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Abstract: The photoeiectron spectra of the title compounds are interpreted and analyzed in terms of inductive and conjugative 
interactions between subunits M (CH2, C=O, C=S, S=O, and SO2) and PhC=CPh. Inductive and conjugative abilities of 
M derived in this way are compared to corresponding theoretical data obtained using the "cutoff procedure. The same theo
retical method is used to calculate aromaticities and w charge transfers. From these results and corresponding data derived 
from the unsubstituted species cyclopropene, cyclopropenone, cyclopropenethione, thiirene 1-oxide, as well as thiirene, 1,1-
dioxide it is concluded that the diphenyl-substituted molecules are likely similar aromatic compounds as their parent systems 
are. 

Introduction 
In a preceding paper2 we analyzed the various sorts of in

teractions between M (CH2, C=O, C=S, S=O, and SO2) 
and the C=C unit in the intriguing series of molecules cyclo
propene (1), cyclopropenone (2), cyclopropenethione (3), 
thiirene 1-oxide (4), and thiirene 1,1-dioxide (5). We further 
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considered the consequences (as, e.g., TT charge transfers, 
aromaticities, and geometries) of these interactions in terms 
of inductive and conjugative effects A-E defined as follows. 
Based on the "cutoff procedure316 we defined the energetic 
effect of M on the r orbital of the C=C unit in the ir inter
rupted case as the inductive effect of M (i.e., effect A). Passing 
over from the ir interrupted to the TT coupled case orbitals of 
appropriate symmetry of both subunits start interacting to 
form molecular 7r orbitals. Simplifying here we distinguished 
three cases: interaction between the occupied irc=c orbital 
with occupied orbitals of M (leading to an energetic effect that 
is unfavorable and designated as effect B), interaction between 
the filled irc=c orbital and vacant orbitals of M (leading to a 
gain in energy and abbreviated as effect C), and finally inter
action between the vacant 7r*c=c orbital and filled orbitals of 
M (which again is energetically favorable and is designated 
as effect D). Additionally, if a sizable ir charge transfer in ei
ther direction (from C=C to M or vice versa) occurs due to 
effects C and D, respectively, secondary changes in the orbital 
energies as a result of the TT charge transfer become possible 
(i.e., effect E). 

Within the series of molecules 1-5 only 1 and 2 are existing 
compounds. Our present intention therefore is to seek experi
mental confirmation of the predicted inductive and conjugative 
abilities of M by use of the photoeiectron (PE) spectra of the 
corresponding diphenyl derivatives 6-10. These molecules have 
a basic advantage over 1-5 insofar as the % systems of these 
molecules possess TT orbitals which, for symmetry reasons, 
cannot couple with ir orbitals of M so that their energy change 
reflects the purely inductive influence of M. Thus an approx-
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imate separation of the inductive from the conjugative effects 
can be achieved for 6-10 which is not possible for 1-5. 

In order to estimate the modifications of the inductive and 
conjugative abilities of M caused by the phenyl substituents 
we will present theoretical results using the "cutoff method 
for 6-10 (applied in the same way as for 1-52) and compare 
them with the respective experimental data. 

Results and Discussion 
Figure 1 displays the photoeiectron spectra of 1,2-diphen-

ylcyclopropene (6), 2,3-diphenylcyclopropenone (7), 2,3-
diphenylcyclopropenethione (8), 2,3-diphenylthiirene 1-oxide 
(9), and m-stilbene (H).17 Since 6-9 consist of PhC=CPh 
and M units the spectra of these compounds exhibit the band 
structure of 11 modified by inductive (effect A) and conju-
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gative (effects B-E) interactions between the respective sub-
units and further modified by additional bands due to ioniza
tions from other high-lying orbitals not involved in the -K con
jugation process. 

c/s-Stilbene (11). The PE spectrum of 11 has been previously 
analyzed.18 It shows three bands before the a onset with the 
ratio of intensities 1.05:3:0.97. The corresponding ionizations 
1-5 were assigned to the five TT orbitals iri-7rs shown in Figure 
2. These orbitals can be understood as linear combinations of 
C=C and 7r benzene orbitals. TT2 and TTT, are nearly degener
ate. 

c/s-Stilbene is nonplanar with the phenyl rings rotated 
around' the C-C bonds by 43.2°.I9 In contrast to that the 
PhC=CPh part in 6-9 is planar. Therefore, before the influ-
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MEASURED 

