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Summary 

The analysis of dipole moment data obtained for dibenzo-p-dioxin, phenoxa- 
thiin, phenoxaseIenin and phenoxatekrin in benzene at 25°C in conjunction 
with EHT calculations of the conformational energies show that these molecules 
adopt a non-planar conformation in solution. Each of the phenosachalcogenins 
is folded along the axis connecting the two heteroatoms- A butterfly flapping mo- 
tion about the planar conformation cannot be excluded. The uv and photoelec- 
tron spectroscopic data support the conclusions drawn from the dipole moment 
studies. The spectroscopic data were interpreted with the help of SCF-PPP-CI 
calculations. 

Introduction 

In continuation of an earlier study of the conformatioq of phenothiazin com- 
pounds [l], phenoxachalcogenins I (X = 0, S, Se, Te) have now been investi- 
gated. Accurate dipole moment measurements and semiempirical MO calcula- 
tions at the EHT level were carried out to elucidate the conformation of the 
phenoxachalcogenins in solutions. The UV and photoelectron spectra of these 
compounds were measured and interpreted employing perturbational MO argu- 

* Authorto ~vhomcorrespondenceshouldbe addressed. 
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(I) 

ments assisted by SCF-PPP calculations. 
An inspection of the literature [Z-5] revealed that there is considerable dis- 

agreement about the conformation of dibenzo-p-dioxin (I, X = 0) as derived 
from dipole moment and dielectric relaxation studies. These discrepancies are 
probably attributable to the rather small dipole moment of dibenzodioxin. 
Similar studies [S-S] on phenoxathiin (I, X = S) showed that this molecule is 
certainly non-planar in solution. 

X-Ray diffraction studies suggested the dibenzodioxin molecule to be planar 
in the solid state [9]_ A disordered structure with slightly folded molecules [9b] 
cannot be excluded, however_ Pheoxathiin and phenoxatellurin [ 111 are folded 
about the axis joining the two heteroatoms with angles of fold of approximately 
140”. The solid state and solution conformation of phenoxaselenin (I, X = Se) 
seem not to have been investigated. 

Experimental 

Material& Dibenzo-p-dioxin melting at 121°C (lit. 119°C) [ 123 was purchased 
from K & K Laboratories and used without purification. Phenoxathiin was ob- 
tained from Eastman Organic Chemicals. It was recrystallized from petroleum 
ether to a constant melting point of 57°C (lit. 58”C, [13]_ Phenoxaselenin [14] 
and phenoxatellurin [ 151 were prepared as described in the literature. The com- 
pounds were purified by recrystallization and sublimation and had m.p.s. of 88 
and 77”C, respectively- 

Physical measurements_ The electric dipole moment measurements were 
carried out at 25°C + 0.01” with benzene as solvent using the apparatus and 
techniques described previously [16]. The Halverstadt-Kumler 1171 and the 
Guggenheim methods [IS] were employed for calculating the dipole moments. 
The sum of the electronic and atomic polarizations (PE + PA) required for the 
Halverstadt-Kumler calculation were assumed to be equal to the measured molar 
refraction (Rn, Nan line). The estimated error in all dipole moment values is 
to.03 D. 

The Uv-visible absorption spectra were recorded on a Perkin-Elmer 356 spec- 
trometer. The photoelectron spectra were obtained with a Perkin-Elmer PS 18 
spectrometer using the He(I) resonance line at 584 a (21.21 eV) as ionizing radi- 
ation. The spectra were calibrated against Ar and Xe lines. The accuracy of the 
ionization energies was estimated to be 20.05 eV for values reported with two 
decimals or +O.l eV for those listed with only one decimal (Table 5) with a 
reproducibility of 20.05 eV. 

