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Foreword

The first volume of ‘The Chemistry of Organic Selenium and Tellurium Compounds’ was
published in 1986. For various reasons, several chapters which were planned for that
volume, had to be omitted. All these chapters are included in the present volume, with
the exception of a chapter on UV, visible, IR and Raman spectroscopy, which did not
materialize.

Thus I believe the coverage of the organic chemistry of the derivatives of selenium and
tellurium is reasonably complete in these two volumes. The coverage of the literature in the
present second volume is, in most chapters, up to the end of 1985 or even to the middle of
1986.

I would be very grateful to readers who would let me know about omissions or mistakes
in this volume as well as in other volumes of the Functional Groups series.

Jerusalem SAUL PATAI
July 1987
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The Chemistry of Functional
Groups
Preface to the Series

The series ‘The Chemistry of Functional Groups’ is planned to cover in each volume all
aspects of the chemistry of one of the important functional groups in organic chemistry.
The emphasis is laid on the functional group treated and on the effects which it exerts on
the chemical and physical properties, primarily in the immediate vicinity of the group in
question, and secondarily on the behaviour of the whole molecule. For instance, the volume
The Chemistry of the Ether Linkage deals with reactions in which the C—O—C group is
involved, as well as with the effects of the C—O—C group on the reactions of alkyl or aryl
groups connected to the ether oxygen. It is the purpose of the volume to give a complete
coverage of all properties and reactions of ethers in as far as these depend on the presence
of the ether group but the primary subject matter is not the whole molecule, but the
C—O—C functional group.

A further restriction in the treatment of the various functional groups in these volumes is
that material included in easily and generally available secondary or tertiary sources, such
as Chemical Reviews, Quarterly Reviews, Organic Reactions, various ‘Advances’ and
‘Progress’ series as well as textbooks (i.e. in books which are usually found in the chemical
libraries of universities and research institutes) should not, as a rule, be repeated in detail,
unless it is necessary for the balanced treatment of the subject. Therefore each of the
authorsis asked not to give an encyclopaedic coverage of his subject, but to concentrate on
the most important recent developments and mainly on material that has not been
adequately covered by reviews or other secondary sources by the time of writing of the
chapter, and to address himself to a reader who is assumed to be at a fairly advanced post-
graduate level.

With these restrictions, it is realized that no plan can be devised for a volume that would
give a complete coverage of the subject with no overlap between chapters, while at the same
time preserving the readability of the text. The Editor set himself the goal of attaining
reasonable coverage with moderate overlap, with a minimum of cross-references between
the chapters of each volume. In this manner, sufficient freedom is given to each author to
produce readable quasi-monographic chapters.

The general plan of each volume includes the following main sections:

(a) An introductory chapter dealing with the general and theoretical aspects of the
group.

(b) One or more chapters dealing with the formation of the functional group in
question, either from groups present in the molecule, or by introducing the new group
directly or indirectly.



X Preface to the series

(c) Chapters describing the characterization and characteristics of the functional
groups, i.e. a chapter dealing with qualitative and quantitative methods of determination
including chemical and physical methods, ultraviolet, infrared, nuclear magnetic
resonance and mass spectra: a chapter dealing with activating and directive effects exerted
by the group and/or a chapter on the basicity, acidity or complex-forming ability of the
group (if applicable).

(d) Chapters on the reactions, transformations and rearrangements which the func-
tional group can undergo, either alone or in conjunction with other reagents.

(e) Special topics which do not fit any of the above sections, such as photochemistry,
radiation chemistry, biochemical formations and reactions. Depending on the nature of
each functional group treated, these special topics may include short monographs on
related functional groups on which no separate volume is planned (e.g. a chapter on
‘Thioketones’ is included in the volume The Chemistry of the Carbonyl Group, and a
chapter on ‘Ketenes’ is included in the volume The Chemistry of Alkenes). In other cases
certain compounds, though containing only the functional group of the title, may have
special features so as to be best treated in a separate chapter, as e.g. ‘Polyethers’ in The
Chemistry of the Ether Linkage, or ‘Tetraaminoethylenes’ in The Chemistry of the Amino
Group.

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the author and the presentation will
necessarily be somewhat uneven, Moreover, a serious problem is caused by authors who
deliver their manuscript late or not at all. In order to overcome this problem at least to
some extent, it was decided to publish certain volumes in several parts, without giving
consideration to the originally planned logical order of the chapters. If after the
appearance of the originally planned parts of a volume it is found that either owing to non-
delivery of chapters, or to new developments in the subject, sufficient material has
accumulated for publication of a supplementary volume, containing material on related
functional groups, this will be done as soon as possible.

The overall plan of the volumes in the series “The Chemistry of Functional Groups’
includes the titles listed below:

The Chemistry of Alkenes (two volumes)

The Chemistry of the Carbonyl Group (two volumes)

The Chemistry of the Ether Linkage

The Chemistry of the Amino Group

The Chemistry of the Nitro and Nitroso Groups (two parts)

The Chemistry of Carboxylic Acids and Esters

The Chemistry of the Carbon—Nitrogen Double Bond

The Chemistry of the Cyano Group

The Chemistry of Amides

The Chemistry of the Hydroxyl Group (two parts)

The Chemistry of the Azido Group

The Chemistry of Acyl Halides

The Chemistry of the Carbon-Halogen Bond (two parts)

The Chemistry of the Quinonoid Compounds (two parts)

The Chemistry of the Thiol Group (two parts)

The Chemistry of Amidines and Imidates

The Chemistry of the Hydrazo, Azo and Azoxy Groups (two parts)
The Chemistry of Cyanates and their Thio Derivatives (two parts)
The Chemistry of Diazonium and Diazo Groups (two parts)

The Chemistry of the Carbon—Carbon Triple Bond (two parts)
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Supplement A: The Chemistry of Double-bonded Functional Groups (two parts)

The Chemistry of Ketenes, Allenes and Related Compounds (two parts)

Supplement B: The Chemistry of Acid Derivatives (two parts)

Supplement C: The Chemistry of Triple-Bonded Functional Groups (two parts)

Supplement D: The Chemistry of Halides, Pseudo-halides and Azides (two parts)

Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxy! Groups and their Sulphur
Analogues (two parts)

The Chemistry of the Sulphonium Group (two parts)

Supplement F: The Chemistry of Amino, Nitroso and Nitro Groups and their Derivatives
(two parts)

The Chemistry of the Metal-Carbon Bond ( four volumes)

The Chemistry of Peroxides

The Chemistry of Organic Se and Te Compounds Vol. 1

The Chemistry of the Cyclopropy!l Group (two parts)

The Chemistry of Se and Te Compounds Vol. 2

Titles tn press:

The Chemistry of the Quinonoid Compounds Vol. 2
The Chemistry of Sulphones and Sulphonides Vol. 2
The Chemistry of Organo-silicon Compounds

Adbvice of criticism regarding the plan and execution of this series will be welcomed by
the Editor.

The publication of this series would never have started, let alone continued, without the
support of many persons. First and foremost among these is Dr Arnold Weissberger,
whose reassurance and trust encouraged me to tackle this task. The efficient and patient
cooperation of several stafl-members of the Publisher also rendered me invaluable aid (but
unfortunately their code of ethics does not allow me to thank them by name). Many of my
friends and colleagues in Israel and overseas helped me in the solution of various major
and minor matters, and my thanks are due to all of them, especially to Professor Z.
Rappoport. Carrying out such a long-range project would be quite impossible without the
non-professional but none the less essential participation and partnership of my wife.

The Hebrew University
Jerusalem, ISRAEL SAUL PATAI
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I. INTRODUCTION

A. Preliminaries and Scope

Photoelectron spectroscopy is now a well established technique which permits the
direct measurement of the energies required to remove electrons from atoms and
molecules. When a photon of sufficient energy impinges on a neutral molecule, M, it is
possible to eject an electron, leaving behind a radical cation, M *, in one of several possible
electronic states. If hv is the energy of the incident photons, IE the ionization energy
involved in a given ionization event and KE the ekcess kinetic energy of the emitted
photoelectron, the equation:

hv=1IE + KE 1)

provides a means of finding I E by measuring KE. When the ionizing source is of medium
or high energy, such as those produced in a inert gas discharge (for instance 21.22¢eV in
HeI2p— Isor40.81eVin He Il 2p — 1s) and the target is in the gas phase, the information
obtained concerns the ionization energies of valence shells of free molecules and the
technique is named UV photoelectron spectroscopy (UPS). When hv is in the fields of the
soft X-rays (up to a few thousand electronvolts) the primary information concerns core
electrons and the technique is named X-ray photoelectron spectroscopy (XPS).

A deeper discussion of the general aspects and the chemical applications of UPS may be
found in some reviews and books '~!1.

This present chapter reports UPS studies on selenium- and tellurium-containing
organic molecules. The number of investigations on such compounds by this technique is
limited, probably owing to the instability of most of them. Nevertheless, recent
developments in the analysis and interpretation of the experimental data allowed valuable
information to be obtained on the electronic structure, i.c. the energy and composition of
molecular orbitals (MOs), even of transient molecules.
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In the presentation and discussion of the results, we shall often refer to the oxygen and
sulphur analogues of the examined compounds for the sake of completeness and
comparison.

B. lonization Energies, lonic States and Molecular Orbitals

A photoelectron spectrum consists of a plot of the number of electrons with a given
kinetic energy, KE (which may be converted into ionization energy, IE, through
equation 1), versus that energy. Hence the primary information obtained by UPS is the
energy of the molecular ion states relative to the ground-state molecule and the /Es are
strictly energy differences between states of M* and the ground state of M. There is
therefore a correlation between the energy sequence of ionic levels, which is directly drawn
out by a UP spectrum, and the sequence of the MOs of the corresponding molecular
ground state, but they are not necessarily coincident. However, the approximation of
Koopmans’ theorem!? states that the ionization energies of a molecule are equal to the
negative of the self-consistent field (SCF) orbital energies, ¢;:

IE;=—¢ )

Equation 2 obviously does not apply to open-shell molecules.

