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Abstract—The He(I) photoclectron (PE) spectra of the cyclic 1,3-diketones 1-5 have been recorded. Based on a

comparison between experimental and calculated

(MINDO/3) results it is shown, that in all cases the n_(A) orbital

is on top of the n.(S) orbital. This sequence is confirmed by the comparison between the PE spectra of 1-§ with

those of the corresponding vic.triketones 6-10.

Recently the photoelectron (PE) spectra of cyclic 8-
diketones have been discussed.™* Based on the validity
of Koopmans’ theorem (— ¢ =1Ivs)° and arguments from
perturbation theory,® the comparison between experi-
mental ionization energies and calculated MO energies
(Extended Hiickel” and CNDO/2* model) indicates that
the antisymmetric n_(A) linear combination (see Fig. 1)
of the 2p orbitals on oxygen is on top of the symmetric
n.(S) one for the S-membered ring. For the 6-membered
ring the ordering seems less straight forward since some
authors® favour n. on top of n_ while others* prefer the
reversed ordering. The ordering n. on top of n_ in case
of the cyclohexane-1,3-dione implies a relatively large
change in orbital energies in comparing cyclopentane-1,3-
dione with cyclohexane-1,3-dione as indicated in Fig. 1.

In this paper we demonstrate in two independent ways
that the sequence in the following five 1,3-diketones
(1-8) is n-(A) on top of n.(S) (“natural order”). For
this purpose the PE spectra of 1-§ have been compared
with the PE spectra of the corresponding vicinal
triketones 6-10. The PE spectra of 6-9 have already been
reported in a previous paper.” The first bands of the PE
spectra of 1-8 are shown in Fig. 2 and the relevant data
are collected in Table 1.

Semiempirical calculations

To interprete the PE spectra of the 1,3-diketones 1-8
we assume the validity of Koopmans® theorem.® As a
method of calculating the orbital energies we use the
MINDO/3" method, which has proven to be quite reli-
able in predicting the orbital energies and the orbital
sequence for a large number of 1,2-diketones.!’ During
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Fig. 1. Correlation between S and A n-levels of cyclopentane-1,3-
dione and cyclohexane-1,3-dione as discussed in the literature.?
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Fig. 2. First PEbands of 1 to 8.
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Table 1. Comparison between measured vertical ionization potentials of 1-8 and calculated orbital energies. All
values in eV
L) assignment ~c, (MINDO/3) aM, [kcal/wol])
i 9.18 b2 (A) 9.46 N
(C3,) 9.79 a; (S) 9.85 5.2
2 9.29 a* (A) 9.64
(c,) 9.60 2 (S) 9.74 ~65.78
3 9.28 a® (A) 9.74 .
(c,) 9.81 a' (S) 9.88 71.85
4 9.15 a" (A) 9.60 .
(, 9.94 a' (8) 10.08 7.8
5 8.73 A 9.62 -
(1) 9.22 s 9.72 4.1
0
vo 9.53 ba A 9.72 87,55
10.40 as 10.36 )
()
O  39.60 a" A 9.95
10.04 a's 10.17 70.55
Cy
the calculations the geometry of 1-8 has been optimized 1-§ to 6-10:

with respect to minimization of the total energy. The
obtained heats of formation as well as the orbital ener-
gies are listed in Table 1. In all five cases as well as for
cyclopentane- and cyclohexane-1,3-dione n_(A) is pre-
dicted above n.(S), i.c. there is no indication of an
orbital switch in going from the 5- to the 6-membered
ring system.

Empirical correlation

To check our conclusions obtained from the com-
parison between semiempirical SCF-cakculations and
experiment, we additionally use a correlation procedure
outlined below, that relates the observed ionization
potentials of diketones 1-S to those of the corresponding
series of vicinal triketones 6-10. The PE spectra of 6-10
are well understood; the two lowest ionization potentials
can be unambigously assigned to the two highest lone
pair combinations 2b. and a, out of the three possible
ones in a 1,2,3-triketo-system.”

To relate the orbital sequence of 1,3-diketones to the
corresponding vicinal triketones, it is reasonable to
assume two effects caused by an additional carbonyl
group, which replaces the CH, fragment in going from

(a) an inductive effect 8,4, lowering the energies of both
n.(S) and n_(A) roughly to the same extent, and

(b) a conjugative or “through bond™ effect §.on, caused
by the additional p-type lone pair on the central carbony!
group, interacting with the antisymmetric lonepair/occ-
combination n_(A) in the diketo-system only,' thereby
generating the two A-type nonbonding orbitals 2b, and
1b; of the resulting triketones.