Figure 1. Photoelectron spectra of m-stilbene, 1,2-diphenylcyclopropene. 
2,3-diphenylcyclopropenone, 2,3-diphenylcyclopropenethione, and 2,3-
diphenylthiirene 1-oxide. For the assignments and measured vertical 
ionization potentials, see Figure 3. 
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Figure 3. Measured ionizations correlation diagram for m-stilbene (point 
group Ci), fictional planar m-stilbene (point group C21), 1,2-diphenyl
cyclopropene, 2,3-diphenylcyclopropenone, 2,3-diphenylcyclopropene
thione, and 2,3-diphenylthiirene 1-oxide. The ionizations are labeled ac
cording to the designation of orbitals from which they arise. The numbers 
shown above the levels are vertical ionization potentials (in eV). The good 
agreement of the present diagram with the calculated Koopmans' ion
izations correlation diagram of Figure 4 as well as the examination of 
Koopmans' ionizations by the configuration interaction (Cl) method in 
ref 25-27 suggests that the present ionizations diagram may also be con
sidered as an experimental correlation diagram for the highest occupied 
orbitals of the respective molecules. Consult text for details of estimating 
the ionization potentials for planar m-stilbene. 
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b, J 5 

Figure 2. Highest occupied -K orbitals of c/5-stilbene. The orbitals are 
classified with respect to the symmetry species of point group C-Z1, and are 
further distinguished by numbering them (from 1 to 5 in order of de
creasing energy). 

ences of M on 7T]-TTs are to be quantified by comparing the 
ionizations of 11 with those of 6-9 we must correct the mea
sured ionizations of 11 for the effects on 7r|-7r5 that the change 
in geometry produces. The effects were estimated from 
MINDO/3,20 CNDO/S,21'22 and MNDO23 calculations for 
the planar (symmetry C2v) and nonplanar (symmetry C2) 
forms of cw-stilbene. In accordance with what is expected on 
the orbital structures of 7TI-7T5 all three valence electron 
methods agree in predicting 0.2 eV destabilization for IT, and 
0.15 and 0.3 eV stabilization for 7r4 and xs, respectively, and 
finally a tiny stabilization for the nearly degenerate Tr2 and 7T3 
(0.05-0.1 eV) when passing over to the planar form. Both the 
measured (for the C2 form) and the corrected (belonging to 
the C2v form) ionizations of m-stilbene are gathered on the 
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Figure 4. Calculated (using the CNDO/S method in conjunction with an 
spd basis) Koopmans' ionizations correlation diagram (identical with the 
orbital energy correlation diagram for the highest occupied orbitals) of 
n'.s-stilbene (point group C2), fictional planar m-stilbene (point group 
C2c), 1,2-diphenylcyclopropene, 2,3-diphenylcyclopropenone, 2,3-di
phenylcyclopropenethione, 2,3-diphenylthiirene 1-oxide, and 2,3-di
phenylthiirene 1,1-dioxide. The numbers above the levels are vertical 
ionization potentials (or the negative of orbital energies in eV). 

left-hand side of the measured ionization correlation diagram 
of Figure 3. Figure 4 displays the corresponding CNDO/S 
ionizations.24-27 Our next problem is to relate the ionizations 
of 6-9 to the ionizations of the hypothetical planar form of 
c/5-stilbene. Therefrom we can derive information about the 
interactions between PhC=CPh and M in 6-9. 

1,2-Diphenylcvclopropene (6). The CH2 part of 6 possesses 
neither lone pairs nor other high-lying a orbitals. Therefore 
we would expect that, apart from the five w ionizations of the 
PhC=CPh unit, no additional ionizations that are charac-
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teristic for CH2 would arise in the it ionization region (i.e., the 
ionization region of cw-stilbene). Nonetheless, considering the 
PE spectrum of 6 and the ratio of intensities of its signals, there 
is one further ionization among the expected five T ionizations. 
This ionization is, however, understandable on the basis of the 
PE data of cyclopropene where the first a ionization occurs at 
10.89 eV.28 This ionization is characteristic for the <r structure 
of the three-membered ring (for the orbital that is ionized see 
12 below) and occurs for obvious reasons only in cyclopropene 
at such a high energy (note that, in cyclopropenone, the cor
responding ionization is observed at 13.63 eV29). 

