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Abstract — Photoelectron spectroscopy and semiempirical quantum-chemical calculations were used to study
the electronic structure and kes&nol tautomerism of 4-methyldihydrofuro[2teoumarin-9-one and its
8-substituted derivatives. Analysis of the electronic structure of 8,8-dibromo-4-methyldihydrofuln{2,3-
coumarin-9-one (fixed keto form) and 9-acetoxy-4-methylangelicin (fixed enol form) allowed to reveal ioniza-
tion ranges for the corres ponding tautomeric forms. All dihydrofurof¢®umarin-9-ones studied were

found to exist in the gas phase exclusively in the keto form.

Photoelectron (PE) spectra are widely used for

studying the electronic structure of molecules. At the CHs CHa
same time, tautomeric transformations have rarely B X
been studied by this method [2, 3]. For example, the —

PE spectra of acetylacetone and 3,3-dimethylacetyl- o O . o0

acetone have been studied [4]. The spectrum of acetyl-

acetone was assigned relying on MINDO/2 calcula- R o R OH
tions, and bands due to both the keto and the enol (a) (b)
forms were revealed. The PE spectra of 2-hydroxy-

pyridine and itsN- and O-methylated analogs have R =H (@), Cl ().

been reported [5, 6]. On the basis of quantum-che- _ o _ ,
mical calculations by the AM1 method the first band The same tautomeric equilibrium is observed in
in the spectrum of 2-hydroxypyridine has been assolution, when an electron-acceptor substituent is
signed to the keto form, and the second, to the HOM@®resent in the 8 position. In a polar solvent (methanol),
enol tautomer. We have studied the PE spectrum d¢he enol form is prevailing, whereas in a nonpolar
3-acetyl-4-hydroxycoumarin and found in it bandssolvent (carbon tetrachloride), the keto form. With
from both the tautomeric forms [7]. electron-donor substituents in the 8 position, no tauto-
meric transformations are observed. We measured the
In the present work we performed a PE spectraPE spectra of a series of 4-methyldihydrofuro[B]3-
and quantum-chemical study of the electronic struceoumarin-9-one derivatives: 4-methyldihydrofuro-
ture and keteenol tautomerism of dihydrofuro[28F  [2,3-h]Jcoumarin-9-onel@), 8-chloro-4-methyldihydro-
coumarin-9-ones. These compounds are intresting ifuro[2,3-hjcoumarin-9-one I{a), 8,8-dibromo-4-
that they proved synthons for preparing furocoumarimethyldihydrofuro[2,3i]coumarin-9-one I{I ), and
derivatives which are widely applied in medicine [8]. 9-acetoxy-4-methylangelicinl\().
Earlier we studied [1] the ket@nol tautomerism of

dihydrofuro[2,3h]coumarin-9-ones by  electronic CHs CHs
spectroscopy and semiempirical and nonempirical S S
calculations. It was found that 4-methyldihydrofuro-
[2,3-h]coumarin-9-onel@) in solution exists in tauto- o 0 _ o0
?I1be)ric equilibrium with 9-hydroxy-4-methylangelicin Br 5, O o
' O)\CHg
11 v
1 For communication XIX, see [1]. Compoundlll is a fixed keto form of compounds
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tion potential which is overestimated by 0.12 eV. The
second ionization band is formed by ionization of a
= orbital localized on the benzene ring. The third band
at 10.56-10.70 eV has a complicated pattern and is
formed by ionization from three orbitals. The first of
them, like inlla, is contributed by the dibromofura-
none carbonyl oxygen and its neighboring atoms
(48%), as well as by the bromine atoms (37%). The
following orbital is mostly contributed by the un-
shared electron pairs of the bromine atoms (90%). The
third is a= orbital delocalized over the entire mole-
cule. The fourth band at 11.65%1.20 eV, too, has a
complicated pattern and is formed by ionization from
two orbitals. The first of them is localized on théO)
orbital of the lactone carbonyl oxygen. The contribu-

9.00 10.00 11.00 12.00 13.00 IP, eV

Fig. 1. PE spectrum of compoundl . Here and in Fig. 2,
solid lines show AM1 ionization potentials.

