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Abstract

It is now possible to review the conformational and clectronic behaviours of the isomers
of chalcogenobispyridines and related compounds, so providing information on the link
between the geometric and electronic propetties, und providing some insight into their
observed and anticipated physical and biologicat activities, Moreover, observations cun now
be made on the cffect of the bridging atoms (O, §, Se, Te) and positional isomerism on
conformation and clectronic distributions; on the balance between resonance and inductive
elfects; and on the encrgetics of conformer interconversion. As a result of the non-rigid nature
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of the chalcogenobispyridines and related compounds, it is necessary to determine the preferred
geometries to calculate the ionization energies (IEs). For the entire family of the chalcogeno-
bispyridines, the minimum energy structures predict the pyridine ring planes to be nearly
perpendicular, allowing maximum overlap of the chalcogen valence orbitals with the n system
of only one of the pyridine rings. Rotational barrier height calcufations do not support the
fully conjugated planar forms on steric grounds, but suggest that a range of near-isoenergetic
conformers surround the minimum structure. Ab initic methods (such as restricted
Hartree—Fock (HF ) methods) were found to assign incorrectly the UV photoelectron spectra
of these pyridine-based compounds. While HF methods were shown to be reasonably sucress-
ful for the prediction of the IEs of the n-type molecular orbitals (MQs), they failed to position
the 1Es correctly for the lone-pair nitrogen MOs (ny), so requiring the use of computer-
intensive configuration interaction (Cl) methods. Bands caused by distinct conformers could
not be resolved in the UV photoelectron spectra of the chalcogenobispyridines.
Conformational analyses predicted fow energy pathways for concerted disrotatory motion,
permitting a smooth transition between near isoenergetic rotamers. The calculated IEs of the
most populated conformers were found to be within the instrumental resolution, so were
difficult to resolve. This was supported by the production of ‘synthetic’ spectra. Within the
composite-molecule model, correlations with the 1Es of pyridine and the methylchalcogeno-
pyridines assisted in the spectral assignment of the chalcogenobispyridines. For each congener,
the first IE was assigned to ionization from an anti-bonding n-ny combination in which the
contribution of pyridine n character was found to decrease down the group. The spectra
recorded with different radiation sources were valuable in identifying bands associated primar-
ily with the chalcogen characier, © 1997 Llisevier Science S.A,

1. Introduction

There are six chalcogenobispyriding isomers, which have the following structures:
2.2 (1), 2,3%(2), 2.4 (3), 3.3% (4), 3.4 (%) and 4.4 (6) (see Fig. 1). In 1987,
Summers [ 1] reviewed the chemistry of the chialeogenobispyridines and showed thin
experimental sudics on these compounds have been limited [1]. Surprisingly.

saelene

Fig. | Stractural formuate of the six isomers of the chateogenabispyridines,
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Summers reported {1} that only two complete families of six isomers (the oxy- and
thiobispyridines) were synthesized: syntheses of only the 2.2- and 4,4'-selenobispyri-
dines were recorded. while none of the tellurobispyridines was generated. Recently.
Dunne et al. {2.3] have achieved the synthesis of the remaining isomers of the
chalcogenobispyridines and, moreover, have reviewed the synthetic bases to all the
isomers of the chalcogenobispyridines [4].

The wide range of biological and industrial applications displayed by the oxy-
and thiobispyridines warrants thorough and systematic study of these compounds.
For example, 2,2'-oxybispyridine is a suitable ligand for a cobalt carbony! complex
catalyst, so is useful in the hydroformulation of olefins [5,6]. 2,3-Oxybispyridine is
claimed to have both psychotropic and bactericidal properties [7], whereas 3.3
oxybispyridine and its N-oxides have been found to affect the learning ability of
mice [8]. In the case of the thiobispyridines, the 2,2'- isomer shows pronounced
activity against streptococcus infections of rabbits [9], as well as some anti-
thyroid [10,11), anti-bacterial, anti-fungal and anti-tumour activity {12]. 2.4
Thiobispyridines were patented as bactericides, fungicides and herbicides [13], with
the 4,4-thiobispyridines {13] being patented as bactericides, fungicides, herbicides,
nematocides and pesticides. 4.4-Thiobispyridine is also an effective promoter of
clectront transfer to cytochrome C at a gold electrode [14-16] and is also wsed as
an additive in photosensitive layers for electrophotography {17]. The biological
activities of seleno- and tellurobispyridines have not yet been explored.

Conformational analysis of the chalcogenobispyridines is an important precursor
to understanding their biological activity. For example, in the associated family of
bipyridinium dications (such as paraquat), herbicidal activity was found to arise
from the production of i superoxide radical anion in the regeneration of the dication
by air [ I8]. Here, conformational analysis of the dication played an importamt role
in understanding this process, because a planar structure was postulated to be an
important prerequisite for the active dication derivatives. Therelore, knowledge of
the barvier heights between the Tully conjugited conformers and their equilibrinm
structures may provide a basis for future studics.

While structural studies on molecules thut contain oxygen and sulphur are abun-
dant in the chemical fiterature, experimental datit on organo-selenium and organo-
tellurium compounds are scarce. This arca was recently reviewed by Hargittai and
Rozsondai [ 19], who reported that there was little information on diaryl chalcogen-
ides. Thus, a comprehensive review of recent conformational studics on the chalco-
genobispyridines using molecular orbital (MO) methods [20-27] would be limely.

A technique which gives direct information on the TEs and characters of valence
MOs is UV photoelectron spectroscopy (UPS). Photoclectron spectra in conjunction
with ab initio MO calculations help us to gain further understanding of the clectronic
structure of molecules. A review by Cauletti and Distefano [28] on the UPS of
organo-sclenium and organo-tetlurium derivatives illustrated that there were few
studics on diaryl systems. In fact, the Hel UV photoelectron spectra of only 2,2"
thiobispyridine {29] and three of the dichalcogenobispyridines [30] were covered by
this review. Hence, there has been no recent assessment on the effect of positional
isomerism on clectronic structure.
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A number of features of the UPS experiment allow additional information to be
gleancd other than just IEs. For example, the IEs of valence MOs—particularly the
highest occupied MO (HOMO)- have been linearly related to electrical properties
such as the oxidation half-wave potentials and electrophilic substituent constants
() of a nuniber of molecules [31]. For example, electrochemical studies have shown
that the 1,1-di-substituted 4,4"-bipyridinium ions possess some of the lowest (most
cathodic) redox potentials of any organic system, showing a significant degree of
reversibility, making them useful as electron relays, redox indicators in biological
studies and potent herbicides [32]. The measurement of the IEs of chalcogenobispyri-
dines provides a valuable resource for molecular design in these areas.

The comparison of UV photoelectron spectra measured using different radiation
sources identifies MOs with particular characteristics. The band intensities vary with
the cnergy of the ionizing radiation and this variation is not uniforn for all MOs.
The band intensities of localized lone-pair orbitals on halogens, for example, show
a dramatic reduction in intensity when ionized by high energy photons. This reduc-
tion is dependent on the degree of resonance interaction between the lone pair and
the o or 1 systems of the molecule. The greater the degree of delocalization is, the
smaller will be the reduction in band intensity on changing to a higher energy photon
source. Studies on the use of more than one radiation source are rare, s @ complete
summary of the Hel and Hell spectra of chalcogenobispyridines provides valuable
information on the receptivity of chalcogen-containing MOs to ionizing radiation.

Conformational information can also be obtained by UPS. The presence of planar
conformers is identificd using UPS, In the planar form, the chalcogen lone-pair
orbital that lies in the molecular plane shows marked rednction on going from Hel
to Hell radiation, compared with the lone-pair orbital perpendicular to the ring
plane, This perpendicular orbital resonately interacts with the o system, resuliing in
delocatization and, hence, a lowering of the 1Es of the corresponding orbitals,
However, if the ring planies are orthogonal, then there will be extensive delocalization
of hoth chaleogen Tone pairs over the entire pyridyl framework, minimizing the
intensity changes observed wien changing the radiation sources. The measurement
of these changes allows us to estimate the extent of delocalization and. thus, the
degree of planarity.

As an extension of our earlier work {2-4,20-27], we are now able to report o
thorough and systemvatic study ol the conformattional and clectronic behaviours of
the isomers of chalcogenobispyridines, so providing information on the link between
the geometrie and ¢lectronic properties, and giving some insight into their observed
and anticipated physical and biological activities. The effects of the bridging atoms
and posittonal isomerism on the conformattion and electronic distributions: on the
balance hetween resonunee and inductive effects: and on the energetics of conformer
interconversion of the chalcogenobispyridines can now be discussed. Recent reviews
[1.4,19, 28] highlight the fack of data in this area. making this review of 34 chalcogen-
obispyridines and related compounds timely, However, before discussion of the
conformational and electronic behaviours of these compounds, it is necessary (o
outline the principles of UPS and the methods of spectral interpretation which
undderdie the conformational and electronic analysis.
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2. Assignment tools in UPS
2.1. htroduction

Procedures for the interpretation of UPS spectra have been outlined in a number
of monographs by Rabalais [33], Carison [34], Eland [35], Ballard {36] and
Berkowitz [37]. For large molecules, such as the bispyridines, not all the techniques
are appropriate. For example, the observation of fine structure in spectral bands,
such as vibrational progressions, rotational structure, spin-orbit splitting, and
Jahn-Teller and Renner-Teller effects, can lead to the positive identification ol
specific states in only small and highly symmetrical molecules. In large molecular
systems, it is reasonable to expect that ionization will simmultancously excite i number
of molecular vibrations, resulting in a broad and unstructured band profile within
the resolution constraints of most spectrometers.

A number of techniques are available for interpreting the UPS spectra of moder-
ately sized compounds. The intensity of the bands in & photoelectron spectrum is
approximately proportional to the probability of the available ionic states. These
probabilitics of ionization are called rclative partial photo-ionization cross-sections
(). To the frst order, the cross-section for a particular orbital is proportional to
the number of electrons available for ionization. The photo-ionization cross-section
also depends on the nature of the ionized orbital--its degree of delocalization, its
atomic composition, the number of nodes, ete. Importantly, ¢ varics with the encigy
of the ionizing radiation and this variation is not uniform for MOs of ditfering
atomic character. The variation of ¢ allows comparative band intensitics to be used
as an interpretive 1ol

Most UPS experiments are performed using (wo or more ionizing sources; i.¢.
Hel o and Hetl o lines (the o symbol will be assumed hereafter), which have energies
of 21.2 and 40.8 ¢V respectively. The comparison of such data atlows the enungiation
of a number of gencrat rules. For photo-ionization by el radiation, the cross-
section of the valence womic orbital incredses on moving down a group of the
Periodic Tabic. When light of a shorter wavelength (such as Heldl) is used. this trend
is partiafly reversed. The cross-sections of the np orbitals of chlorine, bromine and
sulphur, for example, decrease significantly on changing from Hel to Hell radiation.
The ¢ values of carbon 2p orbitals remain approximately unchanged on switching
from Hel to Hell, while the ¢ values of nitrogen and oxygen 2p orbitals increase.

Few data are available on the photo-ionization cross-sections of the S¢ 4p and Te
Sp atomic orbitals, although a significant decrease is expected relative to the photo-
jonization cross-section of the carbon 2p orbitals on changing from Hel to Hell
radiation. Theoretical calculations suggest & oy/oua ratio of about 17 for Se 4p
atomic orbitals [38] and a ratio of about 14 for Te 5p orbitals [39]. In contrast, for
carbon 2p orbitals, experimental evidence suggests that this ratio is about 1. This
phenomenon is a valuable tool for the identification of bands that contain substantial
chalcogen chavacter, and for the determination of the degree of chalcogen participa-
tion in those orbitals. More tentatively, relative photo-ionization cross-sections are
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used to assign the nitrogen lone-pair MOs and for the production of ‘synthetic’ UPS
spectra (such as oxybispyridines [22]).

MOs that are highly localized on specific atoms, such as non-bonding orbitals,
usually occur in specific spectral regions deiermined mainly by the electronegativity
of that atom. For examrle, halogen or chalcogen non-bonding orbitals occur in
predictable spectral regions, regardless of the nature of the molecule in which the
atom is contained. The IE shifts of MOs formed from bonding and anti-bonding
combinations of chalcogen lone-pair orbitals with the r-orbitals of the pyridine
system are related to the electronegativity of the bridging atom. The nitrogen ‘lone-
pair’ MO in pyridine is essentially unaffected on substitution.

In complex molecules, such as the chalcogenobispyridines, in which many of the
ionization bands overtap and possess no fine structure, the corrclation of spectral
bands with a series of related compounds provides a useful tool for band analysis.
Understanding of the UPS spectra of pyridine and methylchalcogenopyridines (see
Sections 3.1 and 3.2} is vital for assigning the more complex specira of the chalcogen-
obispyridines.

In the absence of fine structure, it is sometimes still possible to obtain qualitative
information from band shapes. Non-bonding orbitals generally produce sharp bands
with identical adiabatic and vertical 1Es, whereas strongly bonding orbitals are
expected to produce broad bands. Band shapes are used to predict the delocalization
of the ny MOs and the changing contributions of the chalcogen atoms to HOMOs
down through the group.

Despite this armoury of assignment tools, it is often not feasible to assign spectra
without using rigorous MO caleulations. With the rapid increase in the elliciency
and capacity of computers, the performance of all-glectron caleulations on moder-
ately sized molecules has become commonplace. Semi-empirical wchniques, while
still useful, are losing ground 1o more rigorous methodologies Tor molecules that
contain 200 electrons or less. Despite the sophistication of the ab initio technigues,
their use in conjunction with Koopitans® approximation is ot foolprool, so shiould
be treated with cantion,

Before the assignment tools can be applied in the case of the complex spectra of
the chalcogenobispyridines. an overview of the experimental and theoretical consider-
ations will be given in Seetion 2.2, to rationalize the otherwise incomprehensible
wealth of spectroscopic information which cin be gleaned from UPS spectra,

2.2, Principles of measuremont

Photoclectron spectra are a plot of the electron flux vs. the Kinetic energy of the
photo-gjected eleetrons (the two observable features in the experiment). Because the
clectrons are collected at an angle relative to the ionizing photon beam (90” in most
cases), conversion of the electron flux is requited to obtain the photo-ionization
cross-sections, The kinetic energy £y vatues of the clectrons are converted 1o 1Es
wsing Einstein's equation {33 -37]

Eyy =he 1B, —~ E (P~ Ef (1)
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where Eju(p) and El(q) are the encrgies of the pth and gth vibrational and
rotational excited states of the ath state of the molecular ion. In UPS, the available
photon energy in Eq. (1) arises from a cold cathode discharge in ‘ultrapure’ helium,
yielding predominantly the Hel or Hell radiation line {33-37].

For light molecules, such as H, or HF, rotational {ine structure is observed in
their UPS spectra [33]; however, for larger molecular systems, instrumental reso-
lution for the non-zero kinetic energy electrons is usually not sufficient (20-30 meV)
to allow a similar level of detection. In most cases, it is only possible to resolve
vibrational structure, such as in large molecular systems with low molecular symme-
try (such as the chalcogenobispyridines). Therefore, no discussion will be given here
of the various selection rules for vibrational and rotational processes, because they
are not applicable to UPS study of the chalcogenobispyridines.

The Franck-Condon principle states that the most probable electronic transitions
occur when there is a large overlap between the initial state vibrational wave function
of the neutral molecule and the final state vibrational wave function of the molecular
ion. It is implicit in this principle that an electronic transition takes place in a shorter
time interval than that for one molecular vibration. Consequently, the geometries
of the neutral and ionic molecules are unchanged on ionization.

In any UPS spectral assignment, two types of 1E are often quoted: adiabatic and
vertical 1Es. In the absence of rotational fine structure, the adiabatic 1E is defined
as the difference in energy between the ground clectronic vibrational state of the
neutral molecule and the energy of the molecular ion. It follows that the cnergy of
the transition is given by

M v =0 +v-M' (g v =0+ (2)
However, the vertical 1E is defined as the energy that corresponds to the transition
M v =0y M (g, V)¢ (3)

where # is the vibrational quantum number and v corresponds 1o the vibrational
level whose wave function gives greatest overlap with the v'==0 wave function [33]
(because most molecules are in their ground vibrational state at room temperature).
The vertical 1E is often quoted, because the adiabatic 1E may not be discernible. It
is the vertical 1E that is comparable with Koopmans® approximated IEs; it is this
experimental quantity which shali be quoted in the remainder of this paper.
Although the design of photoelectron spectrometers varies significantly [33-37].,
a number of salient features remain common, because of the nature of the experiment.
Photoelectrons are produced when photons are absorbed by molecules of a sample
vapour. A fraction of these photoclectrons pass through a narrow slit (165 pm) in
the wall of the target chamber and into the clectron energy analyzer. (With the
carlier speetrometer designs, such as in the case of the Perkin-Elmer PS 16/18, only
a small solid angle was sampled). The electrons that pass through the analyzer exit
slit strike a channeltron, Responses of the order of 40-40 000 counts per sccond
{cps) are typically processed, although the PS 16/18 spectrometer produced count
rates of the order of 1000 cps under Hel conditions and 400 cps for Hell conditions.
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In the PS 16/18 spectrometer, a Helectros lamp allows the recording of the Hel
and the Hell spectra under a single set of conditions (i.e. discharge voltage and
helium pressure) with intensity ratios of the order of about 4: 1. Even under
conditions of high voltages and low helium pressures, the Hel line is dominant. The
ionization region between 30 and 40.8 eV is then obscured, as a result of the
superposition of bands that arises from the ejection of outer electrons by the Hel
radiation, with the bands arising from the ¢jection of inner electrons with Hell
radiation. Thercfore, unmonochromatized Hell radiation is useful only up to about
30 ¢V. Because the valence molecular levels of most organic molecules lie in the
range 7-30 ¢V, Hel and Hell radiation lines adequately cover this region. Generally,
{or these compounds under Hel conditions, the operating resolution of the PS 16/18
spectrometer is between 25 and 35 meV, and each spectrum is usually accumulated
for 20 min with a maximum intensity in the region of about 1000 cps. A number of
spectra are typically recorded over a duration of about 3h to ensure that the
intensities recorded are reproducible under the existing operating conditions.

In the PS 16/18 spectrometer, the heated probe maodification allows the UPS
spectra of oils and solid samples to be recorded. The modification consists of a
helium lamp surround, which contains a heat exchanger through which air or water
coolant may be circulated at a controllable rate to provide fine temperature control.
The normal working temperature range using water coolant is 35100 "C, while the
minimum temperature using air as the coolant is about 70 "C--although this may
be lowered by inserting a heat sink into the probe. For oily, solids or liquids of very
low volatility, the solids inlet probe is usually employed.

To ensure uniform surfice potentials in the region of the target chamber exit slit,
the probe tips e usually freshly eoated with colloidal graphite. The calibrition of
solid spectrit is uchieved by bleeding o mixtore of calibrant gases (argon nitrogen
and butadiene acctylene) into the trget chamber Lo give an internal calibration
scale, To ensure that the peak intensities observed are reproducible for non-volatile
swtples, a number of spectra are usually recorded during a period of 2 h.

The energy analyzer used in the PS 16/18 spectrometer discriminates against slow.
moving electrons, Henge, for a comparison of band arcas, the integrated curves are
scaled as 1/E, for use in density-of-states analysis. This scaling removes the depen-
dence of the transmission eilocts of the Hel cross-section ratios, hecause, (o a first-
order approximation, the collection efficiency of the clectrostatic 127 deflection
amtlyzer is proportional 1o the initial Rinetic energy of the photo-cjected electron [40).

2.3 Koopmans' approximaiion

Koopmans invoked an MO concept to estiniaie the vertical 1Es [41]. Specifically,
lie showed that the negatives of the orbital energies, as given by the HF equations,
are identical to the differences in the total energivs of jon{s) (£.) and the neutral
molecule (£, Simply put. Koopmans showed that [41]

I~ B = - (4)
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where 1E7 is the "best” orbital approximation (in a variational sense) to the experimen-
tal vertical 1E;. In Ec (4). Koopmans' approximation and theorem are identified
by the relation symbols ~~™ and “=" respectively. We shall now designate
Koopmans' approximation as the desired relation.

Koopmiars made use of HF canonical MOs. In doing so, the Born—-Oppenheimer
approximation is necessarily assumed to be valid, so the concept of a potential
energy surface and an equilibrium geometry is deemed appropriate. Therefore, if
the expectation value of the electron-nuclei coupling operator is large (such as
Jahn-Teller or Renner-Teller effects), then Koopmans' approximation will incor-
rectly predict the number of vertical IEs.

Koopmans’ approximation can include relativistic effects, provided that orbit-
al-spin and spin-spin angular momentum coupling operators are incorporated into
the Fock operator (as wus done by Koopmans [41}). However, the non-relativistic
Schrodinger equation is generally incorporated in ab initio packages (such as the
GAUSSIAN suite of programs [42]): thus. under this additional restriction,
Koopmans’ approximation will incorrectly predict the number of observed vertical
IEs for molecules that cxhibit spin-orbital interactions.

Koopmans assumed that the HF canonical MOs for the ground electronic state
of the neutral molecule were exactly the same as those ol the ion. Therefore. the
equilibrium geometry of the neutral molecule must be fixed for the duration of the
ionization process (i.¢. a vertical transition must occur). Hence, the Franck-Condon
principle is incorporated by Koopmans®' choice of canonical MOs.

There are two parts to the proof given by Koopmans [41]. In the first part, he
showed that Eq. (4) holds: in the second part of the theorem. he showed that the
negative of the orbital energy is the ‘best’ approximation in o variational sense. In
constructing the proof, Koopmins also had 10 assume that the determinants of the
mokecular ions differed only by a single oceapied spin orbital from the determining
that deseribed the neuteal pround electronic state, The use of the same determinant
ensured that the one-eleciron process is the dominant provess in photo-ionization,
For instance, the electronic transition moment is given by

(G B = |FETPEN g P df? (3)

whete e 15 the dipole moment operator. This integral factors into

(]'”q;g,\‘ " 1 yston dt)(”jl};i |;;])“,i|f;j dr) (6)

where #3287 and ' are the wave functions of the neutral molecule (minus the
ionized electron) and ion respectively. The terms ; amd ¢, are the wave functions
mvolved in the clectron cjection process. Because the MOs are orthonormat, the
determinants of the neutral molecule (minus its clectron) and the ion must be
identicat for the first integral to be non-zero. In other words, all one-clectron
transitions are allowed., However, for iwa~clectron transitions (such as ejection and
excitation), the ion determinant would no longer be the same as that of the neutral
molecule {minus the ionized clectron); therefore. the first integral of Eq. (6) would
be zero. By invoking this assumption, Koopmans significantly simplificd the inter-
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pretation of a photoelectron spectrum, because two-electron processes, such as
shake-up (ionization and simuitaneous excitation) and shake-off (double ionization),
would be of extremely weak intensity.

Koopmans’ approximation cannot apply to open-shell molecules. In open-shell
configurations, there may be double- and single-occupied orbitals of the same
symmetry, which are determined by different sets of self-consistent field (SCF)
equations, whose off-diagonal multipliers 4;; cannot be completely eliminated by a
unitary transformation. However, Roothaan restricted SCF equations overcame this
situation for many open-shell problems [43]. Nevertheless, the virtual orbitals for
the closed- and open-shell sets are no longer the same. In the case of the unrestricted
HF (UHF) SCF equations [44], the o and f§ spin orbitals are no longer degenerate
for the doubly occupied MOs, because they are obtained from variational solutions
of two different Fock operators. Therefore, the UHF wave function is no longer an
cigenfunction of the spin squared $2 operator. This clearly means that it is impossible
to choose the same set of canonical MOs for both the neutral molecule and ion
wave functions in either of these open-shell formulations. Hence, Koopmans' approx-
imation cannot hold for open-shell molecules.

Because the same set of canonical MOs is used for the ton and the neutral
molecule, the approximation neglects the fact that the electrostatic field of the ion
is not the same as that of tre neutral molecule. In other words, the MOs of the ion
would reorgunize tie. relax) in energy when compared with the canonical set of
MOs tor the nentrad molecule. Hence, at the HIF-SCF level, using the total energies
of the ton and the nentral molecule yields

IE‘ =2 IE:‘ + Ai‘:ﬂl‘!.&.\' (7)

Errors caused by rehixition processes a1 the THE-SCE fevel may be accounted for
by subtracting the total clectronic energy of the neutrd molecule ground state from
the totl electronic energy of the 1on state. This method is known as the ASCE 1P
method, beeause it is refiant on the SCIF method 1o recover the relaxation energy.
The vertical 1Es calcutated using this method e basis set dependent. so a model
that utilizes a large basis set should represent a recovery of the relaxation crrors
expected at the HF Himit.

Koopmuns® approximation does not tike into account that clectrons adjust their
motions to an instantancous charge distribution rather than to the average charge
distribution (s aysumed by the HE-SCF equations). Hence, while Eg. {7) takes into
account relaxation, it stll does not take tnto account ¢lectron correlation. These
limitations are severe for both the ion and the neutral molecule. The verticad 1Es at
the configuration interaction (C1) leve! can be written in terms of

!l:“i e ll;? x »Ah.('ngk (8)

The computational simplest treatment of electron correlation is the second-order
Mustler Plesset perturbation (MP2) theory [25]. Although the MP2 theory is non-
variational, it stll vepresents a cost-eflective alternative 1o variational CI techniques.
The difference between the “true” molecular Hamiltonian and the SCF Hamilionian
is defined as a perturbation. The set of all configurations constructed from SCF-
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determined orbitals ts taken to be the zero-order set of state functions. Meller and
Plesset [45] have shown that the first-order coirection to the SCF energy is zero.
With the MP2 theory, it is only necessary to use configurations that involve double
substitutions from a single reference HF determinant. Furthermore, higher-order
perturbations are described by MPn theory (n=2, 3,4, ...), where n is the order of
perturbation. The derivation and use of the MPn theory have been well documented
[45.46]. Eqg. (8) will be labelled as ‘*ASCF-MP’, because it takes into consideration
the ‘full’ relaxation and correlation effects caused by inter-electronic repulsions.
Koopmans’ approximation assumes that AEqqgg is zero.

