
PHOTOELECTRON SPECTRAL STUDIES ON 
THE INTERACTION OF THREE-MEMBERED 

RINGS WITH ARYL GROUPS 

K. SHWXf 
Faculty of Pharmaceutical Sciences, Umvtrsiry of Tokyo. Hongo, Bunkyo-ku, Tokyo, Japan 

T. KOBAY,GHI 
The Institute of Physical and chemical Research, Wake-shi, ,Saitama, Japan 

and 

c. l3sCNOMIYA 
The Institute for Solid Stare Physics. University of Tokyo, Roppongi. Minato.ku. Tokyo, Japan 

(Rcceired in Jopan 21 Ocrober 1976; Receiwd in UK for publication 6 January 1977) 

Abatrwt-Photoelectron spectra of cycfopropytbcnxcnc. 9,l~met~9,10dihydr~hc~~e~ and their related 
compounds have been measured and interpreted by the aid of the CP;DO/IP method. The mtcraction between a 
cyctopropane ring and aryl groups is discussed. 

In this paper the photoelectron spectra @ES) of 
9.Wmcthano-9.tO-dihydrophcnanthrenc, cyclopropyl- 
benzene, styrcne oxide and their related compounds arc 
discussed. Recently PE spectroscopy has been proven to 
be useful in evaluating various kinds of clcctronic in- 
tcraction.’ Though it is well known that the cyclopropanc 
ring interacts very efficiently with conjugated systems.’ 
no PES study of arylcyclopropancs except for that of 
cyclopropylbcnzcnc has been reported so far as we 
know. The primary interest in this work is concerned 
with the interaction of a ice-mcm~rcd ring with aryl 
groups. In the intc~re~tion of PES the rcccndy dc- 
vclopcd CNDOflP method’ was used. The method has 
been optimized for the estimation of ionization potcn- 
tials. 

Samples vvcrc prepared in the we way as dcscribcd in the 
prcccding paper.’ 

The PFA of the samples were recorded usiag the He(l) 
rcsonancc line as the excitation source as described in the 
preceding paper.’ 

Tic CNDWIP’ cakulatioas of the compounds treated in this 
paper ucrc carried out on a FACOM 23075 computer at the 
lnstitutc of Physical and Chcmicrd Research. The molecular 
dtmensions of the compounds treated here were sakcn from. or 
properly assumed on the basis of Ref. 7. 

The PES of 9.10.mclhano-9,10dihydrophcnanthrenct, 
9.10~(dichloromelhano)-9.10-dihydrophcnanthrcnc and 
9,lO-dihydrophcnanthrcne’ are shown in Fig. I. The ver- 
tical ionization potentials of these compounds arc also 
summarized in Table I. The observed vertical ionization 
potentials of these dihydrophcnanlhrcncs arc plotted in 
Fig. 2. The calculated orbital energy diagram is shown in 
Fig. 3. In the case of dihydrophcnanthrenc, the Cal- 
culations have been carried OUI for two dihedral an- 
gles of the biphtnyl moiety, 0” and 1P52’. The latter 
value was estimated by using the C-C bond lengths 
assumed on the basis of the appropriate data given in 
Ref. 7. This value is quite close to the value cmpiricaily 

estimated formerly by Beaven and coworkers,’ cu. 20”. 
In the case of 9.10.mcthano-9.1O-dihydrophcnanthrcnc 
the biphenyl part was assumed IO be planar. ‘J 

The overall pattern of the calculated orbital energy 
diagram resembles well that of the observed correlation 
diagram, and the observed ionization potentials may be 

4 0 

Cl ’ 

7 8 3 IO 1, 

lP/CV 

Pig 1. Pbotoclectroa spectra of 9~i~~y~op~~~eae. 9,ttL 
methane-9.10dihydrophenanthreM and 9,t~ich~romct~no. 
9, i~~Y&~~~~. The spectrum of 9.1Odi- 

hydrophenanthrenc was reproduced from Ref. 8. 
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Tabk I. Vertical ionization potentials of arylcyclopropancs and rclalcd compounds in cV 

Compound PES band 
-l- --.--a- 

9.10.Dihydrophcnanthrtnea 

9,10-21cthano-9.~0.dihydro- 

phcnanthrene 

9,10-I)lchloromcthano-9.10. 

dihydrophenonthrcnc 

Phtnanthrtneb 

Cycloproponc’ 

tlthylcned 

Cyclopropylbcntene 

Isopropylbenzene 

Styrene oxtdc 

Bcnryl methyl ether 

.?,Z-Dlchlorocyclopropyl- 

benzene 

p,p-Dichloroothylbsnrcne 

Bcnrenc’ 