Results and discussion 

The results of the dipole moment studies on benzene solutions of phenoxa- 
chalcogenins at 25°C are summarized in Table 1. 
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TABLE 1 

POLARIZATION DATA FOR AND DIPOLE MOMENTS OF PHENOXACHALCOGENINS I 
DETERMINED IN BENZENE SOLUTIONS AT 25’C 

Corn- Q= 
pound I 

pb 7c Pz- <cm3) RD (Cm3) P CD) p (D) literature 

x=0 0.77 4.529 0.608 60.61 54.5 0.55 0.52 C51:0.64 [33 
x=s 0.97 -0.258 0.227 89.35 60.6 1.18 1.09 c31: 0.92 [41 

0.97 [6.81:1.31[71 
X=Se 0.60 d-483 0.378 76.66 65.6 0.73 
X=Te 0.42 -0.528 0.376 77.49 74.5 0.38 

acr=~(E12-E10) 

al?2 - 
bp= ~'(~lz-~lo) CZ'~<R122--n102) 

zw2 - _Pw2 

Conformational analysis: The theoretical dipole moments (pL,,ic) for conforma- 
tions defined by the angles of fold @ (Fig. 1) were calculated by vector addition 
of the pertinent group moments (eq. 1). The angle 8, the angle between the 
directions of the group moments (Fig. I), was evaluated as a function of the 

P&k = P&l20 + cLLl2x + 211Ph20PPh2X CO6 6 (1) 

angle Cp by means of eq. 2. In this equation 6 represents the angle CXC, a and b 
stand for the sum of the bond distances (C-S + C-C) and (C-C + C-C), respec- 
tively. - 

@ cos(6/2) sin e 
“‘2 = [a2 + b2 ~in’(S/2)]‘-~ - b cos(6/2) cos 8 * 

a-bcos60 
sin 60 

For dibenzodioxin, eq. 2 can be simplified to eq. 3. 

@ sin @(l - cos 60) 
cos2 = sin 60(1- cos 6) 

(2) 

(3) 

The group moment6 j+h20 = 1.16 D [19], &h2s = 1.55 D [19], &,hzse = 1.50 
D 1201 ad ktPh2Te = 1.14 D [21] were used in the calculations. The vectors of 
these moments bisect the angles 6 (Fig. 1). The C-C and C-X bond distances 
and the angles 6 were those found by X-ray structure analysis of dibenzodioxin 
[ 91, phenoxathiin [lo] and phenoxateIhnin [ 111. Because structural data are 

Fig. 1. The folded conformation of phenorachalcogenins. 
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TABLE 2 

VALUES FOR THE ANGLES 0 -AND@(O) AS DERIVED FROM THE DIPOLE MOMENTS OF THE 
PHENOXACHALCOGENINS I 

0 152.6 163.8 180 9 
S 135.2 163.4 141 10 
Se 151.8 162.6 1305 - 

Te 160.8 172.2 138 11 
- 

a Angles of fold for the molecules in the s&d state_ 5 Assumed geometry (see text). 

not available for phenoxaselenin, an idealized geometry was assumed for this 
compound (C-Se 1.92 a; CSeC 94.4”; C-O 1.39 A; COC 118”) based on data 
reported for diphenyl diselenide [ 221 and bis(4-methylphenyl) selenide [ 231. 
The C-C distance of 1.40 Fi was used in all calculations. 

The angles which produced agreement between calculated and experimental 
dipole moments are listed in Table 2. According to these results, all four com- 
pounds are in solution folded along the O-X axis. The angles of fold for the 
sulfur, selenium and tellurium derivatives in solution are larger than those 
determined for these molecules in the solid state. 

Dibenzodioxin was found to be planar in solution (Kerr constant study) [ 5] 
and in the solid state [9], whereas its dipole moment of 0.55 D (Table 1) suggests 
a folded structure in solution similar to the conformations assumed by the other 
phenoxachalcogenins in the solid state and in solution. 

It is well known, that, in general, conclusions derived from X-ray data of a 
solid cannot be used with confidence to elucidate the conformation of the same 
molecule in solution. A planar solid state conformation thus does not preclude 
a folded structure for dibenzodioxin in solution, as suggested by the present 
dipole moment study and supported by the earlier careful investigations of 
Higasi [3], who reported a moment of 0.64 D. This value demands an angle of 
fcld of - 160” and a COC angle of -118”. 

The correct estimation of the atomic polarization, PA, appears to be important 
when dipole moments smaller than 0.6 D are determined. Incorrect estimation 
of P_& would make it difficult to decide whether or not the molecule possesses 
a dipole moment. It should be noted that, in the case of dibenzodioxin, the 
difference of 6.1 cm3 between Rn and Pzw cannot be entirely attributed to the 
PA term, since in calculating p values the correction for atomic polarization is 
generally assumed to be (as a maximum) 10% of the electronic polarization. This 
suggests that the dibenzodioxin molecule, though symmetric, has real non-zero 
moment. 