Egs. {(4), (7) and (8) clearly give the hierarchy of the approximations used in the
calculation of vertical IEs, The Koopmans® approximation { KA)-HF model (Eq.
(4)) is the least rigorous of the three, because it uses the MO concept as an
‘observable’. Eq. (7) uses the total electronic energies (which are observable quanti-
ties) but calculates at the HF level (labelled ASCF-HF). whereas Eq. (8) takes into
consideration the same energy observables, but with the incorporation of electron
correlation. The importance here of the MO concept is that it clearly shows the
relationships between these approximations. In subsequent sections, all experimental
IEs quoted are the vertical 1Es.

2.4 MO calculations

The calculation of accurate vertical 1Es requires knowledge of the geometry of
the neutral molecule. In the absence of experimental data, the structure can be based
on a model compound, or cither fully or partially optimized structures using ian MO
method. The aceuracy of the caleudated structure depends on the MO method utilized
and on the basis set employed.

One of the most widely used basis sets for geometry optimization is the ST0-3G
minimal basis set developed by Pople and coworkers [47]. This basis set has been
formulated for first-row 1o fourth-row main group clements and for all three rows
of the transition metals. The popularity of this basis set rests on its effectiveness in
predicting geometries, despite its small size. Pople [48] has reported that, for a large
number of molecules that contain C. H, N, O and F, the mean absolute deviation
from the experiment for the SCF bond lengths is 0.03 A (which is in excellent
agreement). Therefore, it was found that a large basis set superposition error- -
which is inherent when employing the STO-3G basis set-—helps to correct other
defects in the HF model (such as neglecting electron correlation) to produce reason-
able structural parameters. This fortuitous cancellation allows the calcutation of
geometries that are often more accurate than the HF model is capable of yiclding.
Unfortunately, energy-refated properties are not predicted with the same accuracy
as geometric parameters, The restriction o a single exponent for both o and =
p-based functions results in @ MOs with IEs that are too low relative to their o
counterparts. This deliciency is highlighted below in the calculation of vertical 1Es
of the chalcogenobispyridines.

To improve the accuracy of IE caiculations, basis sets that include increased
numbers of primitives devoted to core and valence subspaces, such as the 6-31G set.
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need to be used. Adding all six components of a Cartesian d function for first-row
atoms yields the 6-31G* basis set, while further addition of p functions to hydrogen
defines the 6-31:3** basis set [42]. The addition of such polarization functions can
make a marked difference to calculated equilibrium structures. While the polarization
functions may contribute only slightly to the optimal valence MOs, that contribution
is important in terms of orbital flexibility. Such augmentation of the basis set comes
at the expense of increased computer times and extended memory requirements.
Although the 6-31G** basis set is generally too large to perform routine optimiza-
tions, it is # useful tool for the prediction of the vertical IEs of the n MOs of
pyridine-based molecules.

Fig. 2 shows the fully optimized geometries of pyridine using STO-3G (Fig. 2(a)),
3-21G (Fiz. 2(b)) and 6-21G (Fig. 2(c)) basis scts [49]. Ali the optimizations were
performed using the Fletcher-Powell (FP) routine [50] within the GAUSSIAN 86
suite of programs [42]. The results for the split-valence 3-21G set are almost identical
to those of the larger 6-21G set. The bond lengths predicted by the latter 3-21G and
6-21G basic sets are all within 0.001 A (except for the Ry bond which is within
0.003 A). The bond angles are commonly within 0.25°. The similarity between these
structures reveals the small contribution that atomic core functions make to chemical
bonding.

The $STO-3G optimized structure of pyridine found by Dunne {49] is similar to
that reported by Del Bene [51] and closely mimics the structure predicted by the
spectroscopic results of Sorensen et al, {32] (labelled Fig. 2(d)). Thus, the minimal
STO-3G set has fortuitously produced & more acceptable result (when compared
with the experimental results) than the larger split-valence sets, so giving credence
for ity use in the determination of structural parameters in pyridine-based systems
[20-27]).

2.5, Photo=ionization cross-sections

Within the dipole approximation, the angular distribution of photoelectrons
ejected from a subshell ¢, of isolated randomly oriented atoms 15 given by [53)

oA%€) = 28 [l H}H(a] (9)

4n 4

where the photoelectrons are collected at 907 to the incident beam,

The terms 6,(¢) and f,(€) (the asymmetry parameter) are functions of the ¢jected
photoelectron’s kinetic energy. For example, using data caleulated by Manson and
Msezane [54,55], the least-squares regression fits to e and £ for nitrogen and chlorine
atoms are {56]

AN =0.1146 -+ 0.1283(¢) - 0.0031 (¢)°

B =0.5098 + 0.2159(¢) - 0.0092(¢) (i0)
a™ = 11.9860 - 0.2047(¢) — 0.0027(¢)?

e = 66,7590 —~ 6.4744(¢) +0.1495(¢)°



S.J. Dunne et ol [ Coovdination Chentisiry Reviews 165 { 19971 1-92 13

(a) STO-3G™*  |[1oe

(b) 3-21G 1.071

1082 1201

1.394
120.2

1.086

N 1.338 N

Fig. 2. Pyridine geometry optimized using (a) STO-3G, (b) 3-21G and (¢) 6-21G sets, and (d Y experimentat
structure determined by Sorensen et al. [52]. Reproduced with permission from reference {49].
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where ¢ is the kinetic energy of the ejected electron, and the superscript designates
the atom. From these equations, it is clear that, under Hel conditions, ionization
from a valence MO composed primarily of a halogen 3p or 4p atomic orbital would
result in a more intense band than would ionization from a valence MO composed
primarily from a nitrogen 2p atomic orbital. Thus, the MO coefficients should give
a description of the MOs in terms of atomic orbitals, and should also yield informa-
tion about the variations in the spectral intensities of the UPS bands.

Using a plane wave approximation, the theoretical molecular photo-ionization
cross-sections have been derived by Huang and Ellison {57]. The general expression
for the molecular photo-ionization cross-section is given by

oMo) =Y CLol(e)+2Y Y C,ClotCE)apC(e g,, (1)

a>v op

where the C terms are the MO eigenvectors and g, represents the interference factor.

It has been shown by Kaplan and Makin {38] and Schweig and Thiel [59] that
the two centre terms g, are important when comparing MOs of certain molecules.
Moreover, for UPS, the interference factors have a more complicated form than
that of spherical Bessel function [60] and are not considered to be negligible.

Because g, is generally a function of the internuclear distance and depends on
the atomic orbital of the MO, Peel and coworkers {61] have replaced it with the
overlap integral §,,, yielding the empirical expression

Me)=F Lot +2Y T G, ClatoatOpes,, (12)

18 HAv n

where the o}” values are now based on accurate theoretical atomic cross-section

data discussed above. In a series of ab initio caleutations, Peel and coworkers [61]
have demonstrated that Eq. {(12) 15 a "good’ approximation to the photo-ionization
eross-section of an MO (i.e. eM¥ is a ‘good” measure of the band intensity).

‘The analysis of the variation of the photoelectron band intensities with the incident
photon energy (especially for Hel and Hell radiation) is & well-cstablished aid in
spectral assignment, Photo-ionization cross-section data for MOs (calculated using
Eq. (12)) allow us to carry out semi-quantitative analysis of photoclectron band
intensities. For example, the atomic cross-section for oxygen 2p atomic orbitals does
not change significantly over the energy range of Het or Hell UPS studies (shown
in Fig. 3(a)), so the measurement of Hell spectra is expected to provide litle
additional information, Likewise, the similarity between the carbon and nitrogen 2p
atomic orbital values over the el Hell range makes differentiation between the
ny and ving-based © MOs of the pyridine systems diflicult, However, the variation
in the photo-ionization cross-section values (6) for sulphur, selenivm and tellurium
over this range make Hell studies a very useful assignment tool {as seen in Fig. 3(b)).

The theoretical and experimental Hel photo-ionization cross-sections also form
the basis of a density-of-states analysis [56,61]. The density-of-stutes analysis
assumes that the band intensity is 2 measure of orbital degeneracy. so that, where
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bands are overlapped, the total band arca in cach separabie region of the spectrum
is related to the number of occupied orbitals. Bascd on the s-p separation rulg, the
number of p-based bands below 18 ¢V is given by

Ny =Ne+0.5N, + 1.5Ny + 2.0Ny +2.5Ny (13)

where N, Ny Na, Ng and Ny are the numbers of carbon, hydrogen, nitrogen,
chalcogen and halogen aloms respectively. Care must be taken when using this
rule, because a cross-over of an s-based and a p-based band occurs for pyridyl
and aryl groups in the region 1518 ¢V. Nevertheless, the s-p separation rule,
together with the density-of-states analysis, is valuable in predicting vertical JE
distributions.
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3. Conformational and UPS analysis of the chalcogenobispyridines and related
compounds

3.1. Pyridine

The UPS assignment of pyridine is fundamental in understanding the photo-
electron spectra of the chalcogenobispyridines and related compounds. The electronic
structure of pyridine has been the subject of numerous theoretical [62-64] and
experimental investigations [{64-66]. The ordering of the first three ionic states ot
pyridine corresponds to ionization from the nitrogen lone pair (ny) and two highest
p orbitals. The near-degeneracy of the first two bands in the UPS spectrum makes
an unambiguous assignment impossible within the operating resolution of most
spectrometers {62-65].

The s-p separation rule [56,61] atlows the prediction of the number of p-based
bands below 18 eV. For pyridine, Eq. (13) gives nine p-based bands and. allowing
for a cross-over of an s-based and a p-based band occurring in the region 15-18 eV
[64-67]. a total of 10 bands would be predicted below 18 ¢V, The region between
9.5 and 12.5 eV contains four bands that exhibit n and o character,

A number of UPS studies on pyridine and substituted pyridines have substantiated
the spectral {E sequence as follows: n(2A,) ~ny(PA) <n(°B,) <6(*B,). In the case
of the substituted pyridines, the perfluoro cifect, which provides greater stabilization
for the o-type MOs when comparced with the 1 MOs, was used by Brundle ot al.
165]) and Daamen and Oskam [66] 1o show that the first band was caused by
ionization from both a o (the ny MO) and a © MO, The second and third bands
were assigned 1o tonizations from rand o MOs respectively [64-66].

Quantum mechaniea) calculations used in conjunction with Koopmans' approxi-
mation have been only partiadly successful in predicting the order of fonized statues,
Ab initio HF methads have failed to predict the aceepred 1E sequence [62 65]. This
failure does not arise solely from basis set deficiencies, because basis sets of double-
zeta quality [62-65) were utilized in some cases . The addition of polarization
functions and the use of large extended basis sets have produced changes in the
ordering of the inner valence orbitals, but have failed to rectify the refative position-
ing of the outer orbitals. Table I gives the KA-HF assigniment caleulated by von
Nagy-Felsobuki und coworkers (27,67} using the 6-3G** basis set. 1t yielded the
negative MO cenergy pattern

r(ay) < (b ) <oy, ) <ath,)

which is in error with the accepted spectral assignment. Morcover, the absolute
energy ditferences between the experimental and caleulated 1Bs are of the order of
0.3 and 1.5¢V for the ® and & MOs respectively. 1t is clear that there are large
variations in the energy differences between the © and o types of MOs with respect
w the 1Es, indicuting that the fortuitous cancellation may not have occurred, so
placing the validity of the KA-HIF modcl in doubt.

The importance of reluxation effects for the prediction of the FEs of pyridine was
highlighted by Dobson et al. [63]. For pyridine, the C,, molecular symmetry allows
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Table 1
Comparison of experimental and theoretical 1Es for pyridine®

Tonic state IE® (¢V)

Experimental KA-HF,6-31G** ASCF-HF

STO-3G* 321G* 6-31G**
A, 9.7 11.32 6.08 8.19 8.17
A, 9.7 9.37 7.04 8.58 8.34
2p, 10.5 10.26 7.38 9.13 8.77
B, 12.5 13.95 12,03 13.09 12.85
HAM/3 MP2/STO-3G* MP3STO-3G*  MP2321G*  MP4/3.21G*
A, 9.68 §.08 787 9.78 9.48
A, 10.03 §.13 8.04 9.74 9.58
°B, 10.68 9.16 8.96 10.76 10.46
B, 12.88 12.85 12.60 13.64 13.30

® See references [27,67).

b See reference {64].

* HAM/3 1E caleulation is for the STO-3G optimized geoniotry (see Fig. 2) and is a transition state
calculation - ane electron dillusively removed (see referenses [69-72].

the calculation of the lowest four IEs, because the cationic states have different
symmetrics, i.¢. 2A,. ?A,, *B, and *B,. Table | also shows a series of ASCF-HF
calculations performed on pyridine using the optimized STO-3G structure (sce
Fig. 2). 1t can be seen that, relative to the KA HF assignments, the 1E ordering at
the ASCF I level more closely mirrors the experimental 1E sequence, because afl
three busiz sets yield the 1E sequence {27,67)

A < 1CAL) < RCB,) < 6(%B,)

In compurison with the KA -HF model, the ASCF -HF method identifies MOs
(such as the ny MOJ in which cancellation between relaxation and correlation error
does not oceur sufliciently, The ASCEF-HF method is less successful for MOs, such
as the © MOs of pyridine, in which these errors do effectively cancel, because the
HF method only takes into consideration orbital retaxation. While an improvement
in the ordering of the ionic states is seen at the ASCF-HF level, the separations
between the caiculated 1Es are still too large when compared with the experimental
findings. This results from basis set limitations and the neglect of correlation energies,
because it is assumed in the ASCF--HF approach that the correlation error of the
ground state (a 2N-electron system) is identical in magnitude and sign to the
correlation error of the cationic states (2N —1 electron systems)., While correcting
some of the errors inherent in the KA-HF approach, the ASCF-HF method also
requires judicious use as an assignment tool.

von Niessen ot al. {62] bave used many-body perturbation caiculations for the
interpretation of the UPS spectra of the azapyridines. Their many-body Green’s
function calculations accounted for both electron correlation and renrganization.
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They proposed that the existence of low-lying virtual orbitals led to non-uniform
many-body effects, resulting in strong shifis of the 1Es of the ny electrons relative
to the shifte of the n ¢lectrons, and rendering the KA-HF models useless for these
molecules. Their calcuiations predicted the 1Es of pyridine to within 0.25 eV of the
experimentally derived pattern.

The ASCF-MP method, which is computationally iractable for pyridine, yields
results that are comparable with the more extensive many-body Green’s function
caiculations of von Niessen et al. {62). Table 1 also compares a series of ASCF-MP2
and ASCF-MP4 calculations using the STO-3G* and 3-21G* basis sets [27,67]. The
results at the 3-21G* level show ‘good’ agreement with the accepted pattern (a
difference of less than 0.2e¢V between the first two IEs calculated at the
ASCF-MP2/3-21G* level and the experimental value). The improvement in the
cationic distribution is evident using the ASCF-MP4/3-21G* model, with the largest
discrepancy between theory and experiment being 0.8 eV for the o(°B,) state. It may
be possible to achieve greater accuracy using more flexible basis sets. Nevertheless,
i is clear that the ASCF--MP/3-21G* model is not only tractable but is also usefui
for the assignment of 1Es of pyridine-based molecules.

Of the semi-empirical technigques, only MINDO/3 [68] and HAM/3 [69-72] have
correctly predicted the IE sequence in pyridine. The 1Es from the MINDQ/3 calcula-
tion are shifted to energics about I ¢V higher than the accepted experimental pattern
given in Table 1. The absence of parameters tor third- and fourth-row atoms restricts
the use of MINDOQY/3 for the study of molecules that contain heavy chalcogen atoms.
The HAM/3 method of Asbrink and coworkers {69 72] has been shown to predict
reliably the distribution of ioni¢ states for a number of problematic molecules,
inciuding pyridine. The success of the HAM/3 method arises from its inclusion of
monacentric many-bady effects, so that it accounts direetly for relaxation and
correlution processes in its caleulation of s, However, the HAM/3 modef's confor-
mation analysis is not as reliable as all clectron caleulations, Table 1 clearly indicites
that, for pyridine, the HAM/3 method yields the experimental order 1o within abowt
0.3 eV, Hence, combined use of the HAM/3 and STO-3G optimized geometries
(denoted by HAM/3- STO-3G) is a uselul - but still not a definitive—too! for the
interpretation of the chalcogeno- compounds that contain first-row atoms.

It is clear that the use of ASCF-HF techniques must be treated with caution for
the prediction of 1E distributions, because a delicate balance exists between relaxation
and correlution errors, However, if’ used in conjunction with an MO methed that
incorporates clectron correlation, it is a useful aid for the assignment of 1Es in
simple pyridine-based systems. Despite criticism of the methodology employed in
the HAM/3 method for the computation of correlation energies and self-repulsion
{72}, the HAM/3 method faithfully reproduces the 1E distribution of pyvidine in a
fraction of the computation tinwe needed for the ASCEF-MP method - fortuitously
ar otherwise. Unfortunately, the HAM3 methad is currently only programmed for
molecules that contain first«row atoms, so that it is of limited use,

3.2, Methvlchalcogenopyridines

There have been few UPS studies on substituted pyridines and, of these. fower
still have been supported by theoretical caleulations to reinforee spectral assignments.
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A series of fluoro-substituted pyridines was studied by King et al. {73] to establish
the relative order in pyridine. However, their ordering (w(a.)<n(a,)<n(b,)) was
contradicted by a similar study that compared methyl-. tertiary-butyl- and trimethyl-
silyl-substituted pyridines [74].

Only Cook et al. [75] and Dunne et al. [24,27,49] have studied the UPS spectra
of the methylchalcogenopyridines. Cook et al. [75] used UPS to study the proto-
trophic equilibria between the hydroxy/oxo- and mercapto/thioxo- forms of the
hydroxy- and mercaptopyridines respectively. The methoxy- and methylthio- forms
of these compounds were used to block potential tautomerism, so simplifying the
spectra observed. In contrast, Dunne et al. {24,27,49] studied the Hel and Hell
spectra of the isomers of the methylchalcogenopyridines (with the exception of the
methyltelluropyridines, which have still not been characterized ). They used Hel/Hell
cross-section comparisons, theoretical calculations, correlations and a compos-
ite-molecule model to substantiate their assignments.

Dunne et al. [24.27.49; optimized ihe geometries of the hydroxy-, mercapto- and
selenopyridines at the STO-3G (for O, and STO-3G* levels (for S and Se) (denoted
by STO-3G(*) hereafter) to study the eflect of substitution on ring geometry. The
fully optimized structures are shown in Fig. 4. In general. the ring bonds adjacent
to the site of substitution are most alfected with a marked increase in bond length
relative to the bond length in pyridine. Bonds that are distant from the site show
little variation from the pyridine structure. The degree of clongation of the bonds
to the ipso carbons was found not to increase lincarly down the group. For example,
the bonds to the ipso carbons in the selenopyridines are shorter than those of the
mercaptopyridines, afthough this may be caused by the reliel” of steric hindrance
in the ring plane by the longer C S¢ bond. The optimized structures of
2-hydroxypyridine and 2-mercaptopyridine e comparable with the reported
O-31G* and 3-21G* optimized structures of Adamowicz | 76] and Nowak et al. |77]
respectively. Although no experimental data exist on the hydroxy compound. the
STO-3G (™) structure compared favourably with the erystal structare data on the
2-pyridinethiolato ligand in phenylbis| 2-pyridylthiolato( 1-)] antimony (111) { 78] and
tris{ 2-pyridylthiolato) antimeny (1) complexes [79] respectively. This gives addi-
tional confidence in the STO-3G(*) basis sets for structural analysis of larger
pyridine systems.

For the hydroxy-, mercaplo- and selenopyridines, the relative stabilities of the
(3-, 4-) isomers compared with the 2- isomer are (31 4L mol ', 26 kJ mol '),
(7k] mol "%, 6kJ mo! ) and (8kJ mol "}, Tk) mol ") respectively [49]. They
follow the trend

ortho(2 —)> para(4 -)>meta(3 )

which agrees with the nature of these substituents being both o-clectron acceptors
and n-electron donors [27]. The ring-nitrogen in pyridine acts as a n-clectron
acceptor. Hence, the n electron densities at C,, C, and €, are lower than those in
benzene, whereas the densities at C,; and C, are greaier. The introduction of a
r-clectron donor at the 2 or 4 position of pyridine stabilizes the molecule, whereas
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Fig. 4. STO-3G(™) optimized  stiuctas of ) Thydroaypyridine: {b) 3 hydroxypyridine: (¢)
4-hydvoxypyridine: (d)  amercaptopyridine:  (e) Imercaptopyriding; (1) d-mercaplopyriding; (1)
2-yelenopyridine; th) J-scknopyriding (i) 4sclenopyridine. Reproduced with permission from reference
[49.
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substitution in the 3 position has a destabilizing effect. 1t was found that, for mono-
substituted benzenes, the presence of a n-electron-donating group increases the =
electron density at the ortho position more than at the para position [80], so it may
be expected that the substitution of a n-electron-dorating group at the 2 position
in pyridine should be more favoured than substitution at tize 4 position, because the
nitrogen atom can better accommodate the increased n electron density. Another
contributing factor to the greater stability of the 2-substituted systems is the
hydrogen-bonding interaction between the pyridine nitrogen and the in-plane
hydrogen of the XH group.

A complication in the analysis of the UPS spectra of Jarge organic molecules is
the possible presence of rotamers. For example, there have been several reports of
the presence of rotational isomers in the UPS spectrum of thioanisole [81]. It was
postulated that the two dominant conformers are a planar form (in which the methyl
carbon lies in the plane of the phenyl ring with maximum p-=n interaction) and a
non-planar form (in which the methyl carbon-sulphur bond lies perpendicular to
the plane of the ring). To model the ratio of these two conformers in the pyridine
analogues, a series of geometry optimizations was performed by Dunne et al. {24]
on all the isomers of the methylchalcogenopyridines X =0, §, Se). The ring geome-
try was lixed at the optimized alcohol form and the ether bridge parameters (i.e.
the Rging-x and Ry qemy bond lengths and the bridge angle) were optimized at
torsional angles of 30° using the routine of Fletcher and Powell [50]. The optimized
variables and calculated rotational barrier heights are given in Table 2.

The bridge bond lengths were found to be shortest for the planar form, in which
the maximiziion of p-xm overlap competes with the relief of steric interaction by
clongation of these bonds [24]. The relief of the strain energies in the planar form
(O-=07) is achicved by the opening of the bridge angle. The opposite trend is
vbserved for the non-planar forms (€ =907), i.¢. longer bonds but a more acute
bridge angle. The longer Ryy.x bond results from clectron repulsions between the
chaleogen lone pair and the o system of the pyridine ring, while the contraction of
the bridge angle may enhance the participation of the X -Me group in a hyperconju-
pative interaction with the  system of the pyridine ring.

The rotational barrier heights between the planar and non-planar forms show &
aumber of interesting trends [24]). In the 2-methylchalcogenopyridine series, the
barriers are 23.8 (0), 21.4 (S) and 16.2k] mol ! (Se) in favour of the planar
conformer. Of all the congeners, these barriers are the largest, highlighting the
stabilization that results from the presence of the ortho ring-nitrogen. Assuming
that only the planar and non-planar conformers ¢xist, a Boltzmann distribution can
be used to predict their relative populations in an equilibrium mixture. For example,
at 300 K (the ambient temperature of the general UPS experiment), the proportions
of the non-planar form would be 0.00 (0), 0.01 (S} and 0.11% (Sc¢) and, therefore,
would be undetectable.

A similar analysis for the 3- series gave barrier heights between the planar and
non-planar forms of 6.1 (Q), 8.1 (S)and ~ 0.2k} mol~ I'{8¢), with the corresponding
populations of 6.9% (O), 3.2% (S) and 51.7% (Se). However, in the case of the
3-methylselenylpyridine, the predicted minimum was a gauche form (3 =60.0") [24}.
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Table 2
S$TO-3G (™) optisnized parameters For the methylechalcogenopyridings®
A (deg) AE (kJ mot ") Ring-x (A) Rye.x (A) Aeoxoe (deg)
(1) 2-Methoxypyridine
0 0.0 1.390 1.438 137
30 0.9 1.396 1.440 113.1
() 16.6 1.406 1.443 HO8
) 238 1.410 1.444 109.8
120 0.3 1.409 1.442 1122
150 0.4 1.402 1.436 1168
180 13.2 1,307 1.432 117.4
(b 2 Methylthiopyridine
{} 0.0 1.745 1785 {uo.s
i 5.8 1.752 1.788 9.9
i) 15.6 1.763 1.7 98.3
i) 24 1.768 1.792 97.6
120 0 1.766 1.793 99.0
150 .6 1.7 1.791 3.0
180 1§.6 1,156 1.787 1.0
(e MMevhplselenvipyriding
Y 0.0 1.R78 1,599 98.5
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Table 2 (continued)

O (deg) AE (k) mol ™Y Ryinex (A) Rycy (A A xc (deg)

() 3-Methvivelenvipyridine

0 0.5 1.875 1.900 102.0
30 1.3 1.876 1.903 101.1
60 0.0 1.876 1.906 98.1
20 0.3 1.876 1.906 97.1
120 1.2 1.877 1.905 97.9
150 5.7 1.879 1.903 101.4
180 6.2 1.878 1.899 102.3

(g) 4-Mothoxypyriding

0 0.0 1.393 1.435 1164
30 25 1.399 1.439 109.6
60 4.5 1.407 1.446 104.0
90 49 1.409 1.446 103.6

(h) 4-Methvithiopyridine

0 0.0 1.746 1.786 103.4
K} 26 1.751 1.789 10i.8
60 1.6 1.761 1.794 YR.6
90 1.6 1.765 1.795 98.1

(i) - Methvivelenvipyridine

0 (.0 1873 i.e00 1 4

it} [ 1.875 1903 HOLD
1)) iy 1.874% 1.906 98,2

L 8.5

[T E SN TS R ¢ A O P

b.ESE | 7 DERY)

" Reproduced with permission from reference | 24].

