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Introduction

The indirect interaction of two molecular constituents Y’
and Y’’ mediated by an “inert” coupler Z (through-bond
coupling, superexchange)[1–9] has long been studied in the
realm of electron and energy transfer, and has generated re-
newed interest in the context of molecular electronics, in

which both highly conducting and strongly insulating moiet-
ies Z are needed. It is also relevant for the propagation of
substituent effects, NMR and EPR coupling constants,
heavy-atom effects on spin–orbit coupling, and other phe-
nomena affected by sigma-electron delocalization.

In spite of well-documented shortcomings, it is usually ad-
vantageous for qualitative insight and conceptual under-
standing to interpret photoelectron spectra (PES) of organic
molecules in terms of Hartree–Fock orbital energies and the
Koopmans3 theorem, ignoring spin–orbit coupling even in
the presence of atoms of relatively high atomic number.
Presently, we have combined this intuitive approach with
the use of a more quantitative analysis based on the calcula-
tion of state energies by using the correlated SAC/SAC-CI
(symmetry-adapted cluster configuration interaction)
method[10–13] with inclusion of spin–orbit coupling at equilib-
rium structures optimized by the MP2 method. This permit-
ted unambiguous assignment of the valence-shell PES,
which used to be much more tentative,[14–17] and thus a relia-
ble evaluation of the Y’–Y’’ interactions mediated by the
coupler. The SAC-CI SD-R method, in which the linked ion-
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ization operators consist of single- and double-excitation op-
erators, is known to reproduce the primary peaks in the
outer-valence region of small molecules quite accurate-
ly.[18–24]

It has become standard to use the splitting DE=

E(y+)�E(y�) of the ionization energies E of the in-phase
(y+) and out-of-phase (y�) combination of orbitals yY’ and
yY’’ localized on the two equivalent substituents Y’ and Y’’,
respectively, as a quantitative measure of the effectiveness
of an intervening coupler cage in providing an indirect cou-
pling mechanism when direct through-space coupling of Y’
with Y’’ is negligible due to their large distance. This is usu-
ally justified by pointing to the two-dimensional nature of
the problem when Y’+–cage–Y’’ and Y’–cage–Y’’+ are the
only two electron configurations that need to be considered.
In the ordinary molecular-orbital approximation, the effec-
tive resonance integral bcage

YY that describes the effect of cou-
pling through the cage is then equal to DE/2. We offer a
straightforward rationalization of the widely varying values
of bcage

YY for constant Y as a function of the structure of the
cage. However, we also conclude that bcage

YY defined in this
way does not have the simple meaning usually attributed to
it, as the only instance for which electron configurations of
the type Y’–cage+–Y’’ can be safely ignored is if there is no
through-bond coupling. Cases of interest are therefore of
more than two dimensions, and the usual analysis is of ques-
tionable value.

Because of their rigidity, bicyclic and polycyclic hydrocar-
bon cages such as bicycloACHTUNGTRENNUNG[2.2.2]octane and cubane have
been of particular interest. The bicycloACHTUNGTRENNUNG[1.1.1]pentane (1)
skeleton[25] (Figure 1) seems to be particularly effective as a

through-bond coupler. It is of interest both as a rod or
bridge unit for molecular construction kits[26] and because of
its unusual electronic structure. There is considerable trans-
annular (through-space) interaction between the bridgehead
carbon atoms, which are not linked by a bond although they
are less than 2 O apart; through-bond coupling involving the
highly strained C�C bonds between bridgehead and bridge
carbon atoms is strong as well. Spectroscopic and computa-
tional evidence for bridgehead–bridgehead interactions in 1
has been reviewed.[25] NMR[27] and EPR[28] coupling con-
stants demonstrated interactions between s-symmetry
bridgehead orbitals, whereas in the hands of Gleiter et al.[14]

the PES of a few of these compounds provided evidence for

similar interactions between bridgehead orbitals of p sym-
metry. We report herein an update and considerable exten-
sion of the brief note of Gleiter et al.[14] on the PES of
bridgehead-substituted bicycloACHTUNGTRENNUNG[1.1.1]pentanes, and also ex-
amine their hexafluoro derivatives.

The present combined He(I) photoelectron spectroscopy
and computational study thus provides a more thorough
characterization of the transmission of electronic interac-
tions through the bicycloACHTUNGTRENNUNG[1.1.1]pentane cage. It takes ad-
vantage of the threefold symmetry of the structures Y–
C5H6–Y (1,3-Y2-1; Y=H, F, Cl, Br, I, CN) and their hexa-
fluoro analogues Y–C5F6–Y (1,3-Y2-2) to examine the clear-
ly apparent effects of spin–orbit coupling in the ionized
state, from Y=F to Y=At. The examination of the effects
of perfluorination has long been known[29] as a useful tool
for the interpretation of PES. In bicycloACHTUNGTRENNUNG[1.1.1]pentanes, it
also increases the interbridgehead distance[30] and is there-
fore likely to have a structural effect on transannular inter-
actions.

An intuitive approach is used to provide a simple but gen-
eral analysis of the origin of the different ability of various
cages to mediate the coupling of bridgehead substituents.

Results

Synthesis

Small amounts of several new hexafluorinated bicyclo-
ACHTUNGTRENNUNG[1.1.1]pentanes were prepared specifically for this study.
HexafluorobicycloACHTUNGTRENNUNG[1.1.1]pentane (2) was synthesized by the
reduction of 1,3-Br2-2

[30] with tris(trimethylsilyl)silane and
was chlorinated to yield 1,3-dichlorohexafluorobicyclopen-
tane (1,3-Cl2-2). The photochemical chlorination was unusu-
ally slow and had to be run for two weeks to yield a suffi-
cient amount of product. The difficulty of the hydrogen ab-
straction process is undoubtedly due to a combination of the
high s character of the exocyclic bridgehead orbitals and the
strong electron-withdrawing effect of the fluorine substitu-
ents. 1,3-Dicyanohexafluorobicyclo ACHTUNGTRENNUNG[1.1.1]pentane (1,3-
(CN)2-2) was synthesized from hexafluorobicyclo-
ACHTUNGTRENNUNG[1.1.1]pentane-1,3-carboxamide (1,3-(CONH2)2-2), which
was prepared from 1,3-(COOH)2-2.