Assuming the “natural” level ordering n_(A) above
n.(S) for the n-orbitals of 1,3-diketones 1-5 as suggested
by the MINDO/3 calculations described earlier, the 1,3-
dione - vic.trione correlation diagram of Fig. 3 results.
The basis orbitals in this figure are the n.(S) and n_(A)
molecular orbitals of a cyclic 1,3-diketone on one side
and a pure p-type in-plane atomic orbital on oxygen on
the other. The latter has to be placed at lower energy
compared to the n.(S) and n-(A) levels, since the
destabilization due to antibonding interactions of the in-
tervening C-C-o-bonds with the symmetry adapted
linear combinations of the two oxygen p-AO’s of the
B-diketone unit has already be taken care of.

The energy difference between the second ionization
potentials Iy of 1-8 and their trione counterparts 6-10
should therefore give us a measure of the inductive
effect 84 of the central CO-group:

8ina = Lv 2(vic.trione) — Iy (1,3-dione).
If this parameter then is also applied to the 1,3-diketone
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Fig. 3. Interaction diagram between a 2p orbital on the oxygen of a
CO group and the n, and n_ combinations of a 1,3-diketone.

n_(A)orbnal(Iv.)acompansonoftheresultlmvalues
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interaction parameter 8..., Which describes the des-
tab{linﬁoninducedbythein—planeoxyaenlonepaier

Scon = Iv s(vic.trione) — {Iv.i(1,3-dione) + S}

Applying such a correlation scheme to pairs of cor-
responding compounds in the two series 1-8 and 6-10
yields the results shown in Table 2.

The table also gives the same set of parameters Sing
and 8.., which can be calculated under the assumption
of a level ordering n.(S) above n(A) in 1-§.

We note that for the “natural” assignment in the
1,3-diketones 1-5 (n(A) above n.(S)) the attempted
correlation to compounds 6-10 yields an average in-
ductive parameter &g of 0.79 ¢V, which is balanced by a
conjugative destabilization 8., Of practically equal
magnitude (average value —0.76 eV). An orbital sequence
n.(S) above n_(A) in 1-§ on the other hand would give
much larger parameters (mean values: 8.a=+13eV,

= —1.8¢V) which, especially for 8..., differ strongly
for different diketone/triketone-pairs. Furthermore the
latter assignment leads to the conclusion, that 8.q
should always be larger in magnitude (up to 0.8 ¢V) than
Sing.

Clearly the data set derived from the correlation which
takes the n_(A) lone pair MO as the HOMO in 1-§ is
more consistent, again supporting the level sequence

to Iy, of the triketones allows to derive the conjugative n_(A) above n.(S) in cyclic 1,3-diketones. We would like
Table 2. Comparison between experimental jonization potentials of 1-5 and 6-10 assuming the orbital sequence in
1-5 0.(S) below n_(A) and n_(A) below n.,(S). Comparison of &4 and 8. values. All values in eV
Comparison Experim, Iv.J 61nd 8 con 61nd [ con
Dione Trione (for A above S) (for S above A)
Iv'1 9.18 9.00 0.76 -0.94 1.37 -2.16
Iv.z 9.79 10.55
IV.I 9.29 9.10 0.78 -0.97 1.09 -1.59
IV,Z 9.60 10.38
ly,y 9-28 9.49 0.79 -0.58 1.32 -1.64
1y, %8 10.60
IV.f 9.15 9.14 0.66 -0.67 1.45 -2.25
Iy, 9-94 10.60
4 s °
lv'1 8.73 9.06 0.98 -0.65 1.27 -1.43
IV.Z 9.22 10.20
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to point out in addition however, that it is possible to
estimate the absolute as well as the relative magnitudes
of 8ina and &, independently from some model com-
pounds, and that those data outlined below are in very
good agreement with a general orbital sequence n_(A)
above n.(S) in 1-5 and with the parameter set derived
from the correlation to 6-10 on this basis. To get an
:sﬁmteoftheinductweeﬁect(ﬁg. 3) we compare the

energy corres to 1a; of cycloheptatriene'
orlazofcyclopenm wnhla,oftmponeand
cyclopentadncnone (see below). Another appropriate
eompanson are the ionization potentials corresponding to
the ejection of electrons from the r-orbltal of cyclo-
pentene and that of 1-cyclopentenc-4-one.'