For the 4- series, the barrier heights were 4.9 (0), 10.6 (S) and 5.5 kJ mol ! {Sc),
which correspond to non-planar populations of 11.0% (O), 1.1% (S) and 8.8% (S¢)
[24). in gencral, these results show an increase in the population of the non-planar
conformer down the group and reficct experimental results on similar molecules
|81-83].

A series of single-peint calculations were performed with the STO-3G(*) optimized
planar and non-planar geomctries using the 6-31G** basis set (denoted by
6-31G**//STO-3G(*), even though the LWD [84] basis set was employed for the
Sc and Te compounds) to predict more accurately the population balance between
these two conformers [27]. The 6-31G**//STO-3G(*) model reveals a somewhat
different picture of the expected distribution of conformers in some cases. Although
the barrier heights to the non-planar forms of the 2-methylchalcogenopyridines have
all been reduced compared with the case for the STO-3G(*)//STO-3G(*) model,
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this conformer would still be difficult to detect in UPS spectra, because of its low
abundance (less than 1%).

The situation is different, however, for the 3-methylchalcogenopyridines.
While the barrier to the non-planar form of 3-methoxypyridine is reduced to only
4.47 kJ mol 7!, the non-planar conformers of the sulphur and selenium analogues
are predicted to be dominant, in contrast to the predictions of the
STO-3G(*)//STO-3G(*) model [27]. For the 4-methylchalcogenopyridines, the
6-31G**//STO-3G(*) model shows a greater proportion of the non-planar conformer
down the group compared with the 8TO-3G*//STQ-3G* results; for example, 86%
in the case of 4-methylselenopyridine {27]. Hence, it is anticipated that the UPS
spectra of these compounds may contain a significant presence of rotational contami-
nation. The accuracy of the 6-31G**//STO-3G(*) and STO-3G(*)//STO-3IG(*)
models {27] can be directly tested by observation of their UPS spectra.

The interpretation of the UPS spectra of pyridine-based molecules is complicated
by the inability of ab initio KA-HF models to predict the correct 1E ordering. In a
study on 4,4'-di-substituted 2,2"-bipyridines, Dobson et al. {63] used a ASCF-HF
approach for the assignment of the pyridine spectrum (sce Section 3.1). Using 3-21G
calculations, they showed that the orbital relaxation associated with ionization from
the localized a; MO was significantly greater than that of the delocalized = orbitals.
However, while the inclusion of relaxation effects changed the refative orbital order-
ing. the energy distribution was stilt poor. In view of the inability of calculations-—--
both at the KA-HIF and ASCF-HF levels of theory- 1o predict accurately the 1Es
of pyridine (see Section 3.1), it was shown that a method that incorporated both
reluxation and correlation effects is needed to obtain an accurate assignment of the
methylchadcogenopyridines [24.271].

The tour lowest experimental 1Es are listed in Table 3, together with the compos.
ite-molecule model assignments for the planar conformers bused on the eigenvalues
and eigenvectors obtained from the HAM/3 model (in the cuse of the methoxypyri-
dines) {24,27], and from the STO-3G* and 6-31G** methods [24]. Table 3 also
shows the 6-31G** MO cnorgies and assignments (in parentheses) for the non-
planar conformers.

The Hel UPS spectra of 2-methoxypyridine and alf three of the methylthiopyri-
dines have been reported by both Cook ot al. [78} and Dunne et al. 24,27}, The
vertical 1Es quoted in both studies are in reasonable agreement with each other,
although Dunne et al. made use of butadiens as a calibration gas to achieve greater
accuracy for the lower IEs. The assignments of Cook et al, [73] were based on
simple correlations and maich those presented in Table 3,

The Hel spectra were digitized for use in the density-of-states analysis {24,27]. In
the case of the methylchalcogenopyridines, Eq. (12) would predict 13 p-based bands
and, with the corresponding cross-over, a total of 14 bands would be expected below
IBeV. As a result of the large number of overlapping cationic states at higher
energies, the assignments of the UPS spectra of the methylchalcopenopyridines
(given in Table 3) are restricted to the four lowest valence 1Es. The assignments
given are in terms of a composite-molecule model, which assumcs that the MOs are
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Table 3

Comparison of experimental vertical 1Es with HAM;3 and KA-HF 1Es for the plosiar conformers of the
methylchalcogenapyridines®

IE (eV} Assign. MO Koopmans® approximation
HAM/3 STQ-3G* 321G 6-31G**
) 2-Methoxypyridine
iE, 8.59 p—g{n(a,)) 2.07 7.14 .02 8.82
(9.25)
IE, 9.66 np{ny) 9.69 9.34 11.42 11.56
(11.52)
1E, 1).16 n-dngla(b,)) 10.30 8.19 10.62 10.42
(10.42)
IE, il 1 +nglng) 1125 10.89 1271 12.76
(12.32)
(b) 3-Methoxypyridine
1E, 8.98 Tt Nuir{as)) 9.04 1.2 9.06 8.85
(9.23)
IE, 9,75 iy 9.49 9.10 L5 11.34
(11.30)
ik, 10.24 n-dngln(h,)) 014 8.67 10.36 10.16
(10.32)
IE, 1188 R i) 11.56 11.28 13.23 13.23
{12.60)
) b Methaxvprridine
¥, V.13 1t Bgindag)) .42 .50 u.59 9.46
{%.56)
1, R fy} %50 9.9 (el i1.38
(11 51}
1, 982 n ong(R{b, Y 0.7} 8.0 9.6l Y K6
(10.04)
1B, 1197 1o Nlitg) 11.67 10958 131 13.36
{12.4)
() 2-Methylthivpyridine
1, 8.16 nt nglng) 391 ¥.34 £.%
2.3
I%, 9.52 i) B.88 11.28 1144
(11.37)
iE; 10.25 7 -dngnia,)) 8.52 10.52 10.34
{9.42}
1L, 1140 n kgl b)) 014 L1 kG 10,98
(10.44)
te) 3-Methyliliopyridine
IE, 8.47 7 i) 6.03 8.41 827
£9.43)
Ik, 10.04 (i) 8.81 11.10 11,25

{11.49)
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Table 3 {continued)
IE {¢V)  Assign. MO Koopmans' approximation
HAM/3 STO-3G* 3-21G*  6-31G*+
IE, 10.89 -8ng{ng) — 8.45 16.31 10.09
(9.56)
1E, 11.72 n+ngnib)y  — 9.42 11.61 1147
{10.40)
(f) 4-Methylthiopyridine
1E, 8.46 n-ng(m{a)) — 6.27 8.81 8.77
(9.54)
IE, 9.58 ny(ny) - 3.92 1118 11,38
(11.30)
IE, 9.58 7t-8nging) - 8.10 9.85 9.54
(9.70)
1E, 11.03 n+ngdn(b)y - 9.60 11.82 11.70
(10.20)
() 2-Methylselonyipyridine
[E, 8.22 TNy {ng) - 6,72 812 8.07
{5.78)
IE, 9.53 Np(fiy) 9.28 1.2 11.25
{11.19)
IE, 10,12 7 dng(n(as) 8.79 10,46 10.27
(9.4
1E, 1115 T+ N (b )} .40 10,93 10.74
{10.45)
(hy = Metndselonvipyridine
T, 8.52 1) R} 8.20 K1
(9.1}
"_‘:; 9,89 Ny %18 11.02 1)
(11.37)
1E, 10.67 n dng(ria,) 372 10.29 10,07
{9.46)
IE, 11.43 T ngln(ly) - 9,74 .30 tL6
{1040
() &= Methyhelenviperidine
lE, R.57 1 Nyl .07 8.54 553
1%13)
IE, 9.8} ny(ny) 224 LY 11.27
{113
iE, 9.83 ndngriag) 836 9.54 2.53
(v.57)
i, 1081 R+ Nl (b B 493 .53 1140
(102

* Values in parentheses are the ealeutated 1Es Tor the non-planae conformer. Repraduced with perimission
from references [24,27).



S.J. Diome er al - Coordination Chemistry Reviews 163 1997 - 92 9

linear combinations of orbitals from the pyridine ring and those of the methylchalco-
gen group.

The UPS spectra of the 2- series show luw intensity bands attributable to the
presence of minor conformer(s). which are not predicted by either of the models.
The UPS spectra of 3-methylthiopyridines and 3-methylselenylpyridines show an
even mixture of two conformers (assuming that the photo-ionization cross-sections
for the MOs of each conformer are the same). These results do not agree with the
6-31G**//STO-3G(*) mode! barrier heights, which predict domination by the
non-planar form for the S and Se analogues (more than 90%) [27]. The
STO-3G(*)//STO-3G(*) results are generally in better agreement with the spectra,
Furthermore, the STO-3G(*)//STQ-3G(*) results are consistent with the UPS spectra
of thioanisole [81,82}, which give a presence of 10%-30% of the non-planar form.
The UPS spectra of the 4- series show no evidence of the presence of minor
conformers, which is again supported by the STO-3G(*)//STO-3G(¥) calculations.

For the non-planar electron-dense methylchalcogens (i.e. S and Se analogues),
both the STO-3G(*)//STO-3G(*) and 6-31G**//STO-3G(*) models predict ioniza-
tion from an MO with significant chalcogen p- atomic orbital character. Hence,
reductions of the order of 60%-70% should be exhibited on changing from Hel to
Hell radiation. The peaks that are attributed 10 the presence of conformer(s) other
than the dominant planar conformer show no such reduction, indicating that the
conformer(s) present may be non-planar, but not at @=90" [24]. For example, a
gauche structure was predicted by the STO-3G(*)//STO-3G(*) model as the lowest
energy conformer for 3-methylseienylpyridine. Thus, the accurate determination of
the cquitibrivm distribution between the non-planar and planar conformers requires
the use of extended basis sets with polarization functions, in conjunction with
eXlensive geometry optimization.

The Hel/HeHl vatios ave uselul (to o fiest-order uapprosimation) for identifying
those MOs that contain atoms with atomic cross-sections, that are markedly reduced
wider Hell conditions, The ratio of 1hese Cross-sections (6y./6n4) represents the
extent ol band reduction expected on Hell irvadiation. Normadized oy.0/0q vitlues
for the elements which comprise the methylchalcogenopyridines are as follows: 0,62,
C: 0.80. N: 1.00, O 0.32, S; 0,29, Se: 0.24, Te. Delocatization and extensive mixing
alter the o values for the MOs of these compounds, However, these atomic values
provide a basis for qualitative predictions of the MO character of molecules that
contain S. Se¢ and Te atoms, for which the effects are most marked.

While the Hell UPS spectra of the methoxypyridines show little variation refative
to those recorded under Hel conditions, the thio- and seleno- analogues exhibit
useful differences (as predicted by the o)/oha values). Those bands that show
significant reduction under Hell conditions must contain a significant contribution
of S (or Sc) p atomic orbitals. The greater the reduction is, the larger will be the
contribution. Tuble 4 gives the band intensitics and the pereentage change in those
bands on changing the tadiation source.

The methylthiopyridines exhibit significant variation in the first and fourth bands,
i.c. those assigned to the anti-bounding and bonding S m MOs of the planar conformer,
The degree of reduction is approximately the same, suggesting that the contributions
of ring and § clectrons are about the same in both cases. The predicted 1E distribu-
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Table 4

Relative Hel and Hell band intensitics and percentage change for the methylchalecpenopyridines”

Hand IE range (eV) Band intensity® Percentage chiange® (55)
Hel Hell

(0) 2-Merhoxypyridine

l §.0-9.1 0.88 0.84 ~4.6

2 9.1-10.0 1.08 1.03 —4.1

] 10.0-11.0 1.02 1.17 151

4 11.0-11.9 1.02 1.33 313

5 1191840 10,05 9,60 —4.5

(1Y 3-Methexypyriding

i 8.0 9.4 0.9 0.94 3.3

2 9.4 102 110 1.38 253

1 10.2 11.5 I 0,95 -~ 14.4

4 11.5 123 ue 1.0 1.0

5 123 180 990 9,73 1.7

() &« Methoxypyriding

! K4 1.0 3.52 J.od 34
2 1.0 123 1.47 1.43 w37
3 12.3 18.0 0.0 892 - 1.0

(A} 2 Aderhrylilbopyridine

1 5O 4.0 (198 0 o) RE$
2 240 10.1 1.04 1,59 52M
3 HED 10 1.4 1.6l LA
4 LTUAL I B I (PR 0.4 X
K 114 180 i B A

(o) 3 Merhvithiopyridinge

1 Ha W) 1.4M (L loh
2 9.1 102 1.50 1,56 14,0
3 0.2 1.2 1.19 [ ERE
B 12§22 1.9 am A%
5 122 180 B 86 261 T

(0Y - Methylihiopyvidine

1 b (IR 1.40 na 33
2 2.9 101 1.80) e 11! 13
3 0.0 11,3 098 1ol LN
4 11,3 12,0 1M .50 - 250
A 120 8.0 N KO8 o

() 2 Meith vivelesvimridume

l h AL .31 0 B
2 Ry an (54 1.07 My
3 28 108 1.5 183 Pul
4 0.8 1o 0495 1183 o
L] 1.6 128 .0 (ha A

6 105 1840 LR LGHS ERt)
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Table 4 (conrinied)

Band IE range (eV) Band intensity® Percentage change® (%)
Hel Hell

(h) 3-Methviselenvipyridine

1 8.0-9.0 1.08 0.63 —41.7

2 2.0-10.2 1.98 278 404

3 10.0-11.2 1.33 1.86 39.8

4 11.2-12,0 0.96 0.62 —354

5 12.0-18.0 8.92 8.11 -9.1

(i) -Motlplselenylpyridine
1

8.0-9.0 1.29 0.70 ~43.7
2 9.0-104 1.86 153 36.0
k! 10.4-11.3 0.88 0.82 -6.8
4 11.3-§19 0.99 0.62 -34
3 11.9-18.0 8.95 9.29 380

* Reproduced with permission from references [24,27).
* Normatized to 14 bands,
* [(Hell/Hely - 1] x 100

tions for the non-planar conformers suggest that only one valence band has signifi-
cant 8 character, so giving weight to the planar model. The methylselenylpyridines
exhibit a greater decrease in the HOMO and a decreased reduction of the bonding
Se- m MO under Hell conditions, suggesting a greater contribution of Se 4p electrons
to the HOMO,

The ionization from primaily pyridine r-based MOs should exhibit a relative
mtensity enhancememt under Hell conditions, as a resuli of the mtensity reduction
of 8- or Se-containing MOs. Delocalization of lone-pair MOs should decrease the
extent of reduction on changing the radiation source, The band assigned 1o the ny
MO exhibits various changes (see Tuble 4), highlighting its delocalized nature. The
delocalization of this MO over the o framework of the pyridine moiety has been
reported previously by Del Bene [51] and Dunne et al. [24,27].

The Hel/Hell ratios suggest that the STO-3G(*)//STO-3G(*) model yields relative
barrier heights that are more consistent with the spectra than does the
6-31G**//STO-3G(*) model. This is consistent with the proton affinities investigation
by von Nagy-Felsobuki and Kimura [85], in which it was concluded that hybrid
theories performed poorly in predicting propertics associated with energy differences,
where the optimized structures are extremely sensitive to the basis set employed.
However, it should be noted that this does not suggest that the Koopmans approxi-
mation IEs calculated also follow this trend, because, for this property, the fortuitous
cancellation of velaxation with correlation error is of paramount importance.

For the non-planar forms of the methylchalcogenopyridines, the KA//6-31G**
model predicts an IE distribution that is a composite of the 1Es of pyridine and
those of chalcogen lone-pair atomic orbitals. The 1Es of the n and ny MOs for the
non-planar forms are within 0.2 ¢V of the pyridine IEs calculated using the same
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model. The highest ®* MO of the non-planar form is similar to the equivalent MO
in pyridine (which would be anticipated on symmetry grounds, because the chalcogen
lone-pair atomic orbital is orthogonal to the pyridine n-based MO). Unlike the
planar conformers, the 1 MOs of the non-planar forms do not show a ‘rotation’, as
a result of substitution. The experimental valence 1Es are in poor agreement with
those predicted for the non-planar form. Hence, the assignment focused on the
planar conformer, which was considered to be the most dominant conformer in the
spectra. This is consistent with the ab initio calculations (STO-3G*//STO-3G*
model) and Hel/Hell ratios [24,27].

Substitution of a n-¢lectron-donating substituent into the pyridine moiety results in
a number of perturbations to the electronic structure of the ring system. In a compos-
ite—molecule model, the valence p atomic orbitals of the chalcogen atom will form
bonding and anti-bonding combinations with the b, 1 MO of the pyridine system.
Depending on the point of substitution, this will entail a ‘rotation’ of the pyridine n
MOs. The b, MO in the parent pyridine molecule has maximum e¢lectron density on
the N and C, atoms. However, on interaction with a substituent in the 2 or 3 position,
this clectron density shifts. Similarly, the a, MO of pyridine, which has minimal
electron density in the parent molecule on the N atom, can shift on substitution to
form an MO with substantial N character. The change in character of these MOs can
produce predictable shifts in their 1Es, so permitting reliable assignments.

The ny MO (a;) of pyridine cannot be significantly alicred in character on
substitution, although its 1E is shifted by the presence of electronegative substituents.
Strong a-electron acceptors withdraw cleetron density from the N atom, so ritising
the 11 of this a-type MO. Similarly, with r-clectron donows (acceptors). the addition
(depletion) of ¢lectron density 1o the ving system results in lower (higher) © 1Bs, The
balance between these factors is often difficult to assess, especially for fexible systems,
but the observation of this series of compounds allows corrclations o he made.

As in the case of pyridine, the HAM/3 method provides @ better 1E disteibution
of the methoxypyridines than do the KA HE models (see Table 4). The KA HE
models position the ny orbital as the third 1E, in contradiction to the HAM,/3 model
and the experimental correlations for 2-methoxypyridine {27}, which assign it as the
second 1E.

While the HAM/2 method provides the *best’ 1E distribution, the kirger basis set
(0-31G**) calculations provide a more aceurnitte deseription of the three x s
failing only to predict properly the position of the ng 1E. To correet this, a serics of
calculations at the ASCE-MP2/3-21G* level were performed on the methylehaleo-
genopyridines [27] and the results are presented tn Table 5. The Grst n 1Es (A”
symmetry) predicted by this method dilfer from their Koopmans' approximation
equivalents by 0.143, 0.002 and 0.007 ¢V for 2-, 3- and Jd-methoxypyridine, respec-
tively, while those of 2’ symimetry (i.e. the ny 1Es) have shifted to lower energies by
L6024, 1.476 and 1939 eV respectively, Applying the ASCE HF approach to the
sume systems results i differences of £.239, 1.206 and £.526 ¢V for the respective
A" strtes (with respeet to the Koopmans™ approximation 1Es), and differences of
2878, 2945 and 3,048 eV tor the A" states. The difference between the two ASCF
models is the inclusion of correlation effects in the first model. which are of the
order of 1.2¢V.



fa
Tt

S.J. Dunne et al. j Coordination Clemistry Reviews 165 ¢ 1997) 1-92

Table 3
Comparison of experimental 1Es with ASCF-MP2:3-21G* and KA 3-21G* 1Es for the wethylchalco-
genopyridines®

Compound lonic state IE (eV)
Experimental ASCF-MP2/3-21G* KA/3-21G*
2-OMe A 8.64 9.16 9902
A’ 9.66 9.7% 11.42
3-OMe A" 8.98 8.06 2.06
A’ 9.75 9.67 11.15
4-0OMe A" 2.15 9.58 9.59
-y 9.82 9.26 11.20
2-8Mc¢ A 8.16 8.67 8.34
A 9.52 9.68 11.28
3-SMe A 8.47 8.75 8.41
A 10.04 9.4 11.10
4-SMe A" 8.46 9.12 8.81
A 9.58 933 i1.18
2.85eMe A" 8.22 B.55 8.12
A 9.53 9.1 1112
SeMe A 5.38 8.66 8.20
N 9.89 9,75 11.02
4-ScMe .. 8.57 8.98 8.54
A Y83 9.37 1111

¢ Only the TEs of the HOMO and the ny MOs for the planar conformer are included. Reproduced with
prermission from reference |27).

Because the HAM/3 model was not programmed for sulphur or selenivm, it was
necessEy 10 use a combination of models to assign the UPS spectra of the methylthio-
and methylselenopyridines. Using pyridine as a basis (see Section 3.1), it was found
that the KA-HIE models gave a reasonable prediction of the LUs of the n-type MOs,
but luiled to position the ng MOs correctly. However, the ASCEF -MP2 model was
found to give a better description of the ny 1E and @ comparable description for
the fowest r-type 1E. “Therclore, the KA/6-31G** model was used primarily o assign
the  1Es (as shown in Table 3), whercas the ASCF/MP2--3-21G* model was used
to assign the ny 1Es (as shown in Table 5) [27].

The first band in cach spectrum is assigned to an anti-bonding combination of
the valence p atomic orbitals of the chalcogen atom and the b, MO of pyridine. In
the 2- and 4- series, this band becomes sharper down the group. The change in band
shape is a reflection of the changing band character--becoming more ‘lone pair’ in
character, as a result of the reduction in overlap of the pyridine © orbitals and the
chalcogen valence atomic orbitals. For example, the by, MO in pyridine has an IE
of about 10.5 ¢V, while the first 1Es of the dimethylchalcogenides arce 10.04 ¢V (O),
8.71 eV (8) and 8.40 ¢V (Se) {86]. Thus, the HOMO in the case of oxygen will have
substantial ring character, leading 10 a broader band shape. The shift to lower 1Es
stems from the lower first 1Es of the more ¢lectron-dense chalcogens.

The sccond and third bands seen in the UPS spectra arise from the a,- and
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a,-based MOs of pyridine. There is much conjecture over the relative ordering of
these two bands. There is little difference in their band shapes, and their behaviour
under Hell conditions does not give conclusive resolution of their nature. The fourth
band is assigned to the bonding combination of the p atomic orbitals of the chalcogen
and the pyridine b, MO, while the fifth can be assigned, in some cases, as having
substantial chalcogen p character. Similar to the HOMO, the bonding MO also
shifts to lower IEs with atomic number in a predictable manner.

Of the KA-HF models used, only the 3-21G*/STO-3G(*) and
6-31G**//STO-3G(*) models produced reasonable IEs for the 1 MOs [24,27]. The
STO-3G results are typically shifted by several electronvoits to iower IE values. The
3.21G* valnes are comparable with—and, in some cases, better than—the more
extensive 6-31G** results. This suggests that the KA-HF model may not be capable
of producing *better’ results, even when employing more extensive basis sets.

As shown for pyridine (see Section 3.1), the effect of electronic relaxation can
have a dramatic effect on specific 1Es (shifts of up to 2 § eV), rendering the KA-HF
models useless, However, the ASCF process is limited in its use, by symmetry
constraints. The ASCF-MP2 method has been used to calculate the IEs for the
HOMO and the ny MOs. The results show *good’ correspondence with the experi-
mental values. The IEs of the ny MOs show vast improvement, while the HOMO
1Es arc comparable with the KA/6-31G** results, revealing the difference in the
cflect of relaxation on these two MOs. The success of the ASCF-MP2 model
decreases down the group, suggesting that the interplay between correlation and
relaxation is changing for molecules that contzin second- and third-row atoms.

The a-type ny MO is directly afieeted by the electrongegativity of the substitnent
Substituents in the 2 position exert the greatest effect. The methoxy group (OMe)
is assigned u group clectronegativity value of 353, whereas the vadue for the
methylthio- group (SMe) is 2.65 {87} Tt is anticipated that the methylseleno- (SeMe)
group shares the proup clectronepativity value of its thio- analogue, as @ result of
the similar atomi: clectronegativities of § and Se {88.89). The OMe group will
inductively draw electrons from the ny MO, resulting in a stabilization of that MQO.
The similarity between the electronepativities of the pyridine ring and the SMe and
SeMe groups may lead to the donation of clectron density into the ring o system,
and a resultant destabilization of the ny MO (i, a shift to a lower {E). The
methylthiopyridine a, MO is stabilized by 0.40-0.65 ¢V in the 2- series, This can be
directly reliated (o an increase in the w electron density on the ring-nitrogen (a strong
t acceptor), and results in a lower IE for the sceond nt band. These trends are
applicable to all the systems in this study, although overlapping of peaks and
rotational contamination can make unambiguous assignoent diflicult.