[30]

Attempts to synthesize 1,3-difluorobicyclopentane (1,3-F2-
1) by treatment of either bicycloACHTUNGTRENNUNG[1.1.1]pentane-1,3-dicarbox-
ylic acid[31] or 1-fluorobicyclo ACHTUNGTRENNUNG[1.1.1]pentane-3-carboxylic
acid[32] with xenon difluoride were unsuccessful,[27] as were
several attempts to produce 1,3-F2-1 by fluorination with di-
ethylaminosulfur trifluoride[33] of bicycloACHTUNGTRENNUNG[1.1.1]pentane-1,3-
diol, obtained by Baeyer–Villiger oxidation of the corre-
sponding diacetyl derivative followed by alkaline hydrolysis
of the resulting diester.[34,35] Attempted preparation of
perfluorobicyclo ACHTUNGTRENNUNG[1.1.1]pentane (1,3-F2-2) either by reaction
of 1,3-(COOH)2-2

[30] with xenon difluoride or by fluorina-
tion of 2 with elemental fluorine or with potassium hexa-
fluoronickelate(IV) failed as well.

Figure 1. Molecular structure of C5X6Y2 (X=H, F; Y=H, F, Cl, Br, I,
At, CN) and definitions of atoms, directions, and the system of com-
pound naming.
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Calculated Molecular Structure

Figure 1 shows the bicyclopentane structure and the labels
of atoms (Ca, Cb) and directions (s, p) with respect to the
threefold axis. In the ground state, the Cb–Cb distances in
the parent 1,3-Y2-1 are about 0.1 O shorter than in the per-
fluorinated 1,3-Y2-2, and the Ca–Ca distances in 1,3-Y2-1 are
about 0.05 O longer than in 1,3-Y2-2. The optimized geome-
tries of the neutral 1,3-Y2-1 and 1,3-Y2-2 molecules are sum-
marized in Table 1.

Spin–Orbit Coupling

To estimate the accuracy of the present spin–orbit calcula-
tions, the spin–orbit splitting between the 2P1/2 and 2P3/2

states of the halogen atoms was calculated in the same way
(Table 2). The experimental spin–orbit splitting was well-re-

produced for the F and Cl atoms, but the calculated value
was too small for Br, I, and At.[36] This underestimation of
the splitting is due to the use of a contracted basis set with a
relativistic effective core potential (RECP) and to the ap-
proximations used in the calculations as described in the Ex-
perimental Section.

Photoelectron Spectra

1,3-Y2-1: In Figures 2–7, we compare the observed He(I)
PES of 1,3-Y2-1 with those calculated by the SAC-CI
method with and without spin–orbit coupling. For Y=F and

At, only the calculated results are available (Figure 3).
Figure 8 compares the valence ionized states calculated by
the SAC-CI method for 1 and its five 1,3-dihalo derivatives
up to 20 eV. Tables summarizing the calculated ionization
potentials (IPs), monopole intensities, ionization characters,
and experimental values of 1,3-Y2-1 and an additional com-
pound, 1,3-Br2-2,2-Cl2-1, are given in the Supporting Infor-
mation. For convenience, in all figures the ionized states are
labeled by symbols appropriate for the D3h point group, al-
though the ions should be described by the spin-double
group when spin–orbit interaction is included. Molecular-or-
bital (MO) numbering is from the highest down to relate
the MOs directly to the ionized states.

Figure 9 displays the form of the MOs of 1, and Figure 10
compares the optimized ground-state and ionized-state geo-
metries of 1,3-Cl2-1 and 1,3-Br2-1.

Table 1. MP2-optimized equilibrium structures of the ground state for
1,3-Y2-1 and 1,3-Y2-2 (Y=H, F, Cl, Br, I, At, CN).[a]

Molecule Cb�Cb Ca�Ca Cb�Ca Cb�Y Ca�X
C5H8 1.882 2.142 1.554 1.093 1.095
C5F8 1.915 2.130 1.559 1.330 1.339
C5H6F2 1.806 2.173 1.545 1.353 1.092
C5F6H2 1.970 2.088 1.557 1.089 1.345
C5H6Cl2 1.820 2.165 1.546 1.751 1.092
C5F6Cl2 1.935 2.120 1.560 1.714 1.336
C5H6Br2 1.820 2.167 1.547 1.910 1.092
C5F6Br2 1.938 2.119 1.561 1.873 1.336
C5H6I2 1.821 2.170 1.549 2.130 1.092
C5F6I2 1.941 2.117 1.561 2.088 1.335
C5H6At2 1.778 2.186 1.544 2.356 1.091
C5F6At2 1.917 2.128 1.558 2.300 1.335
C5H6(CN)2 1.875 2.155 1.558 1.443 1.093

(CN: 1.177)
C5F6(CN)2 1.971 2.116 1.569 1.432 1.333

(CN: 1.177)

[a] Bond lengths in O.

Table 2. The 2P1/2–
2P3/2 spin–orbit splitting (cm�1) for halogen atoms

ACHTUNGTRENNUNGcalculated with the basis set used for 1,3-Y2-1 and 1,3-Y2-2.

Atom Experimental[a] Calculated

F 404 470
Cl 881 830
Br 3685 2870
I 7603 6200
At 22155[b] 17940

[a] C. E. Moore, Atomic Energy Levels, Vol. 1–3, National Bureau of
Standards, U.S. Government Printing Office, Washington, D.C., 1971.
[b] Calculated.[36]

Figure 2. He(I) PE and SAC-CI spectra with and without the inclusion of
spin–orbit (SO) interaction for 1.
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1,3-Y2-2 : Figure 11 shows the observed He(I) PE spectra
of 1,3-Y2-2, except for the cases Y=F, Cl, and At for which
only the calculated results are available (Figure 11b, c, g).

The valence ionized states calculated by the SAC-CI
method for 1, 2, and the five 1,3-dihalo derivatives of 2 are
compared in Figure 12. The calculated IPs, monopole inten-
sities, and ionization characters of 1,3-Y2-2 are compared
with the experimental values in tables included in the Sup-
porting Information.

Koopmans@ Theorem and Correlation Diagrams

The tables in the Supporting Information show that the ver-
tical ionization energies deduced from the Koopmans3 theo-
rem are far from numerical agreement with the measured
values, whereas the SAC-CI results agree very well. Never-
theless, there is a one-to-one correspondence between the
Koopmans3 and the more accurate SAC-CI description, such
that the ionized states predicted by the latter can be well de-
scribed by stating from which MO an electron is being re-
moved. This permits the use of MO correlation diagrams of
the type used so successfully for similar compounds by Heil-
bronner and co-workers[16,17] instead of state correlation dia-
grams, thus greatly simplifying the following discussion. Fig-
ures 13 and 14 show the correlation of the important MOs
associated with the ionized states through the Koopmans3
theorem.