@

Bing=1.12eV
c————

o]
IP(1a) =9.52 eV IP(1a2) = 10.64 eV
Sre= 0820V (o]
——
IP(18;) = 8.57 eV IP(1az) = 9.49 6V
By =0.000V 0;;
IP(r) =9.18 eV IP(7)=9.98 eV

This comparison shows an inductive effect, 8.4, of a
carbonyl group between 0.8 and 1.1 ¢V,

To obtain an estimate of the conjugative effect we
compare the ionization potential of the n orbital in
monoketones with the n. (destabilized) combination in
a-diketones as given below.

CHy—CH,—CO—CH;, CHs—CO—CO—CH,4
IP{n) = 9.5 eV* IP(n,) = 9.55 eV*
CHs;—CHO CHO—CHO
IP(n) = 10.2 V% IP(n,) = 10.59 eV
/o 20
(o]
IP(n,) = 9.55 eV® IP{n.)=9.61eV"

Knowing the inductive effect, this comparison should
give a fairly good estimate of the conjugative effect of an
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additional CO group since in both cases, the a-diketone
and the vic.triketone, the main interaction takes place
between the 2p orbital on oxygen and the o-frame as
sketched below. Assuming an average inductive effect of
0.92 eV as discussed before, we conclude that the con-
jugative effect (interaction with o-frame) has about the

same magnitude but the opposite sign.
n,(s) 2b,(A)

The parameters derived by this comparison are there-
fore:

S8ua=+09eV
=-09¢V.

Thus our conclusions based on a qualitative correlation
of 1-§ and 6-10 and resulting in practically identical
numbers for 8.4 and 8... find strong support and the
only possible assignment with respect to the n level
ordering in 13-diketones is clearly n_(A) above n.(S).
As can be seen from an inspection of Table 2, the
application of values of 0.9eV to 1,3-diketones 1-§
would have yielded quite a good approximation of the
actually observed PE bands in 6-10, the prerequisite
again being that the sequence of the symmetry adapted
linear combinations of the lone pairs in 1-5 is n-(A)
above n.(S), as obtained with the MINDO/3 method.

Having discussed the orbital sequence in our series of
1,3-diketones, it is interesting to compare the first two
bands in the PE spectra of 1 and 2 with those of
cyclopentane-1,3-dione and cyclohexane-1,3-dione. We
notice, that the shift of the first band (corresponding to
the antisymmetric orbital) is less than for the second
band (corresponding to the symmetric orbital) (see Fig. 4).
This difference is accounted for by considering the rele-
vant wave functions as shown in Fig. 4. In both types of
ring systems we notice, that the coefficients of the atomic
orbitals next to the carbonyl groups are larger in the
symmetrical molecular orbitals than in the antisymmetrical
ones. Thus, methyl groups should affect n,(S) more than
n_(A), consistent with the observed trend.

EXPERIMENTAL

The known cyclic S-diketones 2'7, 3'*'°, 4" and §° were
prepared by the method described by Eistert.® Ring enlargement
of the corresponding a-diketones?’ with diazomethane in the
presence of aqueous KOH and subsequent acidification of the
resultant enolate solutions of 2-8 with hydrochloric acid yielded
the required B-diketones, which were purified by sublimation and
recrystallisation.

As tetramethyl-cyclobutane-1,2-dione,2 the precursor of 1.2
readily forms a stable hydrate under the usual reaction con-
ditions for ring enlargement and thereby escapes CH, insertion, 1
was synthesized by transforming tetramethyl-cyclobutane-1,2-
dione into the enol-methyl-eﬂm of 1 first (diazomethane, Et,0)
and following hydrolysis.®

The deep red and extremely moisture sensitive triketone 10 has
onlybeenreportzdauhydntemthehtentme"SeO,ondanon
of § (xylene, 1Shr reflux) produces 10 in very low yield, ac-
companied by a selenium containing byproduct, from which it
can be separated and further purified by fractional vacuum
sublimation.
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Fig. 4. Correlation of the first two bands in the PE spectra of 1 and 2 with those of cyclopentane-1,3-dione and
cyclohenane-1,3-dione respectively.
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