Following this theorem, a photoelectron spectrum should be a reflection of the
molecular orbital diagram, the sequence of UPS bands matching the sequence of the
negative of the energies of the occupied molecular orbitals. Koopmans’ theorem would be
fully valid if the electronic configuration of the remainder of the molecule remained
unchanged or ‘frozen’ during the ionization process, neglecting relaxation phenomena,
which may be important, e.g. when ionization of metal-centred orbitals is involved.
However, in most organic molecules, relaxation effects are nearly constant in the
ionization of all valence orbitals, so that Koopmans’ approximation allows correct
qualitative correlations, in addition to semiquantitative comparisons.

The following may give more bands in a UP spectrum than there are valence orbitals in
a molecule:

(i) ionization of one electron with simultaneous excitation of a second electron to an
unoccupied excited orbital, i.e. a two-electron process, referred to as shake-up or
configuration interaction (CI) processes;

(ii) removal of degeneracy in the molecular ion by mechanisms such as spin—-orbit
coupling and the Jahn-Teller effect;

(iif) the presence of one or more open shells, the ionization of which may give rise to a
multiplicity of ionic states.

C. Analysis of a UP Spectrum

The analysis of a UP spectrum consists in assigning each spectral band to an electronic
state of the molecular ion and identifying the orbital from which electrons are ejected. In
this interpretative work some approaches may be of help, as follows.

a. Spectral fine structure. The observation of fine structure in spectral bands, such as that
arising from spin—orbit coupling and the Jahn-Teller effect, or vibrational pro-
gressions can lead to positive identification of the nature of the ionized MO. In
particular, analysis of the vibrational structure, whenever present, of a photoelectron
band may give precise information on the non-bonding, bonding or antibonding
character of the orbital. In fact, removal of a non-bonding electron does not cause
changes in the geometry of the molecular ion with respect to the neutral molecule, so
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that the corresponding UPS band is sharp and without any vibrational progression.
In contrast ionization of a bonding or antibonding orbital decreases or increases the
bond-lengths, this being reflected in a change in the vibrational spacing (in this
case a vibrational structure does exist) on passing from the molecule to the ion. For
instance, the first band of the UP spectrum of the hydrides H,X'*'* (X =0, S, Se
and Te) (See Figure 1) is very sharp, indicating its origin from the ionization of the
lone pair orbital of X. The second (2a, ~!) and third (15, !) bands show progression
in the symmetrical bending (v,) and stretching (v,) vibrations, respectively. Their
frequencies are reduced from the corresponding values in the neutral state indicating
a strong H—X bonding character for these orbitals.

. Intensity arguments. The areas of photoelectron bands in a photoelectron spectrum
are approximately proportional to the relative probabilities of ionization to the
different ionic states. These probabilities are called relative partial photoionization
cross-sections (for details, see, e.g., Refs. 7 and 10). The most important factors that
determine the cross-sections and consequently the UPS band intensities are the
following.

(i) The partial cross-section for ionization from a given orbital is proportional to the
number of equivalent electrons that are available to be ionized (in the case of
closed-shell molecules) or to the statistical weight of the ionic state produced (in
the case of atoms or open-shell molecules).

(ii) The photoionization cross-section (¢) depends on the character of the ionized
orbital, i.e. its size, number of nodes, location in the molecule, etc. Further, it varies
with the wavelength of the ionizing radiation, the variation following different
trends for the various orbitals. This point is most meaningful when intensity

H,0 H,S

13 15 17 19 21 10 12 14 16
H,Se H,Te
) Jk A
1 1 1 1 ] 1 1 A 1 1 1 1 4 1 1 ] A
10 12 14 16 9 1 13 15 17
TE (eV)

FIGURE 1. He I photoelectron spectra of the H,X molecules (X =0, §, Se and Te).
Reproduced by permission of the Royal Society from Reference 14
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arguments are used as interpretative tools. The large number of UPS experiments
performed with two or more ionizing sources (mainly He I and He IT) allow some
empirical rules to be drawn. Firstly, in photoionization by He I, the cross-section
of the valence atomic orbital increases on going down a Group of the Periodic
Table. This trend is a least partially reversed when light of shorter wavelength,
particularly the HelI line, is used for ionizatior.. Thus, the cross-sections of p
orbitals of chlorine, bromine and sulphur decrease significantly on passing from
Hel to Hell, whereas that of carbon 2p orbitals remains roughly unchanged and
those of nitrogen 2p and oxygen 2p orbitals show an increase. Not many data are
available on the behaviour of Se 4p and Te 5p orbitals, whose photoionization
cross-sections are, however, expected to decrease relative, for instance, to that of C
2p on passing from 21.22 to 40.81 eV ionizing radiation. Theoretical calculations
suggest a oy.,/oy., ratio of ca.17 for Se 4p orbitals'® and ca. 14 for Te 4p
orbitals'é, whereas there is experimental evidence that this ratio is roughly 1 for C
2p orbitals. As for molecular orbitals, the Gelius model!®? allows o to be evaluated
starting from that of the contributing atomic orbitals (AOs):

o;=Y P;;, 0 3)
A

where o, is the one-electron photoionization cross-section for the jth MO and the
summation extends over atomic orbitals, ¢;*, on the different atomic centres A.
The o,* are one-electron atomic cross-sections and Pj;, are factors describing the
effective occupancy of the MO.

The main application of equation 3 in UPS has been in identifying the
predominant AO character in the MO giving rise to a particular band. Hence
bands corresponding to halogen lone pairs are easily recognizable by their strong
decrease in intensity in Hell relative to bands corresponding to C 2p-based
orbitals. The same occurs for sulphur-, selenium- and tellurium-centred orbitals.

As an example of use of intensity considerations in the analysis of the nature of
valence orbitals in molecules, we can quote UPS studies on the isomeric
compounds MeNCS'7 and MeSCN!8, Of the first two bands of the spectrum of
the former compound, assigned to = non-bonding and = bonding orbitals,
respectively, that at lower 1E does not change in intensity on switching from He I
to HeIl, whereas the other shows an interesting increase. Since for nitrogen and
sulphur p orbitals the expected intensity changes are in opposite directions, the
experimental findings suggest that the = non-bonding orbital has contributions
from both atoms, whereas the = bonding MO has a large charge density on the
nitrogen atom. This behaviour contrasts with that for methyl thiocyanate, where
the first band shows a marked intensity decrease in the He II spectrum (see
Figure 10), which implies that the corresponding orbital is largely localized on the
sulphur atom. The behaviour is the same in the spectrum of MeSeCN, indicating
that the highest occupied MO (HOMO) is essentially a lone-pair orbital of
selenium.

c. UP spectroscopic comparison of chemically related compounds. This is often the most
valuable tool in the assigment. The observation of trends, variations, etc., depending on
various factors such as electronegativities, size and steric hindrance of substituents or
the presence or absence of conjugative interactions, is usually of great help in the
understanding of the valence-shell structure even of large molecules. Many examples of
such an analysis can be found in the following sections of this review.

d. Theoretical calculations. Sometimes molecular orbital calculations are the only means
of achieving at least a tentative assignment of the UP spectra. Calculation of the
molecular ground-state energies and derivation of ionization energies through the

A
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Koopmans theorem is by far the most commonly used approach. It is usual to
distinguish four types of molecular orbital calculations:

(i) Exact Hartree—Fock (HF) calculations. In these, made by the self-consistent-field
(SCF) method, no terms are neglected and no further improvement in the total
energy can be gained either by increasing the number of iterations or by expanding
the basis set. These calculations are unfortunately limited to relatively small
molecules because of their cost in terms of computer time.

Ab initio SCF calculations. These are made possible by mathematical simplifi-

cation through contraction of the basis set, but do not involve any arbitrary

parameters. The general theory of ab initio calculations for closed-shell molecules
was derived by Roothaan'® and by Hall?® in 1951 and are becoming increasingly
common for polyatomic molecules®!+22,

(iif) Semi-empirical calculations. These calculations are simplified further by the
neglect of certain integrals and the empirical rather than the theoretical evaluation
of others. The different methods that have been extensively used are generally
known by their acronyms, CNDO?2372¢ INDO?7, MINDO?3732 and SPINDO??,
where NDO = neglect of differential overlap, C = complete, I = intermediate, M =
modified and SP = spectroscopic potentials adjusted. Because of the simplifi-
cations achieved, these calculations can be applied to large and complex molecules.

(iv) Empirical calculations. In empirical calculations no attempt is made to mimic the
HF method, the aim being rather to evolve the simplest possible theory, using only
a small number of arbitrary parameters. The Hiickel molecular orbital (HMO)
method3* concerns only r electron systems of conjugated and aromatic molecules.
The extended HMO (EHMO) method as developed by Hoffmann?® includes all
valence electrons and is of considerable use in assigning spectra.

The simplest Hiickel-type method is the linear combination of bond orbitals
(LCBO)?8, which starts not from atomic orbitals but from the occupied group
orbitals of the building blocks of a molecule, thus reducing the number of terms of
the secular determinant. The matrix elements are not mathematically evaluated
but are empirical parameters which can compensate for the neglected integrals and
the lack of empty orbitals. In particular, the numerical values of the self energies ()
and of the interaction parameters () can be derived from the TEs of reference
systems.

(i

~

Il. SMALL MOLECULES

In this section we shall describe some examples of UPS studies of small molecules, often
discussing non-organic molecules which will be useful as comparisons in the following
sections of this chapter.

