0.5.% In the absence of oxygen Turro et al.!9 found also § =
0.98, but employing a considerably more complex integrat-
ed rate expression, Besides the convenience of analyzing the
effect of the induced decomposition directly on the observed
rate constant k (eq 5), the significant conclusion is that § is
independent of the lifetime of the sensitizer, namely triplet
acetone. In other words, irrespective of the presence or ab-
sence of the triplet quencher oxygen, every induced decom-
position encounter (step k¢) conserves the number of triplet
acetone sensitizers by destroying a TMD molecule. Thus,
these results imply that the postulated*!®* TMD-3A* com-
plex is independent of the unquenched or oxygen quenched
acetone triplet lifetime.

In degassed solutions it was established that kg 77 =
1000 M~1 (50% error limit),!° while in aerated solutions we
found B'kers = 0.78 M~1 (17% error limit) for the TMD
decomposition. If it is assumed that this difference is due
solely to oxygen quenching effect, a long triplet state life-
time of acetone in benzene solution results. Using 8’ = 0.5
(determined by Turro and Lechtken®) and 7s =~ 1077 sec
(suggested by Turro et al.”), we estimate that the natural
lifetime of acetone triplets falls in the range 1074 < 77 <
1073 sec. This is in accord with acetone triplet lifetimes re-
ported in acetonitrile solution!® and in the gas phase;20
however, these values are in serious disagreement with the
value of 3 X 1078 sec extrapolated from benzene quenching
data.?! Resolution of this discrepancy must await further
work, either using photophysical measurements or photo-
sensitized reactions of acetone in benzene solution.

In conclusion, the present method of determining the ab-
solute emission intensities and rate constants is direct, sim-
ple, and convenient for studying the mechanism of chemilu-
minescent reactions. Reliable and useful data on singlet ef-
ficiencies, induced decomposition efficiencies, activation
parameters, and lifetimes of excited states can be acquired
by this method. Of particular advantage is the large concen-
tration range dependence (ca. 103) that can be assessed for
the emission intensities and rate constants, providing a high
level of confidence in the mechanistic interpretations. As
was illustrated for a-peroxylactone decarboxylations,! this
method is useful for studying enhanced chemiluminescence
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intensities, permitting determination of triplet yields (8)
Such a study is presently under way for TMD.?2
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Abstract: The He I photoelectron spectra of 1,2,4,5-hexatetraene (biallenyl, 1), 3-methyl-1,2,4,5-hexatetraene (3-methylbi-
allenyl, 2), 1,2,4-pentatriene (vinylallene, 3), 1,2-hexadiene-5-yne (propargylallene, 4), and 1,5-hexadiyne (bipropargyl, 5)
are presented. The assignments of the photoelectron bands are discussed in terms of ZDO molecular orbital models as well as
of semiempirical calculations. It is shown that (i) the first four bands of the photoelectron spectra of 1, 2, 4 and 5 and the
first three bands of the photoelectron spectra of 3 are due to the ionization out of a w-orbital and (ii) that interaction between
the C-C bond connecting the olefinic moieties and the corresponding w-orbitals is important.

The electronic structure of conjugated and cumulated
double bonds has been subject to many investigations by ex-
perimental as well as theoretical chemists.? We would like
to add some further information on this theme by reporting

the photoelectron (PE) spectra of 1,2,4,5-hexatetraene (bi-
allenyl, 1), 3-methyl-1,2,4,5-hexatetraene (3-methylbiallyl,
2), 1,2 4-pentatriene (vinylallene, 3), 1,2-hexadiene-5-yne
(propargylallene, 4), and 1,5-hexadiyne (bipropargyl, 5).
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1,2,4,5-Hexatetraene (Biallenyl, 1)

Biallenyl* is the parent compound of two cumulated sys-
tems linked together by one carbon-carbon single bond. We
will interpret its spectrum shown in Figure 1 using simple
perturbation arguments® and the data gained by investiga-

“tions of the remaining spectra to corroborate the results. Bi-
allenyl is known to have Cj; symmetry.® It therefore con-
tains two pairs of symmetry equivalent double bonds to
which we shall refer as “inner” (m,, =7.") or “outer” (m,,
') double bonds. The conventional axes are shown below.