Ethylene oxideC 

Dimcthyl cthorf 

7.96 

7.77 

8.06 

7.86 

10.55 

10.51 

8.61 

8.75 

9.Od 

9.07 

8.80 8.95 9.80 

8.53 8.70 9.76 10.36 

8.7Y 8.YS 10.00 10.16 

8.10 9.28 

11.3 13.2 

12.85 14.66 

9.12 10.98 

9.27 

9.89 10. S9 

S.? lb.5 

S.87 19.1 

9.43 10.26 1l.S 

9.3: 9.85 11.3s 

8.97 9.40 10.0s 10.8 11.07 

9.27 9.65 

9.23 11.67 12.32 13.97 

10. S7 11.7 13.7 ld.2 16.6 

10.04 11.91 13.03 ld.2 

‘Ref. 8. “Ref. 10. ‘Ref. 13. ‘C. R Bnmdie, M. B. Robin, N. A. Kuebkr and H. Batch. 1. Am. Cktm. Sot. 94. 
Ml (1972). T. Kobayashi and S. Nagakura. Bufl. C?rrm. .%c. Japan 47, 2563 flW4). ‘S. Cradock and R. A. 
Whireford, 1. C/rem. Sot. Fomdny Tmnr. fl 6& 281 (1972). 
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Fig. 2. Conclarion dialpam for the phorockctron speclnl bands 
of dihydropbcnanrbrcnc and related compounds. 

Fig. 3. Calculated orbital energy diagram of dibydro- 
pbenantbrenc and related compounds. 6 denotes the twist angk 

of the btphenyl moiety of 9,i~ihydrophenanrhrenc. 

assigned as shown in Fig. 2. referring to the calculated 
diagram in Fig. 3. The PES of 9,1@dihydrophenanthrehrene 
has been discussed by Maicr and Turner,’ and their 
result is consistent with our calculation. 

Concerning the PES of 9.10-methano-9,lOdihydro 
phenanthrenc, the brst band of dihydrophenanthrene is 

shifted to the lower energy side by the introduction of a 
cyclopropant ring. The comparison of the observed ion- 
ization potentials with the calculated molecular orbit& 

suggest5 that this shift has been caused by Ihe de- 
creased rwisting of the hiphenyl group and the in- 
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teraction between the highest occupied a?n orbital of the 
biphenyl moiety and one of the highest occupied e’o 
orbitals of the cyclopropane ring. la addition to this, of 
course, we cannot forget the slight inductive effect of the 
additions methyleae group also. The similar situation is 
found in the case of the second bands of di- 
hydrophenanthrene and !&IO-methane-9.1Whydro. 
phenanthrene. According to the calculation the third 
band of dihydrop~nanthrene is shifted to the higher 
energy side by making the hiphenyl moiety planar, 
and by the introduction of a cyclopropane ring is the 
band shifted again to the lower energy side. This shift IO 
the lower energy side of the third band is caused by the 
interaction between the third highest occupied b,r or- 
bital of biphenyl moiety and one of the higher occupied 
cyclopropane e’a orbitals. The fourth vertical ionization 
potential of the methano derivative is quite close to that 
of the dihydrophenanthrene. The calculation suggests 
that the decreased twisting of the biphenyi moiety causes 
slight shift of the fourth band to the higher energy side. 
and that the introduction of a cyclopropane ring does not 
cause any additional shift. In the cases of the third and 
fourth bands also, the slight inductive effect of the 
methylenc group should be considered. According to the 
calculations the 10.4 eV tifth band of 9,Wmethano-9.10. 
dihydrophenanthrene should be ascribed to the a’a or- 
bital localized on the cyclopropane ring. This assignment 
is reasonable just as in the case of the third band of 
cyclopropylbenzene discussed later. 

The introduction of two chlorine atoms into 9.10. 
methano3,lOdihydrophcnanthrene causes higher energy 
side shifts of the lower energy bands by about 0.3eV 
because of the electron wi~drawing effect of chlorine 
atoms. 

An interesting contrast to the interaction of the 
biphenyl moiety with the cyclopropane ring is the con- 
jugation between the biphenyl moiety and the ethylene 
group in the case of phenanthrene. The first five bands of 
phcnanthrcne have already been assigned by Boschi cz 
al. with the aid of HMO. PPP. EHMO and MlNDO/Z 
calculations.‘” Our calculation also supports their assign 
meat. Thus. the third highest occupied bn orbital of 
dihydrophenanthrene is corretatcd with the highest oc- 
cupied b,l orbital of phenanthrene through the quite 
significant conjugative interaction with the occupied n 
orbital of the ethylene group. 