The preferred sequence for all isomers of the dominant planar methylchalcogeno-
pyridines. which s consistent with specteat and ab initio MO anadyses, s given by
[24.27}

T Ny L Ny~ T T+ Ny (1)

where X represents the chaleogen clement.
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3.3. Cxybispyridines

The study on the methyichalcogenopyridines showed the importance of a theoreti-
cal conformational study for the interpretation of UPS spectra. The presence of a
number of rotamers, while complicating the interpretation. can give valuable infor-
mation on the energetics of the system. The oxybispyridine sysiem represents a more
complex system in terms of the number of degrees of freedom, but steric crowding
acts to limit rotational motion. Four different models have been proposed for the
oxybispyridine structures, based on the conformational study of diphenyl ether {90]
and oxybispyridines [20,22].

The four basic structures are shown in Fig. 5 for 3,3-oxybispyridine: a planar
structure (A): the ‘Morino’ structure (B), which is based on electron diffraction
{91]. dielectric relaxation [92] and IR spectroscopy [93,94] studics; a structure (C)
in which both rings are rotated a1 va-ious angles relative to the C-O-C plane, which
is based on investigations of molar Kerr constants {95,96], optical anisotropy [97].
dielectric relaxation {98). UV spectroscopy [98] and vibrational spectroscopy [99];
the “butterfly’ structure (D) with both phenyl rings orthogonal to the C-O-C plane.
While some of the isomers of oxybispyridine do closely mimic the conformational
behaviour of diphenyl ether, the presence of ortho ring-nitrogens in isomers that
contain a 2-pyridyl group results in structural relaxation, as a result of the removal
of neighbouring ortho-hydrogen interactions.

A number of approaches have been used to study the conformational behaviour
of moderately sized molecules. The most popular approach is the concept of the
multi-dimensional potential energy surface. The central approximation in this model
lies in the number and type of variables, For example, variation in only a single
dimension produces a potential energy curve. The number of degrees of freedom i
the oxybispyridines is §7. Such a potential cuergy surface is conceptually diflicult
and s diflicut 10 compute, so a reduction is usually achieved by using a rigid-
rotor model.

In the case of the oxybispyridines, the pyridine ring geometries were fixed at the
STO-3G optimized structure [ 20]. The variable set was reduced 1o the two ring twist
angles (€, and @), the inter-ring angle A¢ o ¢« and the two ring-oxygen bond
lengths (R o). making a five-dimensional model. To reduce the variable set furthes,

SNPCNEN SN
o0 O
NZ N N \
A B

o O
\F"* PN
AR S YR
C D

Fig. 5. A- D contormers for 3,3-oxybispyridine.
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the inter-ring angle (denoted by w) was fixed at 120° and the two R values
equated for all the calculations. The algorithm of Fletcher and Powell [50] was then
used to optimize the R _g values for the B(0, 90) conformer of each isomer ( because
this conformer was thought to resemble most closely the minimum energy con-
former). These R. values were then held fixed for each torsional rotation by 30°
of the twist angles. Therefore, the rigid-rotor model used consisted of only two
variables (¥, and @), so it could be plotted as a two-dimensional energy contour
map.

To establish contour maps for cach isomer of the oxybispyridines, the internal
STO-3(G(s = p) basis sct was uscd within the LCAO MO SCF restricted HF method
of the GAUSSIAN 86 suite of programs [42]. Taking the planar (N-iaside, N'-insidec)
conformer as the A(0, 9) torsional position, the torsional angles of the oxybispyridine
structures given by A-D (as shown in Fig. 5) were denoted by A(0, 0), B(0, 90).
C(9,, @,) and D(Y0, 90) respectively [20}. Here, a clockwise rotation of each pyri-
dine moiety (as vicwed along the respective inter-ring C-O bond) was considered
as being a positive rotation, Hence, disrotatory twisting modes were characterized
from (+@,, +9,) or (-O,, ~0,) torsional combinations, whereas conrotatory
modes are identified from (+0,, ~-O,) or (-, +3,) combinations [20].

The energy differences using the rigid-rotor model (AEgg) between all the rotational
isomers of the A- D structures are listed in Table 6. 1t is only for 2.4 -oxybispyridine
that the "Morino’ structure (B) is also the minimum cnergy conformer. Nevertheless,
from the contour energy maps, it is clear that the Morino structure is accessible to
all somers, because of the broad potential energy minima in the region of C. For
example, the differences in energy between the structures € and B(0, 90) for 2.2,
2,3% ¥ 34 and 44%oxybispyridine are 2.2, 0.2, 1.3, 0.8 and L8k} mol Y,
respectively 201 all within the 2.8kJ mol ' available tfrom the ambient
surroundings,

From the A0, 0) position, the D(90, 90) conformers are obtained via o conrota-
tory twisting mode. The energy differences between the € and the *butterily' (1))
conformers for 2.2-, 2.3, 3,3-, 244 34 and 4.4%oxybispyridine are 19, 19, 14,
20, 14 and 13K mol ! respectively [20]. The disrotatory twisting made yiclds the
cisoid conformer (i.e. D(=90, 90)). For three of the isomers. these 1wo conformers
are distinet. For 2,2, 2,3 and 3.3-oxybispyridine, the transoid conformer is found
W be more stable by 9.7, 1.6 and 0.7 kJ mol ! respectively 120]. In the case of the
2.2% isomer, the stabilization results from the removal of the sterie interaction
between ortho-hydrogens in the transoid conformer and the stabilizing effect of non-
bonded interactions between the nitrogen lone pair and the ortho-hydrogens.

For all the isomers, the planar A structure is the least favourable conformer, The
erergy differences between the minimum enery conformer and the A(0, 180) strue-
ture for the 2,2, 2.3%, 3.3%, 24, 34~ and 4.4-oxybispyridine. are 72, 116, 658,
EHLL 616 amd 845K mol ! respectively (200 Again, the reduction in the barrier
heights for the isomers that contiin a 2-pyridyl group shows the dramatic effect that
the presence of the ring-nitrogen has on stabilization. For 2.2- 2.3% and 3.3-
oxybispyridine, the A0, 0) conformers are encrgetivally distinet from the A(0. 180)
and A(180. 180) structures. For the 2.3 and 3.3%oxybispyridines. the A(0. ©) struc-
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Table 6

Optimized parameters and a comparison of barrier heights for the A- D contormers of the oxybispyridines*
Conformer Rep {A) Ao (dem) AFEgp, (k) mol AEg, tk mol ™Y
(a) 2.2-Oxybispyridine

A(0,0) 1.3%0 130.4 36 84
A( 180, 130) 1.377 142.3 113 368
A(0, 180} 1.389 131.7 49 72
B(0. 90 1.404 1139 4 2
B( 150, 90} 1.404 116.6 25 16
C(42.42) 1.403 114.0 0 0
D90, 270) 1415 4 2 %
D90, 90) 1414 HOS 20 19
E{0. 1.327 i86.0 7 -
E0, 180) 1.326 180.0 199

(b} 3. 3-Oxvhispyridine

A0, 0) 1.383 1415 93 473
ACIR0, 180) 1.381 421 101 463
AL, 180) 1.382 141.8 9 638
B0, 90) 1406 1oy 4 !
B IR0, 90y 1407 1oN 7 6
Ced7. 47) 1408 114.7 0 -‘.)
D9, 270) LIS 1.2 9 15
DU, 90) R TR 1l 8 t4
Fo.m 1.334 1560 98

E(0, I50) 1,33 180.0 194

Wy L hobnprridine

A0, th 1351 141.3 Ry Bebts
it 2y | -Jus oo B 2

Cidh 4%y 1 06 1151 {] 0

(B0, ) 1417 i 1] I3

Fa i £.318 1800 218

() 2. 3-Ovehispyriding

At i.392 135 45 84
ALLRD, 180) 1.3m 142.2 EI 383
AL, 186) .31 131.6 46 t6
A(180, ) 1.380 1419 105 419
B0, 90} 1.305 114.4 18] 0.2
B( IR0, Y 1405 116.9 v 14
B0, 0) tA05 116.7 o 9
But), 180) 1,405 6.7 v 14
Ci6,82) 1.3 HId.5 ] i
DY, 2N 1.416 1114 20 21
90, o) 1 416 1180 18 19
K ) HIREL)] 1&éh e} 02

Eit), 180 £.33 180.0 il

{¢) 2 4-Qxvbispyridine
A0, 0) 1.390 13L.5 4 i
A0, 180) 1.319 141.8 103 545
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Table 6 (continued)

Conformer Reo (A) Ac_oc (deg) AEgpy (kJ mol 1} AEsg (k) mol 1Y)
B(0, 90) 1.405 1144 0 1]
B(180,90) 1.405 1169 19 13
B{50,0) 1.403 116.7 13 11
C(6, 80) 1.404 F14.5 0 0
D(580, 90) 1.416 110.9 18 20
E{0,0) 1.330 180.0 211 _—
() 3.4-Oxybispyridine

A(D, M 1.382 141.4 90 616
A(180.0) 1.381 141.7 95 8§89
B(0O, 90 1.406 116.8 5 l
B(180.99) 1.406 116.8 8 5
B(90, 1.405 116.8 3 3
C(51.39) 1.407 1153 ¢ 0
{50, 90) 1.418 {11 9 14
E(0,0) 1.334 180.0 206 -—

4 Reproduced with permission from refercnce [20).

tures are more stable by 32 and 183kJ mol "', respectively, whereas, for
2.2-oxybispyridine, the A(0, 180) structure is the more stable conformation by
12k) mol "' [20]--allowing a comparison of the forces involved in the lone-pair--
tone-pair repulsions, ortho-hydrogen steric interactions and the non-bonded inter-
actions of a nitrogen lone pair with an ortho-hydrogen. For 2,2%oxybispyridine, the
destabilizing effect of the nitrogen "through-space’ steric interaction may be cvidence
for a hydrogen-bonding interaction in the A(0, 180) case, because the A0, 0) con-
former is not the preferred conformer, The A(I80, 180) conformer for 2,2, 2.3%
and 3,3-0xybispyridine is 296, 467 and 305 kJ mol ! above the A(0, 180) energy.
From this analysis, Dunne et al. [20] concluded that it is evident that there are no
apparent low energy pathways to the planar A structures.

To analyze the cffectiveness of the rigid-rotor model, a series of optimizations of
the cther bridge parameters were performed for all the rotational-distinct A-D
conformers of the oxybispyridines. For cach conformer, the inter-ring bond lengths
(Ri.p) and bond ungle (A ) were optimized at the STO-3G level [20]. For the €
structures, the two ring twist angles (O, and @,) were also optimized. The optimized
parameters (Re.o and Aeo.¢) and barrier heights (AEgp) calculated using the
8$T0-3G--STO-3G model are presented in Table 6.

Table 6 also gives results for the "fully conjugated’ linear conformers (E). As
expected. the caleulations for all the E conformers yield optimized Ry (, bond lengths
that are sigoificantly shorter (by about 0.07 A) than those of the € structures.
Remarkably, the energy dilferences between the € and E structures are about 200 kJ
mol ¥ for all the isomers. For the 2.2, 2.3 and 3,3~ isomers, the difference in
encrgy between the E(0, 0) and E(0, 180) conformers is less than 8 kJ mol ~'. From
these barrier heights, it is clear that, at ambient temperature. the p electrons of the
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oxygen atom do not fully conjugate with the n systems of both pyridine rings,
because both the A and E structures are well removed from the energy minima.

Gust and Mislow {100] have suggested that there are taree possible rotational
mechanisms for conformer interconversion about the C-O bond in diphenyl ethers.
In the case of the oxybispyridines, interconversion from one C structure to another
may occur via the following mechanisms: a conrotatory rotation of both rings
through structure A(0, 0), involving zero-ring flip; a disrotatory rotation via struc-
ture B(0, 90), involving a one-ring flip; or a conrotatory rotation through structure
D(90, 90), involving a two-ring flip. Because the A(0, 0) structures are between 41
and 93 kJ mol ~! above the minimum, the first mechanism is unlikely. Dunne et al.
[20] concluded from the barrier heights shown in Table 6 that tlie second mechanism
is the most viable, because the B(0, 90) structure is within 2.5kJ mol ™! of the
minimum for all the isomers. The third mechanism may be possible at elevated
temperatures, because of the moderate barrier heights (8-18 kJ mol 1), although it
also is unlikely at room temperature.

The optimized variables in Table 6 reveal a number of interesting trends. The
Re_o(opt) values for all the B and C structures lie in a very narrow range, i.c.
1.404 +0.003 A, which is in good agreement with the rigid-rotor values. As expected,
the A structures possess the shortest optimized bond lengths (1.377-1.391 A). The
shortening of the bond length maximizes the overlap between the oxygen p electrons
with the m orbitals of the ring. The A structures were found to have A¢ o clopt)
values in two ranges: the first range (130.3°-131.7°) belongs to those conformers
that contain a 2-pyridyl group in the N-inside position, while the second range
(141.2°-142.3°} is for all the other A structures, i.c. those that possess H-H' inter-
actions in the C-Q-C plane. The hydrogen-bonding interaction between ortho-
nitrogens and ortho-hydrogens (on adjacent rings) allows a contraction of about
10" and 1 conformational stabilization of about 60 kJ mol ', In contrast, the 1
conformers have the longest bonds (1.414 1418 A) and the most acute
Ac.o.clopt) values, The lengthening of the R bonds for these conformers is
necessary to avoid ‘through-space” ortho-hydrogen interaction,

The optimized parameters of the B and € conformers were very similar, with the
inter-ring ungles contracted slightly from their contour mode! values. The optimized
values of the two twist angles maintained an almost perpendicular attitude between
the ring planes (again reinforcing the similarity of the B and C structurcs). These
optimized values of @, and B, for 2,2-, 3.3, 3,4 and 4.4"-oxybispyridine arc in
‘good’ agreement with the experimental and theoretical values determined for diphe-
nyl cther: (377, 37°) from molar Kerr constants [95), (50°, 50°) proposcd by
Nagakura from UV spectra analysis [98] and (52°, 52") proposed by Galasso et al.
[90] using extended Huckel MO theory. The C structures for the 2,3 and 2.4'-
isomers are very similar to their corresponding B structures. The B structure is
essentially a composite of the planar and perpendicular conformers of the methoxy-
pyridines. The small energy barriers between these forms refiects the energetic
suitability of such a composite structure.

In general, the barrier heights for the B-D conformers (calculated using the
STO-3G//STO-3G model) are similar to those calculated using the STO-3G//rigid-
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rotor model. The A structures, however, exhibit a marked reduction in barrier
heights on optimization (up to an order of magnitude}, which highlights the necessity
of optimizing key structural parameters for the accurate deterrunation of global
barrier heights. Thus, the rigid-rotor model, as used for the determination of the
energv contour maps, was shown to be quite effective for the prediction of barrier
heights of conformers that are well removed from the planar states [20]. Both
approaches predict that, at ambient temperature, there will be a range of B- and C-
type conformers in the equilibrium population (as a result of the shallow potential
encrgy minima), so that the UPS spectra of these compounds may be complicated
by such a distribution.

To date, the only UPS study performed on the oxybispyridines is that by Dunne
et al. [22], although a single Hel study has been reported on the related diphenyl
ether {101], which was not assigned. The Hel and Hell photoclectron spectra of the
six isomers of oxybispyridine are shown in Figs. 6 and 7 respectively.

The above conformational analysis shows that the minimum energy conformers
were centred on a Morino structure, in which the ring planes were essentially
perpendicular to cach other. It is anticipated that concerted disrotatory movement
will allow an interconversion from one B structure to another, passing through a
continuum of C-like structures. The energetic similarity between the B and C forms
suggests that they may be very difficult to resolve and, as a result, that the spectral
featurcs may be broad. Hence, the lowest lying vertical 1Es were calculated using
the STO-3G optimized Mortno structure (B) [22]. The lowest seven vertical 1Es are
listed in Table 7, together with the composite: molecule model assignments based on
the MO energics and coeflicients obtained from the HAM/3, STO-3G(s=p) and
6-31G** MO methads, Table 7 also gives the molecular photo-ionization ¢ross-
sections  for the seven  uppermost MOs, using the B geometry and  the
HAM/Y/STO-3G methodology.

From Table 7. it is evident that the HAM A, /STO-3G caleulations predict that,
for ull the oxybispyridines, there are between six and seven fonic states expected
between 7.0 and 11.6¢V. The calculations assign (wo non-bonding orbitals tha
originale from the two nitrogen lone pairs and five my,/ny combinations that
originate from the pyridine 7 orbitals mixing with the oxygen atomic orbitals. In a
strict sense, the non-planarity of the oxybispyridines invalidates o and n labelling,
although such labelling is appropriate within the composite-molecule model .

As a result of the orthogonal nature of the pyridine rings in the B gecometry, the
HAM/3//8TO-3G mode! yields MOs that are highly localized on a single ring system
{denoted by primed and unprimed orbitals in Table 7). Furthermore, the valence
MOs with IEs greater than about 12.2¢V become highly mixed, so invalidating a
composite-molecule model; thus. they are not detailed here, For five of the six
oxybispyridines, the HAM/3/,STO-3G model assigns the fisst two [Es from an MO
strongly focalized on the nitrogen atoms of cach pyridine ring (labelled ny and
Ny e with the third IE originating Irom an anti-symmetric combination of n,,,-ng,
For 2,4%oxybispyridinge, a cross-over occurs between the ny, and the  orbital. The
next four TEs arise from n-ng, combinations.

The STO-3G//STO-3G and 6-31G**//STO-3G Koopmans' approximation assiga-
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Table 7
Compatison of experimental vertical 1Es with HAM/3 and KA-HF IEs and preferred orbital assignments
for the oxybispyridines*

IE Experimental MO Assignment aM% (Mb) Calculated 1E (eV)
IE (eV}

f1AM/3 STO-3G 6-31G**

(3) 2.2"-Oxvbispyridine

1 8.14 g-Ng 0.794 9.10 7.30 9.01
2 9.42 Ny 0.787 8.78 8.84 11.79
3 9.65 Ny, 0.836 8.94 9.08 P42
4 10.26 T, ~B0g 0.709 9.31 7.80 9.08
5 10.26 s, 0.792 9.88 8.57 10.14
6 10.87 m 0.793 9,97 8.70 10.52
7 11.78 15+ 0.860 11.4¢ 11.36 13.53
(b) 2,3-Oxybispyridine

1 8.82 | P P 0.767 92.13 7.37 9.19
2 9.73 g 0.806 8.74 8.85 11.98
3 9.73 Ny, 0.823 9.03 9.16 11.31
4 1611 s, dng 0.716 9.4 871 9.04
5 1041 g 0.789 9.95 7.82 10.08
6 1L.10 Ry 0.794 49.98 8.54 10.65
7 12,01 My + 1y 1.857 11.46 11.43 13.06
(©) 2. 3Oxphispyridine

l B.RS m, o (.790 8.83 7.44 9.12
2 9.77 iy 0.823 1y? 9.3 11.63
3 0,77 iy, 0.790 9.2 9.} 11.73
4 .77 fty, BNy, 0713 9,55 8 84 9.53
3 1347 m, 0178 9,90 87 1037
& 1047 Ty, 0795 1316 LRTR 10,57
? 1233 ny by (LRRY [Eov 11.69 14.20

(§) 2 4-Oxybispyridine

| 9.00 M Ny 0.850 02,02 7.45 .19
2 9.46 Ny 0.841 k.72 8.64 (2m
] 2,46 ny. 0.735 910 016 11.29
4 .85 s 4. Ny 0.688 943 8,23 9.35
5 9,85 r, 0.798 9,77 R.06 .82
6 10.24 I, 0.796 .m 8.84 10.70
7 11.87 T, + Ny 0.843 (1 11.23 1333

(¢) 34-Oxpbisprridine

{ 9.31 R | P 0.737 9N 7.50 9.87
2 9.77 Ny 0,840 LRYY 8.u2 11.83
3 9,77 . {).840 894 916 11.51
4 9.77 I, 0.697 9.64 8.55 2.60)
h 977 T, 0.773 993 8.76 9.68
6 11.17 Ty 0.804 4.98 8.21 10:7H)

7 12.33 Myt Ty, 0 R7% 1.64 11.50 1390
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Table 7 (continued)

IE Experimental MO Assignment aM0 (Mb) Calculated 1E (eV)
IE (eV)

HAM/3 ST0-3G 6-31G**

(f) 4,4'-Oxybispyridine

i 9.00 fg+o-Ng 0.815 9.37 7.68 9.63
2 9.70 fy 0.847 8.77 i) | 11.56
3 9.70 ny. 0815 8.99 8.98 1180
4 9.70 Rs.s5-Ta 0.701 9.72 8.63 9.80
5 10.32 g 4-To 0.695 9.50 845 10.07
6 117 Ry.3-Tg 0803 2.99 84 10.46
7 11.94 .+ g 0879 1M P57 1381

* Reproduced with permission from reference {22).

ments are also given in Table 7. At the STO-3G level of theory, the lowest IE is
assigned to ionization from a ., ny MO, which typically gives a Koopmans approxi-
mation IE of about 7.5 ¢V for the oxybispyridines, The STO-3G//STO-3G assign-
ment for the first IE is consistent with the STO-3G//STO-3G assignment of pyridine,
The first IE in the 6-31G** model is not consistently assigiied. In some cases, an
MO with considerable oxygen character is assigned to the HOMO, while other cases
have that a ring-based © orbital has a lower 1E, The similarity between the 1Es of
the by pyridine MO and the oxygen functionality has resulted in considerable mixing
on MO formation. However, in line with the assignments of the methoxypyridines,
the first 1E i3 assigned to a 1 ny MO,

The clectronegativity of the oxygen .itom can be used to ascertain the nature of
the HOMO. Oxygen will act as a o acceptor and a 1 donor when bound (o the
pyridine rving. Electron withdrawal from the o system of the ring will stabilize the
ny MOs, resulting in higher 1Es. The oxygen 2p atomic orbitals will interact with
the pyridine b, MO to form bonding and anti-bonding combinations, whercas there
will be little interaction with the pyridine a, MO (resulting in little shift from its
pyridine 1E value). The first experimental 1Es of the oxybispyridines range {rom
8.74 to 9.31 ¢V, and these 1Es can only he rationalized for the n n, combination,
because shifts of 0.5 - 1.0 ¢V to lower energies for the ny and pyridine a.-based MOs
are not expected. on electronegativity grounds.

A comparison of the first band of the oxybispyridines with that observed in the
Hel spectra of the methoxypyridines [27,75], diphenyl ether [101], dipaneuyd sulphide
[29], 2-pyridylphenyl sulphide | 29] and 2.2 -thiobispyridine {29] reinforces the above
assignment of the HOMO. The 1Ex for the HOMOs in 2-. 3- and d-methoxypyridine
are 8,59, 8.98 and 9.15 ¢V respectively {22}, These values differ by only about 0.15 ¢V
from the corresponding first 165 of the symmetrical oxybispyridines (8.74, 8.85 and
9.00 ¢V). The similarity between these results suggests that extensive delocalization
over the entire molecular framework is unlikely, becaruse this wonld resalt in a
substantial lowering of the 1Es. Por the diphenyl compounds, the tirst 1E can only
be associated with ionization from the benzene 1 MO. Theretore, Colonna ¢t al.
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[29] assigned the first IE of the mono- and di-2-pyridy! analogues to a © tonization.
Hence. for the oxybispyridines, the preferred assignment is &t —ng < ny~ ny,, which
differs from the HAM/3//STO-3G assignment; alihough it is consistent with the
band profiles. shifts of the first IE with respect to electronegativity, and comparison
of the differences between the first experimental IEs for 2,2’-0xy- and 2,2'-thiobispvri-
dine and diphenyl ether and diphenyl suiphide (0.57 and 0.47 eV respectively).
Nevertheless, Dunne et al. {22] preferred the 1E-1E; HAM/3//STO-3G assignment
rather than the corresponding KA-HF assignments.

For most of the oxybispyridines, the KA~HF models place four of the n MOs at
lower IE values than the lowest ny MO. Thus, the m,-ny orbital is consistently
lower than the ny, MO by 1.03- 1.54 ¢V, which is in poor agreement with the possible
differences in experimental IEs (as gleaned from the Hel spectra) [22]. The poor
placement of the ny MOs by the KA-HF models has been previously highlighted
for pyridine and the methylchalcogenopyridines (see Sections 3.1 and 3.2). Models
that incorporate orbital refaxation and electron correlation have been shown to
predict more accurately the 1Es for the o-type ny MOs. Thus, the KA-HF models
cannot be used as assignment tools without the correction of the ny 1Es.

A ASCF--CI model was used for the accurate determination of the ny 1Es in the
methylchalcogenopyridines (see Section 3.2). The greater molecular size and often
lower symmietry of the oxybispyridines makes the use of this model unsuitable for
these systems. The ny MOs are localized on a specific pyridine ring, so should
correlate well with the corresponding valucs calculated for the methoxypyridines.
The 1Es for the ny MOs of the 2-, 3- and 4-methoxypyridines calculated using the
ASCE C1 model were 9.79, 9.67 and 9.26 ¢V respectively [24]. The trend in these
figures vefleets (he distance between the oxygen and nitrogen atoms (based on the
inductive elfeet of the oxygen atom), as well as the extent of the delocalization of
the ny MO. Substitution of these values into the 6-31G**/STO-3G model produces
a Jar better 1L distribution when compared with the experimental lindings.