A. Diatomic Species

1. Homonuclear molecules

The photoelectron spectra of the open-shell system X, (X=0, S, Se and Te) are
characterized by a large number of bands because each ionization process gives rise to a
multiplicity of ionic states. Further, spin—orbit coupling is expected to produce significant
splittings.

pThe electronic configuration of O, * has been extensively investigated both theoretically
and experimentally by UPS37:3%,

In the heavier Group VI homonuclear diatomics, spin—orbit splitting is expected to play
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TABLE 1. Vertical ionization energies (eV) for S,, Se, and

Te,*

State S,’ Se,* Te,*
N 8.93 8.23
. 9.41 9.10 8.73
i,

; 11.82 1065 9.38
21(1) 1233 1119 10.07
o 13.20 1225 1101
’T2) ) (13) 1153
i3, 14.62 1333 11.84
2qT(3) 15.58 14.00 1234
ci - — 13.43¢
sz, 17.70 (17.2° 16.36°
3, 18.10/ 18.44° 18.16°

18.66 (23.68°  (20.56)
23.33 (23.63F
25.99

“Parentheses indicate uncertainty in measurement.
®From Reference 40.

‘From Reference 42.

“Predicted to be very weak in S,.

“Feature observed in He Il spectrum only.
/Assignment of this band is uncertain.

an increasingly important role as the atomic weight of the chalcogen increases. Despite
the severe difficulties in avoiding contamination of the diatomic species in the vapour
phase, UP spectra were obtained for S,397*2,Se, and Te,3%*!-*2, Table 1 reports the
observed ionization energies.

The valence molecular orbital configuration of X, can be represented, in the ground
state, by ...(g,ns)*(o,ns)*(a,np)*(r,np)*(z,np)*.

lonization of the =, orbital leads to a 2I1, state, which can be split into the two spin—
orbit components *I1, ,,, and I1, 5,,. This splitting is actually not appreciable in S,*,
whilst being evident in Se,* (0.17eV*?) and Te,* (0.50eV*?). Of the five possible X, *
states following ionization of the r, orbital (*I1,,2®, and three 2I1, states), four may be
reached by a direct one-electron transition. The corresponding UPS bands are observed in
all the members of the series. The multiplet splittings in the I, ion states of these species are
reported in Table 2. It can be seen that the *IT, — 2T1(1) gap initially decreases with

TABLE 2. Multiplet splitting data (eV) for #2I1, (n,np)~!
states of O,, S,, Se, and Te,

0, S,? Se,* Te,*
41, — 211,(1) 1.03 0.51 0.54 0.69
[T, — 2M,(2) 26 _ 235 215
ST, — 2I13) 7.3 3.76 3.35 2.96

¢ From Reference 38.
* From Reference 40.
¢ From Reference 41.
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TABLE 3. He [I/He I photoionization cross-section ratios for

Se, and Te,
Theoretical ratio
for the valence p
shells of atomic
Molecule Orbital O et/ Tnier Se and Te®
Se,” 7, 0.046 0.06
n, 0.066
a, 0.105
Te,* , 0.074 0.07
m, 0.103
g 0.21

“ From Reference 42
® From References 15 and 16

increasing atomic weight until the effects of large spin—orbit coupling cause the gap to
increase. The same decrease is observed for the “TI, — 2I1,(3) separation.

The analysis of the ionization phenomena accompanying the expulsion of an electron
from the o,ns and o ns orbitals is definitely more complex and the occurrence of two-
electron processes, suggested by Streets and Berkowitz*!, should be further confirmed by
more refined experiments, for instance by using synchrotron radiation as the ionizing
source.

The He 11 spectra of Se, and Te,, studied by Potts and Novak®?, gave interesting
information on the relative photoionization cross-sections of the various orbitals. Table 3
reports the measured He I1/He I cross-section ratios compared with theoretical values for
atomic Se!® and Te'S. 1t is of interest that the He IT Se 4p photoionization cross-section is
markedly lower than the Hel cross-section, whereas the Hell Sed4s cross-section is
predicted to be markedly higher than the Hel cross-section.

2. Heteronuclear molecules

The electronic configuration of TeO, which is the predominant species in the vapour
produced by heating solid TeO, at 773 K, is analogous to that of the above molecules and

TABLE 4. Ionization energies for

TeO”

State [E(eV)
1, , 8.72
R 1030
ML) + 48 .17
23 12.00
P 127
211(3) 13.49

2From Reference 43.
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the assignment of its photoelectron spectrum*? follows the same lines (see Table 4). In this
case the highest 7 orbital is largely localized on tellurium and is antibonding in character.

The Group IV-VI diatomics GeX (X = O*4, §4445 Se*445 Te*), SnX (X = §4+43,
Se*4, Te**+*%) and PbTe**® have been extensively studied by UPS. One *T1,; 5, and three
*x{,, ionic states correspond to the electronic configuration.

(10)*(20)*(30)*(1m)*

of these molecules. Tables 5 and 6 report the experimental ionization energies for these
molecules together with the results of CNDO calculations. An interesting aspect is the
appearance in the spectra of features arising from many-electrons effects (CI) involving the
(20) ! primary hole state. For both GeX and SnX series, an energy stabilization of the 3¢
orbital relative to the In orbital develops with increasing molecular weight. Wu and
Fehlner*® suggested that this is due to a sharp decrease in the n-type interaction between
the atoms whereas White and coworkers** support this hypothesis on the basis of the
CNDO overlap population and charge distribution. The 1= orbital is localized principally

TABLE 5. Experimental and theoretical (CNDO) ionization energies for
GeX (X =0, §, Se, Te) molecules®

Tonic Experimental  Theoretical
Molecule MO state IE (eV) IE (eV)
GeO 36 IR 11.25(1) 11.61
in L 11.40(5) 12.16
26 230, 15.16(2) 15.21
1o 2z, — 30.97
GeS In My232 10.36(5) 10.17
36 I 10.43(2) 10.24
2 DI 14.00(4) 14.40
26 14.6(1) —
26 Cl 15.28(5) —
26 Cl 18.86(6) —
lo iy, — 2222
GeSe In 2n3/2 9.8(1) 10.14
In M, 9.95(5) )
36 I 10.16(1) 10.37
26 %, 13.56(5) 13.92
26 Cl 14.0(1) —
20 Cl 14.88(5) —
20 Cl 16.31(5) —
o 53 — 22.50
GeTe In 1[‘[,,2 9.1(1) 8.67
In M, 9.32(2) ’
3g AV 9.76(1) 9.55
2 230,0 13.31(1) 13.56
20 Cl 13.88(6) —
26 Cl 15.20(5) —
1o 2z, — 20.63

* From Reference 44.
b Vertical 1Es. Uncertainties in parentheses.
¢ Values empirically reduced by 0.8 to reflect final ionic state relaxation.
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TABLE 6. Experimental and theoretical ionization energies for SnX
(X =8, Se, Te) and PbTe molecules

Ionic Experimental  Theoretical
Molecule MO state IE (eV)® IE (eV)
Sn§¢ In M55, 9.42(5) 9.33
3o 2t 9.73(3) 9.53
20 Cl 11.93(5) —
20 T, 13.09(5) 13.08
20 Cl 14.03(5) —
20 Cl 15.46(6) —
2¢ ClI 18.12(6) —
lo DI — 20.80
SnSef In My, 9.0(1) 930
In M, 9.26(3)
30 R 9.56(1) 9.77
20 220, 12.7(1) 12.89
26 ClI 13.65(5) —
20 CI 14.99(5) —
lo IR — 20.85
SnTef In My, 8.61(4) 8.58
In M, 891(2)
3o 21 9.30(1) 9.57
20 CI 10.55(5) —
20 CI 11.02(5) —
20 0 11.91(1) 12.48
20 CI 12.8(1) —
20 CI 14.33(5) —
lo 2, — 18.89
PbTe! In My, 8.04 —
in M, 8.34 —
3¢ 25, 9.01 —

? Vertical IEs. Uncertainties in parenthese.

b Value empirically reduced by 0.85 to reflect final ionic state relaxation.
* From Reference 44.

¢ From Reference 45.

on the chalogenide whereas the 3o orbital is more equally distributed between both atoms.
Hence, as one proceeds down the GeX or SnX series, the I Es of the (36) ™! and (1) ™ ! states
decrease, following the decrease in IE of the chalogenide ns and np atomic orbitals, the
(7)™ "' IE decreasing faster owing to its higher atomic character.

B. Triatomic Species

1. Linear molecules

The photoelectron spectra of the linear molecules X=C=Y (X =0, Y = Se*547;
X =S, Y=S8¢e**" X =Y =Se*5*%) have been investigated and compared with those
of the analogous well known species CO,, COS and CS,, already studied by UPS*%-50,
Figure 2 shows the He I UP spectra of these molecules.
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0CS
Kr
Kr
g

Cs,
(ol0)

2 Ar

Ar T W
L 1 1 1 1 1 U 1 -
10 12 14 16 18 20
TE(eV)

FIGURE 2. He 1 photoelectron spectra of
some X—=C=Y molecules. Reproduced by
permission of the American Institute of Physics
from Reference 46

The assignment of the spectra is the same for all members of the series, as expected in
view of their chemical similarity. The first band corresponds to the 'r, level, essentially
non-bonding, consistent with its sharpness and poor vibrational structure. It shows a
spin—orbit splitting increasing in the order CO, < OCS < CS, < SCSe < OCSe < CSe,.
The second band is broad with a vibrational progression indicating a strongly bonding
character of the ionised level, 'n,. The third and fourth bands correspond again to
essentially non-bonding orbitals, ?¢, and *o, respectively.

Frostand coworkers*® measured the vibrational Franck—Condon factors for each ionic
state, of which they estimated the geometry, using the method of Coon and collabo-
rators®'. A selection of the results obtained are reported in Table 7.