I andll , and compoundV, a fixed enol form of com-

tion of the latter together with atomsto the carbonyl

group into this molecular orbital is 83%. The second
orbital is localized on the unshared electron pairs of
the bromine atoms (86%). The fifth band has two

poundsl andll. Therefore, analysis of the tautomeric peaks, at 11.56 and 11.72 eV. The first of them is
transformations of dihydrofuro[2,Blcoumarin-9-ones associated with an orbital localized by 90% on the

we started from the PE spectra of compourids
and IV.

unshared electron pairs of the bromine atoms. The
second potential relates tomaorbital delocaized over

the entire molecule.
The PE spectrum of compoundl (Fig. 1) con-

tains five bands assigned to the orbitals depicted The PE spectrum of 9-acetoxy-4-methylangelicin
above. Comparison of the results of AM1 quantum{IV) (Fig. 2) is much different from those d& and
chemical calculations in terms of the Koopmandla. The reason is that compould is a fixed enol
theorem [9] with the experimental ionization poten-form whose furan fragment has a conjugated planar
tials allowed the first band at 8.91 eV to be assignedromatic six-electrort system. The PE spectrum of
to a= orbital localized on the coumarin fragment of compoundlV contains three bands. The first broad
the molecule. Apparently, the AM1 method overesband has two peaks at 8.35 and 8.80 eV. The first
timates the contribution of the two bromine atoms inrelates to electron expulsion from tmetype HOMO
HOMO and overestimates by 0.16 eV the first ionizajocalized mostly (91%) on the benzofuran fragment.
tion potential. The same relates to the second ionizaFhe second potential relates tateorbital delocalized
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8.00 9.00 10.00 11.00 12.00 13.00 IP, eV

8.00 9.00 10.0011.00 12.00 13.00 IP,eV Fig. 3. PE spectrum of compound Here and in Fig. 4,
solid lines show the AML1 ionization potentials of the
Fig. 2. PE spectrum of compountV . keto forms, and dashed lines, those of the enol form.

over the entire molecule. The second broad band aesults with the experimental ionization potentials in
10.15 and 10.4010.70 eV is formed by ionization terms of the Koopmans theorem we can conclude with
from three orbitals. The first of them is & orbital confidence that the molecule of 4-methyldihydrofuro-
localized on the benzofuran fragment, including thd2,3-hjcoumarin-9-one in the gas phase exists exclusi-
acetoxy group. The second is localized on ti{®) vely in the keto form. This conclusin follows from
orbital of the unshared electron pair of the lactonghe fact that the spectrum lacks bands due to the enol
carbonyl oxygen. The contribution of the latter andform both in the range 8-8.4 eV and in other parts
its neighboring atoms into this molecular orbital isof the spectrum. Moreover, the calculated ionization
83%. Thus, all the compounds, regardless of substitypotentials of the keto form of compourdare nicely
tion in the furan ring, give the(O) ionization band. consistent with spectral data. The first band in the PE
The third orbital is contributed by the(O) orbital of spectrum at 8.75 eV is associated, according to AM1
the acetyl carbonyl oxygen and two neighboringcalculations, with thetr-type HOMO delocalized over
atoms (total contribution 85%). the coumarin fragment of the molecule. The contribu-
tion of the dihydrofuran fragment in HOMO is as low
as 2%. Thus, the disturbance of the conjugation in the
furan ring results in a considerable (by 0.4 eV) in-
crease in the first ionization potential. The second
band at 9.66 eV, too, is associated with ionization of
a m orbital. The orbital coefficients shows that this
orbital is localized on the benzene ring (79%). The

1108.35 eV 9 8.85 eV ng 10.05 eV

e

77 10.59 eV Gn(0) 10.68 eV o) 11.08 eV

The PE spectrum of compourd(Fig. 3) contains
four bands in the range-82 eV. Comparing the AM1 16 10.55 eV op)10.81eV  1511.92 eV
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Experimental (IR, PE spectroscopy) and AM1 (IR)  [10]. The fourth band in the spectrum of compound
ionization potentials of dihydrofuro[2,Bjcoumatin-9-one at 11.74 eV is associated withmaorbital localized on

derivatives (eV)

the benzodihydrofuran fragment of the molecule. We
also recorded variable-temperature PE spectra of