The predicted HAM/3//STO-3G sequences are not as an cffective assignment tool
as are the predicted E distributions. Based on the s p separation rule, the number
of p-based bands below 18 eV, according to Eq. (13), is 19, However, the HHAM/3
calettlation on pyridine assigns a cross-over of an s-based and & p-based band in
the region 15-18 ¢V, giving the order 3b,(s) < 3a,(p) (see Scction 3.1). Thus, includ-
ing the corresponding cross-overs in the oxybispyridines, it would be anticipated
that there would be a total of 21 bands below 18 ¢V.

The experimental Hel band intensitics can be used [or the density-of-states analysis
within two specificd regions, ic. 8.0-11.5eV and 1.5 18.0eV [22]. The
HAM/3//8T0-3G IE distribution is in reasonable agreement with the experiments,
with the higher 1Es being generally underestimated for the oxybispyridines [22].
Furthermore, the experimental and the caleulated Hel intensitics (normalized 1o a
totat of 21 bands) are in ‘good’ agreement --both indicating that the first region
{from zbout 8.0 1o 12.5 ¢V ) contains seven bands. whercas the second region (from
about 12.5 o (8¢V) contains the remaining 14 bauds. The 6-31G*//STO-3G
distribution is distorted by the poor placement of the ny 1Es by the KA-HF model.

The Hell spectra of the oxybispyridines are presented in Fig. 7. Similar to the
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methoxypyridines, little variation is seen in the relative intensities of the valence
bands, so limiting their usefulness as an interpretative tool. The similarity between
the band intensities in the Hel and Hell spectra is in agreement with the predicted
Ohet/Ouen ratios of Manson [54]. The overlapping of bands in the UPS spectra of
the oxybispyridines makes it diflicult to ascertain the presence of distinct conformers,
although the separable bands appear free of rotational contamination.

To study the superposition of spectra from isoenergetic conformers, a series of
‘synthetic’ spectra were produced, based on the photo-ionization cross-section model
given in Section 2.5. Fig. 8 shows the HAM/3//STO-3G synthesized Hel photo-
electron spectra of 2,3-oxybispyridine. Fig. 8{(a)-8(c) show the spectra of the B, C
and composite (B + C) compositions respectively. The calculated cross-sections were
convoluted with Gaussian functions with a full width at half-maximum (FWHM)
of 200 meV. The FWHM was based on the FWHM of the lowest |E ny and = bands
in pyridine. The lowest energy conformations clearly produce spectra that are almost
indistinguishable from the composite spectrum, this is consistent with the experimen-
tal observation of the relative intensities over a range of 30 K. The HAM/3//STQO-3G
calculations suggest that the populations, IE distributions and relative cross-sections
of these two conformations are similar, These observations apply equally to all
the isomers.

Fig. 9 shows the HAM/3//STO-3G synthesized Hel spectra for all the isomers of
oxybispyridine. The caleulated spectra reproduce the salient features exhibited in
the experimental spectra in the region 8-18 ¢V (notwithstanding the assumptions
made about the FWHM). For example, the calculated spectra clearly identify the
two separated regtons of the outer and inner valence MOs. However, the calculated
spectrn do not resolve the first band (with a comparatively low cross-section) from
the other valence MOs, because the band positions are dependent on the HAM/3
eigenvalues. As can be scen in Table 7, dhe first band Is not always correctly assigned
within the HAM/3//8T0-3G model, [x should be noted that the relative intensity of
the first IE was found to be invariznt with temperature, 50 is not attributable to
another conformer. While the HAM/3//8T0-3G calculations generally reproduced
the broad features of the Hel spectra of the oxybispyridines, it is evident that a
more sophisticated theory is required if better agreement with the experimental
findings is to be achieved.

The experimental and the synthetic Hel spectra of the oxybispyridines give no
indication of the presence of rotamers other than the minimum encrgy conformer.
However, within the expected range of conformers, the 1Es of the isoenergetic
conformers are expected to be almost degenerate, so that overlapping of their spectra
masks their presence. Bunds that arise from the planar A and E structures are
unlikely, because of the magnitude of the rotational barriers to these conformers.

Thus, the 1E distribution of the top seven valence MOs for the oxybispyridines
was assigned as [22]

Mo = Np <<y ~ Dy, < Mg~ Bl < Ty~ By < Ty~ 8Ny <7, + 1y (15)

This is based on correlations with the corresponding pyridine and methoxypyridine



S Dunne ot al. | Coordinetion Chomistre Roviows 165 ¢ JW7F) 1-42 47

(A)

F2

I
i
i
%-5 a
n -
(8]

(8)

()

Ga 08 i20 144
tonlzatton Envrgy (oV)

6.2

0.0

B % FEAMC STO- 300 syutbesivod B specti of 28 -oayhispyridin Go witl omly comdvrmier T T
preseal, (b with endy conluier 15 benng present; and {(©) with both contoriers 4 and B beiny present

i el proportions. Reproduced with permission from reference (22

224,



4%

Cross-Saotan

N Punire et ol ! Coovdination Cheniisery Reviews JA5 [ Jovr) j o2

M) -

2.3
(<) g o
\,
LY
940 g 1’1- '1-;‘.: TR ‘m't»

Wnbratlon sy (oV)

(D)

2,4°

(I -]

3,4

/

W [ Y |

- lh‘ LRV

40w Haa

R

At gy {a\)

Frr 9 HAM 3 STO 3G synhestzed Hel speerra wiih bail B asd O contniets prosent ot catal propon
ot fow (o 0 onybiapynadiae, (L oy Bepraddome, e L5 o bispyadine, (83 2ob ot bespy sidie,
ted Loy baspyeidime. (0) b onybispntidime. Repnodeeed wirh poviisnon Hoam ielensime LR



S.J. Dunne et al. | Coordination Chemistry Reviews 165 { i997) 1 .92 Ju

spectra, HAM/3/STO-3G  eigenvalues  an.l?  the combined wuse of the
6-31G**//STO-3G (for the n MOs) and ASCF-CI (for the ny, MOs) models.

3.4. Thiebispyridines

2,2-Thiobispyridine and its nitro- and dinitro- derivatives have been the subject
of a number of theoretical and structural studies. The gas-phase electron diffraction
study on 2,2"-thiobispyridine by Rozsondai and coworkers [ 102, 103] concluded that
the S—C bond distance and the C-S-C bond angle were | 786 +0.004 A and
104.4 4 1.7° respectively. The bond lengths of the pyridine ring were found to be
similar to those in the free pyridine molecuie, and the conformational properties of
this molecule were consistent with the notion of the rings performing either large-
amplitude torsional motion or a rapid interconversion between conformers.

Chachaty et al. [104] combined a dipole moment study with semi-empirical MO
calculations and 'H nuclear magnetic resonance {NMR) techniques to determine
the conformation of 2,2-thiobispyridine. Their complete neglect of differential
overlap (CNDQ) calculations revealed that activation energies of the order of
0-15k) mol "' are required for the conversion of one conformer into another
conformer along paths that lic in the minimum cnergy arca. In particular, it was
calculated that an energy of about 9 kJ mol ~! is required for the complete rotation
from 0° to 180" of a pyridine ring, while keeping the other ring coplanar with the
C S C plane. An unequivocal determination of the conformation of 2,2"-thiobispyri-
dine could not be mude on the basis of their dipole moment data, because there
were numerous combinations of the ring twist angles (0, and €,) for which the
caleulated dipole moment agreed with the experimental value.

The energetic suitability of o single fixed conformation was thought improbable
when considering the shallowness of the potential energy surface in the region of
the minimum (21 The aliernative of “free totation” about the €8 bonds was
excluded on the basis of the barrier heights caleulated, especially the sterically
restricted  conformation (i.e. @, =9, 180"). Consequently, the only possibility
remaining was the existence of a mixture of equiprobable rotational conformers.
The conformers that best fitted their dipole moment data were the *propeller” forms
in which the pyridine ring planes were twisted by about 36" with respect to the
C-8§-C plane. The 'H NMR studics showed that there was magnetic equivalence
between chemically equivalent protons of the two pyridine rings arising from rapid
interconversion (on the NMR time-scale) among the populated conformers. The
observed pattern did not decoalesce in the temperature range trom + 50 to -~ 807,
indicating that, even at low temperatures, averaging of the proton signals occurs as
a result of the rapid rotation of the pyridine rings.

In a further study on S-nitro-2,2"-thiobispyridine and 5,5-dinitro-2,2"-thiobispyri-
dine, Galasso ct al, | 103] proposed that the niono-nitro-substituted derivative adopts
a “skew’ or *Morino’ structure (0, 90), ciused by the interaction of the x clectrons
of the aryl group with the lone-peir clectrons of the S atom, which results in the
Cope S bond on the side of the n.olecule that contains the nitro-group attaining
double-bond character. This view was consistent with UV spectroscopic studies on
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the analogous di-( p-nitrophenyl) sulfide [ 106] and implies that a comparatively high
energy barrier exists about the S-Cpyr—NO, bond. The dinitro-substituted com-
pound, however, was found to adopt a similar minimum conformation to that of
its parent compound, i.e. the ‘propelier’ structure, as did 2-pyridy! phenyl sulfide
[105].

The variation in the electronic distribution that occurs with the substitution of
sulfur’s functionality into the pyridine moiety and the effect of the relative ring-
nitrogen position in isomeric compounds have been largely unexplored, although
such sulfur-bridged compounds are extremely important in many biological pro-
cesses. Hence, in the case of the thiobispyridines, information on 1Es and the extent
of delocalization of sulfur lone pairs and/or n electrons is of paramount importance
for developing mechanisms that rationalize their biological activity.

A rigid-rotor model was shown to be reasonably successtul for predicting the
relative energies of conformers that are well removed from the planar states, while
a second model that involves the optimization of critical structural parameters was
shown to be more rcliable for the determination of global minima (see Section 3.3).
The tonger R ¢ bonds in the thiobispyridines alleviate some of the steric interactions
that limit the number of accessibie conformations in the corresponding oxybispyri-
dines. This cffect was studied by Dunnc et at. [21] using both the rigid-rotor and
optimized Fletcher-Powell (FP(opt)) modcls.

in the case of the thiobispyridines, all electron energies were computed using the
restricted HF method within the GAUSSIAN 86 suite of programs. and using the
interstal STO-3G* and 6-31G** hasis sets [42]. A rigid-rotor modet, in which the
inter~-ring bond lengths and angle were fixed at 1.74 A and 120°, respectively, was
used to gencrate the contour energy maps [21]. These parameters were chosen to
maodel reasonable barrier heights, despite the rigidity Torced on the strueture. The
geometry of the pyridine ring was the STO-YG optimized structure shown in §Fig, 2.

To study the effect of structural relaxition on the rotational barvier heights, the
inter-ring angles and bond lengths of a select group of conformers [21] were opti-
mized using the FP algorithm [50]. All possible rotational isomers of the structures
A, B and D (see Fig. 5) were optimized and the results are given in Table 8. In the
cuse of the C structures, the two twist angles (0, and 0,) were included in the
optimized variable set. A comparison of the barrier heights generated by the three
models (STO-3G*//vigid-rotor, STO-3G*//STO-3G* and 6-31G**//STO-3G*) is pre-
sented in Table 8.

The contour energy muaps predict that the minimum energy conformers have either
planar or near-planar structures, in the case of the 2,2 and 2,4 isomers. the A(0, 0)
conformer is the most stable, while the 2.3 isomer exhibits a local minimum for
this structure. It was shown for the oxybispyridines [22] that the A structures lay
70850 kJ mol ¥ above the minimum, so it is unlikely that the A conformers of the
thiobispyridines represent *true’ global minima. The contour maps [21] reveal that
very few conformations are aceessible to the thivbispyridines at ambient temperature
(l.e. those structures within 2.5 kJ mol '),

A comparison between the barrier heights trom the STQ-3G* ¢ rigid-rotor model
ard those optimized within the STO-3G*//STO-3G* moedel reveals that, in all cases,
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Table §
STO-3G* optimized bridge parameters and rotational barrier heights of thiobispyridines®
Conformer Ros (A) Aes.c (deg) Barrier height (k] mol * !}

Rigid rotor STO-3G*topt) 6-31G**

{a) 2.2-Thiobispyridive
A0.0) 1.768 £14.14 19.46 47.93 5201
A{180, 139) 1.783 123.91 86.43 99.65 81.52
A(D, 180) 1.770 115.45 0.00 2693 28.76
B(V, 90) 1.763 100.23 15.51 0.73 0.00
B(180, %) 1.766 102.96 15.70 7.21 1.51
C(343,123) 1.762 101.90 0.00 (.00 1.66
D90, 270) 1.776 97.72 3994 2100 10.83
D{90. 90) 1775 97.26 3419 13.50 0.16
(b) 2.3 -Thiohispyridine
A(0.90) 1.767 115.46 0.67 36.79 46.62
A(180, 180) 1.782 124.08 88.54 105.86 100,30
A0, 180) 1.768 113.36 1.19 36.82 46.81
A(186,0) 1.781 124.01 82.00 100.54 93.19
B(0, 2 1.701 100,94 7.76 0.0] 0.08
B{ 189, 90) 1.763 103.36 815 5.64 1.40
B(Y6, 0) 1.764 103.21 12.85 11.10 19.29
B(Y0, 130} 1.765 103.09 1595 1291 30.88
C(2,.90) 1.762 130.88 0.06 0.0 0.00
(%), J70) Lmn 97.88 8.9y 15.41 6.81
DAY, 90) 1.773 97 80 2170 13.84 4.60)
(@) 3.3 Thinbispyriding
A, M) 1.7 124.21 RO 7.4 YK.59
AR, [ 1.0 124.25 Hro| 116, 1 104 K6
ALRL 1Rt 171749 124.21 bl 131 .08 103.t4
Hit i) .70l 103,58 503 37 9.45
B{ 1RO, 40) 1.762 103.42 7.80 4.94 10.36
{40, 114) 1.76) 101.67 (.00 (LU0 0.53
D, 2T0) L7700 uR.47 2168 K48 1.04
190, Y1) LT 98.40 20.48 7.66 (.00
() 2.4 - Thiubispyridine
A0, 1.767 i15.27 0,00 31.50 34.03
A0, 18D) 1.780 123.88 80.64 97.01 #2.00
B, 90) 1.763 100.68 13.26 0.51 (L4}
B( R0, 90) 1.765 313 13.5¢ 6.18 .88
B(v0, 0) 1.763 103.04 13m 6.56 5.20
C2,121) 1.762 101.59 (.00 .00 1.95
DAL, 9 1774 97.52 Ivns2 14,50 4.0¢)
() 3.4 -Thiehispyridine
A0, () 1717 124.01 7592 95.03 90,18
A(1ED,0) 1.779 123,98 8067 99.79 97.94
B(0, 90) 1.763 103.46 4.36 8.02 14.16
B( 180,90} 1.764 103.36 12,15 (.73 15.68
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Table 8 (continued)

Conformer Reg (A) Acgc (deg) Barrier height (kJ mol ')
Rigid rotor STO-3G*(opt) 6-31G**

B(90, (1) 1.761 103.43 381 312 0.00
C{306, 147) 1.760 102.04 0.00 0.00 3.08
D{Y0, %) 1,772 98.05 2485 12.40 3.52
(F} 4.4 Thivbispyridine

Al 1.777 12383 72.61 93.57 80.71
B(9, 90) £.762 103.26 7.67 3.97 .33
C(317. 138y 1.761 102.03 03.00 0.00 .00
{90, 91) 1.773 97.74 28.53 12.76 338

* Raproduced with permission from reference {21].

the A structures have destabilized on optimization. The rigid-rotor value of the
inter-ring angle (120°) better represents the inter-ring angle of the optimized planar
A structures than those of the B-D conformers. The relative energies of the B, C
and D structures are towered more substantiaily on optimization than is the case
for the A structures (up to 50kJ mol ! in some cases). The trend in the energy
differences is sensitive to the changes in the inter-ring angle on optimization. The
energies of the D structures are lowered 1o the greatest degree, because their opti-
mized anghes lie furthest from the value of 1200 from the STO-3G*//rigid-rotor
madel,

Within the STO-3G*//STO-3G* moded, the minimum energy structures are no
longer the A structures but, instead, have become pseudo-B in character. Henee, the
observed stability of the A structares within the STO-3G*//rigid-rotor model arises
from the artificial constraints embedded in that model. The range of conlormations
within 2.5k} mol ' of the STO-IG*/STO-3G™ minima s still quite small but,
importantly, some B structures are now acgessible, opening & low-cnergy puthwity
to voncerted disyotatory rotation. The non-uniformity of the energy differences
hetween the STO-3G*//rigid-rotor and the STO-3G*//STO-3G* models highlights
the importance of optimizing the critical structure parameters.

Table 8 shows that, for all the isomers, the planar A 180, [80) structures have the
longest Re 4 bond lengths and the largest A - bond angles. The trans “butterfly’
structure (i.e. D90, 90)) possesses the most acute A g angle. In the D structures,
the  systems of’ the pyridine rings overlap “through space’, resulting in a reduction
in the A 5 ¢ angle. The minimum energy € structures have the shortest R, ¢ bond
lcn&.lhs. reflecting the minimization of steric interaction. For 2,2 -thiobispyridine,
the STO-3G* STOQ-3G* madel gives an R ; bond length and A ¢ inter-ring angle
of 1.762 A and 102, respectively, and these vidues are in reasonable agreement with
the corresponding experimental values of 1.786 A and 104 {102,103). The optimized
ving twist angles (8 and 0,) maintain an almost orthogonal attitude between the
ring planes. although only lor 2,.3-thiobispyridine is the € structure of the Morino
form.
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All the barrier heights calculated at the 6-31G*¥//STO-3G* level are reduced for
the B. C and D structures. while those of the A structures remain similar to the
corresponding STQO-3G*//STO-3G* values. The number of conformations accessible
at ambient temperature is now more numerous and. in particular, the B structures
have become more stable. The 6-31G**//STO-3G* model clearly indicates that the
minimum energy conformers are not planar and that energy barriers between 30
and 100 kJ mol ~! restrict interconversion to planar structures.

For the oxybispyridines (see Section 3.3), three possible rotational mechanisms
for conformer interconversion about the inter-ring bond have been outlined: a
conrotatory rotation of both pyridine rings through the A(0, 0) structure, involving
a zero-ring flip; a disrotatory rotation via the B(0, 90) or B(90, 0) structure, involving
a onc-ring flip; and a conrotatory rotation through the D(90,90) structure involv-
ing a two-ring flip. For all the isomers of thiobispyridine, the second and third
mechanisms are possible, because the 6-31G**//STO-3G* model predicts that the
barrier heights to some B and D structures are of the same order of magnitude as
the energy available from the ambient surroundings. The first mechanism must be
considered highly unlikely, because of the large barrier heights to the A(0.0)
structure.

Experimental studies on the thiobispyridines have focused on their dipole moments
{104-106). The range of accessible conformations will have a distinct effect on the
measured dipole moments. Table 8 indicates that a range of conformations arc
avatlable for these molecules at ambient temperature (i.c. alt conformations along
the tow-encrgy pathways between C and the B and D structures), whereas Table 9
fists the dipole moments for the A D structures caleulated using the theee models.
The STO-3G*//rigid-rotor and the STO-3G*//STO-3G* models yield simikar results,
whereas the 6-31G**//STO-3G* model predicts values that difler by up to 2 Debye
(12} from the STO-3G* resulbts, Green | 107) has concluded thi, at the HIY Tt
the error associated with the dipole moment of o neutral dintomic molecule with a
single sigma bond is of the order of 0.1 0.2 D, provided that a double-zeta basis
sel (augmented with polarization functions) is employed. The 6-31G** basis set is
closer o this criterion, although it is deficient with respeet to producing a reliable
HF limit. Furthermore, these molecules are not just sigma-bonded. Nevertheless,
the 6-31G**//STO-3G* dipole moments are the most accurate caleulated 1o date.

The variation in the dipole moments between the accessible conformers for this
model is quite marked, suggesting that attempts to interpret experimental dipole
moments in terms of a limited set of conformers may provide a non-unique solution.
In the study of 2.2thiobispyridine, Chachaty ¢t al. [ 104} interpreted the experimental
dipole moments in terms of a superposition of three “propeller-type” conlormers
determined from CNDO calculations. The 6-31G**//STO-3G* model for the C and
D90, 90) structures yiclds dipole moments of 3.9 and 3.7 I, respectively, and these
values are in good agreement with the experimentat value of 3.5 D. However, the
cqually probable B structures B(0, 90) and B(180, 90) have dipole moments of 2.9
and 5.5 1, respeetively, which are both well removed from the experimental result.
Hence, the agreement between the CNDO caleulations and the experimental findings
seems (o be fortuitous.
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Table 9

Calculated dipole moments of thiobispyridines®

Conformer Dipole moment {D)
Rigid rotor STO-3G* 6-31G**

2) 2,2-Thiobispyridine

A(0,0) 1.259 1.151 0.143
A(I80, 180) 4.062 4.161 6.064
A(D, 180) 2.464 2.799 4142
B(9,90) 1.681 1.719 2.868
B(180.90) 3.799 3677 5.52%
C(343,123) 2.464 2.407 3.868
D(%), 270) 3.699 3.638 5.131
D(%), 90) 1.824 1.729 3.658
(b} 2.3-Thiohispyridine

A0, B) 3z2n 3.293 3.052
A(180, 180} 3776 3.941 5.622
A(D, 180) 3.048 4.242 5.335
A(180,0) 0.200 0.380 1.464
B(0, 90) 2.632 2884 3.487
B(180,90) 2.658 2.379 3989
B(90, ) 2717 2400 2.394
B(90), 180) 4.564 4,281 5.707
C(2, 9 2900 2804 3443
P9, 270 3N Ny 43807
P, 9 2,070 2107 817
(e} 3.3 Thiohiypwridinge

Al 1706 1043 1186
ACIRD, 1RO} JASR 140 4.2
AL 1RD) P4 11y 2
B, #)) 2068 2941 24481
B30, 90) 2.7 1607 1037
C{d6, 34) 3.217 288} 1,780
(%), 270} 3,540 1618 4217
{90, 90) 0117 0.778 0.666
) 2.4 Thiohispyridine

A0, 0) $.2735 447 S0
A, 180) 241 2320 17
B0, 90} 3092 1419 3896
BO180, Y 1827 1.220 2853
B(ou, M) 4.147 3753 4400
Cr42, 121y 4273 1590 4105
D9, 90) AN 1004 m
(©) 345 Thiobispyndine
A3 1348 e 3.079
A{1B0,0) 0,372 0,589 1.761
B0, Wi am an 2.603
B 1RO, 9 0.969 U948 1.589
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Table 9 (continued )

Conformer Dipole moment (D)
Rigid rotor STO-3G* 6-31G**

B(90,0) 2.801 2.909 2.845
C(306, 14N 3.163 3.389 3.042
D(90. 90) 2.154 2.497 2.360
({') 4.4 -Thiobispyridine

A(0,0) 1.759 1.627 0.743
B(0, 90) 1.758 2.382 1.369
C(317,138) 1.652 2,361 1.224
D(%0, 90} 1.217 2,223 1.037

® Reproduced with permission from reference [21].

The more accurate hypersurfaces presented here suggest that the inclusion of
further conformers in the analysis would be appropriate, in conjunction with geome-
try optimization of each conformer at the 6-31G**//6-31G** level. The similarity
between the dipole moments of some € structures with those of A stiuctures shows
that dipolc moments are not diagnostic for the molecular conformations of the
thiobispyridines.

Only a small 1emperature dependence was noted in the dipole moment measure-
ment of 2,2-thiobispyridine, suggesting very little difference in the distribution of
conformers over an intervat of 20 K [104]. Assuming a simple Boltzmann distribution
between two conformations, then a conformer 10kJ mol ™' from the minimum
would represent only 1.2% of the population at 0°C, and 3.4% at 85 °C. States
within 1 kJ mol ! are more highly populated: 39.2% at 0°C and 41.7% at 85 °C,
85 "C is the average probe temperature at which the UPS speetra of the thiobispyr-
dines were recorded. It can be assumed that, over a range of 100 K, the population
of a particular conformer witl not change by more than 4%. In the UPS experiment,
temperature fluctuations are kept below 3 K, so that populations must be stationary
to within 19. Conformations with barrier heights of 20 kJ mol "' will contsibute
less than 0.15% to the observed spectra, so that bands that arise from planar
conformers are unlikely to be detected.

In summary, it was found that the predicted minimum structure was dependent
on the basis set and on the degree of geometric optimization [21]. Partial geometry
optimization produced a more sterically acceptable result, while the use of the
6-31G** basis set suggested that the potential energy surface was shallow in the
region of the non-planar states. Therefore, it is expected that the thiobispyridines
will adopt a wide range of conformations around a minimum point at ambient
temperature, with the planar states still inaccessible. It would also be predicted, as
was the case for the oxybispyridines, that bands that arise from different conforma-
tions in the UPS spectra will be indistinguishable.

Colonna et al. [29] assigned the Hel spectrum of 2,2 thiobispyridine using correla-
tions with thiophenol, thioanisole and dipheny! sulphide. The first band was assigned
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to ionization from an anti-bonding = orbital, which has maximum electron density
on the S atom, The second and third 1Es were assigned as ionizations from the ny
lone pairs (which are split by a ‘through-bond’ interaction), while the fourth, fifth
and sixth IEs were correlated with phenyl/pyridyl n orbitals of b,. b, and a,
symmetry respectively. The ~eventh band was assigned to a w-type MO with marked
S character, while the eighth band was associated with ionization from a o-type
S MO.