Figure 3. SAC-CI spectra of 1,3-F2-1 and 1,3-At2-1 with the inclusion of
spin–orbit interaction.

Figure 4. He(I) PE and SAC-CI spectra with and without the inclusion of
spin–orbit interaction for 1,3-Cl2-1.

Figure 5. He(I) PE and SAC-CI spectra with and without the inclusion of
spin–orbit interaction for 1,3-Br2-1.
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Discussion

Synthesis

Our inability to prepare 1,3-F2-1 and 1,3-F2-2 is disappoint-
ing, but as we shall see below, the general agreement of the
calculated and observed PES is so good that the computa-
tional results for these two compounds may be taken as con-
fident predictions of their PES and used for the analysis of
trends in place of the latter.

Photoelectron Spectra

1,3-Y2-1: We describe first the valence ionized states of the
parent molecule 1. Figure 9a–c shows 11 of its 14 occupied
valence MOs (only one member of each degenerate pair is
shown) without the innermost e’ and a’ MOs, whose IPs are
higher than 20 eV and lie outside our experimental range.
The valence MOs are described by linear combinations of
two Cb–H, six Ca–H, and six Ca–Cb bonding MOs. As origi-
nally assigned by Gleiter et al.[14] on qualitative grounds, the
1A2’’ and 1A1’ states are produced by ionization from the
out-of-phase (1a2’’) and in-phase (1a1’) combinations of Cb–
H bond orbitals, respectively, and the splitting of these two
states was both calculated and measured to be 5.9 eV. This
splitting can be viewed as being caused by a combination of

direct transannular interaction between the Cb�H bonds and
the differential interaction of their out-of-phase and in-
phase combinations with the appropriate symmetry orbitals
of the bicyclic cage. The 1E’ and 1E’’ states are due to ioni-
zation from the 1e’ and 1e’’ MOs formed from the Ca�Cb

Figure 8. Valence ionized states of 1,3-Y2-1 (Y=H, F, Cl, Br, I, At)
ACHTUNGTRENNUNGcalculated by the SAC-CI method.

Figure 6. He(I) PE and SAC-CI spectra with and without the inclusion of
spin–orbit interaction for 1,3-I2-1.

Figure 7. He(I) PE and SAC-CI spectra with and without the inclusion of
spin–orbit interaction for 1,3-(CN)2-1.
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bond orbitals, whereas the 1A2’, 2E’, and 2A1’ states are at-
tributed to ionization from the 1a2’, 2e’, and 2a1’ MOs
formed from the Ca�H bonds.

Next, the effects of the axially symmetric bridgehead sub-
stituents Y are considered in Figures 13 and 14, patterned
after the work of Heilbronner and co-workers[16,17] (experi-
mental data have been used except for Y=F). Three types
of lines are used in Figure 13 to indicate the full details of
the orbital correlations for Y= I: dashed lines for s-symme-
try and full lines for p-symmetry orbitals at the bridgeheads,
and dotted lines for orbitals of other types. Figure 14 shows
only the correlations for p-symmetry orbitals at the bridge-
heads (i.e. , full lines) for other choices of Y for simplicity.

In the conversion of 1 into 1,3-Y2-1, each Y substituent
provides four valence orbitals in place of the one for the hy-
drogen atom, thus expanding the overall size of the valence
space. In the correlation diagrams, we consider the effect of
both p-symmetry atomic orbitals (AOs) present on each Y,

but we include only one of the two that are of s symmetry
(the other is mostly of s character and too low in energy to
be important). When Y=CN, we consider all four triple-
bond orbitals of each substituent that are of p symmetry,
and again only one of those of s symmetry.

With these simplifications, the conversion of 1 into 1,3-Y2-
1 introduces two significant changes. First, the s-symmetry
Cb�H bonds are replaced with s-symmetry Cb�Y bonds.
Second, the two p-symmetry AOs on Y (or p-bond orbitals
in 1,3-(CN)2-1), which are absent in the valence shell of H,
interact with the MOs of the cage. The former describes the
valence-space size-conserving s effect (the inductive I
effect) and the latter, the valence-space size-expanding p

effect (the hyperconjugative E effect) of the substituent. As
described by Gleiter et al. ,[14] the lowest 1E’’ and 1E’ states
are due to the ionizations from the pp MOs 1e’’ and 1e’ that
are largely located on the bridgehead halogen atoms and
contain the out-of-phase and in-phase combinations of their
lone-pair AOs, respectively (Figure 9d). The only exception
is the case Y=F, owing to the very low energy of the fluo-
rine lone-pair orbitals. In 1,3-F2-1, fluorine lone-pair charac-
ter resides in the MOs 3e’ and 2e’’, whereas hardly any is
contained in the MOs 1e’ and 1e’’. In 1,3-F2-2, only 1e’ has
significant F lone-pair character; 1e’’ again does not.

We consider the s effect first, with Y= I as an example
(Figure 13). The energy of a truly isolated C–Y s-bond orbi-
tal, approximated from the PES of CH3Y, is shown in the
central column. As this energy is different from that of the
C�H bond, the interactions with the cage orbitals are differ-
ent, too. The resulting pair of Cb–Y bond orbitals 1a1’ and
1a2’’ is split by less than the 5.9 eV found for Cb–H (calculat-
ed (eV) for Y=F: 5.6; Cl: 4.2; Br: 4.2; I: 4.0; At: 4.0). The
case of 1,3-(CN)2-1 is complicated by the presence of nitro-
gen lone-pair orbitals, which are also of s symmetry but are
being ignored in the discussion of orbital correlations. They
introduce two relatively high energy orbitals calculated to
be split by 0.9 eV.

Next, we turn to the p effect, which increases the total
number of valence orbitals in the correlation diagrams by
four. In Figures 13 and 14 , the new pairs of degenerate p or-
bitals on Y, shown in the central column, are of e’ and e’’
symmetry. The energies shown are those measured for
CH3Y

[37] and corrected[15] for the effect of hyperconjugation
with the methyl group. These orbitals interact with the 1e’
and 1e’’ orbitals already present in the bicyclic cage and en-
dowed with large amplitudes on the px and py AOs on Cb.
The resulting difference in orbital energies in 1,3-Y2-1 is
always larger for the antisymmetric e’’ orbitals (calculated
(eV) for Y=F: 5.5; Cl: 3.5; Br: 3.4; I: 3.5; At: 3.6; CN: 2.9)
than for the symmetric e’ orbitals (calculated (eV) for Y=

F: 3.0; Cl: 1.5; Br: 1.6; I: 2.2; At: 3.1; CN: 1.5). The differ-
ence is especially large for Y=F, not because the orbital in-
teraction is particularly strong, but because the energies of
the interacting levels are far apart.