The folded conformation of dibenzodioxin in solution is also supported by 
the recent dielectric polarization studies by Davies and Swain 123. These authors 
found that the molecule executes a butterfly flap of a type similar to that in 
thianthrene and phenoxathiin I (X = S). This process is slow on the time scale 
of normal dipole moment measurements, making a stable planar conformation 
of dibenzodioxin in solution unlikely_ 

Semiempirical calculations at the EIIT level [24] were carried out to gain 
some theoretical insight into the geometry of the phenoxachalcogenins. The 
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TABLE 3 

EHT RELATIVE ENERGIES <kcal/mole) OF THE PHENOXXCHALCOGENINS I XS -4 FUNCTKON 
OF FOLDING ANGLE Q 

Compound I 180’ 170° 160c 150” 140° 130° 120° 
_~__.. ____-_ 

x=0 0.0 0.92 3.82 9.08 17.57 29.64 47.04 

x=s 0.0 0.49 2.06 5.06 10.09 18.09 30.41 

X=Se 0.0 0.85 -3.50 8.26 15.67 25.56 42.15 

X=Te 0.0 0.27 1.19 3.01 6.22 11.54 20.05 

EHT method has been found to be well suited for the theoretical treatment of 
strained molecules of large size. The parametrization used was reported previously 
[25]. The relevant parameters for tellurium are 1, 20.8 eV, Ip 14.8 eV, j-,, 
2.5076 and rsp 2.1617. To avoid excessive calculations a systematic geometry 
optimization was not performed. Only the change of the molecular ener,T as a 
function of 9, the angle of fold, was considered. The d orbital of the heavy 
heteroatoms were not included in the calculations because the lack of pertinent 
spectroscopic data renders the “semiempirical” determination of the core matrix 
elements impossible_ 

The conformation of the phenoxachalcogenins can be regarded to be deter- 
mined by the r-interactions between the aromatic rings and the heteroatoms, 
which tend to keep the molecule planar (the conjugative factor), and the strains 
about the chalcogen atoms (the steric factor) which is relieved when the center 
ring assumes a boat conformation_ 

The results of the calculations (Table 3) indicate that all four molecules should 
assume a planar conformation (Q = 180”) as a compromise between the two 
opposing factors. This prediction disagrees with X-ray structural data (with the 
exception of dibenzodioxin) and the evidence obtained from solution studies, 
and is rather surprising, because overestimation of the steric factor and a prefer- 
ence for non-planarity is a distinctive feature of EHT calculations. The calcula- 
tions did not take into account possible changes of the C-X bond distances and 
CCX bond angles as a function of the angle of fold 9. It may be that the mole- 
cular energy is influenced by these changes. The EHT calculations show, how- 
ever, that the molecular energies of the phenoxachalcogenins are rather insensi- 
tive toward significant deviations from the planar conformation, and thus allow 
a certain degree of butterfly flapping for all four molecules. This result is con- 
gruent with the non-rigid structure and the very low activation energy for the 
butterfly flapping motion of dibenzodioxin and phenoxathiin invoked by Davies 
and Swain [2] to explain the dielectric absorption data. 

Absorption spectra. The absorption spectra of dibenzodioxin and phenoxathiin 
have been discussed by Lamotte and Bertier [26]_ The spectrum of phenoxasele- 
nin in heptane is very similar to that of the sulfur compound. Phenoxatellurin, in 
contrast to the other phenoxachalcogenins, is pale yellow. The color is caused 
by a low intensity band centered at 356 nm. Three other distinct absorption 
bands are present. Two bands of medium intensity appear at 285-305 and at 
255 nm. The third, broad band has a maximum at 202 nm and a shoulder at 
-230 nm. 