Hel/Hell cross-section ratios are an effective assignment tool for the location of
sutphur lone-pair orbitals {108}, The photo-tonization cross-section of a sulphur 3p
atomic orbital has been shown both experimentally {108] and theoretically {54) 10
be substantiaily reduced when compared with fonization from a carbon or nitrogen
2p atomic orbital on going from Hel to Hell radiation. Hel/Hell studics can
distinguish between ionizations from an MO localized on the sulphur atom compared
with ionizations from an orbital composed mainly of carbon or nitrogen p character.

As a result of the low volatility of these compounds, the spectra were recorded
by Dunne ct al. {23} using the solid inlet probe in the temperature range 330-355 K
[23], and the results were digitized for use in the density-of-states analysis and the
determination of the Hel/Hell cross-section ratios. Table 10 gives the relative Hel
and Hell band intensities. The s p separation rule [56.61] is used 1o predict the
number ol p-based bands below 18 ¢V: in (he case of the thiobispyridines, Eq. (13)
would predict 19 p-based bands and. with the corresponding s- and p-based cross-
overs, a total of 21 bands would be expected below 18 eV,

The seven lowest vertical TEs are disted in Table [, wogether with the compos-
ite. molecule model assipnments based on 1he cigenvilues and cigenvectors oblained
using the HE SCE STO-3G* and 6-31G** MO methods [ 23], The geometry of the
thiobispyridines used 10 the caleulations given in Fable 11 was the partially optimized
Morino structure, in whicly the ving planes are orthoponal and one ring lics in the
plane of the € 8 C bond angle. The conformational analysis presented above
reverled that, at ambient temperature, an array of conformers would be present, so
that assigning the spectra to the KA HE Uy of only one conformer represents i
approxination. However, the Morino steucture was shown earlier to lie within 4 kJ
mol ' of the $TO-3G* optimized minimum geometry, and the differcnces between
the KA HIF TEs of the Morino structure and those of the mtinimum energy structure
were found to be within the resolution of the spectrometer.

As can be seen from Table 11, agreement is poor between the experimental vertical
IEs and the absolute values ol the KA HE 1Es at the STO-3G*: STO-3G* level (as
showa lor oxybispyridines in Section 3.3), At this fevel, the caleukated HOMOS were
about 2eV lower in energy than the negative of the frst experimental 115, As
anticipated, the 6-31G** STO-3G* model gives a far better description of the lower
energy MOs and, for this veason, only the MO characters tor this model ase listed
in Table 11,

The interpretation of the UPS spectra of the thiobispyridines is comphicated by
the kerge number of overlapping cationic states and the possible presence of a range
of conformers. However, as shown above, the conformat onal analysis on the isomers
of thiobispyridines suggests that, within the thermat regime of the UPS experimeits,
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Table 10
Relative Hel and Hell band intensities and percentoge change of thiobispyridines®
Band 1E range (cV) Band intensity® Percentage change® (%)
Hel Hell
() 2.2 Thiohispyridine
1 7.8-88 0.838 0.767 —8.3
2 8.8-10.0 2.515 3.457 375
3 10.0-11.2 2204 3.073 39.4
4 11.2-11.9 0.973 0.792 —~18.6
5 119126 l.166 1.135 ~2.7
6 12.6-18.0 13,300 11.776 - 11.5
(b) 2. 3'-Thiohispyridine
| 7.9-8.9 LOIS W.895 =121
2 8.9-10.0 2.3 3250 36.6
3 100 1.3 23 3.361 239
<4 L3 120 1.024 084 - 332
35 120 126 1.371 1.203 o L
6 126 180 2495 FLou7 700
(©) 3.3 Thiebisprridine
| 7.9 9| 1.029 TRIE] - 11.2
2 9.1 105 3372 4.481 2.
3 LS 118 1.837 20H 12.7
4 LS 123 1.4063 (1,782 204
3 133128 1.120 1.095 22
h 125 180 1357 L1656 13
by 2 Fhiobigniding
i T9 Ky 1070 11920 - 5
; NY [} LR RE 4087 R
k] Iy 1S 1,987 2o 125
4 15122 1.E82 .22 135
5 1220840 13501 £2.6014 0.0
(&) 3.4 Hhinhispyridine
! 79 4 1.037 0994 4.1
2 2.1 104 338 4.672 447
k] .4 .t .o 1660 044
4 1.1 t1.7 (L8307 0.686 150
5 N7 124 .1 0900 12.8
6 124 150 13817 12028 129
() .4~ Thiohispyridine
| TH w2 §.000 1. 8y 18K
2 9.2 10.3 1915 4.031 383
3 0.3 Y (1 Y58 1.230 %4
4 1w 1.7 1017 H.920 LR
5 1.7 124 b2 o067 - RY
6 124 18.0 13,981 12980 -2

* Reproduced with permission from reference [23).
b Normalized to 21 bands.
¢ [(Hell/Hel ) 1] % 100,
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Table 11
Comparison of experimental vertical IEs with calculated Koopmans™ approximation [Fs of thio-

bispyridines*

Band Experimemntal 1E (eV) Calculated Koopmans approximation IE ¢¢V) MO character 6-31G**

STO-3G* 6-3EGH
(a) 2.2-Thiobispyridine
IE, 8.17 6.07 837 Me—hg
iE; 9.45 7.83 8.27 s,
IE, 9,73 8.49 i0.16 n,
E, 10.22 8.56 10.36 T
IE;  10.52 9.25 1113 Ty b1y
1E, 1147 8.98 11.33 .
1E, 12.28 8.90 11.38 fin
(b) 2. 3-Thiohispyridine
1E, 8.39 625 8.56 m,-lg
1E; 9.42 7.83 9.30 s,
B,  9M 8,49 10.17 4
1k, 10.23 8.67 10.46 Tty-Ng
TE, 10.52 9.50 1113 T+ N4+ Ny,
IE, 10170 8.96 11.52 IR P
K, 11.65 9006 11.55 Ny + Ny,
() 33 Thiobispyridine
1K, R.46 6.3 8.5] m, 0Oy
Ik, 949 R12 9.7 L PO
IE, 989 8,50 1018 m, 0,
i, s X 81 1002 i,
i, 10.03 922 L n;
I, HL49 gy 1157 in.
1, 1200 9 1] 94 (PRI
W) 24 Thivhispyridine
Ik, 833 6,32 8.0} m, Ny
W, 9.3t 8.02 9.3 ..
1L, 2,60 8.4 1300 R, Ny
15, 9.99 871 1.5} Ty
1E, 10,435 X1 11.29 Ny, - Wy
B, 1074 9.43 1138 LIS EN
1k, 119 9.1l AR Iy
(&} 3.4 Thiohispyridine
ik, 863 6,53 w04 o 0y
1%, 2.6] L 953 ..
I, 978 R DY) TN
1, 993 893 10,77 Tk iy
] A 10,67 w07 11.37 M.
Ik, 1105 VR 11.70 Ny

B, 1200 903 1210 R+ Mg
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Table 11 (continucd)

Band Experimental IE (eV} Caleulated Koopmans approximation IE ¢V} MO character 6-31G**

STO-3G* 6-31G**
() 4.4~ Thiohispyridine
1E, 8.71 6.61 2.10 Tig—Ig
IE. 9.57 8.25 9.59 ht
IE, 9.79 8.52 9.92 b
IE, 1008 8.65 10.66 Ty, -Rg
IE; 1055 9.12 11.43 iy,
IE, 1.1 9.45 11.79 .
IE; 1213 9.88 12,03 T+ 1y

* Reproduced with permission from reterence [23].

the distribution of rotamers would not change by more than 4%: moreover, no
significant broadening of the bands would be expected as a resuit of the presence of
approximately isocnergetic conformers. Hence, the use of & composite-molecuie
model based on the Morino structure for the thiobispyridines is appropriate for
UPS interpretation.

The STO-3G*//STO-3G* model yiclds poor 1E distributions below 18 ¢V when
compared with the density-of-states analysis. Typically, eight bands are predicted
above about 11.5eV (with one {E below about 7.8 ¢V), which contrasts with the
six  bands obtained using the  density-of-states  analysis. In  contrast, the
6-3G**/STO-3G* model yiekds § 6 1Es below about 11,5 ¢V, which is in better
agpreement with the experimental findings. Nevertheless, the variation of this modet
from the experimental fimdings can be aseribed 1o the poor positioning ol ng MOs,
amd (o two cross-over s-based and two p-biased MOs (these four MOs being predicted
above 1R ¢V), The overkapping bands centred around 10 eV are not well reproduced
by the caleulations; instead, the 6-31G**/8TO-3G* model places the ny orbitals at
about 11.5 ¢V,

A more accuriate positioning of the ny orbitals can be achieved by correlation
with the ASCF- CI caleulations on methyithiopyridines. As a result of the lecalized
nature of the MOs in the thiobispyridines, it would be expected that the valence
MOs of the methytthiopyridines would mirror those of the larger molecules. The
ASCF -C1 method at the MP2/3-21G* level placed the ny orbitals at 9.68, 9,74 and
9.35 ¢V for 2-, 3- and 4-methylthiopyridines, respectively, while o similar calculation
on pyridine yields an E of 9.78 ¢V for the ny orbital. Thus, the ny orbitals for the
thiobispyridines should be at 113 vatues much lower than the approximate value of
11.5 eV predicted by the 6-31G** model.

The 6-31G**/STO-3G* model predicts that, for all the thiobispyridines, there
are seven fonic states between 8.0 and 12.5 ¢V (as shown in Table 11}, The calcula-
tions assign jonizations from an anti-bonding orbital with considerable clectron
density on the $ atom: a group of three n orbitals with little S character; a bonding
S 1 orbital; and two delocalized ny orbitals. The ordering of these lust three orbitals
is isomer specific. The non-planarity of the thiobispyridines invalidates ¢ and =
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labelling: however, within the composite-molecule model, such labelling is appro-
priate. The STO-3G*//STO-3G* model predicts a similar IE sequence. The predicted
IEs for this model are shifted to lower energy levels, so the more extensive
6-31G**//STO-3G* model was used for the MO analysis,

1t would be anticipated that bands that correspond to ionization frow. the primarily
pyridyl n-based MOs should exhibit a relative enhancement of intensity, whereas
ionizations from predominantly localized in-plane N and S lone pairs should exhibit
a reduction on changing from Hel to Hell radiation. Extensive mixing of lone pairs
with 7 or o systems of the pyridy! rings reduces the overall percentage change.

All the isomers between 8 and 9 ¢V exhibit a single IE, and Table 10 indicates a
general reduction of 4%-23% on changing from Hel to Hell radiation. However,
refative to the ‘pure’ = orbitals, these reductions are of the order of 40%--609%.
Typically, localized S lone pairs exhibit relative percentage changes of 60%-70%
{108]. Hence, the intensity variation is consistent with the 6-31G**//STO-3G*
description of ionization from a ng-ng MO and suggests that the sulphur lone pair
is substantially delocalized with the n system of the pyridyl ring.

The region 9-10.5 ¢V contains three bands that exhibit marked intensity enhance-
ment of greater than 30%. which typifics ionization from delocalized ny and n-based
MOs. The MOs calcutated at the 6-31G** leve! predict that the ny orbitale are quite
delocalized (which is consistent with the calculations of Del Bene [31] and Dunne
et al. [21]), so will undergo only a moderate change under Hell conditions.

Examination of the 6-31G** MO coefficients reveals that & bonding with the S
atom is dominated by the pyridine ring coplanar with the C 8§ -C angle, while the
other ring exhibits localized, almost unperturbed “pyridine’ MOs. Therefore, it is
tcasonable to assign the ny 1Es of pyridine and the methylthiopyridines to the
appropriate thiobispyridine orbitals. The differences between the experimental ny
and ny, orbitals and those determined at the ASCE O leve! are shown in Table 12

Tuble 12
Differences between the experimental ny and ny, assignpments and the ASCE €1 predictions ol thio-
bispyridines®

Isomer Experimental 1E (V) Exp. ny-ASCE® Exp. ny - ASCE
Ny Nx.

228 9.43 9.73 0.23 0.0%

338 9.42 97N 0.26 0.u?

338 949 289 023 anl

248 oM 4,60 0.37 0.8

Y48 2.01 918 0.2a 000

448

937 9 o ol

* Reprontuced with permission from reference {23),
® The difierence hotween the experimenty) ny, MO assignment for the caplanar ring and tat predicted
by the ASCF €1 model for the corresponding methylthivpyridine.

* The difference betwoen the experimental iy, MO assigniment for the non-cophaar viog and that predicied
by the ASCYF- CI mode! For pyridine.
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The fit ot these ASCF-Ct 1Es to the experimental 1Es is quite good. with average
ervors of 0.25 ¢V and 0.08 ¢V for the ny and ny, MOs respectively.
The preferred IE sequence for the thiobispyridines in the region 9-10.5¢V is

Ny ~ gy, < T — Ofg

where & indicates a smaller contribution. This 1E sequence is consisient with the
Hel and Hell analyses of the methylchaicogenopyridines (see Section 3.2) and the
oxybispyridines (see Section 3.3), and with the Colonna et al. [29] assignment of
2,2-thiobispyridine. However, it should be stressed that an unambiguous assignment
in this region is difficult, as a result of the mixing exhibited by these composite
orbitals.

In the region 10.5-11.5 ¢V, there are two bands that exhibit significant tatensity
enhancement for all the isomers. The 6-31G** model gives a small ng contribution
to these orbitals via the p and d polarization functions. vhich is consistent with the
intensity variations for n-based MOs, in which the ng contribution is indeed smalk.
Hence, the preferred 1E sequence in this region is

I, ~— ONg < iy~ g

which also correlates with the corresponding oxybispyridine unalysis.

The TE- band shows sigaificant intensity reduction on changing from Het to Hell
radiation. suggesting a greater ng contribution than for 1E, . Hence, the preferred
1L sequence for all the isomers of thiobispyridine is [23]

Ty NNy~ Ny <0 T - ONg <0y g < Ty - Oy < 1, -+ g (16)

The restriction of inter-ring conjugation in these molecules is also demonstrated
i their UV absorption. Comparison ol the speetran of the methylthiopyridines with
those of the bispyridines reveals no evidenee of greater conjupation in the bispyridine
spectra, The UV speetra of the thiobispyridines resemble @ saperposition of the UV
spectra of the corresponding methylthiopyridine and pyridine itselt. Hence, the
symmetrical thiobispyiidines (i, the 2.2, 3.3% and 4.4 isomers) should mirror the
pyridines and,or methylthiopyridines m theis UPS assignment, because the #eyy 1Bs
are typically positioned above 13¢V [64]. Fig. 10 shows a correlation diagram of
the experimentat vertical 1Es of 3,3-thiobispyridine, using the assignment given
above, with the assignments for pyridine [109] and 3-methylthiopyridine, and MOs
stracted from the 6-31G**//STO-3G* models for pyridine, 3-methylthiopyridine
and 3,3 -thiobispyridine. Similar correfation dingrams can be drawn “or the 2,2% and
4.4"-thiobispyridines, giving weight to the 1E sequence mentioned above.

The correlation of the UPS spectra of the asymmetrical isome:s of thiobispyridine
with the appropriate methylthiopyridines is more complex. The position of the ring-
nitrogen must he reflected in electronic redistribution when compared with the
pyridine moiety, The 6-31G**//STO-3G* model suggests that conjugation with the
sullur atom is dominated by only onc of the rings, so that tiir S 1 MOs of that
thiobispyridine have their origins with those of the dominant methylthiopyridine.
Henee, correlation with respective monomers is appropriate. Fig. 11 shows a corrcla-
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Fig. 10, Corfelation dingram of the experimental s of 3, 3-thiobispytidine with those of pyrdine and
J-methylthiopyriding. Only significant contributions to the MOs are shown. Reproduced with permission
from reference (23],

tion diagram of the 2- and methylthiopyridines with 2, V-thiobispyridine (in which
the sulphur interaction with only the dominant methyithiopyridine is shown). Simikir
coreelations can be made for the 2,4% and 3 4 -thiobispyridines.

3.5 Selenobispyridines

Poirer and Caizmadia {110] have documented the very few tructable basis sets
available for Se. Apart from the STO-3G* minimal basiy set of Popie and coworkers
{111, the tvo most commonly used basis sets are the minimal basis set of Huzinaga
and coworkers (denoted by MINI-1)} [112] and the split valence (1258p5d ) Ssd4p2d )
set (denoted by LWD) {84]. The first two of these basis sets aee available for
tydrogen, carbon and nitrogen. whereas the third basis set is only availabie for Se.
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/l Z /I \S\CH;,

Fig. 11 Correlntion diggem of the experimental s of 2,3 thiobispyridine with those of 2= and
J-methyhhiopyridme. Ounly signtlicant contetbutions to the MO3s are shown, Reproduced with permission
from relerenge [23].

Therelore, to use the LWD basis set in the selenobispyridine calculations, basis sete
of a similar size have to be found for H, C and N, because comparative studies
have shown [113] that, as a result of a superposition error, unbalanced basis sets
often give poorer results than do balanced sets. The internal 6-31G** is a split
valence basis set { 114] of comparable size with the LWD basis set for H, C and N,
$0 was used in the MO calculations of the selenobispyridines [25]. It is denoted as
the (6-31G**//LWD) basis set.

The ab initio energies were computed by Dunnc et al. [25] using the restricted
HF mecthod within the GAUSSIAN suite of programs [42] and employing the
mternal STO-3G* (C, H, N, Se), 6-31G** (C, H, N) sets, and the MINI-1 and
LWD basis sets (Se). The importance of the optimization of the critical structural
parameters has been highlighted above (see Sections 3.1-3.4). To further the study
of the barrier heights to free rotation in the bispyridine family, a scries of optimiza-
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tions were carried out for inter-ring angles and bond lengths at the STO-3G*, level
for all rotational-distinct A-D conformers of the selenobispyridines [25].

The STO-3G(*) basis set has been largely untested for organic molecules that
contain Se atoms, although Poirier and Csizmadia [110] have detailed that. on the
basis of comparisons with experimental findings for six molecules, the mean absolute
deviations given by the STO-3G*//STO-3G* model for the bond lengths and bond
angles are 0.01 A and 1.1° respectively. For the same molecules, the mean absolute
deviation of the dipole moment when compared with the experimental findings is
0.51 D. The barrier heights for the seleno-bispyridines (calculated using the
STO-3G*//STO-3G* model), along with the optimized Re_s. and A g, ¢ values and
corresponding dipole moments, are presented in Table 13.

In general, the barrier heights of the A-D conformers of the selenobispyridines
have been reduced in comparison with their thiobispyridine analogues (sec
Section 3.4). The number of conformers accessible at ambient temperature has not
changed markedly {or these congeners. The predicted minimum cenergy structures
(C) are very similar to those of the thiobispyridines. Le. cither propeller-type or
pseudo-B-type geometrics, The similanty between the barrier heights of the thio-
and selenobispyridines is not unexpected and reflects the delicate balance between
the inter-ring bond angles and bond lengths, Because the optimmized R . vitlues are
approximately 0.12 A fonger than the corresponding R parameters, it wouid be
anticipated that a reduction in the barrier heights would result. However, the
Aeso ¢ angles are reduced by 1 3 in comparison with their thiobispyridine cquiva-
lents, so increasing steric hindrimee and reducing the eflect of the longer R g
honds [25].

The trends in the optimized structural parameters itlso mitror the resalts ol the
thiohispyridines, The D conformers possess the most acute interring angles, because,
in this conformution, sterie hindrance in the € S¢ € plane is at & minimom, The
shortest Ry o, bond lengths are exbibited by the € contormers. while the A conlorn.
ers conttinue to exhibit both the longest R o bonds and the widest A g, - angles
to wlleviate stevic interactions within the molecular plane, The variation in the bond
fengths between all the conformers is only 0.027 A, while the inter-ring bond angles
vary by up to 257, again highlighting the importance of the optimization of the
ntersring angle,

For the oxybispyridines and thiobispyridines, three possible rotation) mechanisms
for conformer interconversion about the inter-ring bond were outlined (see Seetions
3.3 and 3.4). For the selenobispyridines, the STO-3G*//STO-3G* model predicts
that the barrier heights of the B and D structures are within the same order of
magnitude as that of the € structures. Whike this model was wnable (o distinguish
between the second and third mechanisms, the relatively large barrier heights to the
A, 0) structure make the first mechomsi highly unlikely for the sclenobispyridines.

The dipole moments caleulated using the STO-3G*,$TO-3G* modet are also
presented in ‘Fable 13, A variation ol up to § D exists between some of the conform-
ers, und the general trend follows that ol the thiobispyridines, The dipole moment
is again not a dingnostic for the minimum energy structure. because the € structures
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Table 13
Optimized paranwters, burrier heighis and dipole moments for the A-D conformers of the seleno-
bispyridines®

Conformer R (A) Aesec (deg) AE (k} mol ™) Dipole moment (D)
(a) 2.2-Selenobispyridie

A(0.0) £.894 111.09 37.69 0.205
A(180, 130} 1.908 121.01 8443 5.434
A0, 180) 1.895 11192 2254 3.720
B(0, %) 1.887 98.12 0.80 2.514
B(180. 90) 1.889 101.14 10.19 4.845
C(16, 66) 1.890 98.48 0.00 1.721
D90, 270) 1.893 96.32 17.80 4,596
D90, 90) 1.892 96.29 10.80 3.299
(b) 2.3-Selenvbispyridine

A(0,0) 1.890 112.38 28.82 2.602
A(180, 180) 1.903 121.26 89.91 5.019
A, 180} 1.891 112.20 28.60 4.729
A(180.0) 1.902 121.27 84.78 1.424
B(0. 90} 1.882 98.88 0.02 2,950
B(130, o) 1.884 101.44 8.68 3.442
B{, 0) 1.884 101.35 13.04 2.067
B(90, 180) 1.884 101.1Y 14.87 4917
€2 89) 1.882 98.88 0.00 2880
D90, 270) |.887 97.13 1291 4.248
190, 91) 1887 96.94 11.38 2.585
() 33 Selonmahispyriding

AL 897 121.52 7803 281
ALIRY, |8t 1.a9% 1153 Ro.6) 1703
Al IRl ] 121,50 8174 L.HRO
By, 90) 1870 101 88 JH7 214
B 180, 1) .87 HL.68 4,10 3060
€50, 50) LEM 99,39 L 1321
Bx90, 270) 1.582 97.60 13 1623
tH Y0, vh I.882 v7.59 252 {1045

() 2 -Nelewobispyridinge

AL, ) {891 112,10 23.74 4,308
AU, 180) §.o42 121.03 81.89 1,262
B0, 9 1.884 98.64 0.00 3.8l
B( 180, 90)) 1.886 t01.35 8.73 2.540
B9, 0) 1.885 101,28 9. 10 3716
CL35, 92} 1.884 98.56 (.00 N
(913, Y0 i.%89 96.0635 1i.69 1251
{3 3.4 -Selenobispyridine

A0 1.897 121.25 76,71 2.408
A(180,0) 1.897 121.29 8100 1.693
R(0, vi¥) | 881 101.068 5.4 2,232
B( 180, 90) 1.882 101.40 6,62 1.394

B(90, 0} 1.879 101.62 (.84 2.337
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Tabile 13 {continued)

Conformer Rese (A) Ac s ideg) AE{k) mol ™) Dipole moment (D)
C(300, i46) 1.879 99.82 0.00 2.480

D(90, 90} 1.884 97.30 4.96 1.993

(F} 4,4"-Selenobispyridine

A{0, 0} 1.897 121.07 74.94 0.574

B(0), 90) 1.883 101.40 236 1.102

C(45,45) 1.881 99,74 0.00 1.022

{96, 46) 1.886 97.02 6.31 0.805

* Reproduced with permission (rom reference [25].

share similar dipole moments with conformers supposedly restricted on barrier
height concerns.

The basis set employed had a significant cffect on the charge densities on the
atoms surrounding the selenium functionality. Both atomic selenium and carbon
possess Allred electronegativities of 2.55 [88], so it would be anticipated that there
would not be a large disparity in the electronic distribution around the C-Se bonds.
The minimal STO-3G* set, which includes d polarization functions on the heavy
atoms, predicts that the selenium atom in the sclenobispyridines is electron rich.
(See Table 14 for the charge distributions of 2.2 and 3,3-selenobispyridine
caleulated  using  the  STO-3G*/STO-3G*, 6-31G** MINE-1/STO-3G*  and
6-31G** LWH/STO-3G* models [25].)

The MINEJ set [112] predicts the selenium atom (o be electropositive (about
th1e), winle the extended LWID basis set |84] (simikar 10 the STO-3G* set) predicts
it to be electron vich by 0.1¢. The MINE-T set is o minimal {4s3pld] basis set, so it
does not possess polarization functions. Using it i conjunction with 6-31G**
functions on the C, 1 and N atoms results in a withdrawal of electrons by the
polurizittion functions on those atoms from the selenium centre, as a result of basis
set imbalance. Slmilar to the 6-31G** basis set, the LWD basis set is also  split
valence basis set. Thus, commensurate with the STO-3G* model, the more extensive
but balanced 6-31G**-LWI) moded predicts that the selenium atom is electron vich
by O.le.