If we consider the simplest possible interpretation, with
only the 1e’ or 1e’’ orbitals of the cage and the p-symmetry
lone-pair orbitals of the halogens (Figure 14), we find that

Figure 9. a) Cb–H, b) Ca–H, and c) Ca-Cb bonding MOs of C5H8. d) The
outermost e’’ and e’ MOs of 1,3-Y2-1 (Y=halogen).

Figure 10. Equilibrium structures of the ground and ionized 12A2’’ states
of a) 1,3-Cl2-1 and b) 1,3-Br2-1. Bond lengths and distances are given in
O.
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the effective interaction (“resonance”) integral between the
cage orbital and the halogen orbital is of the order of
0.75 eV for the e’ orbitals and about twice as large for the e’’
orbitals (its magnitude decreases with increasing atomic
number of the halogen). This simplest description works
best if it is assumed that the e’ and e’’ orbital assignment of
the close-lying MOs of 1 needs to be interchanged relative
to the computational results shown in the drawings. As the
energies of these two orbitals are very similar, it is quite
conceivable that the computed order may be in error. The
difference between the effective interaction integrals for the
two cage MOs suggests that the amplitude of the 1e’ orbital
at Cb is only about half that of the 1e’’ orbital. Indeed, on
the basis of Weinhold3s natural atomic orbitals (NAOs),[38]

the coefficient of the self-consistent field (SCF) 1e’ MO of 1

calculated presently on the p-symmetry Cb(px) and Cb(py)
valence orbitals is 0.32, whereas that of the 1e’’ MO of 1 is
0.50 (HF/D95). This is not surprising given that 1e’’ has a
node passing through all three bridge carbon atoms, which
pushes its amplitude towards the bridgeheads.

Turning now to the individual compounds, we note that
the 1a2’’ and 2a1’ orbitals are at lower energy in 1,3-F2-1 than
the corresponding 1a2’’ and 1a1’ orbitals in 1, and that their
splitting is decreased from 6.0 to 5.1 eV. New 2e’’ and 3e’ or-
bitals associated with the pp MOs of the terminal F atoms
appeared at about 16.3 eV, close to the first IP of the F atom
(17.42 eV), and these would need to be considered if one
wished to evaluate lone-pair interactions mediated by the
cage. As seen in Figures 8 and 14, other states, 1E’’, 1E’,
1A2’, 2E’, and 1A1’ (note that state 1A1’ in 1,3-F2-1 corre-

Figure 11. He(I) PES of 1,3-Y2-2 (Y=H, F, Cl, Br, I, CN, At). All spectra were experimentally obtained except those of Y=F, Cl, and At, which are
SAC-CI spectra with the inclusion of spin–orbit interaction.
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sponds to state 2A1’ in 1), are less influenced by F substitu-
tion, as they correspond to ionizations from the Ca–Cb or
Ca–H bond orbitals.

The effects of the conversion of 1 into the other dihalo
derivatives 1,3-Y2-1 (Y=Cl, Br, and I) are very similar, as
seen from Figures 8, 13, and 14. The resulting new E’ and
E’’ states associated with the p MOs of the terminal halogen
atoms become less strongly bound as the atomic number of
Y increases. The spin–orbit splitting in the Br and I deriva-
tives is prominent in the 1E’ and 1E’’ states, which are pri-
marily due to ionizations from the pp MOs of the terminal
halogens Y, but not in the 2E’ and 2E’’ states, which have a
smaller amplitude on the halogen atoms. In the PES of 1,3-
Br2-1, two pairs of split peaks were observed and are attrib-
uted to the 1E’ and 1E’’ states. The first peak in the PES of
1,3-I2-1 is assigned to one component of the spin–orbit state
of 1E’’ and the second peak to its other component, which
overlaps with both weakly split spin–orbit components of
1E’.

The third band in the experimental spectra, assigned to
the 1A2’’ state, has vibrational structure for Y=Br or I,
which indicates a significant change in geometry along the
direction of one of the normal modes upon ionization. The
equilibrium molecular structures of the ground and 1A2’’
states of 1,3-Y2-1 (Y=Cl, Br) calculated by the UHF/6-
31G(d) method are shown in Figure 10. The Cb–Cb distance
in 1,3-Y2-1 (Y=Br, I) was calculated to shrink upon ioniza-
tion from the a2’’ MO, which is antibonding with respect to
the Cb–Cb interaction, and we assign this as the cause of the
vibrational structure. The calculated geometrical change is
less pronounced for 1,3-Cl2-1, which may be the reason why
the vibrational structure is missing in its spectrum. The
fourth band, from 12.0 to 14.0 eV, is attributed to the 2E’,
1A2’, and 2E’’ states.

As already noted, the 1A2’’ state of 1,3-I2-1 exhibits vibra-
tional structure, similarly as it did in 1,3-Br2-1. The overlap-
ping bands at 12–14 eV are attributed to the 2E’, 2E’’, 1A2’,
and 1A1’ states. The 3E’ state is assigned to the band at
about 16.0 eV, and the 2A1’ and 1A2’’ states to the band near
18.0 eV.

The SAC-CI general-R method, which describes shake-up
states more accurately, was also used for 1,3-I2-1. The main
peaks lower than 16 eV were not influenced much, whereas
many correlation peaks appeared in the energy region 16–
18 eV. These states have distributed intensities due to the
final-state correlation interactions with the 3E’, 2A1’, and

Figure 12. Valence ionized states of 1,3-Y2-2 (Y=H, F, Cl, Br, I, At)
ACHTUNGTRENNUNGcalculated by the SAC-CI method.

Figure 13. Correlation of measured ionization energies and their assign-
ment to MOs. Center: lone-pair AOs on I and the C–I bond orbitals;
first and fifth columns: MOs of cages 1 and 2 ; second and fourth col-
umns: MOs of 1,3-I2-1 and 1,3-I2-2. For the definition of line types, see
text.

Figure 14. Correlation of selected ionization energies and their assignment to MOs for 1,3-Y2-1 and 1,3-Y2-2 (calculated for Y=F and measured for Y=

Cl, Br, and I).
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2A2’’ states. This result further indicates that the valence
ionized states of 1,3-Y2-1 can be assigned by the SD-R
method.