Figure 3 is a correlation diagram of the ionic states which shows several interesting
trends. The energy of each ionic state is lowered if one end atom is replaced by a heavier
atom. The effect of replacement of § by Se is much smaller than that of O by S or Se. The
latter replacements result in a decrease in energy of more than 1 eV, whereas the former
produces a change of far less than 1eV. This reflects the well established fact that the
resemblance between two successive elements in a Periodic Group becomes closer as one
proceeds down the Group.
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TABLE 7. Bond lengths of the ionic states of some X=C=Y
estimated from Franck—Condon factors®

Molecule Electronic rXC——X) IXC—Y)
XCY state (A) (A)
SeCSe X'z} 1.711¢ 1.711¢
SeCSe* XM, 1.711 1.711
A, 1.799 1.799
Bz} 1.731 1.731
cL; L1711 1711
OCSe Xzt 1.159° 1.1709°
OCSe* X1
A 1.90 1.890
B*L* 1.145 1.718
czt 1.111 1.776
SCSe X'zt 1.557° 1.709
SCSe* X 1.537 1.750
Aln 1.620 1.813
Bzt 1.550 1.738
cizt 1.540 1.759
“ From Reference 46.
* From Reference 52.
co3 Cs3 C Se; ocs* 0oC Se* SCSe*
20
% I
2 6l
SEE
12

FIGURE 3. Correlation diagram for the electronic states of some (XCY)* molecular
ions. Reproduced by permission of the American Institute of Physics from Reference 46

Cradock and Duncan found in the UP spectra of OCSe*’, SCSe*’ and CSe,*® some
weak extra bands, not observed by Frost et al.*®, They attributed these features to shake-
up processes, leading to 1, states derived from the (1n,)? (2n,)! configuration of the ion.
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2. Bent XA, molecules
The valence shell configuration of the XO, dioxides (X =S, Se, Te) is
(1a,)*(1b,)*(2a,)*(1b,)*(3a,)*(2b,)*(3b,)*(1a,)*(4ay)?

The photoelectron spectrum of SeO,>* strongly resembles that of SO,, which has
been widely discussed*°-3473¢,

Figure 4 shows the Hel and He Il spectra of both molecules and Table 8 reports the
observed IEs for SEO, with the proposed assignment. The first band in SeO,, at 11.76¢€V,
strongly decreases in intensity compared with the second band on passing from Hel to

24

LE (ev) 7€ (eV)

FIGURE 4. Photoelectron spectra of SO, ( reproduced by permission of Taylor and Francis from
Reference 55) and SeO, (reproduced by permission of Elsevier Science Publishers from Reference 53)

TABLE 8. lonization energies for SeO,°

IE*(eV) Assignment

11.76 4a,(ng)

1218 laymg, o)+ 3bme_)

14.56 20 oo

1495 3a,(rg_e o)+ 1b)(To_g o)
17.61 Cl

19.90 2a,(ds,)

21.80 Cl

“ From Reference 53.
? Values refer to band maxima.
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He II tonizing radiation. This supports the assignment to the ionization of a substantially
non-bonding orbital (4a,) with the main contribution from the Se 4p atomic orbital. The
second band, at 12.18 ¢V, accounts for two ionizations, (1a,)” ! and (3b,) ™', of a n Se—O
bonding orbital and an antibonding O—O orbital. The third, broad band, with a peak at

SeCl2
+ +
W
S 11 13 15 17
SeBr2
+
r
2
Bry % +
2 Br; N2
}
1 1 1 A 1 L i L A ) N
S 11 13 15 17 19

IE (eV)

FIGURE 5. Hel photaclectron spectra of SeA,
molecules (A = F, Cl and Br). Reproduced by
permission of North-Holland Physics Publishing
from Reference 6]
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14.95eV and a shoulder at 14.56 eV, arises from ionization of the 2b,, of ¢ nature, 3a, and
1b,, both bonding between oxygen and selenium.

The weak band at 19.9eV observed in the Hell spectrum corresponds to the non-
bonding 2a, orbital. The features at 17.61 and 21.80eV derive from configuration
interaction (CI) processes.

In the spectrum of TeO,*?, the vapour in equilibrium with this substance was shown to
consist largely of TeO (see SectionIl.A.2). However, analysis showed that bands at
11.15eV, presumably due to (3b,) ™' +(la;) ™' +(4a,;)” ! ionization, and 12.7¢eV, due to
(2b,)" ' +(3a,)" ' +(1b,)"" ionization, could probably be attributed to the TeO,
molecule.

In recent years significant progress has been made in the study of transient species in the
gas phase by means of UPS®”. Because of the importance of short-lived species in various
branches of gas-phase chemistry, and since physical information is often scarce, the study
of transients by means of spectroscopic techniques does not lack incentive.

Related small molecules studied extensively by UPS are the XA, (X=0, §, Se, Te;
A =F, C], Br) compounds. Only the three stable members of this series were studied with
conventional experimental methods, viz. OF,%8, OCI,*® and SCl,3%:%°. Application of
UPS to the remaining members of the series has been met with varying degrees of
experimental difficulty. He I photoelectron spetra of SeF,%!, SeCl,%!®? and SeBr,%!:%?
were described and interpreted on the basis of comparison with the spectra of the related
sulphur and oxygen dihalogenides and with the results of theoretical calculations. In the
UP spectrum of these molecules seven bands are expected from 14 p electrons. In fact, each
halogen atom contributes two lone pairs and one unpaired electron, while the selenium
atom contributes one lone pair and two unpaired electrons. The combined lone-pair
orbitals on both halogen atoms transform as a,, a,, by, b, in C,, symmetry, while the selenium
lone-pair orbital transforms as b,. The out-of-plane b, orbitals interact strongly to form
the widely separated antibonding 2b, and bonding 1b, combinations. The remaining
a,,a, and b, halogen orbitals are relatively unshifted with respect to their positions in the
atomic halogens and lie between the two b, MOs. The remaining two unpaired selenium
electrons combine with those of the halogen atoms to form the strongly bonding 3a, and
2b, MOs, which will lie below 1b,. The UP spectra, shown in Figure 5, are consistent with
this description. Unfortunately, only the first ionization of SeFe, could be observed. In the
spectrum of this molecule bands due to CF,, N,, CO and FCN were also detected.

The LCBO model, applied to the series SeCl,, SCl, and OCl,, gives good resultsé! but
fails for SeBr, because insufficient UPS data are available for OBr, and SBr,.

9 1 13 15 17
I£ (eV)

FIGURE 6. He I photoelectron spec-
trum of Se,Cl, stripped by the spec-
trum of the mixture SeCl,/Se,Cl,, pro-
duct of the reaction Se + Cl,. Repro-
duced by permission of the Royal Society
of Chemistry from Reference 62
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TABLE 9. Ionization energies {eV) for S,Cl,° and Se,Cl,*

S,Cl, Se,Cl,
Assignment® Experimental  Calculated  Assignment® Experimental  Calculated
(CNDO) {(VEOMP)
ng~(17a) (10.1)¢ 11.02 ng, ~(26a) 9.81 10.00
ng*(16b) (10.3) 11.30 ng, *(25b) 9.81 10.30
(16a) 11.43 12.32 (25a) 11.05 11.01
g (15b) 12.20 13.59 g (24b) 12.03 12.52
(15a) 12.52 14.05 (23b) 12.28 1298
14b) (12.6) 14.13 24q) 12.50 13.00
ogs(14a) 14.07 15.88 0._s(230) 1341 13.61
o(13b) 15.65 1605 Geal22b) 13.65 13.66
ogci(13a) (17.02) 16.72 0st(22a) 14.66 14.34
3s4(12b) (19.3) 2329

¢ From Reference 64.

¢ From Reference 62.

¢ The figures and letters in parentheses refer to the numbering and symmetry of MOs.
4 Values in parentheses are ill-defined maxima.

Nagy-Felsobuki and Peel®? detected, in the He I spectrum of the gaseous products of the
reaction of chlorine with powdered selenium at room temperature, bands arising from
Se,Cl, species. Figure 6 shows the stripped spectrum of Se,Cl,. It is very similar to that of
S,Cl,, reported by Solouki and Bock®%, and the assignment follows the same lines [see
Table 9, where the results of valence-electron-only-model-potential (VEOMP) calcu-

TeBr,

TeCl2

1 1 i

1
9 10 1" 12 13 14 15
IE (ev)

FIGURE 7. Hel photoelectron spectra of TeCl, and TeBr,. Reproduced by
permission of North-Holland Physics Publishing from Reference 65




1. Photoelectron spectroscopy of organic derivatives 17

XCl,, X =Te,Se,S and O XBr,, X=Te,Seand S
Te Se S 0 Te Se S
8 L
25,
10} - 2
26, 20,26,
_12f - 1%
2 201,2b1 1b2
— 10
W 2
<
14+ - 10,
> 10,
16 1b2 o
1o,
18 16, -
L i i 1
8 10 12 14 8 10 12

JE atom A (eV)

FIGURE 8. Correlation diagram of the experimental ionization
energies of XCl, (X=Te, Se, S and O) and XBr, (X =Te, Se and S)
molecules versus the first atomic ionization energies. Reproduced by
permission of North-Holland Physics Publishing from Reference 65

lations are also reported]. The agreement between the experimental and theoretical data
confirms the validity of the geometry of Se,Cl, optimized by the VEOMP calculations: C,
symmetry with Se—Se and Se—CI bond lengths of 2.40 and 2204, respectively, a
Cl—Se—Se bond angle of 98° and a dihedral angle of 90°.

The He I spectra of TeCl, and TeBr,, measured by Jonkers and coworkers®®, are shown
in Figure 7. The assignment, supported by both non-relativistic and relativistic Hartree—
Fock-Slater (HFS) calculations, is analogous to that for SeCl, and SeBr,. In Figure 8 the
trends found in the Hel spectra of XCl, and XBr, molecules are presented.