The transition energies were obtained by means of a SCF-PPP-CI calculation 
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TABLE4 

EXPERIMENTALANDCALCULATEDELECTRONICTRANSITIONSOFPHENOXACHALCOGENiNS 

Compound1 Calculated ExperimentFound 

X<=) POL" f w=.o loge - 

x=s 305 
302 
286 
239 
233 

217 
208 

204 

X=Se 

X=Te 312 

303 
291 
250 
241 
229 
220 
206 

x=0 321 

310 
286 
235 
231 
213 
207 
203 

303 
29s 

287 
240 

235 
220 
212 

204 

0 

0.217 
0.002 
0.151 
1.471 
0.007 

0 
0.117 

0.024 
0.138 
0.026 
0.177 
1.148 

0.052 
0.001 

0.156 

0.103 
0.055 

0.035 
0.190 
1.066 
0.049 
0.010 

0.203 

0.036 

0.117 
0.052 3 

0.190 
0.852 3 

0.045 
0.154 1 

0.191 

3oob (SW 
289 3.87 
228 4.73 
222 4.64 

203 weak 

zxib 3.60 

241 4.50 

238 4.50 

220 weak 

294= 

241 4.30 

238 4.31 
218 4.13 

202 

356'= 

290 

257 

230 4.07 <ah) 

202 4.57 

3.54 

4.34 

2.55 

3.62<sh) 

3.91 

aPolarization(The x-uldy-axesrepremntthelongandshortazrisofthe molecular framework. respec- 
tively).~Inheptanesolution L261. CPresentwork, inheptanesolution. 

with consideration of all singlet mono-excited electronic configurations. The 
oscillator strengths for the various transitions were determined using the dipole 
length operator. The parametrization was taken from Fabian et al. [27] However, 
the value -1.2 eV was used for p(C-Te). The two center electron repulsion inte- 
grals were evaluated by means of the Mataga-Nishimoto formula [28]. The 
X-ray geometries were adopted for the phenoxachalcogenins (I, X = 0 *, S, Te). 
The structure of phenoxaselenin was assumed to be similar to that of the sulfur 
and tellurium derivatives. 

The calculated frequencies are in fair agreement with the experimental values 
for all four compounds (Table 4). The interpretation of the spectra of dibenzo- 
dioxin and phenoxathiin on the basis of these calculations is quite congruent 
with the ones previously advanced by other authors [29-321. The lowest energy 
bands are caused by transitions from the heteroatoms to the phenyl rings. The 

*@154O assumed. 



242 

band at 289 nm in the spectrum of dibenzodioxiu is corn&ted with the third 
calculated transition (286 nm). This transition is forbidden in the planar but 
allowed in the folded molecule. This interpretation supports a folded conforma- 
tion for dibenzodioxin. 

The assignments for phenoxathiin are corroborated by the fact that the 
theoretical band polarizations are quite consistent with those inferred from the 
polarized excitation spectrum 1291. The assignments for phenoxaselenin are 
similar to those for the sulfur derivative. 

The agreement between theory and experiment is not very good in the case of 
phenoxatellurin probably because of a non-optimal parametrization of the Te 
atom. The visible band (356 nm) can be correlated with the first calculated tran- 
sition (312 nm), which is an almost pure HOMO to LEMO excitation. It occurs 
at a lower energy than in the other chalcogenins because the HOMO electrons 
are more localized on the Te atom than on the other Group VI atoms. The photo- 
electron spectra support this argument. 

Photoelectron spectra: The phenoxachalcogenins can be considered to be 
formed by joining two mono-substituted benzene derivatives. Based on this 
assumption and on qualitative perturbation MO arguments, five 7r bands are 
expected to be present in the low 1E region of the photoelectron spectra. These 
bands are caused by ionization processes affecting electrons in the uppermost 
occupied MO’s associated with two antibonding combinations and one bonding 
combination formed from the chalcogen pn lone pair orbit& and the n(b r) 
phenyl orbitals and with two non-interacting ~(a,) phenyl orbit&. The experi- 
mentally observed number of bands is in good agreement with this prediction 
(Fig. 2, Table 5). 