0,_, 

The assignment of the six ionizations observed in the PE 
spectrum of 6 is based on the following arguments. From the 
structure of the five -K orbitals shown in Figure 2, appreciable 
conjugative interactions can only be expected between 7TCH2 

and 7T*CH2 and ir\ and 7^. From previous results2 we have 
further to expect that the interaction with 7TCH2 (effect B) 
predominates. Therefrom we would predict that, for 6, the 
ionizations corresponding to it\ and ^5 occur at lower energy 
than in planar c/s-stilbene while the 7T2-7T4 ionizations should 
be found at practically the same energy as in the fictional 
reference system. The three-membered ring a ionization 
(symbolized as ac-c in Figure 3 and elsewhere) should occur 
at somewhat higher energy for 6 (because of interaction with 
fbenzene orbitals) than for cyclopropene (1) (i.e., 10.89 eV, see 
above). All these expectations are met as Figure 3 shows. It 
must be stressed, however, that the sequence of the UQ-C ar)d 
7T5 ionizations remains uncertain. The CNDO/S calculations 
place (roc above 7T5. However, qualitative arguments ac
cording to which the conjugative interaction between 7rs and 
7TCH2 should be more efficient than between ir\ and 7TCH2 point 
to the opposite direction. Nonetheless the overall agreement 
between the measured (Figure 3) and calculated (Figure 4) 
ionizations for 1,2-diphenylcyclopropene and also relative to 
Ci and C2c c/s-stilbene is quite impressive.24-27 

Most important, the results of Figure 3 (in full agreement 
with the theoretical results of Figure 4) indicate that the sum 
of conjugative (hyperconjugative) interactions between ir\ and 
7TCH2 and 7T*CH2 (

s u m °f effects B and C) is 0.4 eV. It is thus 
a bit smaller than the corresponding value (0.6 eV)9 previously 
derived for 1,2-dimethylcyclopropene in accordance with what 
is expected on the relative energies of the 7rc=c orbital of 
1,2-dimethylcyclopropene and x\ of 6. 

2,3-Diphenyicy clopropenone (7). The band structure of the 
PE spectrum of 7 is very similar to that of m-stilbene with one 
additional band in the range of the first signal. The intensity 
ratio of the three signals is 2.09:3:0.98. From our previous 
experience8 with the oxygen lone pair (no) ionizations for 
2,3-di-feri-butylcyclopropenone and trans-2,3-di-tert-b\i\.y\-
cyclopropanone (13 and 14 below) one of the first two bands 
in the PE spectrum of 7 must be assigned to the no orbital. The 
CNDO/S calculations place TT, above n0 but CNDO/S CI 
calculations made in order to estimate the Koopmans defects 
suggest the reversed sequence.24-27 Irrespective of the exact 
ordering, however, an no ionization around 8.30 eV reveals that 
the no orbital in the three-membered ring systems is drastically 
destabilized with respect to the same orbital in aliphatic ke
tones (e.g., 9.71 eV30 in acetone and 9.21 eV31 in methyl 
ferf-butyl ketone). The observed destabilization is partly due 
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13 K 
to a strong interaction with the a system of the ring and partly 
a consequence of the secondary 7r charge transfer from 
PhC=CPh to C=O (effect E). 

The location of the X1 ionization for 7 relative to the same 
ionization for planar cis-stilbene (Figure 3) indicates that, for 
7, the stabilizing influences exerted by C=O on T\ (i.e., effects 
A, C, D) predominate. For symmetry reasons the 7T2 and x4 
orbitals can only experience inductive stabilizations so that we 
can use their energy changes as a measure of the pure inductive 
effect (effect A). Since, however, the 7TI-7T5 orbitals (Figure 
2) lead to rather different electronic distributions the inductive 
influences of C=O on in-7^ might differ to a certain extent. 
This is indeed the case as the results of CNDO/2,32 CNDO/S, 
MINDO/3, and MNDO calculations with and without con
jugative interruption indicate. All methods applied agree that 
the inductive stabilizations of ir\ and 7T5 are the largest ones. 
As compared to that value the 7T4 stabilization amounts to 70% 
and the 7T2 and 7T3 stabilization to 60%. It is further interesting 
to mention that the found graduation of effects is valid for all 
other groups studied. 

If we modify the measured (Figure 3) inductive effects for 
7T2 and 7T4 according to the aforementioned orbital sensitivity 
scale we arrive at an inductive stabilization of —0.75 eV for Tr1 
and 7T5. This value is in good agreement with the inductive ef
fects of C=O in substituted cyclopentadienones8 and tropone5 

(cf. 15-17). Relying on this inductive stabilization (-0.75 eV), 
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-OJeV <-0.8eV -08 9V 
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the sum of stabilizing (interaction of TT\ with 7r*c=o. ie., effect 
C) and destabilizing (interaction of v\ with TTC=O, ie., effect 
B) conjugative interactions does not exceed 0.1-0.35 eV (de
pending on band 1 or 2 in the PE spectrum of 7 being assigned 
to 7Ti). The derived value is within the limits of findings9 for 
other cyclopropenone systems (cf. 18 and 20 with 19 below; 
for a more detailed discussion, however, see below). 
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2,3-Diphenylcyclopropenethione (8). At first glance the PE 
spectrum of 8 appears to be quite different from the reference 
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spectrum of c/s-stilbene (Figure 1). It exhibits three signals 
with an intensity ratio of 1:1.02:4.05. In addition there is a 
fourth signal in the onset of the a continuum. 