C. Pseudohalide Derivatives

The transient molecules ASeCN (A = CI, Br) were prepared and detected by UPS for the
first time by Jonkers and coworkers®®, by passing the corresponding molecular halogens
over freshly prepared silver selenocyanate (AgSeCN) deposited in the tip of the
spectrometer inlet system. The photoelectron spectrum was assigned on the ground of
comparison with the already known UPS data for the ASCN (A = Cl, Br) molecules®” and
with the results of HFS transition-state calculations. From a simple MO approach with
the molecules constructed from three fragments, i.e. two separate atoms and one cyanide
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TABLE 10. Ionization energies (eV) for AXCN (A =Cl, Br; X =S, Se)

Band
label CISCN® BrSCN* Assignment  CISeCN® BrSeCN* Assignment
(10.45) (10.26)

1 10.52 1032 30" (as) 10.19 9.99 30"(75s,)

2 12.67 11.89 8a'(n,) 12.43 11.69 8a4'(ny)

3 13.05 12.39 7d'(n,) ~129 12.24 2a"(n,)

4 13.28 12,65 2a"[n,, m.=, 12.82 12.56 1d =y

(in-plane) (in-plane)]

5 13.66 13.43 6a(poscy) 1349 13.25 6a/(ny)

6 14.47 14.00 1d'(r, ) 13.85 13.54 la"[m.=y
(out-of-
plane)]

7 15.44 14.93 5a'(r,) 14.90 1441 Sa'(my)

8 1755 17.18 dd(og_) 1695 16.76 4d(og,_,)

¢ From Reference 67.
® From Reference 66.
° Bonding orbital delocalized on the whole molecule.

group, taking into account only the valence p orbitals for Se and X atoms and the 20, 30
and 1= fragment orbitals (FROs) for the CN group, eight orbitals are expected to give rise
to bands in the Hel spectrum. The halogen atom contributes two lone pairs and one
unpaired electron, the selenium atom one lone pair and two unpaired electrons and the
cyanide fragment one lone pair (26 = ny), two filled = and one half-filled 3¢ FRO. The
selenium atom shares one of its unpaired electrons with the halogen atom and the other
with the CN fragment (3¢) giving rise to two MO ionization phenomena, while six more or
less lone-pair or n-type ionizations are expected. Table 10 reports the observed IEs and the
proposed assignment for both ASeCN and ASCN. The overall UP spectra and even
various features of the corresponding bands in both series show detailed agreement.
Spectral comparison between CIXCN and BrXCN (X = S or Se) indicates that bands 1,6, 7
and 8§ show shifts due to significant central atom character, in agreement with the proposed
assignments,

The same authors®®-°® measured the Hel and HeIl spectra of the stable compound
Se(CN),, which are shown in Figure 9 and whose assignment parallels that for SeA,
(A = Cl, Br)®3, with the obvious difference that the halogen lone pairs are replaced by
7en FROs and two nitrogen lone-pair ionizations (ny) appear.

At variance with the ASeCN molecules, methyl selenocyanate (MeSeCN) is a stable
compound. Its photoelectron spectrum was studied!® together with that of the thio
analogue, (MeSCN), investigated by UPS also by other workers®®. The spectra of the two
compounds look very similar (see Figure 10), the only appreciable difference being a
parallel shift by about0.3eV of all bands to lower ionization energy in the selenium
derivative, consistent with the lower electronegativity of Se compared with S. The
assignment, supported by CNDO and ab initio calculations and comparison with related
simpler molecules, therefore follows the same general lines. The first band, significantly
decreasing in intensity with respect to the following bands in Hell, arises from the
ionization of an essentially non-bonding orbital, i.e. the halogen lone pair (n,; X =S, Se).
The calculations suggest a certain degree of conjugation with a n._, component. The
second band corresponds to a p-type orbital of X, which is close to bisecting the CXC
angle. The shape and intensity of the third band (a very intense adiabatic transition,
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FIGURE 9. Photoelectron spectra of Se(CN),. Reproduced by permission of
Taylor and Francis from Reference 66

followed by a broad structure with an irregular vibrational progression) suggest that it
should be attributed to two ionization processes, namely of the two r orbitals of the XCN
group, mainly formed by C and N atomic contribution. The fourth band is due to
ionization of a a-bonding orbital of the system C—X—C—N.

Itisinteresting to study the effect on the MOs of changing A in the series AXCN (A = Cl,
Br,CH3; X =S, Se). Figure 11 shows a correlation diagram between C1SeCN, BrSeCN and
MeSeCN. Apart from the obvious appearance of the halogen lone-pair ionizations in the
first two compounds, the following points deserve attention:

(i) the HOMO does not shift much along the series (10.19eV for A =Cl, 9.99¢V for
A =Br, 9.68¢V for A = Me), despite the opposite inductive effect of Cl and Br versus
Me. This is probably due to the destabilizing interaction of the selenium lone pair with
the halogen lone pairs, which partly counterbalances the electron-withdrawing effect
of the halogen.

(ii) the same does not occur for the second MO (the fourth of the halogen derivatives)
which tonizes at 12.82eV in CISeCN and 12.56 eV in BrSeCN, moving to 11.76eV in
MeSeCN. This is in agreement with the nature of this orbital, lying in the plane of
molecule.

(i) the most affected MO is the fifth one of MeSeCN (seventh of CISeCN and BrSeCN, I E
14.90¢eV in CISeCN, 14.41eV in BrSeCN and 13.37¢V in MeSeCN), consistent with
the significant contribution of AOs of all the three groups.
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FIGURE 10. Photoelectron spectra of MeSCN (reproduced by permission of
the Royal Society of Chemistry from Reference 18) and MeSeCN (reproduced by
permission of Elsevier Science Publishers from Reference 69)
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FIGURE 11. Correlation diagram of the ionization energies of the ASeCN (A = Cl, Br
and Me) molecules. C1SeCN and BrSeCN from Reference 66; MeSeCN from Reference
18
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TABLE 11. Vertical ionization energies (¢V)
for PF,X (X =—NCS, —NCSe)

X =—NCSs* X =—NCSe® Assignment
10.2 9.8 Tinex

11.9 1.7 ne

139 136 Tnex

15.5 152 PN

16.4 164 iy

18.0 Op_r

?From Reference 71.
®From Reference 70.

Andreocci and collaborators'® also measured the UP spectra of phenyl-substituted
selenocyanates and isoselenocyanates, together with those of the corresponding thio
analogues. Unfortunately, the dominant features of the spectra, corresponding to
ionizations of phenyl-based orbitals, completely masked the ionizations of the —XCN
and —NCX groups, preventing any detailed assignment.

The moderately stable (in the vapour phase) difluoro(isoselenocyanato)phosphine,
PF,(NCSe), was studied by UPS, IR spectroscopy and NMR"®. The photoelectron
spectrum was assigned by analogy with those of PF,(NCO) and PF,(NCS)”' (see
Table 11). The first and third bands, peaked at9.8 and 13.6¢eV, respectively, arise from
{n)~ ! ionizations of the NCSe moiety, the second band, at 11.7 eV, from ionization of the
phosphorus Jone pair, the fourth band, at 13.6 eV, is related to the P—N bond and the fifth
band, at 15.2€V, is related to a fluorine lone pair.

I1l. CHALCOGEN HETEROCYCLOPENTADIENES AND THEIR DERIVATIVES
A. Monocyclic Compounds

1. Experimental data

The filled la,, 2b, and 1b, and empty 3b, and 2a, = MOs of the pentaatomic
heteroaromatic rings furan (1), thiophen {2), selenophen (3) and tellurophen (4) can be
considered to derive from the interaction between those of cis-butadiene and the p, AO
of the heteroatom X. By symmetry, the latter can participate only in the b, MOs
(see Figure 13). Therefore, the influence of X is expected to be much larger on these than on
the a, MOs.

A comparison of the UPS data for the first two bands of the four compounds shows
that the energy of one is constant, whereas that of the other changes with the heteroatom.
They have therefore been assigned to the la, and 2b, MOs, respectively (see Table 12).
This assumption, which was also based on the non-bonding shape of the first band in the
spectrum of tellurophen, and on the variation of the /E values with the heteroatom
electronegativity (or IE value)’?73, Jeads to a reversal of the energy sequence of the n
la, and n 2b, MOs in tellurophen with respect to the other congeners where the HOMO is
the la, MO (see Figure 12).

This assignment has been confirmed by the data of the a-monosubstituted derivatives’*.
In fact, methyl or halogen substitution at C,, (see Table 12) causes an increase in the

72,73
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TABLE 12. Experimental 75 and =, ionization energy values and their
difference (A) for furan, thiophen, selenophen and tellurophen and for
their 2-methyl derivatives (eV)*

T, T,
Compound (lay) 2b,) A(m, —my)
Furan 8.88 10.31 1.43
2-Methylfuran 8.37 10.13 1.76
Thiophen 8.87 9.52 0.65
2-Methylthiophen 8.43 9.23 0.80
Selenophen 8.88 9.14 0.26
2-Methylselenophen 8.40 8.96 0.56
Tellurophen 8.88 8.40 048
2-Methyltellurophen 8.43 8.20 0.23

® The ionization energies were taken from References 72-77.

separation of the first two bands in 1-3 and a decrease in 4, in agreement with the
expectation that electron-releasing substituents in the a-position exert a more pronounced
destabilizing effect on the energy of the la, MO (because of its larger wavefunction
coefficient) than on the 2b; MO.