The =, orbitals are conjugated and form a transoid butadi-
ene system, while the =, orbitals are separated by three car-
bon-carbon bonds.

Within Cy; symmetry one can write four symmetry
adapted linear combinations that transform according to
the following irreducible representations:

¥y = /N, + 1) A,
¥, = (1/Vin, - 7,) B,
¥y = (1/V(r, + 1,) B,

Yy = 1/V(n, - 1) A

Although this most common notation is simple and gives
the main features of the expected w-orbitals, it does not ac-
count for any o-= interaction, which will be shown to be of
considerable importance. While the g-counterparts of ¥,
and ¥; must be ‘“located” at the terminal methylene
groups, the most important probable o-contributors of ¥,
and ¥4 are “located” in the C-C framework. Semiempiri-
cal calculations agree with the expectation that a consider-

(1)

Table I. Comparison between Measured Vertical Ionization
Potentials, /v,J, and Calculated Orbital Energies for 1
(all values in eV)

Koopmans values

Band Orbital Iyy CNDO/2 EH MINDO/3 SPINDO
1 bg(¥,,m) 8.53 11.19 12.17 8.41 8.90
2 ag(v,m 9.78 13.08 12.70 9.24 9.73
3 by(v,m 1032 14.88 13.07 9.96 10.22
4  ay(v,m 11.26 1690 13.79 11.06 10.92
5 ag(o) 13.83 16.64 1390 11.50 13.30

able through-bond interaction shifts es to lower values,
while €3 rests practically unaffected.

As a second-order effect, this o-= mixing should be much
smaller than the direct coupling of =, with =,”. The two oc-
cupied 7-orbitals associated with conjugated double bonds
are known to be split by more than 2 eV.’

As outlined above, it is expected that the orbital energies
corresponding to ¥, and W, ¢ and e, are very different
due to direct conjugation, while ¥; and ¥, are nearly de-
generate. In other words:

€ K g~ g <K g (2)

To proceed with the analysis of the spectrum of 1, we now
estimate the basis orbital energies (mH|w.) and
(7;|Hj.), respectively.

Allene, in which both 7 orbitals 7, and =, are degenerate
by symmetry, shows one broad band with two distinct maxi-
ma at 10.07 and 10.64 eV, respectively, in its PE spec-
trum.®9 This bandshape has been ascribed to a Jahn-Teller
distortion of the generated cation.®!0

By making the usual assumption of a symmetrical Jahn-
Teller split,!! one derives therefore basis orbital energies of

e(m,) = e(mn,) = —10.35 eV (3)

These estimated orbital energies have to be corrected for
several terms. It is known, that the center of gravity of the
two occupied = levels associated with two conjugated dou-
ble bonds is shifted by approximately 0.3 eV toward higher
energies with respect to the corresponding monoene.!2

The orbital energy derived in eq 3 is “observed” in band
3 of the PE spectrum, while band_2 is shifted by 0.54 eV
experiment, since the measured center of gravity of the two
ionization potentials is '5(8.53 + 11.26) = 9.9 eV (see
Table II). The two =, orbitals are expected to split into ¥
and ¥, with an interaction element similar in magnitude as
for trans-butadiene:

B(m,) = (m,|H|n,) = 1.3 eV¥

This yields ¢ = —11.3 eV and ¢; = —8.7 eV in perfect
agreement with experiment.