These observed differences are due to the higher energies 
of 7Tc=s and ns orbitals than of their oxygen counterparts (e.g., 
irc=o of acetone at l2.62eV,30irc=sof thioacetone at 10.46 
eV;34 no of acetone at 9.72 eV30 and ns of thioacetone at 8.60 
eV34). In addition, the ns ionization of 8 is (in analogy to the 
respective oxygen cases) expected to occur at considerably 
lower energy than in aliphatic compounds (owing to a inter
actions and -K charge transfer from PhC=CPh to C=S). 

Keeping these facts in mind the interpretation of the PE 
spectrum of 8 is possible. Unambiguously, both from the shape 
of band 1 and the vibrational fine structure of band 2 (1291 
cm -1, C=C vibration in the molecule 1785 cm-1 35) bands 1 
and 2 must be assigned to the ns and ir\ orbitals, respectively. 
The relative intensity of the second signal indicates that the 
7Tc=s ionization is additionally located in the 7 -̂7:4 ionization 
region. The sequence of 7rc=s and 7T4 ionizations cannot be 
inferred from the experimental data. 

Following the same procedure as described above for 2,3-
diphenylcyclopropenone (7) we derive, from the observed 
changes in the 7:2 and w^ ionization energies relative to those 
of planar c/s-stilbene, an inductive effect of C=S on 7r 1 of —0.6 
eV (effect A). With this inductive effect we estimate, from the 
7Ti ionization energy of 8 for the sum of stabilizing (interaction 
with 7r*c=s. effect C) and destabilizing (interaction with 
7TC=s. effect B) conjugative contributions, a value of 0.7 
eV. 

It is worth mentioning that all assignments and conclusions 
derived above for 7 and 8 are additionally corroborated by the 
quite impressive agreement between the calculated (Figure 
4) and measured (Figure 3) ionization energies for these 
molecules.24"27 

2,3-Diphenylthiirene 1-Oxide (9). The PE spectrum of 9 
(Figure 1) exhibits two additional bands (2 and 3) in the ir\-irs 
ionization region. We assign these bands, relying on the 
CNDO/S calculations of Figure 4, to the ns and 7rs=o orbit
als.2 This assignment gets support from the shape of the second 
intense signal (comprising bands 2-6) in the PE spectrum of 
9 (Figure 1) where—as it must be expected from the near de
generacy of the 7T2 and 773 orbitals (cf. Figure 2)—bands 4 and 
5 form the most intense peak and therefore have to be assigned 
to these orbitals. 

According to a preceding analysis2 of orbital interactions 
for thiirene 1-oxide we would essentially expect here conju
gative interactions between 7T1 and ir5 and ns on one hand and 
X4 and 7Ts=o on the other. 7T2 and 773 are then appropriate for 
estimating the inductive influence of S=O. From the changes 
of the corresponding ionizations (relative to the corresponding 
ionizations of planar ris-stilbene) we evaluate for the inductive 
stabilizations of T\ and 7T5 -0.65 eV. Based on this inductive 
effect the conjugative interactions (i.e., the sum of effects B 
and C) amounts to 0.25 eV for ir\. 

2,3-Diphenylthiirene 1,1-Dioxide (10). We did not succeed 
in recording the PE spectrum of 10 since this molecule quan
titatively decomposed into diphenylacetylene during the 
evaporation process. This is in agreement with mass spectral 
findings.36 

Comparison between Calculated and Experimental Results 
and Conclusion. Figure 5 gathers the calculated CNDO/2 
inductive effects of M on it\ (effect A), the corresponding 
experimental quantities as derived in the preceding PE spectral 
study, the calculated CNDO/S conjugative effect of M on in 
(effects B plus C), and the corresponding experimental 
quantities as again obtained from the preceding PE spectral 
data. In both cases, the calculated and experimental results 
are—in view of the various approximations involved—in a 
satisfactory agreement.37 
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iAi inductive tried icalc. in !Vi 0.0! -0 JS -0.!3 -0.46 -0.95 

Bi inductive effect ie*D., in eV) 0.0 -0.75 -0.6 -0.65 

ICi con,ugative effect 'calc, in eVl 0.4 0.04 0.5 O.I 0.06 

'Di conjugative effect 'e*p, in eVt 0.4 0.1-0.35 0.7 0.35 

Figure 5. Calculated CN DO/2 inductive (A) and CNDO/S conjugative 
(C) effects of M (M = CH2, C=O, C=S, S=O, and SO2) on the ir, or
bital of the PhC=CPh subunit of 1,2-diphenylcyclopropene, 2,3-di-
phenylcyclopropenone, 2,3-diphenylcyclopropenethione, 2,3-diphenyl-
thiirene 1-oxide, and 2,3-diphenylthiirene 1,1 -dioxide and the corre
sponding experimental (except for thiirene 1,1-dioxide) effects (B and D) 
as derived by PE spectroscopy. 

