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The energies of vertical electron attachment to cyclobutanone, its 2- and 3-oxa derivatives, 1,2-cyclobutanedione,
and 2,2,4,4-tetramethyl-1,3-cyclobutanedione have been measured in-tBeeV energy range by means of
electron transmission spectroscopy. The energies of temporary anion formation are nicely reproduced by
shifting and scaling the virtuat* orbital energies calculated for the MP2/6-31G*-optimized geometries of

the neutral molecules. The linear correlation between experimental and calculated energy values reported in
the literature for the empty* cc orbitals fits the present data on th#co orbitals with the same accuracy.

The twoz* anion states observed in the ET spectrum of the 1,3-dione (split by 1.25 eV) are assigned to the
in-phase and out-of-phase combinations in order of increasing energy, i.e., the sequence dictated by through-
space interaction. The calculations indicate a large through-space splitingM) of the empty carbonyt*

orbitals, reduced by through-bond destabilization of the in-phase combination.

Introduction produces a VAE increase of about 0.2 &8ind similar effects
- . . are produced by the GHyroup, as shown by the slight changes
In gas-phase collisions, an isolated molecule can temporarily ¢ iha -+ VAE on going from 2-butene to cyclohexeher from
attach electrons of proper energy into vacant orbitals. This ;.atone to cyclohexanofe.

prolcessl g|vesttr|§e to sharp va;!atlons dof'the ]Eotal delfetron On this basis, the energy sequence expected for the in-phase
molecule scattering cross section and is referred to as a(m*) and out-of-phases{_*) combinations of the etheng*

resonancé.EIe_ctron transmission Spectroscopy (EZI_'S)one MOs of 1,4-cyclohexadiene is that dictated by TS interaction,
of the most suitable means for detecting the formation of thesei e, 7_* above z.*. In contrast, by taking advantage of the
temporary anions. Because electron_ attachment is rap_ld W'thdiff’erent symmetry properties o,f the two MOs, the ET spectra
respect to nuclear motion, the anions are formed_ in the of derivatives where the CHyroups are replaced with oxygen
equilibrium geometry of the neutral molecule. The impact atoms or G=O groupst! and measurements of the angular

electroln dener?lzs at W?'Chl etltectrzon a}(ttachmgnt &C:é"s arézelectron scattering distributiod3,it has been shown that the
properly denoted as vertical attachment energies ( s) an energy ordering is opposite.

are the negative of the vertical electron affinities. . - .
Within the K 'th KT imation. VAE A theoretical approach adequate for describing the energetics
ithin the Koopmans' theoreh{KT) approximation, S of temporary anion states involves difficulties not encountered

are equal to the empty molecular orbital (MO) energies, just as ¢, he\tra| or cation states. The KT approximation neglects

the complementary ionization energies supplied by photoelectron .., a|ation and relaxation effects, which tend to cancel out when

spectroscopy are equal to the negative of the energies of theﬁonization energies, but not electron affinities, are evaluated.

f|I|Ied_dM_Os. hETS hasl thuls lproveo_l a_powerful (;nequans fo; Consistently, the calculated empty orbital energies overestimate

eluci atlnfg_t e empty evel electronic 's\}lrgcture and the mech- \he measured VAE by several electrovolts. However, the trends

anisms of interaction involving empty S o of the #7* MO eigenvalues of the neutral molecules supplied
The ET spectra of unsaturated hydrocarSohmdicated that  py Hartree-Fock (HF)/6-31G* calculations were foutfdto

through-space (TS) interactions among emptyorbitals are  parallel the experimental VAESs, whereas inclusion of diffuse
stronger than those in the corresponding filled counterparts. Thisynctions led to a breakdown in the correlatigri4