It was found in 6-31G** caleulations on the thiobispyridines that the sultur itom
in these molecules became electropositive (about 0.2¢), despite the greater electroneg-
ativity of the sulfur atom (Allred value of 2.58 {88]). Favourable overlap within the
composite molecule mode! results in a et tansfer of clectrons from sulfur 3p
orbitals into the delocalized r-type MOs of the thiobispyridines. The first 1E of
selenium’s functionality reduces the contribution of seleniwm eleetrons to the bonding
MOs of the selenobispyridines, so that the selenium atom retins its electron-rich
pature, desprie having a similar electronegativity 1o that of carbon. Based on these
considerations, Dunne et al. {25] believed that the LWD hasis was the most reliable,
5o used B for the MO analysis of the selenobispyridines.

Cunletd and Distefuno [115] have reviewed the literature on UPS studies on
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Table 14
Comparison of charge densities for 2.2~ and 3.3 -sclenobispyridine?
Atom Charge density (e)
STO-3G* 6-31G**-MINI-1 6-31G**-LWD

() 2.2-Sclenobispyridine
N, —0.245 -0.520 —0.579
C, 0.122 (.059 0.288
C, —-0.673 -0.121 —0.177
C, —0.043 ~0.074 -0.074
Cs —0.077 -0.220 —-0.221

T (3.040 0.145 0.144
Se -0112 0L —0.0%9
N, —0.220 —0.448 -0.511

3 0.123 —~0.040 0211
L —~0.054 —0.040 —-0.124
C ~0.049 ~0.092 —0.091

: ~0.066 -0.196 —0.197
C, 0.036 0.119 0.120
(b 3.3-Selenobispyriding
N, - 0,231 ~0.531 - .533
C, 0.030 0.194 9.126
¢y 0.0 ~0.300 - 0.062
C, - (L0530 - 0018 —~ (L0735
Cy - 0.067 -0,192 - {93
Ca (TRTRH] ISR (L3
Se -0 0.1 ~(AMT
N; 23S (.533 {1.530
G 0.047 0.256 0.179
L -0.00) 0,164 . 190
L VRTRI 0.054 (1025
£ SEINI YR 0.200 0,206
L 0,043 134 A RE

* Hydrogens are not included. Reproduced frow permission Trom reference |25}

organo-sclenivm compounds. While few studics have been reporied on systems that
contain sclenylpyridine groups, there have been several studies on the refated alkyl
phenyl selenides and diphenyl selenides [116- 119]. The conformations of the diphe-
nylchalcogenides ( PhXPh) and some chalcanthrenes have been investigated by means
of UPS, as well as theoretical computations by Traven and coworkers [120,121].

The Hel and Hell spectra of the six isomers of selenobispyridine were recorded
under similar conditions to those of the thiobispyridines [25]. The spectra were
calibrated using butadiene-argon mixtures. The Hel and Hell spectra were digitized
for use in the density-of-states analysis [ 56,611 and the determination of the Hel/Hell
cross-seetion ratjios. These are given in Table 15.

The interpretation of the UPS spectra of the selenobispyridines, similar to that of
their lighter congeners, is complicated by the overlapping of cationic states and the
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Table 15
Relative Hel and Hell band intensities and percentage change of the selenobispyridines?
Band IE range {eV) Band intensity Percentage change® (%)
Hel Hell
{a) 2,2'-Selenobispyridine
| 7.00-8.60 1.326 0.711 —46.35
2 8.60-9.84 2.883 2.986 3.55
3 9.84- 10.88 2712 2.899 6.92
4 .88 -11.65 1.19 0.970 - 1851
5 11.65-12.34 1.242 1.014 —18.34
) 12.34-18.00 H1.646 12.419 6.63
(b 2.3-Selenobispyeidine
{ 7.00--8.63 1.220 0.892 - 26,89
2 8.63-9.80 2.701 341 26.27
3 9.80 10.90 2.806 2.865 2.08
4 10.90-11.74 1.131 1.048 ~7.38
5 11.74 1238 1113 0.849 - 23.70
) 12.38 18.00 120258 11.935 -0.77
(¢} 3.2-Selenabispyriding
1 7,00 RYs 1.235 0.088 ~44.26
2 893 10032 lad} 478 29.47
3 032 11.27 1,943 2185 12.45
4 1127 1196 1014 0973 - 4.8
A A 1253 1.4 0.876 - 16,03
O 135} 1800 (AR 11.504 - 4,60
(Y 2 A4-Nedenashoperndine
1 T H 87 | R0} 0,708 MLsu
2 8.87 .94 aaan RIVATT w7
i B9 108 I 106 1 542 W]
4 {038 11,20 R R B2 4900
§ 11.20 11,90 4929 0.663 - 8
0 1180 {800 14159 13208 ~6.12
{0} X4 Selenobispyevidine
i 7.00 9.03 1149 749 SR YR
2 908 {32 A1) ERE ) nn
3 LAY 1078 0,890 1.4674 {v 86
4 10,78 11.36 0844 0.781 - 7147
5 L6 1208 IR 303 N BT
b 1208 18.00 11953 13,358 - 4260
() 4.9 Selenabispyadine
| T w2 1183 075 3608
2 212 0.4 RN ¥i{ 4,598 4480
3 W WM tRRE 159 RIRE
4 0w 1 0,593 1,883 - 12
5 1030 12414 (.7 10,769 w13
o 1214 1800 1403 12836 S A

L

* Reproduced with permission from reference {25].
P [tHel Hel) - ]~ 100,
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possible presence of a range of conformers. It has been shown previously that the
distribution of rotamers would not change by more than 4% within the thermal
regime of the UPS experiments. The preceding conformational analysis on the
selenobispyndines showed that the barrier heights to the Morino structure are smali
with respect 1o the minimum energy structure. It is reasonable, therefore, to use the
B structure for the interpretation of the UPS spectra of the selenobispyridines,
because the orthogonal nature of the pyridyl rings greatly simplifies the analysis,

The STO-3G* 1E distribution (given in Table 16) overestimates the number of
valence orbitals when compared with the experimental density-of-states analysis (as
shown in Table 15 under the Hel band intensity)., because it shifts most MOs
approximately 1eV below their experimental values. The 6-31G**-LWD and
6-31G**-MINI-I modeils do not reproduce the experimentad results welt either,
typically predicting 4--5 bands in the outer valence region. where experimentally 6-7
bands are expected. As has been shown above, the poor positioning of the ny MOs
by the KA-HF models causes the theoretical IE distribution to be deficient in the
region around 10 eV, For example, the 6-31G**-LWD model set the ny MOs in the
range 11.1-11.8 ¢V,

As shown in Table 16, the KA/(6-31G** LWD) model reproduces the experimen-
tat IEs better than do the other models, The LWD model predicts seven ionic states
hetween 8,00 and 12.50 ¢V, corresponding to ionizations from an anti-bonding
orbital with considerable electron density on the S atom; a group of three r orbitals
with litde Se character: a bonding Sc n orbital: and two delocalized ny, orbitals. The
ordering of these last three orbitals was found to be isomer specitic. The ordering
ol these orbitals mirrors that displayed by the thiobispyridines, as would be expected
on clectronegativity grounds. Compared with the sulphur atom, sclenium has a
considerably lower first 1onization energy, so its degree of interaction with the
pyridine MOs and the shiflt of those Se-containing MOs will difler from the behaviour
ol their thio- anadogues.

The order of MOs in the 6-31G* caleukations on the thiobispyridines s sumilar
o that displtyed by the 6-31G** LWD modet for the selenobispyridines, The
dilferences result from the low energy shifts of the bonding Se n orbitals either
below or between the ng MOs. The anti-bonding Se -t orbitals also shift to a similay
degree but, because they are the HOMOs, there is no effect on their relative positions.
A comparison between the sulfur-based anti-bonding and bonding MOs IEs (as
caleulated using tiie 6-31G** STO-3G* mode!) and their selenium equivalents
revealed that a shift of 0.15-0.30 ¢V 1o a lower energy level had occurred in the
molecules with sclenium, whereas the ‘pure’ ring-based orbitals showed shifts of
only about 0.05 ¢V, The effect on the ny MOs was less predictable in magnitude
but. in all cases, a shift (o lower IEs was observed.

Table 15 gives the relative et and HeH band intensities, and the pereentage
change. Bands that arise from ionizations from Se-based MOs should exhibit a
reduction on changing from Hel 1o Hell sadiation. Extensive mixing of lone pairs
with the pyridine © or e system reduces the overall percentage change. All the
isomers of sclenobispyrdine exhibit a single M in the region 7.9 -8.7 ¢V, which
exhibits a reduction of 27%- 47% on changing from Hel to Hell radiation. If we
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Tablc 16

Experimental and calculated 1Es of the selenobispyridines®

Band Experimental IE (eV) Calculated IE (eV) MO character
STO-3G* MINI-1 LWD

{a) 2,2'-Selenobispyridine

i 7.95 6.81 8.22 8.18 Tg—tig,

2 9.35 8.14 9.36 .3 s,

3 9.55 8.72 10.21 10.17 T,

4 9.74 8.79 10.34 10.29 Ty +dng,

5 10.06 9.19 10.87 10.81 3+ Ny,

6 10.39 9.26 11.06 11.13 Ny + Ny, + Ay

7 11.23 9.52 11.30 11.28 Ny -+ iy,

(b} 2.3-Selenobispyriding

) 8.9 6.99 842 8.38 L (T

2 9.25 8.15 92,37 9.33 Rs.

3 9.51 3.7 10.23 10.20 Ry

4 977 B9 10.44 10.39 Ry + S,
5 499 9.18 10,99 10.94 3+ Mg,

6 10:.33 9.40 11.23 11.27 Ny + N+,
7 11.35 9,76 1143 11.41 N+ Oy, g,
() 3.3-Selenobispyriding

1 R.36 704 8.41 R.36 1, Ny

2 2,56 R 45 9.75 972 Ry,

3 9,9 8,80 10,20 10.15 n,

4 .10 904 162 0.6 .

5 10.54 947 11.38 (RIRA Ky b,
[ 10,79 433 ils 4R My

7 1170 1003 1 LT Hyy.

() 2 - Selenohispyriding

| 830 708 8.50 R.b Mo Ny,

2 9.41 820 .35 .32 .,

3 9.1 LY 1014 i 1.

4 1004 R4 140.50 144 M,

5 10.57 9.22 . 1105 Myt Iy,

0 10,82 LN il 1.2 iy,

? 11.6] 9.73 1144 (RIE N Ity

(€} 34 Selenobispyvidine

| 347 19 Y83 b | T, Ny,

2 Y.45 843 )62 ) ShH ..

3 9.1 S0l 19 VRS f,

4 (FERIX] Gle 10,27 175 0y o+ BN,
8 149,58 RRR 1137 .34 Ny, b Oy,
0 JIRS) 9.0 P60 11.54 M + G,

7 11.75 10.20 LS4 11.82 Ny oy



S.J. Dunme et al. ¢ Coordination Chentistry Reviews 165 ¢ 1997 | o2 !

Table 16 (continued)

Band Experimental IE {¢V) Caleulated 1E {eV) MO character
STO-3G* MINi-1 LWD

(f) 4.4"-Selenobisprridine

H 8.61 7.36 8.93 8.89 L T

2 9.54 847 2.66 9.60 s

3 9.80 8.68 9.94 9.90 T,

4 10.05 9.03 10.64 10.63 Ty, + Ofg,

5 10.50 9.40 11.45 TE41 Ry

6 10.89 9.64 1L 11.68 T+ Ny,

7 11.89 10,47 11.76 11.74 Ry, + 80,

* Reproduced with permission from reference [23).

express this change relative to that exhibited by the *pure’ n bands, then the reduction
in intensity becomes of the order of 50%-80%. This results from the greater reduction
in the photo-ionization cross-section of the Se 4p atomic orbital under Hell condi-
tions, and the greater contribution of the Se electron density into this anti-bonding
orbital, caused by the fower first 1E of Sc. The band assigned to the bonding Se n
orbital exhibits a 19%-29% reduction in absolute terms and a 25%--78% decrease in
relative terms, which suggests either a lower Se content or a greater degree of
delocalization. The size of these reductions is consistent with the MO analysis of the
(6-31G** L.WD)/STO-3G* model for the non-planar B peometry {25].

The region between 9 and 10.6 ¢V contains several bands that exhibit marked
intensity enhancement under Hell conditions, which typities ionization from delocal-
ized ny and r-based MOs. The 6-31G** LWD model predicts that the ny orbitals
are quite delocalized, so that they will undergo only a very moderate change under
Hell conditions, making unambiguous detection diflicult, especially considering the
degree of overlapping in this region. It was shown previously that CI methods were
necessary to obtain reasonable 1Es for these ny MOs. KA HE models provide good
assignments for benzene-based aromatics, but their suceess has been shown to be
limited with pyridine systems. This stems from the difference in the character of the
ny MO: a o-type MO for which both correlation and relaxation processes difler
from those of the n MOs.

The ASCF-C1 method allowed only the calculation of the IE of the lowest MO
in cach symmetry specics. However, this did allow the accurate determination of the
first % IE and the 1E of the ny, MO. While such calculations are not feasible on
molecules as large as the selenobispyridines, the localized nature of the selenobispysi-
dine MOs should allow a ‘pood’ correlation between the selenobispyridine ny MOs
and those calculated for pyridine and the methylselenylpyridines at ihe ASCF Cl
tevel. The first I8s for 2-, 3- and 4-methylselenyipyridine were calcutated to be 8.35,
8.66 und 8.98 cV respectively (see Section 3.2). In comparison with the first 1lis of
the appropriate selenobispyridines, these values are in *poorer’ agreement than those
predicted by the KA/(6-31G**-LWD) model. This may be as a result of the disparity
beiween the basis sets utilized in the ASCF-C1 calculations (3-21G* for C, H and
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N, and LWD for Se). The usefulness of Koopmans’ approximation for the determina-
tion of IEs for n-type MOs is again shown, provided that basis sets of sufficient
quality are used.

The 1Es for the ny MOs of pyridine and 2-, 3- and 4-methylselenylpyridine were
found to be 9.78,9.71, 9.75 and 9.37 ¢V, respectively, by the ASCF-CI model, which
is in much better agreement with the experimental findings than the values predicted
by the KA-HF models (11.2-11.7¢V). The differences tetween the experimental
1Es for the ny MOs and those predicted by the ASCF-CI model are less than 0.4 ¢V,
and are more commonly of the order of 0.2 ¢V. 1t is anticipated that, with the usc
of larger basis sets for the C, H and N atoms, this difference would contract. Thus,
in the assignment of the UPS spectra of the sclenobispyridines, these ASCF ny MO
IEs were used by Dunne ot al. §25], in place of the KA -HF assignments. A serics
of three m orbitals with little Sc characier are also expected to lic in the region
9.0 11.0¢V, making the preferred I sequence for the selenobispyridines in this
region

NN~ Dy, < T Bllge < g = QMg 2 Ty — BN,

This assignment is consisicnt with that of the oxy- and thiobispyridines (sce Sections
3.3 and 3.4), but it should be stressed that an upambiguous assignment in this region
is diflicult, because of the mixing exhibited by these composite orbitals,

In the region 11,0 12.0¢V, there is a band that exhibits a significant intensity
reduction on changing tront Hel to Hell radistion, suggesting o greater ny, contribu-
ton than that of TE, .. This band is assigned to 1he bonding S¢ rorbitd 1E,. THenee,
the preferred vilence 1E sequence for all the isomers of selenobispyridine is

ﬂ.'n "5{. . "'\J . l‘l-\, = ﬁ-‘ ﬁl\_-,.. - Ii,. (\I\"t“, R | ﬁ“tw v f[; { "M_. ( I 7'

which is identicad 1o the assignment for the thiobispyridines.

Fig, 12 shows a correlation dingram of the experimentad veeticad 1Bs of 2,2
selenobispyridine (using the ahove assipgnment) with the assignments {or pyridine
ind 2amethylselenylpyridine. The MOs are extracted from the 6-31G** WD model
of 2.2-selenobispyridine. The observed correlation is good and supgests that extens-
ive delocalization does not oceur in these molecules. Similar corselution dingrams
can be drawn for 3,3% and 4.4 °-selenobispyridine, giving adided weight to the compaos-
ite molectle model and the 11 sequence given above,

The correlution of the UPS spectra of the asymmetrical isomers of selenobispyri-
dines with the methylselenylpyridines is more complex. The 6-31G** LWD model
idicates that conjugation with the scleninm atont is dominted by only one of the
rings. so that the MOs of that bispyridine have their arigins with those of the
domimunt methylselenylpyridine. Fig. 13 shows o correlation dingram of the 2- and
Fmethylselenylpyridines with 2, Y-selenobispyridine and shows that the anti-bonding
and bonding Ne n orbitals of 2aucthyiselonylpyridine correlate better with the
corresponding MOs in 2 Veselenobispyridine. A model that incorporates mesomeric
intertctions between Se and both pyridiae rings is inappropriate. Simitar correlations
cant also be made tor 2.4% and 34 -selenobispyridine,
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b 12, Correlation diggrant of the experimcental (s of 222 -selenoispyridine with those of pyridine and
J-methylselenylpyridine. Reproduced with peraiission from relerene | 23],

5.0, Tellurobispyridines

The clectron-dense nature of tetlurium has restricted theorctical studics on tellu-
Fium-containing systems. Apart from the STO-3G* minimal basis sct of Pople and
coworkers [111], very few basts sets have been applied 1o systems that contain
telturium. Poirier and Csizmadia { F10] have detailed that, on the basis of comparisons
with experimental findings for xix molecules that contain the lighter chalcogens, the
mean absolute deviations given by Uic STO-3G*/STO-3G* modet for optimized
bead lengths and bond angles are 0,01 A and 1.1 vespectively. No such comparison
is currently available for organic molecules that contain fourth-row atoms, so the
STO-3G(*) basis set remains largely untested for tetlurium compounds. To complete
the study ol the barrier heights to free rotation in the chalcogenobispyridine family.
a series of optimizations of inter-ring angles and bond lengths were pesformed at
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A8
%}? %Q\ I]\~1 %%’@% M,

Fig, 13 Correlation diagrun of the experimentd 1bs of 2.3 -selenobispyridine with those of 2
T-methylselenylpyridine. Reproduced with permission from reference [ 28],

the STO-3G* level for all the rotational-distinet A B conformers of the telurobispyr-
idines {26].

FFor ellurobispyridines, Dunne et al. {26] caleulated ab initio encrgies using the
restricted HF method within the GAUSSIAN suite of program [42] and using the
intemal STO-3G* (C, H, N, Te) basis set. The barrier heights for the tellurobispyri-
dines (caleulated using the STO-3G*/STO-IG* model), along with the optimized
Reve and Ay o ¢ values and corresponding dipole moments, are presented in
Table 17,

While the bartier heights of the A-1 conformers of the tellurobispyridines have
generally been reduced in comparison with their selenobispyridine analogues, the
range of conformers accessible at ambient temperature has not changed marvkedly
for these congeners. The predicted minimum energy structures (C) of the telluro-
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Table 17
Optimized parameters, barricr heights and dipole moments for uie A-D conformers of the telluro-
bispyridines*

Conformer Re e {A) A 1o (deg) AE (k] mol ) Dipole moment (D)
(a) 2.2 Tellurobispyridine

A0.0) 2106 106.9% »no9 0.471
A( 180, 180) 217 115.58 5546 5.588
ALO, 180) 2108 t06.76 623 3.801
B(0, 90) 2.103 96.25 1.85 2.545
B¢ 180, 90) 2,106 97.97 7.16 4.752
C(37,19) 2,108 96.75 0.00 1. 100
D90, 270) 21t 95.77 16.74 4.571
D{%0, 90) 2110 9523 1i.49 31,267
(b) 2.3 -Tellurobispyridine

A(0,0) 2.103 107.33 11.66 2,331
A(180,180) 217 115.84 59.31 5124
A0, 180) 2104 7,00 10,92 4,726
A(180, 0) 2116 115.86 5483 1.682
B0, 90) 2096 Y688 0.00 2099
B( RO, 9 2099 98.30 4.54 3407
B0, 0y 2100 98.32 9.26 1.975
B, 180) 2.101 98.39 10.54 4,823
Cil B8 2096 Y6, 88 .(4) 2920
DB, 270 2103 9586 11.91 4.206
D9, 50) 2102 Y578 10.57 2560

(o} 1.2 - Fellrobspyrado

AL, 1) 2 116.20 0.0 2R
ALLRD, 18 pR R 16,12 56.53 3000
A0, 180 21H 116.15 S230 AEIRR
B, 90) 2004 VK. b 289
B 150, %) 2,095 YR.37 1.19 2963
C{8L 40 2002 Uh. 760 (G 1350
B0, Y1) 2007 96,3) 14 AU
) TRUTAR 1 M7 90,25 241 0.537
(&) 29 -Fellurobispyridine

A0, 2105 107.02 704 4215
AL 1RO, 0) 2117 115.67 5278 3308
B(G, ) 2099 96,04 0.00 3233
B( 180, 90) 2im 906 4491 2450
B(Y0, 1) 2. HK) 98.20 001 3600
C(, 42y 2009 96.64 0.00 323
B, 90) 2105 95.58 1099 3279
(¢} 3.4 Tellurobispyridine

AL 0) KL R 11590 49,66 2,440
A(180,0) 2112 11593 53.30 1.559
B(t), 90} 2097 Y8.63 187 2.324
B( 180, 90) 2097 Y825 4.55 1.253

B0, B 2.095 98.48 0.02 22N
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Table 17 (continued)

Conformer R T,,(.‘il Ac 1o (deg) AE(KTmi Y Dipole moment (D)
C(95,352) 2,094 98.35 0.00 2204

D{94, 90) 2100 96.08 5.90 1.992

(€Y 4,4"-Tellurobispyridine

A{D,0) 2,011 115.83 48,17 0.477

B((,90) 2007 98.33 1.21 1170

C{au, 40) 2.096 97.73 0.00 1.175

D{Y0, 90) 2102 95.84 6.91 0.926

* Reproduced with permission from reference [26].

bispyridines are also similar to those of their thio- and seleno- analogucs, i.e. either
propeller-type or pseudo-B-type geometries. Only for the 2,3- and 2.4~ isomers are
the Morino structures also the minimum encrgy structures [26}],

The optimized Ry, values are approximately 0.2 A longer than the corresponding
Re g variables (minimizing steric hindrance), while the Ae r. ¢ angles are reduced
by 1-5° in comparison with their selenobispyridine L(]lliV;llLl'll\" (S0 Increasing steric
hindrance in the planc of the inter-ring bridge). The variation in the optimized boad
lengths beiween all contormers was only 0.028 A, while the inter-ring bond angles
were jound o vary hy up to 11, This again highlights the importanee of the
optimization of the iner-ring angle. 1 he longer Rey, bonds reduce the degree o
which the inter-ring angle must open 1o allow for the planar conformation,

Three possible rottional mechapisms o conformer interconversion  about
the itersring bomd have been outlined (see Sections 3.3 3.5), For the ihio- and
selenobispytidmes, the second and third mechanisms are possible, because the
6-31G** STO-3G* model predicts that the barrier heights of the B and P structures
are of the xame order of magnitude as the € structures. It was shown in Sections
3.3-3.5 that the use of extensive basis sets (such as the 6-31G* set) with the
STO-3G(™) optimized geometries resulted in a reduction of the relative barrvier
heights 1o the B and D conformers. Therefore, it was anticipated that this would
hold true for the tefluro- analogues [26]. In the case of the tellurobispyridines, the
STO-3G*//8TO-3G* madet yields similar conclusions 1o those given for the thiv-
and selenobispyridines. slightly favouring the sccond mechanism over the third
mechanism. The relatively targe barrier heights to the A structuics make the first
nmhuni%m unlikely for the entire family of chideogenobispyridines: however, for
the 2.2, 2.3% and 24elturobispyridines. the barrier heighis to the A0, ) and

ALD, 180) confornmers are not prohibitive,

Therefore, a range of almost isoclectronic conformers (that possess a similar
clectronic stucture) are expavted 0 swrround the minimum encrgy struciures. The
caleubvtions suggest thai Jow enerpy pathways exist between the “propelter’ and
Marino forms, permitting concerted disrotatory motion through o range of C and
B forms without any need to adopt A or 1D structures {231, This § iarge-seale motion
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was supported by NMR data in which magnetic equivalence was noted for all
chemically equivalent atoms [49].

The dipole moments calculated using the STO-3G*//STO-3G* model are presented
in Table 17. The calculated dipole moments cannot be considered as predictive,
because Green [107] has demonstrated that a double-zeta basis set with polarization
functions is required for quantitative agreement with the experimental findings. It
can be seen that the C structures share similar dipole moments to those of the high
energy conformers, so limiting the use of dipole moment measurements for the
determination of minimum energy structures.

The conformational properties of the chalcogenobispyridines are seen to vary only
slightly down the group. As anticipated, there is a contraction of the inter-ring angle
and an elongation of Ry bond lengths for congeners down the group. In all cases,
the minimum energy structures are predicted by the STO-3G(*)//STO-3G (*) models
to be of the ‘propeller’ (C) or ‘Morino’ (B) forms, with an almost perpendicular
attitude being maintained between the ring planes. The predicted angles are shown
in Table 18, along with the corresponding values for their dipheny! analogues
90,96, 120].