More conclusive support for the reversed sequence in 4 has been obtained’* from an
examination of the correlation between the corresponding IE values for the various
congeners. In fact, slopes close to one, very high correlation coefficients and low values of
standard errors were obtained when the IE values of 1a, and 2b, bands of a series of
substituted furans (selenophens or tellurophens) were plotted against the corresponding
values for substituted thiophens. The very poor correlations obtained by plotting the 1 E,
(2b,) of tellurophens against / E, (1a,) of thiophens and the I E, (1a,) of tellurophens versus
1E, (2b,) of thiophens confirmed the change of ordering’®.
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FIGURE 12. Plots of the n2b, and nla, ionization energies of furan, thiophen,
selenophen and tellurophen versus the ionization energy of the corresponding
heteroatom
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The first two bands in the UP spectrum of 3 partly overlap, indicating that the
corresponding MOs are close in energy. The vibrational structures are only partly
resolved so that there were some doubts’273 about the assignment of [E, and /E, and
their precise vertical values.

A contribution toward the solution of this problem has been obtained’* by plotting the
IE| and I E, values for a-substituted selenophens against the corresponding values for the
other congeners. Average interpolated values (for a-substituent =H) of 8.88 (n la,)
and 9.14(xn 2b ) eV were obtained, which are in excellent agreement with the values and the
assignment reported’?.
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FIGURE 13. Tonization energy (eV) and attachment energy correlation
diagram for furan (1), thiophen (2), selenophen (3) and tellurophen (4)
Reproduced by permission of North-Holland Physics Publishing from
Reference 81
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The assignments of the next bands of 3 and 4 have been attempted’* by comparing their
UP spectra with those of the corresponding tetrahydro derivatives®°. On this basis, it has
been suggested that ionization from the 15, # MO contributes to the fourth band in both
spectra. The third and the remaining component of the fourth band in 4 and the fifth band
in 3 have been ascribed to oy_ ionizations.

According to this assignment, the I E value of the innermost 7 MO of the five-membered
congener compounds decreases with increasing heteroatom electronegativity (see
Figure 13).

2. Comparison with theoretical computations

Several attempts have been made to confirm the empirical assignments on the basis of
theoretical calculations.

Findlay’s minimal basis set STO-3G and open-shell RHF calculations indicate®? that
the ordering of the uppermost MOs of 3 is 2b, < la,, the reverse of that found for
thiophen and furan and the experimentally established order. In these ab initio compu-
tations, the total energy for selenophen is found to decrease by 76.5kJ mol~! on going from
an sp to an spd basis set. Nevertheless, the 4d orbitals have been considered to assume the
role of polarization functions, i.e. to increase the variational flexibility of the system rather
than to make a significant contribution to the ground-state bonding®2,

Similarly, the MS X, computations of De Alti and Decleva®® do not reproduce the near
degeneracy, in 3, or the reversal, in 4, of the first two IE values, although they correctly
reproduce the constancy of the = 1a,M O and the destabilization of the n 15, and the ¢ 6a,
and ¢ 4b, MOs from 1 to 4.

According to the X, computations, the compositions of the 15, and 2b, orbitals change
with the heteroatom. The former is largely heteroatom in character in furan, whereas it
becomes mostly ring in the other molecules. The latter exhibits the reverse behaviour, so
that the two orbitals exchange their nature. This may be reasonably attributed to the
difference in the relative energies of the b, ring and p, heteroatom levels along the series.
The 6a, and 4b, ¢ MOs show a prevailing heteroatom character deduced
experimentally’*,

The inversion in the energy sequence of the two uppermost n I Es of tellurophen, with
respect to the other members in the series and their near degeneracy in 3, are correctly
accounted for by application of a one-particle Green’s function technique within the
framework of the CNDO approximation®* and by a successive MS X, approach®!. The
former computations also predict the ordering of the succeeding I Es (6a, < 1b, = 4b,)to be
the same in both 3 and 4, which is consistent with the analogies in their UP spectra’? "4
and the band shifts with respect to their tetrahydro derivatives’*8°.

3. Electron affinity values

The experimental electron affinities (EAs) of 1-4, determined by electron transmission
spectroscopy (ETS)®!", are presented in Table 13 together with the corresponding data
computed by a Green’s function technique®# and the X, method®!. Reasonable agreement
between the theoretical and experimental EAs is apparent. The energies of the 2a, (n*) MO
are nearly the same in 2-4, but considerably smaller than in 1. The 35, (n*) MO is
increasingly stabilized in the heavier congeners, that is, with decreasing heteroatom

"For a brief description of the ETS technique, see Section VIIL
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TABLE 13. Electron aflinities (eV) of hcterocyclopentadienes

EA“ EA® EA®
(Green’s  (MS X,) (exptl)
Molecule MO function)
Furan 2a, —3.06 -3.19 -3.15
3b, —195 —1.82 —1.76
Tiophen 2a, —2.84 —281 —2.63
3b, — 147 - 1.57 —1.15
Selenophen 2a, —2.69 -2.76 —-272
3b, - 119 -1.53 —0.90
Tellurophen 2a, —2.59 —2.67 —262
3b, —0.95 —-1.02 —0.55

?From Reference 84.
®From Reference 81.

electronegativity (see Figure 13)". Both the 3b, and 2a, (*) MOs can mix with heteroatom
d orbitals of proper symmetry and be stabilized. This interaction is absent in furan whered
orbitals at low energy are not available.

A correct evaluation of the effective d—n* mixing has been obtained by X, computations.
This method, in fact, solves numerically the Schrodinger equation in partial waves. In the
LCAO methods the contributions from d orbital basis functions can arise through lack of
convergence of the lower angular momentum functions®6~88,

According to the results of the calculations, the d—n* mixing is negligible in furan, while
the two IT anion states of 2—4 have some heteroatom d orbital character, in agreement with
the observed stabilization. It is to be noted, however, that the largest d orbital character is
calculated for the 24, anion state of thiophen (ca. 16%, of the atomic sphere charge
density), suggesting that geometric parameters affect the observed attachment energies
(AEs, the negative of the electron affinities). The large increase in the chalcogen—carbon
bond length (O—C, 1.362 A8 S—C, 1.714 A°% Se—C, 1.885 A°'; Te—C, 2.055 A92) can
reduce the antibonding interaction between the heteroatom lone pair orbital and the
adjacent carbon atoms, and also that between C,, and C s, (see the orbital sketches in
Figure 13), resulting in a stabilization of the 36, and 2a, MOs, respectively®*. This effect is
apparent only when vacant orbitals are considered probably because of their more diffuse
nature with respect to filled orbitals.

The X, calculations predict in 2-4 a £2B, anion state with a very large heteroatom d
character close in energy to the T12B, anion state. The corresponding resonance is
observed between the two ¢ resonances in the spectrum of 3 and at the lowest energy in
the spectrum of 4. It is not observed, however, in the spectrum of thiophen®3, probably
because it overlaps with the 7 resonance. In fact, the specira of thiazole and isothiazole
display an additional resonance centred at about 1.6eV®*,

"The IE values have been taken from References 72-79, 83 and 84 and the EA values from
References 81 and 85. In the energy region shown in the figure there are some other o IEs deriving
from MOs mainly localized at the ring and therefore almost insensitive to the change in heteroatom.
They have been omitted for clarity.
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B. Bicyclic Derivatives

1. Benzo derivatives

The assignment of the UP spectra of benzo[b]selenophen (5) and benzo[b]tellurophen
has been made®® on the basis of semiempirical PPP calculations and the analysis of
relative band intensities observed by changing the ionizing radiation from HeT to HeIl.
The first three bands have been found to correspond to the uppermost 7 orbitals by
analogy with the assignment of the spectra of the corresponding oxygen and sulphur
derivatives®#~°7. The variation of the ionization energy values (/E, — /E,) with the
electronegativity of the ionization energy of the heteroatom is similar, but smaller, than
that observed for the simple pentaatomic compounds. This smaller sensitivity has been
ascribed to the larger number of carbon atoms present per heteroatom and to the lack of
symmetry?3.

Y O O O
Se \N/ sé e
(6) (7)

(3) (8

The photoelectron spectrum of 2, 1, 3-benzoselenadiazole (6) is remarkably similar to
that of the corresponding thiadiazole, both in overal shape and in the position of the
maxima. The same situation occurred with selenophen and thiophen, and has been
related to the similar electronegativity of the heteroatoms and to the similarity of their
orbital energies®®. Analogously, the spectra of 1,2,3-selenadiazole®®'%°, 1,2,3-
benzoselenadiazole (7)!°° and 2-methylbenzoselenazole (8)'°! very closely resemble those
of the corresponding sulphur compounds'©2-1%3, The assignment of the first few bands has

been reported®®10t,

2. Thienothiophenes and selenolo analogues

A more detailed analysis of the electronic effects of the heteroatom on the orbital
energies of five-membered heterocycles has been reported by Gleiter and coworkers!%%,
They compared the UP spectra of thieno[ 2, 3-b]thiophen (9) and thieno[3, 2-b]thiophen
(12) with the selenolo analogues 10-14.

D Ly (D

]

(9) (10) (1

/ S / Se / Se
1 (D (D
(12) (13) (14)

The UP spectra of the series 9-10—11 all appear very similar, as do the UPspectra of the
series 12-13-14. HMO calculations reproduce the significant trends observed (see
Table 14).
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TABLE 14. Measured vertical ionization energies
(/Es) and Hiickel MO theory orbital energies (g)

(eV) of 9-14°
Compound Assignment € IE
9 4b, —848 832
3a, —860 84l
10 8a" -832 828
7a" —849 818
11 4a, —816 816
Sb, —845 8.6
12 4a, ~825 810
3a, —894 85l
13 8a" —819 808
Ta" —861 839
14 Sa, —8.09 805
4a —850 820

° Reproduced by permission of the American Chemical
Society from Reference 104. Copyright (1977 ) American
Chemical Society.