Bock and coworkers have shown that PE ioni~tion 
potentials can tx correlated with charge-transfer (CT) 
band transition energy.” The CT complexes of tetra. 
cyanoethylcne with dihydrophenan~enes show two CT 
bands.’ The first two vertical ionization potentials of 
dihydrophc~nthrenes were plotted in Fig. 4 against the 
first two electronic transition energies of the CT 
complexes of tetracyanoethylene with dihydro- 
phenanthrenes. A good linear relationship between them 
suggests that the two CT bands are related with the 
electronic excitations from the two highest occupied n 
orbitals of dihydrophenanthrenes to the lowest vacant n 
orbital of tctracyanoethylene. This relationship is so 
gtxKt that from CT band frequencies we can estimate 
the i~~nization potentials of 9,lO~poxy-9.~~ihydro- 
phcnanthrcne the PES of which WC could not obtain 
because of thermal decomposition under the mcasure- 
ment conditions. Thus, the first ionization potential 
is estimated to be 8.24eV and the second one 9.1 eV. 

The PES of cyclopropylbenzene, isopropylbenzene, 
styrenc oxide. 2.Ldichlorocyclopropylbenzenc. &@di- 

Fig. 4. Plot of the first IWO vertical ionization potentials of di. 
hy&op~~~~s against the eat&es of the two charge- 
transfer bands of dihydrophenanthrencs-retracyanoelhylene sys- 

tem. 

chlorethyi~n~ene and benzyl methyl ether are shoun in 
Fig. 5. The vertical ionization potentials of these com- 
pounds and related compounds are summarired in Table I. 

Cyclopropylbenzene and isopropylbenzene show the 
first two bands in the energy region from 8.6 to 9.5 eV. 
This energy region is also for the first PES band of 
benzene ascribed to the ionization from the doubly de- 
generate el,n orbitals.” The shifts of the first bands of 
these compounds from the benzene ec+ band are greater 
than those of the second bands, and according to the first 
order perturbation theory the first two bands of these 
compounds arc ascribed to the b,-like and aJikc n 
orb&Is, respectively. CNDO/IP calculations also sug- 
gest that the first two PFS bands of cyclopropyl~n~ne 
and i~propyi~n~ne are reasonably ascribed to the 
ionizations from the bJike and al-like n orbitals mainly 
localized on the benzene ring from the top. respectively. 
This assignment is consistent with that given by Bruck- 
man and Klessinger.’ 

The first PES band of isopropylbenzene is vertical. On 
the other hand, the first PES band of cyclopropyl- 
benzene is rather nonvertical. This fact means that there 
is a sign&ant difference between the shapes of the 
potential curves for the neutral ground state and the 
cationic ground state in the case of cyclopropylbenzcne. 
The calculations suggest that the contribution from the 
bonding (I orbital of the substituent group to the bAkc T 

Fig. 5. Photoelectron spectra of substituted benzrncr. 
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orbital is more significant in the case of cyclopropyl- 
benzene. and especially that the highest occupied b,-like 
n orbital of cyclopropylbenzene is more strongly anti- 
bonding at the C-C bond connecting the two groups than 
in the case of isopropylbenzene. and this is consistent 
with the present experimental result. The 10.48eV band 
of cyclopropylbenzenc is ascribed to the o orbital of the 
cyclopropane ring according to the calculation in ac- 
cordance with the assignment given by Bruckmann and 
Klessinger.’ 

The I’ES of styrcne oxide and benryl methyl ether 
show two bands in the energy region from 9 to 9.5 eV. 
These bands correspond to the first two bands of cy- 
clopropylbcnzene discussed above. Styrene oxide is an 
oxygen analogue of cyclopropylbenzcne and the vertical 
ioniration potentials of the first and the second bands of 
cyclopropylbenzene are increased by cu. 0.4 and 0.3 eV. 
respectively, by the introduction of an oxygen atom in 
the place of the methylene group as the constituent of 
the three-membered ring, because of the electron with- 
drawing effect of oxygen atom. Similarly, in dich- 
lorocyclopropylbenzcne, the introduction of two clcc- 
tronegative chlorine atoms onlo cyclopropylbenzene 
causes increases of the first and the second ionization 
potentials by cu. 0.4 and 0.3 cV, respectively. 

The third vertical ionization potential of styrene oxide, 
10.26cV. is close to the first vertical ionization potential 
of ethylene oxide, 10.57eV. which is ascribed IO the 
oxygen lone pair orbital.” Therefore, it is natural to 

assign the third baud of styrene oxide as the oxygen lone 
pair band. The third band of benzyl methyl ether is also 
safely ascribed to the oxygen lone pair band. 

A plot of the experimental ionization potentials against 

CT-absorption band energies of tetracyanoethylene com- 
plexes of the substituted benzencs shows that their cor- 
relation is poor. This may be attributed to (I) the con- 
formational (or rotational) difference between a free 
molecule in a gas phase and a corresponding molecule in 
a complex, and (2) very different shapes of potential 
curves of neutral and cationic ground states of benzenes 
bearing three membered rings, because of the structural 
flexibility of these benzene derivatives. 
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