In their review on the photoclectron spectroscopy of organic derivatives of sele-
nium and telluvium, Cauletti and Distefano [28] report the UPS spectra of several
diatkyt and cyclic tellurides {86,122,123], telluroanisole [119], dipheny! telluride
[120.121]. the telluro- derivative of phthalic anhydride [124], and some homo- and
hetero-nuclear chatcanthrenes [125,126]. The Hel and Hell UPS spectra of the
tellurobispyridines are interpreted in terms ol the models discussed above and are
correlated with the LIPS spectra of the other chalcogenobispyridines. Their spectra
wore digitized for use in the density-of-states analysis [56,61] and in the determina-
tion of the Hel/Hekt cross-section ratios, both of which are given in Tubie 19.

While minimal basis sets fortuitously predict geometrical paciimeters in good
agreement with the experimental lindings, predicied Koopmans™ approxination ks
ave often poorly distributed. The 6-31G%* basis set yields results close to the HEY
limit and is available for H, C and N atoms, but not for Te. For large-scale
conformational analysis, the 6-31G** basis set is unceonontical but it is tractable

Tabie I8
Predicied  angles  between  the ring  planes  tor  the  chalvogenobispyridines  using  the
STO-3G{*)1/STO-3G (*) model®

X Ring plane atitde (degp)
17X X X 240X X 44X Ph,-X Ih,-X
O 84 88 94 hG Vi) i) 74 14
S 4 42 92 78 16} 04 92 76
Se K2 P 100 2 4 o) Yty 76

Te T o 102 92 102 8l

* Reproduced with permission from reference [26].
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Table 19
Relative Hel and Hell band intensities and percentage change of the tellurobispyridines®
Band 1E range {eV) Band intensity Percentage change® (%)
Hel Hell
(a) 2.2'-Teliurobispyridine
] 7.0-8.3 1.201 0.612 —49.04
2 8.3-10.0 3.898 4.102 5.23
3 10.0-11,0 2.638 2.7 6.10
4 1.0-12.0 1.030 1.219 -3BM
5 12.0--18.0 11.633 12.268 5.46
(b} 2.3 Tellurobispyridine
1 7.0-82 1.144 0.754 ~34.10
2 8.2-100 4.106 4.621 12.55
3 19.0--10.5 1.400 1.510 7.87
4 0.5 11.2 1.130 1.037 -8.24
5 11.2 180 13.221 13.078 ~1.08
(¢} 3.2~ Tellurobispyriding
} 7.5 8.5 1.084 0.660 -3.1
2 8.5-10.0 KAk} 4.256 19.12
3 1.0 107 1,953 2.038 4.35
4 10.7 114 0.975 0.996 8
5 11.4 180 13415 13050 -7

() 24 Tellurotispyridine

! 74 83 1IRT 0.732 -~ 38 33
2 S 103 4079 4952 2040
3 103 1y 1878 14N LR
4 109 1.6 1636 11,881 O
§ 116 180 13009 L 909 bas

@) 3.4=Tellurobispyridine

{ 1.5.8.7 1.244 0% - 33,68
2 87101 1544 4.620 s
3 1.t 109 1.897 21 1460
4 199 116 L1137 1.147 8%
5 116 180 a3an 122 =119
(£) .4 Teilurobivpyridine

i 7.5-8.17 1580 (B - 4196
2 3.7-10.2 4.563 4569 LK
3 12 110 1.773% 1.629 -8R
4 4 112 RS 108 - 4,50
;s

1.7 184 1E 930 13 au 78

* Reoproduced with permission from relorence [26].
PRI HeD - 1 x ),
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for single-point calculations, making it preferable to the minimal basis set calcula-
tions for the assignment of the UPS spectra of the tellurobispyridines.

Comparative studies have shown [113] that. as a result of a superposition error,
unbalanced basis sets often give poorer results when compared with balanced sets.
Therefore, it was necessary to choose a basis set for tellurium that was of comparable
size with the internal split-valence 6-31G** set used for the C, H and N atoms. Few
tractable basis sets have been published for Te. Poirier et al. [127] (PKC) list a
number of basis sets for tellurium with various contraction schemes, from which the
(15s, L1p, 6d)/[10s, 8p, 4d] set was chosen as a best fit to that criterion. The combina-
tion of this Te basis set and the 6-31G** sets for C, H and N yields the
6-31G**-PKC model. The interpretation of the UPS spectra of the tellurobispyri-
dines, similar to that of their lighter congeners, is complicated by the overlapping
of cationic states and the possible presence of a range of conformers. Bands that
arise from distinct conformers could be resolved in the UPS spectra of the methyl-
chalcogenopyridines (see Section 3.2). This was not the case for the chalcogeno-
bispyridines. Although overlapping peaks in the more bispyridine complex spectra
may have masked their presence, it is thought that the fully conjugated A forms
were not present in detectable amounts (based on calculated barrier heights). Bands
that arise from ionization from the HOMO were well resolved for most of the
chalcogenobispyridines and show no splitting (unlike the corresponding bands of
the methylchalcogenopyridines).

The presence of rotamers may be demonstrated by a comparison of the FWHM
values of the HOMO bands of the methylchalcogeno- and chalcogenobispyridines.
The average FWHM values of the HOMOs for the methylthio- and methylsclenyl-
compounds were both 0.35 ¢V, while those of the thio- and selenobispyridines were
0.45 and 0.43 ¢V respectively. This broadening of the HOMO bands supgests the
presence of near-isuenergetic conformers, although the difference in broadening is
ol the order of the operating resolution of the instrument. Because no splitting of
the valence bands was observed, the presence of i range of near-isoenergetic conlorn-
ers does not further complicate the spectra, This is further substantiated by the HE
models that predicted only small differences (an average of about 40 meV) between
the vatence Koopmans' approximation [Es of B and € rotamers. Henee, interpreta-
tion of the UPS spectra of the tellurobispyridines based on single-point calculations
for the B structure is acceptable, because the preceding conformational analysis on
the tellurobispyridines showed that the barrier heights are again small for the Morino
structure.

Table 20 shows that the STO-3G* model yields the number of valence orbitals in
the region 711 ¢V in good agreement when compared with the experimental density~
of-states analysis, except for the 2,4~ and 3.4 isomers. The more extensive
6-31G** models, however, give a more balanced view. The poor positioning of the
ny MOs by the HF models, as evidenced in the assignments of pyridine (Section 3.1),
the methylchalcogenopyridines (Section 3.2) and the lighter chalcogenobispyridines
(Sections 3.3 and 3.4), generally causes the theoretical distribution 1o be deficient
in the region around 1¢¢V.,

Cl methods were necessary to predict accurate 1Es for the ny MOs of pyridine
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Table 20

Experimental and calculated vertical IEs of the 1ellurobispyridines®

S.J Dunne et ul. | Coordination Chemistry Reviews 165 1 1997) 1-92

Band  Experimental IE (¢V}  Calculated 1E {eV) MO character
STO-3G*  6-31G**-PKC  6-31G*-PKC®

(1) 2.2 Tellurobispyridine

1 7.52 6.12 7.64 7.64 Ty,

2 9.04 7.97 9.31 2.3 T Oy

3 943 8.60 9.93 9.65 ny + 80y,

4 9.77 8.65 10,17 9.78 By 3 Ny O

5 10.19 $.46 10,45 9.93 Ty Oy,

6 10.66 9.03 10.49 017 Ty Bty

7 10.89 9.07 11.01 10,49 Ty 8ny,

(b)Y 2.3-Tellurobispyridine

| 7.69 6.35 7.90 7.90 P

2 9.15 8.01 9.32 4.32 s, -ONg

3 9,40 8.62 10.09 9.65 Ny + Ny, + S

4 9,77 879 inl? 9.78 Ny + 0y, + 0N,

5 9.90 8.99 10.02 10.09 -9y

) 10.36 9.15 10.68 0.7 .y,

7 1.95 9.26 11.17 10.62 Ryt Oy,

@) 13- Fellurobispyridine

| K06 6.49 T 94 794 T, Oy,

2 2.4 8.0 466 9.66 M, N,

2 9.59 B.71 .57 v.78 DIVETE IR A 111

4 9,80 LR 148 %M B bty o g,

5 1047 927 1084 9497 , on,,

o 10,47 IR 114 1048 Ty oy,

7 111 AR 11 46 10,84 naddng,

() 24 Tolturobisperiding

t T.82 640 7497 Ry Bo Miw

2 9.18 8.20 9.3 Rl 1,

3 9.50 3 HLOS 9.65 Wy + Ny, 01,

4 9.75 8.83 10.16 9,78 By Ny, o+ S0,

§ 1. 9.02 10.9 s My, Sty

6 10,50 92.21 675 1o m, dn,,

7 {081 2.2 (RN .69 Mo A0y,

(e} 3.4 Yollurohispyridine

{ LY £H.53 R R 2 T, Ny,

2 92.37 XA VA | R M, ¥ M, 400,

3 9,58 8.8} 4.8 vl A,

4 938 877 10,063 978 Ny, + M.+ 80,

h %91 92,34 AR 981 ny dny,

b 132 R iz .61 M, on,,

7 182 4.53 11.44 11.06 Wy oA By,



S.J. Dunne et al. | Covrdination Chemiistey Reviews 165 ¢ 1997) 1 .92 31

Table 20 {continued)

Band Experimental 1E {eV)  Caleulated IE (eV) MO character

STO-3G* 6-31G**-PKC  6-31G**-PKC"®

(F' )y 4.4'-Tellurobispyridine

1 8.03 6.69 8.32 8.32 ey,

2 9.37 .46 9.56 9.4] T+ Ny, + Mg,
3 9.69 8.62 9.82 9.56 7

4 9.81 8.67 10.46 9.78 T+ iy, S
5 9.94 9.33 11.14 9.82 e

6 10.35 9.44 11.22 10.46 3By,

7 10.86 9.60 11.40 11.14 %2+ 80y,

* Reproduced with permission Irom reference [26].
b 1Es of the ny and ny, MOs adjusted to the extrapoiated values of the ASCF-CI model.

and the methylchalcogenopyridines (see Sections 3.1 and 3.2). The ny 1Es of the
chalcogenobispyridines are poorly predicted by the HF models. A more useful
predictor of the position of the ny {Es of the chalcogenobispyridines is given by the
correlation with the corresponding 1Es of the methylchalcogenopyridinegs. This can
be rationalized on the grounds that the ny MOs are localized on only one ring. The
assigned ny 1Es in the symmetrical isomers of oxy-, thio- and sclenobispyridines
were within about 0.18 ¢V (on average) from the ny 1Es assigned in the corresponding
isomers of the methylchalcogenopyridines. While the UPS spectra of the methylicllur-
vipyridines have not been studied, extrapotations can be made from the results on
the Tighter congeners o predict more aceurately the 1Es of the ny MOs of the weliuro-
amtlogues.

Assuming a lincar relationship between the ny MO 1Es and the clectronegaiivities
of’ the substituents, one can plot the ASCE-Cl oy 1Es (caleutaied Tor the O, § and
Se analogues) aguinst the Allred values [88] to obtain estimates of the ny(Te) 1Es.
Fig. 14 shows the plots of ay(ASCE -C1) TEs for the methylehalcogenopyridines (O,
S. Se) v, the Allred electronegativities, along with the equations for the Jines of best
it obtained from the regression analyses. On substituting the Allred value of 2.1 for
tellurium into these equations, the predicted ny 1Es were 9.65, 9.79 and 941 ¢V for
2., 3- and 4-methyliellurylpyridine respectively. These values are in far better
agreement with the experimental assignments than arc those predicted by the
6-31G** -PKC model. These projected ny 1Es will be used in place of the
6-31G**Te assignments for the interpretation of the UPS spectra of the telluro-
bispyridines, yiclding the 6-31G**-PKC(ad)) model.

Table 20 presents the experimental 1Es, along with the 1Es calculated for the B
geometry using the STO-3G*, 6-31G**-PKC and 6-21G**-PKC(adj) models. The
MOs jor the third of these models (based on a composite-molecule model ) are also
listed in Table 20. The 6-31G** PKC(adj) model predicts seven ionic states beiween
1.00 and about 11.0 ¢V, corresponding to ionizations from an anti-bonding orbital
with considerable electron density on the Te atom; two delocalized ny orbitals, a
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3.8 =
9.7+ =
a
g 9.6
E B 2-XMe
S 0.5 4 o 3XMe
g . 4 XMs
's 9.4 +
2.3~
0'2 v 1 v L] A ¥ b L ] ¥ T v 1
2.4 2.5 2.8 3.0 3.2 3.4 3.6

Elactronagativity

Fig. 14, Plot of the calcukated ASCF Cl ny 1Es vs. Altred electronegativities for the methylchalcogeno-
pyridines, along with he lings of best fit from the regression analyses: [, 2-methylchalcopgenopyridines,
with 1E(ny)=9.419 20,108 and clectronegativity 270915 €, 3-methylchalcogenopyridines, with
1E(1y) == 9.966 - 0,086 and  clectronegativity  R*=0993; M, d.methykhalcogenopyridines,  with
TE(nN) = 9,955 = 0.115 and clectronegativity R7 0,980,

group of theee n orbitals: and a bonding Te nt orbital ithough with fittle Te
character).

The first TR of pyridine is 9.70 ¢V, whereas the s of the chalcogen lone pairs
are expected to span this vadue. For example. the 1hs of the chalcogest lose pairs in
dimethy! ether, dimethyl suiphide, dimethyt sclenide and dismethyt ieluride {119} are
10.04, 8,67, 8.40 and 7.89 eV respectively, Assuming that the first 1Es of the dimethyl
chalcogenides are representative of the chalcogen lone pairs in an environment
devoid of mesomeric interactions, & composite-molecule model would therefore
suggest that the degree of resonance interaction with the pyridine HOMOs is signifi-
cantly reduced (on energy grounds) when compared with the sulfur and selenium
lone pairs. This results in the first MO of the tellurobispyridines being of greater
tellurium character than the comparable MOs of the thio- and seleno- analogues.

Thus, the first 1Es of the tellurobispyridines are shifted to {Es that are lower by
up to 0.6 eV from their seleno- analogues. The bonding Te m MOs are shilted closer
o the 1E of the pyridine 1 MO {(from which they are derived), as i result of the
decreased contribution of Te electron density te this MO.

lonizations from Te-based MOs should exhibit o significunt intensity reduction
on changing from Hel to Hell radiation. Table 19 presents the relative Hel and
Uell band arcas. along with the pereentage change h those bands on changing the
radintion source, Alf the isomers of rellurobispyridine exiibit a single 1E in the range
7.5-8.1 ¢V, which vndergoes a reduction of 33%- $0% on chanping from Hel to
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Hell radiation, as a result of the smaller photo-ionization cross-section of the Te
5p atomic orbital under Hell conditions. By expressing this change relative to that
exhibited by the “pure’ n bands, the reduction becomes of the ceder of 42%-66%.
The size of these reductions is similar to the size of the reductions displayed by the
corresponding bands in the selenobispyridines and are supported by the cross-section
data of Manson [54]. In fact, the Te n anti-bonding MOs display a slightly smaller
reduction in intensity than do their seleno- analogues, in line with their lower first
1Es. The photo-ionization cross-section curves for selenium and tellurium are almost
identical for photoelectron energies in the range 5-40eV, with the cross-section
decreasing at higher energies. The lower IEs of the tellurobispyridines result in
greater photoelectron kinetic energies and, hence, in an expected smaller reduction.
Thus, an almost ‘pure’ iy, orbital may exhibit a lesser reduction under Hetl condi-
tions than would a n-ng, MO with considerable ring character. The band assigned
to the bonding Te n orbital shows a 1%-15% reduction in absolute terms and a
1%—-25% decrease in relative terms, suggesting a lower contribution of the Te electron
density. The magnitudes of these reductions are consistent with the MO analysis of
the (6-31G**-Te)//STO-3G* calculutions.

The studies by Tschmutova and Bock [119] and Rodin ¢t al. [120] show that the
Te clectrons are detocalized (o a greater extent in diphenyl tetluride (7.64 ¢V) than
in dimethyl telluride (7.89 V), as evidenced by the first IE. As expected, methyl
phenyl telluride exhibited a split first band: the first component (7.6 ¢V ) corresponds
o the HOMO of the planar conformer in which Te nt overlap is maximized, and
the second component (7.83¢V) corresponds to the ny, MO of the non-planar
conformer, The non-planar conformer was shown to dominate in a ratio of 2:1. The
first HEs of the elturobispyridines suggest that the Te Sp electrons are lacalizad on
the Te centre, 2.2%, 2.¥- and 2.4 Telturobispyridine possess a lower first HE than
that of dimethyl telturide. The presence of the ortho ring-nitropen (1 strong x
aceeptory may draw electron density from ihe 'Te centre, extending the delocalization.
However, the first IBs of 3.3% 3.4 and 4.4-1clurobispyridine suggest that the
HOMO is almost ny, in character, which is consistent with the Hel/Hlel cross.
section ienalysis,

A series of three n orbitals with lttle Te character are also expected to lie in the
region 9.0-10.6 eV, making the preferred 1E sequence for the tellurobispyridines in
this region

D~ fpg, ~ g - Oy < Ty — S0y <10, - Dl

This assignment is consistent with that of the entire family of chalcogenobispyridines,
but it should be stressed that an unambiguous assignment is diflicult, as a result of
the overlapping of bands in this region.

in the region 10.8 -11.5¢V, there is a band that shows a variuble intensity on
changing from Hel to Hell radiation. This band is assigned to the bonding Te n
orbital (1E-), althovgh the Te content of this MO is very much reduced (as evidenced
by its behaviour under Hell conditions).

Based on the preferred assignments given by the 6-31G** PKC{adj) model,
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correlations ¢an be made with the UPS assignments of the lighter congeners.
Figs. 15-17 show correlation diagrams of the valence ionic states for the 2.2, 23",
3,3-, 24~ 3.4- and 4,4'-chalcogenobispyridines (X =0, S. Se, Te) respectively.
These correlations show that, except for the anti-bonding X-n MOs, the valence
MOs are not shifted uniformly with the ¢lectronegativity of the bridging atom,
reflecting the comvlexity of the interactions between the o and 1t systems. As
highlighted carlier, the effect of substitution on the MOs of pyridine is a rotation
of the clectron density in the 2- and 3-pyridyl systems. If the n clectron density on
the nitrogen atom is increased, then the resultant MO is stabilized relative to its
pyridine parcnt {increased 1E), while a decrease in the n density on the nitrogen
results in a lowering of the 1E.
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S Denne et ol Covrdination Clennstry Roviews 105 1 w97 | o2 85

ta) O S Se Te
-+ ?
13y -
g Tix S
IE nN iy -oooe T Tt _._......._-:::_'_______
GeV) 119 ®-ng It T
o N — —cIIIFF
|, wem s e
"ig -_-ﬁt-ll-"—‘-—-
T4y -
th) O S 5e Te
2
L) -ﬁ_,-"'_"'“"
Ty m— -
1k NN e 22 = m 7 T e s e .
ey d g0 TN e e e = 7 T T
M-ty Tt -
n-Bny o - : T T e
1 ‘ - o
2 Wy e — o
13

g 160 G Correlation daapram for the valeiwe HEs of 3 Vochaleopenobispy dines and () correlation
diagram tor the valenee TEs of the 248 chadeopenobispydines.

The in-plance ny MO cannot undergo this shift, so is only affected by the clectroneg-
ativity and position of the substituent. The greater the clectron donation is from the
chalcogen atom mnto the o framework of the pyridyl ring, the greater will be the
shift of the ny MO 1o lower I values, The proximity ol the substituent has a
marked cftect on the magnitude of the inductive shift of the ny .

Thwe TEs of the chalcogenobispyridines are a complex Tunction of conformation,
of the first 1E of the bridging atom (which determines the degree of overlap with
the pyridine n system) and of positional isomerism. Conformational analyses have
shown that the ring planes in the chalcogenobispyridines will occupy an almost
orthogonal attitude and that these compounds are capable of concerted torsional
motion. How then are the X np clectrons able to conjugate with the n systems of
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Fig, 17, 40 Corvelation diagram for the valence I of Ld-chatcogenobispyridmes and (b)) conelanion
diggranm for the vidence 185 of 4.4 chalcogenobispyridines.

the pyridine rings? Hel/Helt studies by Dunne ot al. 125 27) have provided strong
evidence for the formation of X n bonding and anti-bonding MOs. The intensity
variitions displayed by these bands are in line with these assignments and the
changing chaleogen content to these MOs down the group.

HE models predict that the  MOs are focalized on onlv one ring system. The
conjugation will be maximized when one of the ring planes is coplanar with the
C- X C bridge plase. As one ting rotates out of the plme and the other rotates into
it, the maximum degree of conjugation with the X np electrons changes from one
ring to the other ring. For the symmetrica! isomers, this shitt can be cusily under-
stood, because this change does not alter the mture of the resubtant MOs.,

However, for the asynumetrical isomers. the situation is less clear. For example.
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up to 0.65 eV separates the HOMO vertical [Es of the 2,2~ and 4.4 congeners.
Hence, if the IEs of the HOMOs of the 2.4'- congeners oscillate in character between
that of the respective symmetrical isomers, then significant broadening of the bands
should result. The first bands of the asymmetrical isomers are no broader (as
measurcd by their FWHMSs) than the corresponding bands of the symmetrical
congeners. Concerted rotation in these molecules may result in a smooth shifting of
the 1E about a central maximum, because the first IEs of the asymmetrical isomers
are generally intermediate between those of the corresponding symmetrical isomers.
In several cases, they lie closer to the first IE of one isomer than to that of the other
isomer, implying that the rotational potential energy surface may not be symmetri-
cal—as supported by the conformational analyses presented in this work.

Based on 1E distributions, Hel/Hell cross-section ratios and corrvelations with the
assignment of the lighter congeners, the preferred valence 1E sequence for all the
isomers of tellurobispyridine is [26]

Ty~ Ny <O~ Ny, = g~ O e ST~ My, < Ry - B0, < 75 + Sy, {18)

which differs from the ab initio calculations, but is consistent with experimental
analysis,

4. Conclusions

The UPS spectea of the chalcogenobispyridines and related compounds reveated
the changing nature of the inferaction between the chalcogen valence p orbitals and
the pyridine 1 MOs, Favourable overlap results in the resomine interaction between
these two Trapimients, leading 1o the formation of anti-bonding and bonding n ny
combinations, The chasicter of these combinations was shown to be dependent on
the 1Es of the (ragmeats from which they were derived. Thus, the by, MO in pyridine
was resonately shifted on interaction with a chaleogen substituent, while the former
ay and a3 MOs were subject only to inductive eliects. The decrease in the electronegi-
tivity of the chalcogens down the group resulted in a greater donation of electron
density from these centres into the ring system. This increase in electron density had
the effect of destabilizing the anti-bonding MQOs. For those pyridine rings substituted
in the 2 or 3 position, the rotation of the a, MO increased the electron density on
the ring-nitrogen, so stabilizing that MO (as a result of the strong x acceptor nature
of nitrogen).

The alignment between the chaleogen and the ring system greatly aflected the MO
characters of these systems. In the UPS speetra of the methylehalcogenopyridines,
peaks for distinet contormers could he resolved in some cases. In partcular, (he
population of o non-planar conformer was predicied by HIFF models to increase
down the group, in line with spectral findings. The reduction in overlap of the heavy
chalcogen np atomic orbitals with the ring o system and the decrease in sierie
hindrance caused by the longer C- X bonds make the non-planar forms accessible.
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The interpretation of the UPS spectra of these systems was further complicated by
the presence of non-equivalent planar conformers,

Bands that arose from other rotamers could not be resolved in the UPS spectra
of the chalcogenobispyridines. Conformational analyses performed using a number
of ab initio models revealed the presence of low energy pathways between near-
isoenergetic conformers. Free rotation of the pyridine rings in these systems was
discounted, on the basis of the inaccessibility of the fully conjugated planar form of
these compounds. The calculated barrier height to this form was found to decrease
down the group. although its presence would still be difficult to detect in the
UPS spectra,

Within a composite--molecule model, the UPS spectra of the chalcogenobispyri-
dines were interpreted using TEs calculated for a Morino structure, in which the ring
planes were orthogonal and one ring lay in the plane formed by the C X C angle.
Geometry optinuzations supported the use of this structure, because, for all the
congencrs, a rcar-perpendicular attitude was predicted between the rings (although
only for the 2,3 and 24" isomers was the predicted minimum energy structures
actually of the Morino form). The use of this structure facilitated correlations of
the valence 1Es of the chalcogenobispyridines with those of pyridine and the corre-
sponding methylchalcogenopyridines. Good correlations were achicved, highlighting
the lack of interaction between the two ring systems, The X 1 MOs in the chalcogeno-
hispyridines shared similar IEs 10 those in the methylchalcogenopyridines, demon-
strating the similar degree of delocalization in these systems and further supporting
the composite molecule model.

KA HE modets were shown to predict incorrectly the 1E distributions in pyridine-
based systems, While they produced satisfactory assignments for the r-type MO,
their success was dimited for the in-plane ny MOs, A ASCE MP2 miethod was Tound
to take hetter account of the correlition and relaxation processes of these MOs.
The ASCE method is limited by symiuetry constraints, hecause 1 restricts the
caleutation of 165 1o only the uppermost MO ol cach symmetry species. However,
this did allow the accurate caleulation of the sy BEs for pyridine and the methylehal-
cogenopyridines, The locatized nature of the ny MO permitted ‘good” correlations
of the ny LEs of these systems with those of the chalcogenobispyridines,

The importance of rekaxation and correltion processes for the correct assignment
of the UPS speetra ol pyridine-based systems necessitates the use of configurittion
interaction or multiconfigarational SCIF weehnigues. Such caleubstions on molecules
as cleetron dense s the chateopenobispyridines would be very computer intensive.
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