Comp. P P compoundl. Increased temperature 'had no effect on
no. exp calc the PE spectrum, implying that at high temperatures,
too, the keto form is prevailing.
la 8.75 8.79 Th trum of 8-chloro-4-methyldihydrofuro[2,3
9.60 9.64 rlcoumain-g-one () (Fig. 4). ke that off, belongs.
10'315;170465 10.38, ﬂgg 10.81 exclusively to one_of the tautomeric fqrm_s. According
b ' 8'33 to quar)tum-chem'lcal calculations, this is keto form
8‘95 lla. This conclusion follows from the fact that the
10.08 spectrum lacks band near 8.3 eV, where, according to
10'71 the calculations, the ionization band of the HOMO of
10'91 enol'form IIb' should appear, as weII_ as other bands
la 5.83 8'97 of this form, in the range 8:42 eV (Fl'g. 4). The PE
9'80 9'81 spectrum of com'poundia, too, contains four_bands
' ' at 8-12 eV. The first two bands are the same in nature
10.36 10.41 , AR
10.55.10.70 10.74. 10.94 as those of compou_nta, e, the ionization _band of
11.60.11.90 11_59’ 12.04 HOMO at 8.83 eV is associated withmorbital lo-
iIb 8’_27 calized on the coumarin fragmenf[ of the_molecgle.
8.99 The second band at 9.80 eV, too, is associated with a
1016 n orbital localized mostly on the benzene ring (79%).
10.77
10.99
11.63
1] 8.91 9.07
9.80 9.92
10.56-10.70 10.46, 10.55, 10.80
11.05-11.20 11.02, 11.09 1g8.97eV  77;9.81eV  opo)+ncy 10.41eV
11.56 11.47
11.72 11.82
v 8.35 8.35
8.80 8.85
10.15 10.05
10.46-10.70 10.59, 10.68
11.60 11.08

75 10.74 eV

Sn(0) 10.94 eV Sn(Cl) 11.59 eV

third band at 10.3510.65 eV has a complicated The reason for such an inconsiderable effect of
pattern and is a superposition of three bands. Accorahlorine substitution is that its position contributes
ing to the calculation results, the band at 10.38 eV islmost nothing into the above two orbitals. The third
associated with the(O) orbital of the dibenzofuran band at 10.36, 10.580.70 eV has a complicated
carbonyl oxygen and two neighboring atoms (totapattern. It is formed by ionization of three orbitals.
contribution 81%). The band at 10.55 eV is assignabl@he peak at 10.36 eV is associated witls @rbital.

to a = orbital delocalized over the entire molecule.This orbital is contributed by 60% by th&€O) orbital
The following band at 10.81 eV is formed by ioniza- of the dihydrofuranone carbonyl oxygen and its neigh-
tion of the molecular orbital contributed by t€O) boring atoms and by 20% by one of the unshared elec-
orbital localized on the lactone carbonyl oxygen andron pairs of the chlorine atom. The band at 16.55
its neighboring atoms (total contribution 82%). Thel0.70 eV is formed by ionization of two orbitals. The
large difference between the experimental and calculdirst is a = orbital and the second, the orbital of the
ted ionization potentials of this orbital can be ex-unshared electron pair of the lactone carbonyl oxygen
plained by the known tendency of semiempiricaland its neighboring atoms. The total contribution of
methods to overestimate the energie() orbitals the mentioned atoms into the latter orbital is 83%.
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The AM1 quantum-chemical calculations were

performed using the MOPAC package [12]. Prelimi-

nary geometry optimization was performed by the

1.
2.
DL E a
8.00 9.00 10.00 11.00 12.00 13.00 IP,eV
Fig. 4. PE spectrum of compound . 4
The fourth band at 11.601.90 eV, too, has a com- g5,

plicated pattern. The band is formed by ionization of
two orbitals. They both are localized on the chlorine
atom, the first by 76% and the second, by 66%. On
attempted recording the spectrum at a higher tempera-
ture compound Il
temperature in the chamber was raised from 155 to
175°C, the ionization bands slightly decreased in

intensity and smoothened, and a strong doubled pealg.

appeared (12.75 and 12.83 eV), corresponding, accord-
|ng to [11], to ionization of th§P3,2 (12.748 eV) and
P1,2 (12.828 eV) orbitals of hydrogen chloride.

Thus, unlike our previous results for solution, in 9.
the present PE spectral and AM1 quantum-chemicalg

study we established that in the gas phase compounds
I andll exist exclusively in the keto form and found
no evidence for the enol form.

EXPERIMENTAL

The PE spectra were measured on a Peidimer
PS- 18 spectrometer and calibrated against 4g,
and %P5, lines of xenon at 12.13 and 13.43 eV at a
residual pressure of 210° mm.

6.

thermolyzed. Thus, when the 7.

12.

13.

MM+ molecular mechanics method.

Dihydrofuro[2,3h]coumarin-9-ones were prepared

and purified as described in [13].
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