The orbital energy derived in eq 3 is “observed” in band
3 of the PE spectrum, while band 2 is shifted by 0.54 eV
toward higher energies. As mentioned above, this shift can
be understood in terms of through-bond coupling.!4 The
magnitude of this effect is in line with our observations
made in syn- and anti-tricyclo[4.2.0.0%5]octadiene.!® The
orbital assignment therefore is quite unambiguously met
and corroborated by semiempirical calculations of extended
Hiickel,'6 CNDO/2,!” MINDO/3,!® and SPINDO? type.
The calculated Koopmans values are summarized in Table I
and compared with the experimental ionization potentials.
No method except for CNDO/2 predicts any other orbital
being in the same range as the m-orbitals defined in eq 1.
The CNDO/2 method also fails in predicting any reason-
able splits between the levels associated with the inner
(A7;) and the outer (Aw,) double bond w-orbitals (see
Table II).
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Table II. Comparison between Experiment and Calculation for the
Mean lonization Potentials, / p,.and the Splits An Associated with
the “Inner”’ (r, and =,') and Outer (m, and ') n-Orbitals for 1

Calculation
EH MINDO/3 SPINDO

Experiment CNDO/_2

Tomy) 9.89 14.04 12.98 9.74 9.91
T 5(T5) 10.05 13.98 12.88 9.60 9.97
Am, 2.73 5.71 1.62 2.65 2.02
Amy 0.54 1.81 0.37 0.71 0.49
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Figure 2. PE spectrum of 3-methyl-1,2,4,5-hexatetraene (3-methylbial-
lenyl, 2).

Furthermore, the assignment is in full agreement with
the one for 2,7-dimethyl-2,3,5,6-octatetraene discussed by
Heilbronner et al.? It is interesting to note that in 1 the
highest occupied o orbital (ag) is well below all = orbitals
due to a strong o-m interaction. In butadiene, where this
o-7 interaction is missing, o(ag) is nearly degenerate with
m(ay).1?

3-Methyl-1,2,4,5-hexatetraene (3-Methylbiallenyl, 2)

The 3-methyl derivative of 1 yields a PE spectrum (see
Figure 2) that is easily explained using the available data of
the appropriate comparable systems. The inner w-orbitals of
2 form a 2-methylbutadiene while in a first-order approxi-
mation, the outer w-orbitals are not affected by the methyl
substitution (see Table IIT). This can be seen from Figure 3
where we have correlated the first bands of the PE spectra
of 1 and 2. The effect of methyl substitution of butadiene
has been discussed in detail by Heilbronner et al.2 using a
LCBO model. A comparison of the experimental ionization
potentials observed for 2-methylbutadiene with butadiene
shows that ¢ is shifted by

A¢; = —10.9 — (~11.46) = 0.56 eV
while the HOMO is shifted by a much smaller amount of
Ag, = —8.89 — (-9.03) = 0.14 eV

The discrepancy of the LCBO model in which both shifts
should be equal has been explained in terms of through
space interaction of the pseudo w-orbital of the methyl
group with the nonsubstituted double bond.2® The most
naive treatment, however, yields an equivalent effect. In
simple HMO theory, it is commonly assumed, that methyl
substitution raises the “a-value” of the adjacent carbon
atom.?! Comparing ethylene with propylene yields a 6o
value of (8¢ = ¢;%0a, b = b¢/ci?):

6a(CH,~CH,) = 2(10.51 — 9.73) = 1.56 eV

Applying this value and the common Hiickel coefficients to
butadiene one obtains
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Table III. Vertical Ionization Potentials Iy j for 3 (all values in eV)

Band Orbital Iy 5
1 a"(m) 8.39
2 a'(m) 9.59
3 a'(m) 10.23
4 a' () 10.79
5 a'(o) 12.62

Table IV. Comparisoh between Measured Vertical Ionization
Potentials, Iy j, and Calculated Orbital Energies for 3 Using the
EH Method (all values in eV)

Band Orbital Iy 5 —€5[EH]
1 a’(¥,,m) 8.88 12.35
2 a'(v,,m) 10.04 12.80
3 a’(¥,,m) 11.37 13.93
4 a'(o) 12.55 13.80
5 a'(o) 13.90 14.57

o S N u
£
(eV) -O-Q@_@_ %
_”/
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Figure 3. Comparison between the first bands of the PE spectra of 1, 2,
and 3.