finding was ascribed to the spatially more diffuse nature of the
wave functions associated with empty orbitals. ETS has also
shown that the net energy perturbation caused by methyl gr CH
groups on adjacent* MOs is small>™7 indicating that the way for the fact that during a resonance process the extra
opposite effects of hyperconjugation with the pseudfied electron is confined to the molecule by a potential barrier. When
ocy and emptyo* cyy orbitals nearly balance each other. Only ¢ hagis set is improved with diffuse functions, stabilization

in small molecularr-systems, such as ethene or formaldehyde, ocedures are needed to distinguish the virtual orbitals which
does each replacement of a hydrogen atom with a methyl 9r0UPgive rise to temporary anion states from those low-energy

solutions having no physical significance with regard to the

The use of a finite basis set formed with Gaussian functions,
owing to their radial rigidity and exponential decay, has the
effect of confining the system in a bd%accounting in some
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reproduced by KT-HF calculations using diffuse functions in T . . T T
conjunction with a stabilization procedur&° It was noticed?? |

however, that quite similar results are supplied by simple

calculations (without a stabilization procedure) using a standard D
basis set not augmented with diffuse functions. All the theoreti-
cal approaches predicted a sizable TS splitting of the two empty
ethenes* orbitals, but an even larger through-bond (TB)
destabilization of the MO, *) of proper symmetry, the latter
effect being larger than expected on the basis of other ETS data
(mentioned above).

In this work, ETS and theoretical calculations are employed
to characterize the empty level structure of 2 Z-tetramethyl-
1,3-cyclobutanedioned] and the related molecules cyclobu-
tanone 1), 3-oxa-cyclobutan-1-on&), 2-oxa-cyclobutanones],
and 1,2-cyclobutanedion®)( the aim being to determine the
energy ordering of the twa* anion states and assess the extent
of TS and TB interaction in the 1,3-dione. The emptyMO
of the carbonyl group is largely localized at the carbon atom,

Derivative of Transmitted Current (Arb. Units)
?
o

0
and in the four-membered cyclo-1,3-dione, the distance between [:];
the carbonyl carbon atoms is smaller than that between the , , , , L0
ethene groups in 1,4-cyclohexadiene. Thus, this molecular 1 3 5
system would seem to be a suitable prototype for the study of Electron Energy (eV)
TS interactions between nonbonded atoms. Figure 1. Derivative of the electron current transmitted through
cyclobutanone 1), 3-oxa-cyclobutan-1-one2), 2-oxa-cyclobutanone
Experimental Section (3), 2,2,4,4-tetramethyl-1,3-cyclobutanediond)( and 1,2-cyclobu-

tanedione §) as a function of the incident electron energy. Vertical
ET Spectra. Our electron transmission apparatus is in the lines locate the VAEs.

format devised by Sanche and ScRund has been previously
described® To enhance the visibility of the sharp resonance the most stable, in agreement with gas-phase structural data
structures, the impact energy of the electron beam is modulatedavailable for1?® and the 3-methyl derivative &2° The C-C
with a small ac voltage, and the derivative of the electron current (1.553 A) and G-C(O) (1.534 A) bond lengths and the angle
transmitted through the gas sample is measured directly by aat the carbonyl group (92.70calculated in cyclobutanoné)(
synchronous lock-in amplifier. The present spectra were ob- are in good agreement with the experimental values obtained
tained by using the apparatus in the “high-rejection” ntéde  with microwave and electron diffraction spectroscopy—(C
and are, therefore, related to the nearly total scattering cross= 1.5678 and 1.556 A3 C—C(0) = 1.5348 and 1.527 A3
section. The electron beam resolution was about 50 meV C—C(O)-C = 92.828 and 93.239). The lengths of the €0
(fwhm). The energy scale was calibrated with reference to the double bond calculated in cyclobutanone (1.214 A) and
(1s'29)2S anion state of He. The estimated accuracy i8.05 formaldehyde (1.221 A) are 0.01 A larger than the corresponding
ev. experimental distanc&8:3