In 1,3-At2-1, the calculated spin–orbit interaction is quite
large in the five energetically low-lying states, 1E’, 1E’’, and
1A2’’. The 2E’’ and 1A1’ states are stabilized by At substitu-
tion, whereas the IPs of the 2E’, 1A2’, 3E’, 2A1’, and 2A2’’
states are almost constant in 1,3-Y2-1 regardless of Y.

The IPs of the 1A2’’, 2E’, and 2A1’ states of 1,3-(CN)2-1 do
not differ much from those of the other derivatives, as these
states result from ionizations from the Ca–H bonding MOs.
However, the Y=CN substitution influences the Cb–Y and
Ca–Cb bonding MOs and thus changes the corresponding
IPs. For Y=CN, the cage-mediated p interaction was calcu-
lated to be 0.40 eV and observed to be 0.45 eV, smaller than
for the halogen derivatives. The difference can be attributed
to the relatively small amplitude of the pCN orbitals on
carbon, due to their polarization toward nitrogen, and to the
presence of relatively low energy pCN* orbitals with a larger
amplitude on carbon. Many valence ionized states are pres-
ent in the 11–15-eV region.

1,3-Y2-2 : Next, we turn to the effects of hexafluorination
and compare the ionization spectrum of 2 with that of 1. As
expected, most MOs of the hexafluorinated cage are at
much lower energies. The bonds formed by the F(pp) AOs
(see Figure 1 for definitions) are strongly polarized toward
the electronegative fluorine substituent, which accounts for
its + I effect. They act on the symmetric MOs of the cage
and are incapable of interacting with its antisymmetric MOs
such as 1e’’. In fact, the IP of the 1E’’ state hardly changes
upon F substitution, as antisymmetric cage MOs such as 1e’’
are influenced by the F(ps)–Ca(ps) antibonding interaction
(�E substituent effect). The energy splitting of the 1A2’’ and
2A1’ states, produced by the ionizations from the Cb–H
bonding MOs, is about 6.5 eV, slightly larger than in 1.
Many valence states due to ionization from fluorine lone-
pair orbitals appear in the 15–20-eV region.

The general considerations of bridgehead-substituent ef-
fects for 2 are the same as for 1. The increased bridgehead–
bridgehead separation in the hexafluorinated 1,3-Y2-2 rela-
tive to the parent 1,3-Y2-1 was already known[30] and follows
from Bent3s rules[39] and the high electronegativity of fluo-
rine. The Cb–Y bond lengths reflect the sizes of the halogen
atoms in a regular fashion, and the separation of the bridge-
head halogens Y in 1,3-Y2-2 is thus larger than in 1,3-Y2-1.
Nevertheless, we shall see below that the lone–pair orbital
splitting caused by the cage-mediated interaction of the
bridgehead substituents is actually larger.

In the calculated spectra of 1,3-F2-2, all the valence states
except for 1E’’ are more strongly bound than those of 2, es-
pecially those resulting from ionization from the Cb–F bond
orbitals a2’’ and a1’. In consequence, the 1E’’ state at about
10.8 eV is separated from the other states, and the corre-
sponding peak becomes quite isolated. The 3E’’ and 3E’
states appear at about 17.0 eV. As in 1,3-F2-1, the 1E’’ state
hardly involves fluorine lone-pair orbitals at all due to sym-
metry, but, in contrast to 1,3-F2-1, the 1E’ state of 1,3-F2-2

does. This can be viewed as a result of the great stabilization
of the 1e’ MO by the six fluorine substituents.

The spectra of 1,3-Y2-2 (Y=Cl, Br, I) are similar. In com-
parison with those of 1,3-Y2-1 (Y=Cl, Br, I), the s-symme-
try 1A2’’ and 2A1’ states are more strongly bound by 2.0–
2.5 eV, and the energy splitting between these states was cal-
culated to be 4.6, 4.6, and 3.9 eV for Y=Cl, Br, and I, re-
spectively. The p-symmetry 1E’’ and 1E’ states are also
more strongly bound, by 1.1, 1.3, and 1.3 eV for Y=Cl, Br,
and I, respectively. The calculated energy splitting of these
two states was increased to 1.8 (Cl), 1.2 (Br), and 0.7 eV (I),
and the measured values were 0.86 (Br) and 0.58 eV (I). In
1,3-Y2-1, this splitting was 0.9 (Cl), 0.8 (Br), and 0.6 eV (I),
and the experimental results were 0.90, 0.72, and 0.66 eV, re-
spectively. The splitting for 1,3-Br2-1 and 1,3-(C2H)2-1 (di-
ethynyl) was measured previously[14] to be 0.72 and 0.68 eV,
respectively. The increased splitting of the 1e’ and 1e’’ orbi-
tals in 1,3-Cl2-2 compared to 1,3-Cl2-1 is particularly remark-
able, and we discuss its origin below.

Factors Determining the Strength of Through-Cage p
Interactions

As the lone-pair orbitals on substituents located at the
bridgeheads of a cage (or other p-symmetry orbitals located
on bridgehead substituents) are too far apart for significant
direct interaction, it is their interaction with the cage orbi-
tals that dictates the strength of the cage-mediated interac-
tion. The standard measure of the strength of this interac-
tion is half the difference between the energies of the MOs
that contain large symmetric and antisymmetric contribu-
tions from the lone-pair orbitals.[2] This is entirely analogous
to the usual use of the difference of the p-bonding and p*-
antibonding orbital energies as a measure of the strength of
the p interaction when such orbitals overlap and interact di-
rectly. It is justified in the two-state approximation, when
Y+–cage–Y and Y–cage–Y+ are the only states that need to
be considered.[5,6,8] This requires the energies of the relevant
orbitals on the substituents Y to be well removed from
those of the MOs of the cage, such that the substituent orbi-
tals do not delocalize into the cage. In most commonly used
cages and substituents Y, this condition is not very well ful-
filled. If it were, there would be no through-bond coupling.