6e¢, = (0.601)°1.56 = 0.56 eV

and
(0.372)°1.56 = 0.21 eV.

in almost perfect agreement with the observed shifts and ex-
plaining the reduced gap between the two observed ioniza-
tion potentials I, 1 and I, 4 in the spectrum of 2-methylbuta-
diene. It is also readily seen, that this model also fits the
rules observed by Heilbronner concerning alkylated conju-
gated double bonds.?0

Resuming the analysis of the PE spectrum of 2, we there-
fore expect

¢ = -IP, = -8.53 + 0.21 = —8.32 (8.39)

S¢,

and
€ = -IP, = —11.26 + 0.56 = —10.70 (10.79)

which have to be compared with the “experimental” values
that are given in parentheses (see also Table IV).

In addition, the through bond interaction between 7, and
7' is expected to be increased, since a rising of the C-C
o-orbital ag(c) decreases the energy difference between
ag(m) and ag(s) thus increasing second-order mixing. This
effect—though impossible to explain quantitatively—in-
deed is observed (compare Figure 3).
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Figure 4. PE spectrum of 1,2,4-pentatriene (vinylallene, 3).

At this point, we would like to emphasize that the
LCAO-HMO-treatment reproduces the perturbations as-
sociated with methyl substitution while the LCBO model
completely fails in predicting comparable ionization poten-
tials.

1,2,4-Pentatriene (Vinylallene, 3)

The most stable ground state conformation of 322 has C;
symmetry;?? i.e., trans-butadiene can serve as a model com-
pound for this hydrocarbon. The PE spectrum of 3 is shown
in Figure 4, and the data for the first five bands are present-
ed in Table IV. In Figure 3 the PE spectra of 1 and 3 are
compared.

Analogous to 1 we can define three symmetry adapted
linear combinations

¥, = (l/w@)(ﬂz + 7,7) AV

v, = (1/V2)(7, — n,)) A"

\I’S = Ty A
Two of the m-orbitals, m,, and =,, are “allenic” w-orbitals
(e(m) =~ —10.35 eV, see eq 3) whereas the third one, =/, is
ethylenic (e(7) = 10.56 eV). Correction of both (x, and
m.) basis orbital energies by the same “conjugative shift”

of +0.3 eV and assuming the same resonance integral yields
the following secular determinant

|—10,21 -x =13 I 0
| 1.3 ~10.05 - x|
The calculated eigenvalues are e = —8.83 and e = —11.43

which again compare nicely with the experimental ioniza-
tion potentials I,; and I, 3 (see Table IV).

Band 2 therefore has to be assigned to an ionization pro-
cess in which an electron is ejected from the orbital =, e.g.,
the terminal allenic double bond. The somewhat lower
value of 10.04 eV (expected within our model: 10.35 eV)
can be explained by a stronger - interaction of the C-C
o-bond with the terminal =-orbital than the o-= interaction
with the corresponding CH ¢-bond in allene.

1,2-Hexadiene-5-yne (Propargylallene, 4) and
1,5-Hexadiyne (Bipropargyl, 5)

Unlike 1 to 3, propargylallene (4) and bipropargyl (5)
are expected to have one axis of nearly free internal rotation
around the central carbon-carbon single bond. We have
calculated the energies of the two molecules as a function of
the rotational angle §. The calculations were carried out
within the EH approximation, a model which is known to
give reasonable rotational barriers.?4

The calculation shows, that the two molecules differ con-
siderably with respect to internal rotation. For 4 the most

E
-12eV
____/_\
-13eV /
x -
//’
-
2keal 4 ~\\\ /,/
Tkeal o 7
AN
Okcal -
/mol
T T T T
o 60° 120° 180°

T =]

Figure 5. Highest four occupied MO’s of 4 as a function of 8 (top) and
total energy of 4 as function of 8 (bottom) according to an EH calcula-
tion.

stable rotamer was found to be in a gauche conformation,
the dihedral angle # being ~70°. The rotational barrier for
this molecule was calculated to be 2.8 kcal /mol. This result
suggests that all rotamers contribute to the PE spectrum
with comparable intensities.