Replacement of sulphur by selenium has been considered as a minor perturbation. Its
effects have in fact been described by simple perturbation theory applied to the MOs of 9
and 12 computed according to the Hiickel method. The HOMO of 9 has a small
localization at the sulphur atoms, while the next MO has a large amplitude in these
positions. The two orbitals are therefore destabilized to different extents by substitution of
selenium for sulphur. This gives rise to a reversal of the ordering in the series 9-10-11.
Similar shifts are shown by the two highest occupied orbitals in 12. They, however, have
the same symmetry and interact considerably, but the crossing (along the series 12-14) is
not allowed. Their shape corresponds to the initial stages of an ‘avoid crossing’!®*.

IV. SELENIDES AND TELLURIDES

A. Alkyl Chalcogenides

The Group IV hydrides have the valence shell structure (1a,)? (1h,)? (2a,)® (1b,)%
Tonization from the 1h, orbital results'?!* in a sharp and intense peak, characteristic of
non-bonding electrons, followed by a short vibrational progression. The second (2a,) and
third (1b,) band systems show long progressions, in agreement with the strong H—X
bonding character for these orbitals (see Figure 1).

The (1a,)”! photoelectron bands are all extremely weak because they are related to
orbitals which have mainly s AO character. For these orbitals the photoionization cross-
section near the ionization threshold is very much less than that of p AOs.

The IE values (see Table 15) exhibit a clear dependence on the atomic number of the
heteroatom. In particular, [E, and IE, are fairly close to the first and the second IE
values'®® of the corresponding heteroatom.

There is a sudden loss of vibrational structure around the maximum of the second band
of H,S, H,Se and H,Te. It may be due, at least in part, to predissociation into X* + H,,
which also is found at these energies'®®. In contrast, the >4, state of H,O" does not
predissociate. The formation of O * ions from H,O occurs at much higher energy than that
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TABLE 15. X lone pair and X—C vertical /E values (eV) of
alkyl chalogenides, R,X (X =0, S, Se, Te)*

R X,plb1) U(x,c)(al) U‘X,c,(bz)
Oxygen derivatives

12.62 14.74 18.51
Me 10.04 11.91 13.43
SiH, 1117 1.2 14.5
GeH, 10.40 10.9 13.5
CH,—CH,—
! 9.65 11.4 13.0
CH,—CH,—
Sulphur derivatives
H 10.47 13.33 15.47
Me 8.71 11.28 12.68
SiH, 9.70 11.15 11.71
GeH, 9.25 10.66 11.30
CH,—CH,—
| 8.42 10.9 =119
CH,—CH,—
Selenium derivatives
H 9.88 12.93 14.62
Me 8.40 11.0 12.0
SiH, 9.18 10.85 11.29
GeH, 8.84 10.44 10.88
CH,—CH,—
| 8.14 10.5 >11.4
CH,—CH,—
Tellurium derivatives
H 9.14 12.00 13.25
Me 7.89 10.35 11.32
SiH, 8.63 10.23 10.83
GeH, 8.34 9.93 10.56
CH,—CH,—
|
CH,—CH,— 7173 10.0 10.7

¢ R=H, from Reference 14; R = MHj,, from Reference 107; R = C Hg, from
Reference 108.

of the 24, state and the 24, band exhibits vibrational structure extending over the whole
bandl 3. 14‘

Analogously, the sharp, intense band at lowest [E in each of the (MH,),X molecules
(M =C, Si, Ge; X=0, S, Se, Te) has been assigned to the 15, MO, the X, lone pair
orbital'®?. The trend of IE, parallels that observed!* for the corresponding hydrides
(see Table 15).

The second and the third bands correspond to the 3a, and 2b, bonding orbitals,
respectively. They shift to lower values with increasing atomic number of X and M. All are
smaller than the corresponding hydride values, indicating an electron-releasing capability
of the MH, groups.

The variation of the first / E with M is C < Ge < Si in each series, rather than C > Si >
Ge, as might have been expected on the basis of electronegativity changes. This effect has
been ascribed to n-donation from the X lone pair towards the nd AOs of M.
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FIGURE 14. First band of the He I photoelectron spectra
of (CH,),X (X = 0O, S, Se and Te). Reproduced by permission
of North-Holland Physics Publishing from Reference 80

The X,, and the two X—C bonding orbitals of the (CH,),X derivatives (15-18) are
pushed to even higher energy with respect to the corresponding MOs of the dimethyl

S e

(18) (18) an (18)

derivatives. However, their relative ordering in each compound and by changing X are
mantained %8 (see Table 15).

The most peculiar aspect of the spectra of these cyclic compounds is the shape of the first
band. The characteristic non-bonding aspect observed in the previous series is still present
in I8 and, to a lesser extent, in 17, while the band assumes an increasingly bonding
structure on going towards tetrahydrofuran (see Figure 14).

The X,, orbital can interact by symmetry with the in-phase combination of the pseudo =
orbitals of the CH, groups. For overlap and energy reasons this interaction gradually
increases on going from 18 to 15, causing a gradual broadening of the first band. This is
confirmed by the plot of the I E, values against those of the corresponding hydrides'*,



30 Carla Cauletti and Giuseppe Distefano

\
/
1l 7/
/
/
/
% 10+ // _
/ °
= or /
3]
S / o
/ O/
8t //O/
. e
/ 1 1 1 1 1 -
10 1 12 13
HoX (eV]

FIGURE 15. Plot of the first ionization energy of (CH,),X
(X=0, 8, Se and Te) versus the corresponding one of H,X.
Reproduced by permission of North-Holland Physics Publish-
ing from Reference 80

The two sets of data are linearly related, but the slope is significantly less than one. The
distance of (CH,),O from the 45° line is the greatest, in agreement with the increasingly
bonding character of the lone pair orbital on going from 18 to 15 (see Figure 15).

B. Open-chain and Cyclic Ethylene Derivatives

1,4-Dithiin (19) and the related compounds 1, 4-thiaselenin (20) and 1, 4-thiatellurin (21)
posses four 1 MOs whose energy patterns are shown in Figure 16''°.

s oINS

(19) (20) (21)

The first two bands, n, and 7, are related to the in-phase (= *) and out-of-phase (z~)
combinations of the heteroatom lone pairs, respectively. They exhibit the ‘reverse
ordering’ (z* above n7)'°¥ due to through-bond interaction. According to ab initio
calculations, in fact, n, and 7, interact with the in-phase combinations of the filled and
empty ethylenic orbitals, respectively, being destabilized (r,) and stabilized (n;). The small
perturbation of m, along the series can be related to the different degree of mixing with the
ethylenic bonds. The energy and the trend of n5 are very similar to the first IE of the free
heavier chalcogen atom'?,

7, is related to the out-of-phase combination of the 1 C=C orbitals. The decrease in its
ionization energy in the series 19> 20 > 21 is in agreement with the decrease in the
inductive effect of the chalcogen atom due to the change in the order of electronegativities:
3.5(0),2.5(8), 2.4(Se), 2.1(Te)'".
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FIGURE 16. Partial energy level diagrams (eV) showing the
evolution of the  MOs in 1, 4-dithiin (19), 1, 4-thiaselenin (20)
and 1, 4-thiatellurin (21). Three o levels at energies intermedi-
ate between the 7, and =, levels have been omitted for clarity

The UP spectra of some 1-acceptor-2-donor-substituted ethylenes have been analysed
to study the ‘push—pull” interaction and its effect on the electronic structure'!2.

The first three bands of 22-25 have been ascribed in order of increasing /E value, to
ionization from the HOMO, a = MO delocalized over all the molecule, from the out-of-
phase combination of the chalcogen lone pair (n ), and from a carbon-—chalcogen ¢ MO,

NC Me
N s
NC/ \SMe

(22)

NC\ S CH,
e \s——cl:H2

NC\ / SeMe
NC/ \SeMe

(23)

Se—Chy

NC\ - ’
NC/ \ Se—CH,

(24) (25)

The spectra of the seleno derivatives are similar to those of the corresponding thio
analogues, but the considered /E values are generally smaller, in agreement with the
difference in the I Es of the sulphur and selenium atoms (see Table 16). The shifts are larger
(0.4-0.5¢V) for IE, and [E;, whose corresponding MOs have prevailing chalcogen
character''?, than for the HOMO (0.3 eV from 22 to 25). The close similarity (A = 0.06 eV)
of the IE, of 24 and 25 is probably related to the different sizes of the sulphur and selenium
atoms, which cause a grater deviation from planarity of the pentaatomic ring in 24 than in
25. This allows additional mixing of the sulphur outer shell p_ orbitals with other orbitals.
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TABLE 16. Experimental ionization energies and their differences
(eV) for some push—pull ethylenes®

Compound 1E,(m) AIE, IE,(n7) AlE, 1E+(0) AlE,

22 9.16 9.89 11.20

} 0.31 } 0.50 } 0.47
23 8.85 9.39 10.73
24 8.88 9.94 11.55

} 0.06 } 0.40 } 0.40
25 8.82 9.54 11.15

“ Reporduced by permission of Acta Chemica Scandinavica from Reference 112.

C. Alkyl Phenyl Chalcogenides

Photoelectron spectroscopy and theoretical studies''*''5 on alkyl phenyl ethers and
thio ethers have suggested that in phenyl chalcogenides a balance of electronic and steric
factors may exist which leads to the prevalence of one of the two limiting forms designed as
planar (I) and perpendicular (IT). In the former, the conjugation between the ring 7 orbitals
and the X,, orbital is more extensive than in the latter, producing a larger splitting of

relevant MOs.
\
R

(1) (I1)

Schweig and Thon!!* have shown that by increasing the source temperature from 20 to
500°C the population of rotamerllI in thioanisole increases significantly. Mellor and
collaborators!!® followed the approach of changing the size of R. They found that the
importance of the less conjugated rotamers of phenyl alkyl sulphides and ethers increases
in the order H < Me < Et < i-Pr < ¢t-Bu''3. In both cases, however, the bands of the two
rotamers are not clearly discernible in the spectra, so that arguments must reside on the
appearance of shoulders.