Computational Details. The calculations were performed From the point of view of TS interaction, the most significant
with the Gaussian 98 set of prografi&eometry optimizations  structural parameter is the distance between nonbonded carbonyl
on the neutral molecules are performed using the second-ordergroups, which is predicted to be 2.111 and 2.092 A, respectively,
many-body perturbation theory (MP2) and the 6-31G* basis in 1,3-cyclobutanedione and in its tetramethyl derivativ&his
set® distance is significantly shorter than that (2.508)/between

The KT-HF virtual orbital energies of the neutral molecules the ethene groups in 1,4-cyclohexadiene.
were evaluated using the 6-31G* and the Dunning/Huzinaga ET Spectra. Figure 1 reports the ET spectra of compounds

valence doublé- D95V* (C,0: 9s,5p/4s,2p; H: 4s/2s) basis 15 The vertical lines locate the most probable VAES, reported
sets, with the MP2/6-31G*-optimized geometries. The Gaussianin the correlation diagram of Figure 2 and in Table 1. Fite

primitiVeS in the D95V basis set PoOssess a more diffuse Characterresonance of Cyclobutanone is centered at 1.00 eV, to be

compared to those in the 6-31G basis set and are a better choic@ompared with 1.15 and 1.30 eV measured in cyclopentanone
in the description of anionic states. In particular, in a stddy and cyclohexanon®,respectively. Ther* co VAE thus gradu-
the use of KT-HF calculations for the eValuatiOnJﬂfVAES, a"y decreases with increasing ring strain.

as a function of basis set, ihe I_39_5V empty M_O energies | 3-oxa-cyclobutan-1-on&), the CH group opposite to the
calculated for the MP2/6-31G*-optimized geometries gave the carbony! group is replaced by an oxygen atom. The electron-

best linear correlation with experiment. _ withdrawing effect of oxygen is expected to stabilize the
Synthesis2,2,4,4-Tetramethyl-1,3-cyclobutanedion® @nd anion state. In principle, however, this effect could be coun-

1,2-cyclobutanedioneS) were prepared following literature  tgracted by (TS) charge-transfer interaction between the oxygen

procedures®?? lone pair ofr symmetry and the* co MO.3! Thezr* resonance

of 2 displays two vibrational features spaced by 230 meV. The

first and most intense feature is located at 0.61 eV. The 0.4 eV
Structural Parameters. The total energies of the most stable  stabilization of ther* co MO relative to cyclobutanone indicates

geometries of the neutral molecules were obtained with MP2 that TS interaction with the oxygen lone pair (which would act

calculations using the 6-31G* basis set. For all compounds thein the opposite direction), if any, is small.

results predict the conformation where the four atoms of the In 2-oxa-cyclobutanone 3], where the oxygen atom is

ring and the carbonyl oxygen atoms lie in the same plane to be adjacent to the carbonyl group, lone pairimixing causes a

Results and Discussion
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o) 0 P 0 o} TB destabilization of about 0.5 eV is consistent with the above-
l:r ‘—j]/ mentioned small-energy perturbations usually caused by alkyl
o I___(L groups on adjacent emptsf MOs, given that the starting energy
VAE (eV) o] o] of the w.* MO is considerably lower than that of ethene or
1 2 3 4 5 formaldehyde.
. . On the other hand, the reversed assignment of the two
Pl resonances a(.* above z—*) would imply a very strong
2 N inductive stabilization of the twaco* MOs, a TS interaction
e which raises the energy of the* MO to 0.17 eV and a very
large (1.2 eV larger than the TS splitting) TB destabilization of
el _____ the w4* MO. This hypothesis is not in line with the effects
0 AT observed in many other molecular systems, but it would parallel
. the energy ordering unambiguously demonstrated for 1,4-
- cyclohexadiene.