The observed and calculated ionization energies and the band assignments are 
presented in Table 5_ The first two bands are related to electrons in antibonding 
Z-MO’S with a maximum of electron density at the heavier chalcogen atom and 
one node along each C-X bond. The closely spaced third and fourth bands are 
attributed to electrrm removal from two nearly degenerate, non-interacting 
sT-phenyl orbit& with no involvement of the chalcogen atoms. The fifth band 
is associated with the n-MO characterized by bonding interaction between the 

TABLE5 

EXPERIMENT_~L~~DCALCUL_4TEDIONIZATIONENERGLES<eV)OFPHENOXACHALCOGENINSI 

x=0 x=s X=Se X=Te Assigmnento 

Found Cklcd. Found Calcd. Found Calcd. Found Calcd. 

7.78 7.74 7-72 7.73 7.74 
8.76 8.94 8.71 8.85 8.67 
9.5 9.45 9.4 9.37 9.33 
9.7 9.53 9.6 9.46 9.5 

11.24 11.18 10.63 10.68 10.33 
11.5 11.13 10.9 
12.2 12.18<xR) 11.7 11.83 11.5 

7.69 

8.80 
9.38 
9.45 

10.30 

7.49 

8.68 

9.37 
9.45 
9.92 

11.62 

7.61 
8.66 
9.24 

9.4 
9.94 

10.45 
11.3 
11.1 

11.53 

13.75 12.10 12.10 12.09 

15.09 14.61 14.59 14.58 

TXY 

=XY 

SR 
"R 
=XY 
l7 

nxY 
cl 
sr 
lr 

alrXydenotesorbitalsofprevailingchaIcogencharacter,whereass;R denotesringorbitak 



243 

heavier chalcogen atom and the phenyl rings. Excitation of a o-electron with 
some heteroatom character should give rise to the sixth band_ This assignment 
is consistent with that advanced for the highest energy o-MO of C,HSXCH3 
(X = 0, S, Se, Te) 1331. A r-bonding combination between chalcogen atoms and 
phenyl groups should be responsible for the seventh band. 

These empirical assignments (Table 5) are in excellent agreement with the 
results of PPP-SCFMO calculations. The theoretical energies of the first five occu- 
pied uppermost r-MO’s, correlated with the experimental ionization energies 
via Koopmans’ theorem, lead to the linear relationship expressed in eq. 4 with a 
correlation coefficient of 0.995. The values for IEobs calculated according to eq. 4 

IEobs = 0.9244 IEcalc -0-4148 eV 

are listed in Table 5. 

(4) 

The energies of the first two r-MO’s in the phenoxachalcogenins are almost 
independent of the chalcogen atoms. If these molecules were planar, these two 
r-MO’s would become progressively destabilized with increasing mass of the 
heteroatom in line with well-established evidence derived from the related series 
of benzo [b] furan [34] and its chalcogen analogs and from the compounds 
CH3XR (R = C,HS) 1331. The MO energies should, therefore, decrease from 
dibenzodioxin to phenoxatellurin. A deviation from planarity, which reduces 
the Ir-interactions between the chalcogen atoms and the phenyl rings and releases 
the ring strain, is therefore very likely responsible for the near-constancy of the 
observed ionization energies. 

Another consequence of the deviation from planarity is the increased localiza- 
tion of the HOMO electrons in the chalcogenp, orbitals which explains the variations 
of the relative intensity and the full-width-at-half-maximum (FWHM) of the per- 
tinent photoelectron bands observed for the phenoxachalcogenins. The FWHM 
of the first band (0.44 eV, 0; 0.52 eV, S; 0.47 eV, Se; 0.33 eV, Te) decreases rapidly 
in the sequence S > Se > Te. The apparently anomalous position of dibenzodi- 
oxin in this series is caused by the predominant ring nature of its HOMO. The 
intensity of the first band relative to the third composite band, which has pure 
phenyl character, is -0.5 (0), -0.5 (S), -0.65 (Se) and -0.7 (Te). The observed, 
rather small destabilization of the highest occupied MO’s with increasing mass of 
the heteroatoms, which might be caused by localization of electrons on the 
heteroatom and a concomitant electron shift from the ring toward the hetero- 
atom, is in agreement with the successive NMR downfield shifts of the hydrogen 
atoms next to the heteroatom [35]. 

These results further corroborate that the near-constancy of the first band is 
caused by the non-planarity of the molecules. The photoelectron results are thus 
consistent with the conformational conclusions drawn from the dipole moment 

analyses. 
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