In the simplest case of through-bond coupling,[3] the situa-
tion is simplified in that only one vacant antisymmetric and
one occupied symmetric orbital of the mediator need to be
considered. This is not our case. As the energies of the halo-
gen lone-pair AOs are comparable to those of the 1e’ and
1e’’ MOs of the parent cage 1 (Y=Cl, Br, I), their mutual
interaction is primary. Either of the resulting MO pairs of
the substituted cage, 1e’/1e’’ or 2e’/2e’’, could be used for the
evaluation of the cage-mediated interaction, as both pairs
contain comparable amounts of halogen lone-pair character.
Inspection of Figures 13 and 14 shows that roughly similar
results would be obtained. It is customary[14] to use the
higher-energy pair 1e’/1e’’, for which more reliable experi-
mental values can usually be secured, and we shall follow

Chem. Asian J. 2007, 2, 1007 – 1019 L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1015

Coupling in BicycloACHTUNGTRENNUNG[1.1.1]pentane Derivatives



this practice. In 2, the energies of the 1e’ cage MO actually
lie well below those of the halogen lone-pair orbitals, thus
further justifying the use of the 1e’/1e’’ pair.

The splitting of the p-symmetry orbitals in 1,3-Y2-1 is
large: 0.9 (Cl), 0.8 (Br), and 0.6 eV (I); it is even larger in
1,3-Y2-2 : 1.8 (Cl), 1.2 (Br), and 0.7 eV (I) (calculated
values). For comparison, in bicycloACHTUNGTRENNUNG[2.2.2]octane substituted
with bridgehead halogens,[16] in which the lowest 1E’’ and
1E’ states are also due to ionizations from the halogen lone-
pair orbitals, the splitting is only 0.14 eV for Br substituents.
For Cl substituents, the splitting cannot be much larger, but
its exact value is unclear due to unresolved bands. In 1,4-di-
ACHTUNGTRENNUNGsubstituted cubane,[17] the splitting between the analogous
states of Eu and Eg symmetry is only 0.4 (Cl), 0.25 (Br), and
0.36 eV (I). In this regard, the bicycloACHTUNGTRENNUNG[1.1.1]pentane cage, es-
pecially its hexafluorinated version, is unique.

When would cage-mediated p interactions defined in this
fashion be strong? If the symmetric combination of substitu-
ent p orbitals interacted with the symmetric cage orbital(s)
exactly as much as their antisymmetric combination inter-
acts with the antisymmetric cage orbital(s), and if the sym-
metric and antisymmetric MOs of the parent cage had the
same energies, the energies of the symmetric and antisym-
metric upper MOs resulting from these interactions would
be equal, and the through-cage interaction would be said to
vanish. Clearly, one of the factors that dictate the cage-
mediated interaction, as it is usually defined, is the differ-
ence between the ability of the symmetric and antisymmet-
ric occupied cage orbitals to interact with substituent orbi-
tals. In the simplest possible description, only one cage MO
of each symmetry needs to be considered, and this is the
case in the first approximation for the e’ (symmetric) and e’’
(antisymmetric) MOs of 1 and 2, both of which are bonding
and occupied.

In reality, the symmetric and antisymmetric MOs of a
cage will hardly ever have the same energy. Their energy
difference represents a second factor that dictates the
energy difference of the highest-energy symmetric and anti-
symmetric combinations of the initially degenerate halogen
lone-pair orbitals that result from mixing with cage orbitals
(Figures 13 and 14). In other words, the important factors
are the difference between the diagonal elements and the
difference between the off-diagonal elements of the 2R2
matrices that describe the interactions in the symmetric and
antisymmetric cases.

The two factors, diagonal and off-diagonal, change inde-
pendently from cage to cage. One or the other can domi-
nate, or both could be important and might interfere with
each other. This is exemplified by the nearly exact degener-
acy of the 3e’ and 3e’’ MOs of 1,3-F2-2 (Figure 14), in which
the latter is favored by the off-diagonal interaction but dis-
favored by the diagonal one.

The parent cage 1 (Y=Cl, Br, I) provides an example of
off-diagonal dominance. The energies of the starting 1e’ and
1e’’ orbitals of the cage are nearly identical, and it is the dif-
ference in their effective interaction integrals with the lone-
pair orbitals that dominates the final 1e’–1e’’ separation in

the substituted cage. To the first order, these effective reso-
nance integrals are proportional to the amplitudes of the e’
and e’’ cage orbitals at the bridgeheads. As we saw above,
the amplitude is larger for the e’’ orbitals by a factor of
about two (0.50 vs. 0.32 at the HF/D95 level of calculation,
in which the e’ and e’’ orbitals are degenerate at �12.46 eV),
and the final e’’ orbital ends up lying above the final e’. One
of the other well-studied highly symmetric cages, cubane,[17]

is also off-diagonally dominated and has a significant but
smaller difference in the bridgehead amplitudes of the sym-
metric (eu) and antisymmetric (eg) cage MOs, which are
again close in energy. The former lies at �10.6 eV, and its
amplitude at the bridgehead natural valence p orbital is 0.28
at the HF/D95 level. The latter is at �10.8 eV, and the am-
plitude is 0.43. The other, bicycloACHTUNGTRENNUNG[2.2.2]octane,[16] is diago-
nally dominated. At the optimized staggered geometry, the
symmetric e MO of the cage lies at �13.34 eV, and its ampli-
tude at the bridgehead is 0.35, whereas the antisymmetric e
orbital is located at �10.94 eV, and its amplitude at the
bridgehead is nearly the same at 0.34 (HF/D95).

In 1,3-F2-1, the splitting of the MOs that carry fluorine
lone-pair character, 3e’ and 2e’’, nearly vanishes as a result
of interactions among several orbitals.

The differences in orbital-energy splitting for the Cl, Br,
and I substituents reflect the differences in the carbon–halo-
gen p resonance integrals and the differences in the relative
energies of their lone-pair orbitals compared with those of
the e’ and e’’ MOs of the cage. The relative strength of the
cage-mediated halogen–halogen interaction is not a one-di-
mensional property and could depend on the choice of halo-
gen. It seems that the magnitude of the carbon–halogen p

resonance integrals is the dominant factor, such that the
strength of the coupling always decreases in the order Cl>
Br> I.

The hexafluorinated cage 2 (Y=Cl, Br, I) provides an ex-
ample of diagonal dominance. The energies of the 1e’ and
1e’’ MOs of the parent cage are vastly different. The former
is more stable by 2.59 eV and hardly interacts with the halo-
gen substituent lone-pair orbitals at all, whereas 1e’’ inter-
acts roughly as much as in 1. As a result, the energy of the
final e’’ orbital ends up being significantly greater than that
of the final e’ orbital. Therefore, the cage-mediated interac-
tion is much stronger in 2 than in 1. In 1,3-F2-2, the diagonal
and off-diagonal effects conspire to give near-exact degener-
acy for the 3e’/3e’’ MO pair and, hence, no cage-mediated
coupling of the halogen p lone-pairs at all. This was also the
outcome in 1,3-F2-1, albeit for a different reason. Both of
these cases illustrate that the relative ability of a cage to me-
diate electronic interactions between substituents is not only
a function of cage structure, but also of the nature of the
substituent.