We therefore examined how the orbitals shift as a func-
tion of the dihedral angle 8; the result of the EH calculation
is illustrated in Figure 5.

It is readily seen, that the energies of the four relevant
m-orbitals do not change significantly. This is expected,
since for geometrical reasons through space interactions are
absent, while the through bond mixing should be nearly in-
dependent of 8 (the linking C-C o-orbital in a localized pic-
ture is rotationally symmetrical around the axis, thus being
nearly invariant to rotation). In contrast to this result, 5 has
a high rotational barrier of more than 10 kcal/mol, the con-
formation of lowest energy having a planar, transoid con-
formation of the carbon skeleton (8§ = 0°). The PE spectra
of 4 and 5 are shown in Figure 6 and compared in Figure 7.
The relevant experimental data are collected in Table V.
For the reason outlined above, we shall feel free to discuss
the two spectra using the same conformations of the carbon
framework: a transoid, planar configuration. In this confor-
mation, the w-orbitals for 4 and 5 are given by the following
equations:?

4 5
7. = (1/V2)(py + Py 7y = (1/V2)(py + Pyo)
7 = (1/V2)(ps + Dy T = (1/V2)(ps + Py
7, = (1/V2)(p, + 1,0 7, = (1/V2)(p,y + po)
m' = (1/V2)(p,y + by 7' = (1/V2)(p;5 + Do)

In the above formulas, pg is the p; atomic orbital at the car-
bon center C;.

For symmetry reasons, the analysis of the PE spectrum of
§ is easier to perform, and the following symmetry adapted
m-orbitals are expected within Cy; symmetry:

¥, o= (1/V2)(7, + 1,) By
¥, = (1/V2)(m, — 7, A,
¥, = (1/V2) (7, + 7,) A,
¥, = (1/V2)(r, — 5,") By

Journal of the American Chemical Society |/ 97:19 [ September 17, 1975
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Figure 6. PE spectra of 1,2-hexadiene-5-yne (propargylallene, 4) and
1,5-hexadiyne (bipropargyl, 5).

Table V. Comparison between Measured Vertical Ionization
Potentials, /y j, and Calculated Orbital Energies for 4 and 5 Using
the EH Method (all values in eV)

Compound Band Orbital Iy 5 —€5[EH]
4(Cy) 1 ' (¥,m) 9.65 12.59
2 a'(¥,,m) 10.30 12.73
3 a'(v,,m 10.55 13.23
4 a"(v,m) 10.79 13.31
5 a'(o) 13.80 13.95
5(Con) 1 ag(¥,,m) 12.85
2 3u(‘1’3f")} 10.48 13.24
3 bg(¥,.m) 13.24
4 bo(¥,,m) 10.98 13.37
5 ag(0) 13.34 13.96

W¥; and ¥4 are expected to mix by comparable amounts
with the C-H o-orbitals thus yielding two nearly degener-
ate orbitals. ¥, again will suffer o-7 mixing with the cen-
tral carbon-carbon s-orbital (e.g., “through bond” cou-
pling), while only ¥, cannot have any close lying o-orbital
and will therefore be lower in energy than the remaining
three w-orbitals!

This expectation of three close lying ionization potentials
followed by a unique one is indeed strikingly illustrated by
the measured PE spectrum. It is furthermore supported by
the fact that the band shape of band 4 suggests that it is due
to an ejection of an electron out of a “typical” (e.g., o- or-
thogonal) acetylenic w-orbital. From this spectrum we con-
clude, that the basis orbital energies of the acetylenic x-or-
bitals are about

e(r) = e(m,) = -10.98 eV

This is about 0.4 eV higher than the w-orbital energy of
acetylene? due to electronic back-donation from the link-
ing methylene groups.

o-w-Conjugation (‘“hyperconjugation”) is responsible for
an additional shift of 0.5 eV to give the measured IP of
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Figure 7. Comparison between the first bands of the PE spectra of
methylallene and methylacetylene (left) with those of 4 (middle) and 5
(right).