Figure 2. Diagram of the VAEs (full lines) measured in compounds Finally, the ET spectrum of the l,2-d!0561|5plays asingle

1-5. The dashed lines represent the scaled VOES (see text) obtained©S0nance, located at 2.93 eV. Its assignment tortteMO,

with the D95V basis set for the MP2/6-31G*- optimized geometries. destabilized by strong mixing between the two adjacent carbonyl
z* orbitals, is straightforward. The+* counterpart gives rise

TABLE 1: Carbonyl #* MO Energies Calculated with the to a stable anion state, thus not detectable in ETS.
6-31G* and D95V Basis Sets for MP2/6-31G*-Optimized .
Geometries, Scaled and Shifted Virtual Orbital Energies (in KT-HF MO Energies. In the study of the empty level
Parentheses— See Text), and Experimental Electron structure of fused 1,4-cyclohexadiene ridjit,was noticed that
Attachment Energies. All Values in EV the virtual orbital energies (VOES) supplied by simple KT-HF
compound orbital  HF/6-31G* HE/D95V VAE  calculations with the D95V basis $&{which does not include
cyclobutanone - 3.81(1.04) 359 (124) 1.00 diffuse and polanzatlon functions) match the e_xperlm_em‘al
Q) n 1286 12,92 VAEs_ gubstantlally as well as.the VOE; obtam_ed with more
3-oxa-cyclobutanone  z* 3.47(0.82) 3.02(0.82) 0.61 sophisticated calculations, using a basis set improved with
2 7 —14.52 -14.21 diffuse and polarization functions, in conjunction with an
2-oxa-cyclobutanone  z* 4.64(1.58) 4.05(1.58) 1.90 exponent stabilization procedure to distinguish the virtual MOs
G ” —15.37 —15.76 associated with temporary anion formation. With both methods,
2,2,4,4-tetramethyl-1,3- - 4.59(1.54)  4.14(1.65) 1.42 because of the neglect of correlation and relaxation effects, the
cyclobutanedione4) T 2.87(0.43) 2.46(0.41) 0.17 . -
y ~13.04 ~13.15 z* VOEs are generally 23 eV higher than the measured VAEs.
T —14.03 —14.24 In addition, this discrepancy increases with increasing energy,
1,3-cyclobutanedione m_*  4.49 (1.48) 3.85(1.43) so that also the calculated energy gaps tend to be overestimated.
7% 243(0.14) 2.18(0.20) Staley and Strn&8 correlated 56 experimentat VAEs of
;* :ii'gg :ﬁ';; alkenes and benzenoid hydrocarbons with the corresponding
1,2-cyclobutanedione 7 *  6.35(2.68) 5.81(2.88) 2.93 VOI_Es supplied by.5|mple KT-HF calculations using various
(5) 7x*  1.35(0.56) 0.97 (-0.69) <0 basis sets. The shifted and scaled VOEs were found to be in
- —13.66 —13.80 good quantitative agreement with experiment. The best linear
LA —-15.01 —15.31 fitting (correlation coefficient= 0.99, largest absolute errer
formaldehyde T 3-?2 (2%-93) 2-?2 51%63) 0.86 0.32 eV) was obtained with the D95V VOEs calculated for the
JT - . —14. oo i
distorted o 408(L21) 3.15(0.91) MP2/6-31G*-optimized geometries.
formaldehyde s ~13.98 —14.31 Table 1 reports the* VOEs obtained with the 6-31G* and
distorted formaldehyde 7_*  5.32(2.02) 4.56 (1.96) D95V basis sets for the MP2/6-31G*-optimized geometries of
dimer 7* 2.29(0.07) 1.49(-0.31) the present cycloketones and formaldehyde. The VOEs shifted
7 —14.06 —14.36 and scaled according to the linear regression given by Staley
T —14.47 —14.86 and StrnaéP are reported in parentheses. Those obtained with
aTaken from ref 32. the D95V basis set are also displayed as dashed lines in the

large net destabilization of the latter MO. The VAE3is 0.90 diagram of Figure 2. The evaluated VAEs closely match

eV higher than that of cyclobutanone, in line with the similar €XPeriment, the largest difference (0.32 eV) being foung.in