We further note from the data of Figure 5 that the inductive 
effects of M on 7Ti are quite similar to the corresponding effects 
of M on 7Tc=c in the parent compounds 1-5.2 This result 
confirms our previous experience that the inductive effects of 
groupings M are surprisingly independent of the particular 7r 
orbital that they exert their effect on. However, we realize from 
Figure 5 and previous results2 that the conjugative influence 
of M on 7Ti is quite different from the corresponding influence 
of M on 7rc=c in the parent compounds 1-5. This outcome is 
not surprising because the 7r orbital structure of PhC=CPh 
(cf. Figure 2; remember particularly that there are two 7r or
bitals, 7Ti and 7T5, that can conjugate with 7r orbitals of M) and 
the energies of ir\ and Tr5 relative to the relevant orbitals of M 
are quite different from what is calculated for the unsubstituted 
molecules 1-5. Nonetheless, the calculations further show that 
the amounts of 7r charge transfers in 6-1038 are very similar 
to those in 1-52 The same is found for the aromaticities of both 
series of compounds (i.e., 1-52 and 6-1039). From all that we 
have to conclude that the diphenyl substituted molecules 6-10 
are likely similar aromatic compounds as their parent systems 
1-5 are. 
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Abstract: Consideration is given to the use of the term "increased valence" when it is applied to the valence structure Y—A-B 
(I) relative to the standard valence-bond structure Y—A B (II), each structure having_a set of four electrons and three overlap
ping atomic orbitals (y, a, and b). One type of wave function for I is \ya<pai,b\ + \yaipabb\ with 4>ab — a + kb and 0 < k < <*>. 
From this wave function, it is deduced that a maximum of three electrons may simultaneously participate in bonding for I, and 
that for 1 < A: < °=, the valence for A in I may exceed its value of unity in II. Therefore on at least two counts, I may be desig
nated as an "increased-valence" structure relative to II. This point of view is contrasted with that expressed recently by HaI-
gren et al. (ref 2). 

The use of the term "increased valence"1 when it is ap
plied to the general valence structure 1 has recently been 
questioned.2 This structure may be constructed 1,3c~e whenever 
four electrons are distributed among three overlapping atomic 
orbitals centered on the three atoms Y, A, and B. For example, 
each set of four 2p-7r and 2p7r' electrons of N2O has the electron 
distribution of 1 in the valence structure 2. Although ten 
electrons seem somehow to be involved in bonding to the cen
tral nitrogen atom, an apparent33-'6 rather than a real violation 
of the octet rule occurs in a minimal basis set description of 2. 
Here I shall demonstrate that the designation of "increased 
valence" for valence structures 1 and 2 is appropriate in two 
senses, namely, (1) that more electrons participate in bonding 
for 1 and 2 than occur in the Lewis valence-bond structures 3 
and 4 with electron-pair bonds, and (2) that the valence of the 
A atom in 1 and 2 can exceed that of unity and four for the 
same atom in 3 and 4. 

Y—A • B : N = N ^ - 0 : Y — A :M=N 6: 

of the A-atom atomic orbital when localized molecular orbitals 
(or bond orbitals) are used to describe the YA and AB bonding 
electrons of 1. From an examination of the Heitler-London 
type wave function for 1, Halgren et al.2 have attempted to 
demonstrate the converse of the second proposition. 

For valence structures 3 and 1, the S = O wave functions are 
given by5,6 eq 1 and 2, respectively, in which y, a, and b are the 
overlapping atomic orbitals centered on the Y, A, and B atoms, 
and \pab = {a + kb)/{\ + k2yi2 is the AB bonding molecular 
orbital that accommodates the electron of the AB bond of 1. 
The Slater determinants of eq 1 and 2 generate the electron 
spin distributions (x == sz = + 1Ii, o = S7 = — V2) of 5 and 6 for 
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To demonstrate these propositions, we shall use Heitler-
London rather than localized molecular orbital procedures to 
describe the YA bonding for 1 and 3, thereby avoiding an effect 
that is associated4 with electron spin and the overutilization 
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