Use of Orbital-Energy Splitting as a Measure of
Through-Cage Interaction

We have just seen that the usual measure of through-cage
interaction, the difference in the energies of the symmetric
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and antisymmetric MOs of the final system that has large
contributions from substituent orbitals (for Y=Cl, Br, and
I, 1e’ and 1e’’ in 1 and 2), contains contributions from both
off-diagonal and diagonal effects as defined above. As we
are not really dealing with a two-state system, the strength
of the interaction between the Y+–cage–Y and Y–cage–Y+

states need not be simply related to the orbital splitting
measured. It is thus doubtful that the diagonal and off-diag-
onal effects could enter on equal footing when one considers
all other properties of interest, such as the ease of charge
transfer through the cage. After all, although in a homonu-
clear diatomic molecule the splitting of the symmetric and
antisymmetric MOs that result from the interaction of AOs
is a good measure of its strength, in a heteronuclear diatom-
ic this is not so, and in a limiting case, the splitting is merely
a measure of the difference in electronegativity between
two weakly interacting partners, not a measure of the
strength of their interaction. A more complicated analysis is
called for, but lies outside the scope of this paper.

Conclusions

We have studied the valence ionized states of a series of
bicycloACHTUNGTRENNUNG[1.1.1]pentane derivatives, 1,3-Y2-1 (Y=H, Cl, Br, I,
CN) and 1,3-Y2-2 (Y=H, Br, I, CN), with He(I) photoelec-
tron spectroscopy and the SAC-CI method, including spin–
orbit coupling. The calculated spectra agree well with those
observed, thus allowing quantitative assignments. The spin–
orbit interactions are predicted to be especially large in the
five lowest ionized states of 1,3-At2-1 and 1,3-At2-2.

When estimated by the standard procedures, the cage-
mediated interactions between bridgehead substituents are
unusually large, especially in the hexafluoro derivatives 1,3-
Y2-2 (Y=Cl, Br, I). We have analyzed the origin of this
strong interaction in simple terms and identified the two pri-
mary contributing factors: 1) the difference in the bridge-
head amplitudes of the symmetric and antisymmetric cage
MOs responsible for the interaction and the strength of the
resonance integral between the bridgehead carbon atom and
the substituent (the off-diagonal factor), and 2) the differ-
ence in the energies of these MOs (the diagonal factor). In
general, off-diagonal coupling is maximized when the ampli-
tudes of the symmetric and antisymmetric cage MOs on the
bridgeheads are very different and the Cb–Y resonance inte-
grals are large, whereas diagonal coupling is favored when
one of these cage MOs interacts very weakly with the sub-
stituent orbitals because of a large energy gap. However, it
is not obvious that there is a simple relation between the
total orbital-energy splitting normally taken as a measure of
cage-mediated interaction and other properties that depend
on such interaction, and we suspect that, for some proper-
ties, only the off-diagonal coupling counts. We do not trust
the conclusion suggested by a superficial look at the present
results, namely, that the hexafluorinated cage 2 is a much
more efficient mediator than the parent cage 1 when it
comes to electronic interactions between substituents whose

ionization potentials are similar to those of the heavier halo-
gens. It would be interesting to probe this experimentally.

Experimental Section

Photoelectron Spectroscopy

PES were recorded on a home-built instrument similar in design to a
Perkin–Elmer PS-16. This type of instrument uses an electrostatic cylin-
drical sector analyzer and a DC capillary discharge in low-pressure He
that generates photons with an energy of 21.22 eV (He(I) resonance
line). The spectrometer was calibrated periodically during each measure-
ment by injecting a mixture of Ar and Xe into the ionization region. Cali-
bration accuracy is thought to be within �0.02 eV for IPs listed to two
decimal places and �0.1 eV for those listed to one decimal place. The
working resolution was 20–30 meV full width at half maximum for 5-eV
electrons (16-eV IP).

General Procedures

Melting points were determined on a Boetius PHMK05 apparatus with a
microscope attachment (4 8Cmin�1). 1H NMR spectra were obtained at
300, 400, and 500 MHz on Varian VXR 300, Bruker 400, and Varian
VXR 500 spectrometers, respectively. 19F NMR spectra were obtained at
282.4, 376.5, and 470.7 MHz on Varian VXR 300, Bruker 400, and Varian
VXR 500 spectrometers, respectively. 13C NMR spectra were obtained at
100.6 and 125.7 MHz on Bruker 400 and Varian VXR 500 spectrometers,
respectively. Samples were dissolved in [D]chloroform unless otherwise
indicated. Fluorotrichloromethane, [D]chloroform, and tetramethylsilane
were used as internal standards for 19F, 13C, and 1H NMR spectra, respec-
tively, unless otherwise specified. IR spectra were recorded with a Nico-
let 800 or Perkin–Elmer FTIR instrument in KBr unless otherwise speci-
fied. Electron-impact mass spectra were recorded with an HP 5988A
GC–MS instrument. High-resolution and chemical-ionization mass spec-
tra were recorded with a VG 7070EQ instrument. Preparative GC was
done in an SE-52 (10% Chromosorb W) 6–20-ft long 0.25’’ diameter
column.

Reagents

Commercially available tris(trimethylsilyl)silane (Aldrich), tert-butyl per-
oxide (Aldrich), chlorine (Aldrich), aqueous ammonia (Fisher Scientific),
and phosphorus pentoxide (Fisher Scientific) were used without purifica-
tion. The syntheses of 1,[40] 1,3-Cl2-1,

[41] 1,3-Br2-1,
[42] 1,3-I2-1,

[43] 1,3-(CN)2-
1,[44] 1,3-Br2-2,2-Cl2-1,

[45] 1,3-Br2-2,
[30] and 1,3-I2-2

[30] were reported previ-
ously.