effect (0.81 eV) observed in the pentacyclic analoddes. In 1,3-cyclobutanedione and its tetramethyl derivadyée
Because of the tautomeric instability of 1,3-cyclobutanedione, calculations confirm the above prediction, based on qualitative

its tetramethy! derivativé was prepared and analyzed. The ET Perturbational analysis, that the.* MO lies at lower energy,

spectrum of4 displays both ther* resonances above zero that is, the energy ordering dictated by TS interaction. The scaled

energy, at 0.17 and 1.42 eV. Let us first consider the hypothesis D95V VOEs and, in particular, the.*/zz—* energy splitting

that the two resonances are associated with the in-phage ( (1.24 eV, see Table 1) accurately reproduce the ET spectrum

and out-of-phase combinationg_(*) in order of increasing of 4.

energy (i.e., the sequence dictated by TS interaction). Assuming In 5 the scaled D95V VOE of the_* MO is 2.88 eV (very

that before TS and TB interactions the energy of the tdio  close to the measured VAE), whereas the® anion state is

MOs is 0.5-0.6 eV (a few tenths of an eV lower than in predicted to be 0.69 eV more stable than the neutral state

formaldehyde, VAE= 0.86 e\#?), owing to the mutual inductive (positive electron affinity), in line with the absence of low-

effect exerted by the two carbonyl groups, the VAE (1.42 eV) energy signals in the ET spectrum..

of the z_—* MO would lead to a TS splitting of 1.61.8 eV. Table 1 also reports the energies calculated for the filled

The 7+* MO, which can mix by symmetry with the,, MOs, carbonylr MOs. The neglect of correlation and relaxation

would then be destabilized from abou0.3 eV to 0.17 eV. A effects tend to compensate when the ionization energies (IES)
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o} o} On going from the formaldehyde dimer to 1,3-cyclobutane-
o o H_U...H dione, ther_*/7z* splitting is reduced from 2.27 to 1.23 eV
)J\ (see Table 1 and Figure 3). The whole difference (1.0 eV) could
H—H—H be ascribed to TB destabilization of the* MO. On the other
E (eV) o o} hand, only the destabilization of the.* MO (0.5 eV) could
be taken as a measure of the TB effect. It is to be noticed that
the noninteracting empty and fillea—* and 7 MO are
; stabilized by 0.5 eV on going from the dimer to the dione. Only
L I — part of this effect (about 0.2 eV, as evaluated from formaldehyde
R * and distorted formaldehyde) is due to reduction of the’ 1#8thd
angle at the carbonyl carbon atoms and is thus expected to affect
also ther,* MO. An explanation for the remaining stabilization
-13 1 is not straightforward, but an analogous effect was found for
thez_* and 7— MOs on going from the ethene dimer to 1,4-
144 S T cyclohexadiené’-1® where it was ascribed to the variation of
—— the localization properties of the in-phase counterparts upon
15 e S - mixing with the o, orbitals and consequent reduction of the
screening effect exerted on the other MOs. Thus, an evaluation
of 0.7-0.8 eV for the TB destabilization of the empty* MO
seems to be reasonable.
On going from the dimer to 1,3-cyclobutanedione, the energy

L
X
I

IT

Figure 3. Diagram of the energies calculated (see text) for the filled
and empty carbonyt orbitals of formaldehyde, distorted formaldehyde
and its dimer, and 1,3-cyclobutanedione.