10.48 eV. This value is comparable to the w-ionization po-
tential of methylacetylene reported to be 10.37 eV.?” The
somewhat lower value found for 5 can be explained by in-
creased unsaturation?® of § as compared to methylacetyl-
ene.

We wish to conclude our discussion with the assignment
of the PE spectrum of propargylallene (4). In this molecule,
mx and m, are through bond coupled in about the same
manner as in biallenyl (1), while in contrast to 1, =, and =,/
are homoconjugated double bonds. Because of lack of sym-
metry, the symmetry adapted MO’s cannot be chosen in
such a simple form as for the previous molecules. In a more
general form they can be written as:

¥, = Ny(m, + A7)
¥, = Ny(m, = 2,m.))
U, = Ny(m, + M7,0)

‘1’4 = ]\74(7]'2 - >\47Tz/)

where A; is the mixing coefficient and N; the normalizing
constant of ¥;. In a first approximation we can derive the
MO’s of 4 from those of a perturbed methylallene’ and
methylacetylene.?” Substitution of a H atom by an acetyle-
nic moiety or an allenic moiety respectively will raise the
ionization potentials of both fragments. This is indicated on
the left of Figure 7. This qualitative consideration yields
that the HOMO of 4 must be the “inner” allenic w-orbital.
This is in accordance with EH (see Table IV and Figure 7),
MINDO/3, and CNDO/2 calculations.

Furthermore, this assignment is corroborated by the vi-
brational fine-splitting of band | in the PE spectrum. The
vibrational spacing Av(M™*) = 0.2 eV is in line with the one
observed in biallenyl (Av(M*) = 0.22 eV), where the as-
signment of the bands is quite unambiguous. This suggests
that 4 should react toward electrophilic attack as an allene
derivative rather than an acetylene derivative,

Experimental Section

The preparation of 1,* 3,22 4,4 and 5¢ has been described in the
literature. Compound 2 has been prepared by CulCl-catalyzed ad-

Bischof, Gleiter, Hopf, Lenich | PES of Open Chain C¢Hg Isomers
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dition of allenyl magnesium bromide to 1-bromo-2-butyne.?*

The PE spectra were recorded on a PS 18 photoelectron spec-
trometer (Perkin-Elmer Ltd., Beaconsfield, England) of the type
described by Turner.30
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Abstract: The '3C NMR spectra of highly stable xanthylium derivatives were measured and completely assigned with the use
of double resonance technique and chemical shift criteria. The observed shifts, correlated with the total charge density calcu-
lated from CNDO, show an extensive delocalization of the positive charge.

The aryl carbonium ions are the best investigated carbo-
nium ions. Their structures have been determined by a vari-
ety of spectroscopic methods.? In contrast, few data are
available for heteroaromatic carbonium ions; particularly
the xanthylium derivatives are much less known and have
not yet been directly characterized. The only exception is
that of xanthylium ion for which Deno and his coworkers
reported? the uv absorption spectrum in concentrated sulfu-
ric acid.

In view of the current interest in the synthesis* and reac-
tivity> of some xanthen-9-yl derivatives, we have under-
taken a spectroscopic study, based on NMR, which is cus-
tomarily considered one of the best sources of information
in studying the structure and the charge distribution of car-
bocations.’

We report here a detailed analysis of the proton and car-
bon NMR spectra of the already known xanthylium ion 1
and of the highly stable ions 2 and 3. The latter two com-
pounds are involved as intermediates in a new recently de-
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6 Br CH,

scribed regiospecific reaction of substituted phenol salts®
and are sufficiently stable to be isolated as deep red crys-
tals.

While providing additional experimental evidence of
their ionic structures, we suggest an interpretation of the
observed chemical shifts in terms of positive charge density
and ring current effect.
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