Syntheses

2 : A mixture of 1,3-Br2-2
[30] (132 mg, 0.4 mmol), tris(trimethylsilyl)silane

(1 mg, 4 mmol), and tert-butyl peroxide (1 mg) was sealed in a 5-mL am-
poule and heated to 120 8C for 6 h. The ampoule was then secured in an
upright position with the bottom quarter immersed in an oil bath for 1 h.
The product that sublimed into the upper part of the ampoule was dis-
solved in a minimal amount of diethyl ether and purified by preparative
GC to give 2,2,4,4,5,5-hexafluorobicyclo ACHTUNGTRENNUNG[1.1.1]pentane (2 ; 53 mg, 76%).
M.p.: 38 8C; IR (CS2): ñ=928, 2860, 1299, 1244, 1184, 1048, 915,
908 cm�1; 1H NMR: d=3.74 ppm (sept, 3JH,F=1.4 Hz); 13C{1H} NMR: d=
63.4 (sept, 2JC,F=19.8 Hz), 109.9 ppm (br t); 19F NMR: d=�117.2 ppm;
MS (EI): m/z=157 (24) [M�F]+ , 137 (28), 126 (100), 113 (78), 75 (35),
69 (90); HRMS: m/z calcd for C5H2F6: 176.0061; found: 176.0073.

1,3-Cl2-2 : A solution of 2 (20 mg, 0.11 mmol) in carbon tetrachloride
(1 mL) was placed in a 200-mL glass vessel equipped with a gas regulator
and a pressure gauge. Air was displaced with argon, and the reaction
vessel was filled with chlorine gas to the pressure of 50 psi. The reaction
mixture was irradiated with a 150-W tungsten lamp for two weeks. The
reaction vessel was cooled in an ice bath, and excess chlorine was careful-
ly released. 1,3-Dichlorohexafluorobicyclo ACHTUNGTRENNUNG[1.1.1]pentane (1,3-Cl2-2 ; 6 mg,
22%) was isolated by preparative GC. 19F NMR (CCl4): d=�123.2 ppm
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(s); 13C ACHTUNGTRENNUNG{19F} NMR (CCl4): d=53.7, 109.2 ppm; HRMS: m/z calcd for
C5

35Cl2F6: 243.9281; found: 243.9304.

1,3-(CONH2)2-2 : Aqueous ammonia (30%, 10 mL) was added to a solu-
tion of hexafluorobicycloACHTUNGTRENNUNG[1.1.1]pentane-1,3-dicarboxylic acid (1,3-
(COOH)2-2 ;

[30] 1.46 g, 5 mmol) in THF (10 mL), and the reaction mixture
was stirred for 1 h. The solvents were evaporated, and the residue was
sublimed at 1R10�3 Torr and 80 8C to yield hexafluorobicyclo-
ACHTUNGTRENNUNG[1.1.1]pentane-1,3-carboxamide (1,3-(CONH2)2-2 ; 1.225 g, 93%). M.p.:
205 8C (decomp.); IR: ñ=3390, 3204, 1681, 1624, 1408, 1226, 113, 958,
918 cm�1; 13C ACHTUNGTRENNUNG{19F} NMR ([D6]acetone): d=71.0, 111.9, 156.5 ppm;
19F NMR ([D6]acetone): d=�116.4 ppm; HRMS: m/z calcd for
C7H2F6NO2: 245.9990 [M�NH2]

+ ; found: 245.9975.

1,3-(CN)2-2 : Phosphorus pentoxide (2.8 g, 20 mmol) was thoroughly
mixed with 1,3-(CONH2)2-2 (262 mg, 1 mmol) in a dry flask. A transfer
line terminated with a dry ice-cooled receiver flask was connected to the
reaction flask. The mixture was heated to about 200 8C for 0.5 h, and vol-
atile products were accumulated in the receiver flask. The collected prod-
uct was sublimed in a gradient sublimer at 1 atm and room temperature
into the end of the sublimation tube cooled with tap water (�6 8C) to
give 1,3-dicyanohexafluorobicyclo ACHTUNGTRENNUNG[1.1.1]pentane (1,3-(CN)2-2 ; 86 mg,
38%). M.p.: 58 8C; IR (CS2) 2256, 1298, 1235, 918, 894, 744 cm�1;
13C NMR: d=57.87, 102.37, 110.0 ppm (br t); 19F NMR: d=�111.6 ppm;
MS (CI): m/z=226 [M]� (18), 207 (100), 188 (42), 169 (21), 157 (23), 141
(11), 127 (99), 113 (52), 99 (28), 73 (27), 58 (26); HRMS: m/z calcd for
C7F6N2: 225.9966; found: 225.9964.

Computational Details

Geometries: The ground-state equilibrium structures of 1,3-Y2-1 and 1,3-
Y2-2 (Y=F, Cl, Br, I, At, CN) were determined by the MP2 method with
the Gaussian 94 program.[46] The 6–311G* basis set[47] was used for H, N,
C, and F, and the [6s5p] GTOs (Gaussian-type orbitals) of McLean and
Chandler[48] were used for Cl. For Br, I, and At atoms, RECP[36,49,50] was
used with [2s2p] plus 1d function with zd=0.389 (Br), 0.266 (I), and 0.225
(At).[51] These optimized structures were used for the calculations of ver-
tical IPs. The equilibrium structures of some ionized states were exam-
ined by the UHF/6–31G(d) method.

Photoelectron spectra: The ground and ionized states at these optimized
geometries were calculated by the SAC/SAC-CI method. The basis sets
of the first-row atoms and H were composed of the [5s3p/3 s] GTOs of
Huzinaga[52] and Dunning[53] augmented with 1d polarization functions
with zd=0.75, 0.80, and 0.90 for N, C, and F, respectively. For the other
atoms, the same basis sets as in the geometry optimization were used. In
the SAC/SAC-CI calculations, the 1s orbitals of C, N, and F and the 1s,
2s, and 2p orbitals of Cl as well as the counterparts of these MOs in the
unoccupied manifold were excluded from the active space. To decrease
computational effort, configuration selection was performed in the per-
turbative way.[18] For the ground state, the threshold for the linked terms
was lg=1R10�5 au, and the unlinked terms were adopted as the products
of the important linked terms whose SDCI coefficients were larger than
0.005. For the ionized state, the threshold of the linked term R was le=

1R10�6 au. The thresholds for the unlinked terms in the SAC-CI were set
to 0.1 and 0.001 for selecting the important R and S operators, respec-
tively. The HF SCF orbitals were obtained with the HONDO8 pro-
gram,[54] and the SAC-CI calculations were performed with the SAC-
CI96 program.[55] The effect of spin–orbit interaction was calculated in
the ab initio manner by the method reported previously.[56] Only the one-
electron term was included, and only the interaction between singles was
evaluated in the SAC-CI wavefunction. Natural-bond-orbital (NBO)
analysis of HF/D95 wavefunctions was performed with the NBO rou-
tine[38] in the Gaussian 98 program.[57]
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