sign) usually reproduce satisfactorily the correspondig, In ~ Of their splitting is 1.7 eV, while the destabilization of the*
with experiment because ionization from the fillado MOs for the empty MOs lead to a TB destabilization of about 1.4

occurs in the same energy range of the andocy MOs, so €V for the filled 7. MO.
that the photoelectron spectra display a broad and unresolved )
signal. However, in formaldehyde theo band is well resolved, ~ Conclusions

and the measured vertical IE (14.5%)/s closely reproduced Because of the relatively short distance between the two

by the calculated energy (see Table 1). opposite vertexes of a cyclobutane ring and the large localization
It can be noticed that for the filledrco MOs of 1,3- of the emptyrco* orbital of the carbonyl group on the carbon
cyclobutanedione and, the calculations predict an energy atom, 1,3-cyclobutanedione is a suitable molecular system to
sequence opposite to that of the emptycounterparts. Inline  highlight through-space (TS) interactions. The empty level
with the expected large (TB) destabilization caused by mixing structure of cyclobutanone derivatives and cyclobutanediones
with the adjacent filledr, MOs, the in-phaser+ MO lies 1.1~ has been characterized by means of electron transmission
1.2 eV above ther- MO (which cannot interact by symmetry).  spectroscopy. KT-HF calculations with the D95V basis set
To evaluate separately the TS and TB effects in the empty (which does not include polarization and diffuse functions) have
and filledsr MOs, the calculations are extended to formaldehyde been used to evaluate the orbital energies for the MP2/6-31G*
and to a formaldehyde dimer where the carbon atoms are placedptimized geometries.
at the same distance (2.111 A) found for the MP2/6-31G*  Previous work has demonstrated a very good linear correlation
optimized geometry of 1,3-cyclobutanedione. In the dimer the between the calculated virtual orbital energies and Afie
bond lengths are kept equal to those of formaldehyde, but (to electron attachment energies measured in a large number of
avoid repulsion between the hydrogen atoms) th€CHH angle alkenes and benzenoid hydrocarbons. Here it is shown that the
is opened to 180 Distortion of the formaldehyde molecule leads same equation can be successfully applied to evaluate the
to an increase of the total energy of 3.1 eV relative to that of energies of carbonyt* anion states. The attachment energies
the optimized geometry, whereas the total energy of the dimer measured in the ketones considered are reproduced with an
is calculated to be 1.5 eV higher than that of two distorted average error of 0.2 eV.
monomers. The scaled virtual orbital energies accurately reproduce the
The calculated energies of the empty and fillegb MOs experimental splitting between the energies of electron attach-
are given in Table 1. The diagram of Figure 3 reports the scaled ment to the two emptyt* orbitals of 1,3-cyclobutanedione and
a* VOEs and the filledr MO energies obtained with the D95V predict the energy sequence dictated by TS interaction, in
basis set. A relatively small (0.2 eV, see Figure 3) destabilization contrast with the corresponding filled orbitals. The energies
of both the filled and emptyr MOs occurs on going to  calculated for a hypothetical formaldehyde dimer (where
formaldehyde to distorted formaldehyde. In the dimer (where through-bond interaction cannot occur) indicate a large (2.3 eV)
TB interaction cannot occur) the empty* and 7+* MOs and TS splitting of the empty carbonyi* orbitals, and a through-
the filled counterparts are (TS) split by 2.27 and 0.5 eV, bond (TB) destabilization of about 6-D.8 eV of the (in-phase)
respectively. The relative magnitudes of the TS effect in the lower-lying orbital in 1,3-cyclobutanedione. The magnitude of
empty and filled orbitals are in line with the expectation of a the latter effect is consistent with literature ETS data on the
larger overlap in the empty MOs because of their larger energy perturbations caused by alkyl groups on adjacent empty
localization on the carbon atoms and a spatially more diffuse 7co* orbitals.
nature. Moreover, the present_*/z.* TS interaction is For the filled carbonylr orbitals the calculations indicate a
particularly large (the 3.07 eV splitting of the nonscaled D95V sizably smaller TS interaction (in agreement with their mainly
VOEs is to be compared with the 1.63 eV splitting supplied by oxygen character and the spatially less diffuse nature of the wave
the same calculations in 1,4-cyclohexadi€he functions associated with filled orbitals) and a larger TB
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destabilization of the (in-phase) orbital of proper symmetry, in
line with the energy proximity to the filled, MOs.
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