence of the carbon-carbon stretching mode in
the phosphorescence of coumarins and 5,7-DMC.’

The results of molecular mechanics calculation for
possible photocycloadducts of coumarin and 57-DMC
dimers are shown in Figure 3. In all cases, rotations
about the coumarin dimer were investigated in order
to locate the lowest energy conformation.

Coumarnin trans-anti

Coumarin trans-syn 57-DMC cis-anti

[<ghn

5,7-DMC trans-syn

5,7-DMC trans-anti

Figure 3. Stereo ORTEP drawing of molecular
configuration of the possible coumarin and DMC dimers.

The calculated heats of formation and the energies
given in Table 3 refer to the stable conformer for
possible photocycloadducts. The heats of formation
are calculated in the range -101.93 ~ -104.97 kcal/mol.

For the anti configuration, the anti-head-to-tail was
found to have the lowest energy and the anti-head to-
head form has 3.04 kcal/mol higher energy.

Finally, Figure 4 illustrates two possible Jablonski
diagrams which accommodate the luminescence and

8 — Hnat) Sz "(n.n*)
S Ynat)
Si Y(r,n*)
3 .
Te *(nx) Tz (n.n*)
T }nn)
T xa*)
S
¢ Or/br=~5 So
Jp=~05
Coumarin 5,7-DMC

Figure 4. Approximate Jablonski diagrams of coumarin and
5,7-DMC.

calculated energy. These diagrams are presented only
as a qualitative guide for interpretation of the
spectroscopic behavior of coumarins and 5,7-DMC
and more definite diagrams will not be possible until
the locations of singlet state '(n, n) states are
determined by FT Raman spectroscopic method.

The C,-photocycloadducts of DMC-thymidine in
methanol undergoes reversible photosplitting,
yielding DMC and thymidine on irradiation with
254 nm UV light for one minutes, as is the case with
the photosplitting of Py< >DMC, DMC< >DMC, and
DMC< >Thy.”

If the charge transfer interaction in hypothetic
photoadducts between the coumarins and the purine
bases is the first step of the photocycloaddition
reaction, the most probable orientation between the
coumarin and purine bases can be derived from the
quantum mechanics calculations.
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