Much more propitious to this kind of investigation are the alkyl phenyl selenides
studied by Baker and coworkers''®. The following example illustrates their approach.

The steric effects are clearly apparent comparing the spectra of 26-28.

Me
/Me

Se Se
oo O™
Me
(26) 2n (28)

In each compound the first band corresponds to the HOMO which has prevailing Se,,
character. It shows a doublet structure (intensity ratio 1:1) in the spectrum of 27. The
lowest I E component (8.0eV) corresponds to the HOMO of the planar rotamer I and the
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second (8.3 €V) to the rotamer with reduced conjugation. The single band observed for 26
must correspond to form I, the only rotamer allowed by the constrained structure. Its low
IE value (7.6eV) is in fact compatible only with a conjugated system.

The ortho disubstitution in 28 makes II the only form allowed. The IE, value, 8.7¢eV,
clearly shows the absence of p-n conjugation.

On going through the series PhXMe (X = O, S, Se, Te) the ratio between the planar and
perpendicular conformers gradually decreases. In fact, at room temperature no per-
pendicular conformer can be seen in the spectrum of anisole! '3, the I: I ratio is about 1.5: 1
in thioanisole!'* and 1:1 and < 1:2 when X =Se''% and Te''”, respectively.

This trend is probably related to the balance of several geometric and electronic factors.
In fact, the C—X—C angle is much larger when X = O than for the heavier chalcogens
favouring the planar rotamer, while the increasing bond length acts in the opposite
direction. The n—n overlap decreases when the size of the heteroatom increases, while the
n-n energy matching is the best for X =S (benzene, 9.24¢eV; the X, IE values of the
dimethyl derivatives are listed in Table 15). Finally, the n—o%_ charge-transfer
interaction (which favours rotamer II) is energetically favoured in the heavier chalcoge-
nides, where the empty orbital is stabilized by mixing with the heteroatom d orbitals (see
Section II1.A.3).

Other studies have been carried out on phenyl chalcogenides. The IE, of p-
NO,C¢H, XMe (X = 0,8, Se) have been correlated with structure and MO character-
istics. The v, value in the UV-visible spectra has been found to increase with increasing
value of the first IE''8!!° This finding is in agreement with the fact that the HOMO is
mainly localized on the ring-chalcogen part of the molecule and therefore it is sensitive to
the nature of X, whereas the lowest unoccupied MO (LUMO) is localized at the NO,
group in all cases, and therefore its energy is nearly constant. MO calculations on o-,
m- and p-MeSeC,H,Y (Y =OMe and NH,) indicate that the substituent with the
lowest IE of the lone pair (SeMe) makes the largest contribution to the HOMO,
and that a substituent with high IE contributes more to the second HOMO than to the
HOMO!'2%,

Five bands, two arising from the benzene-like 7 MOs, two from the two (in-phase and
out-of-phase) CO lone pair n* and n~ and one from the 7 MO localized mainly at the
heteroatom (ny) are present in the low I E region of the UP spectra of phthalic anhydride
and its chalcogen analogues (29-32)'2",

0
(29) X=0
¢ (30) x=5
(31) X=Se
(32) X=Te
o]

The benzene-like 1 MOs are nearly insensitive to X. Their /E values range from 10.25
and 10.63 eV in 29 to 10.02 and 10.28 eV in 32 indicating that the CO—X—CO groups
have a similar electronic effect on the benzene ring. In contrast, the 7, MOs change in a
parallel way with the 2b, MO of the related pentaatomic heterocycles going from 11.73eV
in 29 to 8.59eV in 3274121,

The two lone-pair MOs n* and n~ are similarly destabilized because of their effective
mixing with the oy_ orbitals and the changing inductive effect. The electronic
distribution at the CO groups also depends on the mesomeric interaction with the p, AO
of X. Other observables, such as the v._g stretching frequencies and the '*C NMR
chemical shifts, depend on the electronic distribution in the CO groups. It has been
found that these three properties (IE,, v and &) vary in a parallel manner!'?*.
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D. Cyclic Phenyl Chalcogenides

Replacement of an oxygen atom with a heavier chalcogen causes changes in the
electronic and geometric structures, the effects of which are visible in the UP spectra. In the
previous section we have seen that in phenyl alkyl chalcogenides steric hindrance can
cause rotation about the ring—X bond. In cyclic derivatives, relief of strain about the
chalcogen atoms can occur by a different conformational change, as shown by the
following examples.

From the value of appropriate IEs, Pfister-Guillouzo and collaborators'?? obtained
information on the preferred conformation of some organometallic zirconium com-
pounds. They suggested thatin (RCsH,),Zr(Me)SePh the benzene ring plane forms a large
angle (ca. 90°) with the ptane defined by the Zr, Se and Cgy,, atoms, while in
(RCsh,),Zr(SePh), the corresponding angles are small (ca. 0°) and therefore a significant
Ng.—T.ne CONjugation is present.

In the cyclic derivative 33, the question arises of whether the heterocycle is planar or not.

Se
Zr(RCgH,).
rRCsRe)
s/
e

(33)

A qualitative interaction diagram between the selenium unshared pairs and the two
uppermost degenerate n benzene orbitals indicated' 2 that only in a conformation folded
along the Se—Se line the two uppermost #* MQOs can be nearly degenerate as found
experimentally. This result is in agreement with an EHT calculation and the solid-state
structure'23,

The UP spectra of the homonuclear and heteronuclear chalcanthrenes (34) have been
recently analyzed'247'28, The six bands present in the low-energy region of the spectra

X
Y

(34)

derive from the interaction of two 1 MOs of each benzene ring and the heteroatom lone-
pair orbitals. Two of the resulting MOs (IE, and IE,) are localized only on the benzene
ring (in a perfectly planar conformation), and their energy is only slightly modified from
the benzene value (9.24 e V) by the inductive effect of the heteroatoms. The I Es obtained, in
fact, range from 9.5 and 9.7eV in dibenzo-p-dioxin (X =Y =0) to 9.12 and 9.30eV in
telluranthrene (X =Y = Te)'2° (see Table 17).

The two outermost MOs are the antibonding combinations between 7y y and ny y
orbitals and appropriate combinations of the benzene n orbitals. If the chalcanthrenes
where planar or had the same angle of fold ® along the line connecting the two
heteroatoms, these MOs would become progressively destabilized with increasing size of
the heteroatoms (as is well established, see Section I1T). The HOMO, on the other hand, is
only slightly destabilized in phenoxachalcogenins (34, X = O, Y =0, §, Se, Te) [7.78 (O),
7.72 (S), 7.74 (Se), 7.61 (Te)eV'**] and, in the homonuclear chalcanthrenes (34,
X =Y), the HOMO energy does not decrease monotonically along the series [7.78 (O),
7.94 (S), 7.93 (Se), 7.52 (Te)eV*27] (see Table 17).

Dipole moment analyses showed that the folding is small and nearly constant in
phenoxachalcogenins, whereas it can not be neglected and increases with the mass of the
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TABLE 17. Experimental ionization energies (eV) and angles of fold (°) for
chalcanthrenes (34)"

Heteroatoms IE, IE, 1E, IE, AlE,, @

X Y (mxy) (mxy} (Mring) (Ming)

(0] (0] 7.78 8.76 9.5 9.7 0.98 163.8
(0] S 172 8.71 9.4 9.6 0.99 163.4
(0] Se 7.74 8.67 9.33 9.5 0.93 162.6
(0] Te 7.61 8.66 9.24 9.4 1.05 172.2
S S 7.94 8.43 9.30 9.45 0.49 1424
Se Se 793 8.18 9.26 9.4 0.25 139.0
Te Te 7.52 7.72 9.12 9.30 0.20 124.6
S Se 793 8.32 9.27 9.45 0.39 1350
S Te 7.70 825 9.23 9.4 0.55 1333
Se Te 7.67 8.07 9.21 9.5 0.40 1340

“From References 124-126.

heteroatoms in homonuclear chalcanthrenes! 247126, The folding causes a reduction of the
Ny y—T,y, interaction, decreasing the energy of the HOMO.

In a non-planar conformation, the separation of MOs into n and o is no longer strictly
valid and the ng y MOs can also mix with formally ¢ orbitals. This is reflected, for example,
in the energy separation (A) between IE, and /E,. A is ca. 1 €V in phenoxachalcogenins,
whereas it decreases from | to 0.2eV in the homonuclear chalcanthrenes!?>,

The conformation of diphenylchalcogenides (PhXPh) and some chalcanthrenes has
been investigated by means of UPS and theoretical computations also by Traven and
coworkers!27128 In the latter compounds, the ® values are different from those
determined in solution!2#7126 even though the general trend is maintained.

V. DISELENIDES AND DITELLURIDES

A. Methyl and Phenyl Dichalcogenides

Dichalcogenides represent an ideal series for studying the interactions between p
orbitals of adjacent atoms as the geometry and general characteristics of the system are
changed'?°,

For aliphatic dichalcogenides the first two bands in the UP spectra correspond to the
symmetric and antisymmetric combinations of the X, orbitals n™ and n™. When the
dihedral angle C—X—X—C (w) deviates from 90°, the energy separation between then™
and n~ orbitals (A/E) will increase. In fact, AIE has been found in disulphides to be about
0.2-0.3eV when R = Me, Etand Prand 0.65¢V in di-t-butyl derivatives'3°7!32, The value
of w has been computed to be close to 90° and to 98°12% or 110°!3!-132 respectively.

Dimethyl diselenide assumes a stable skew conformation with a dihedral angle w of
87.5°133. Accordingly, the AIE value is small (0.23eV)!**. EHMO calculations indicate
that this A value derives in part from through-space splitting and spin—orbit coupling
{ca.0.07 and 0.06 eV, respectively) and in part{ca. 0.1 eV)from interaction ofthen* and n~
orbitals with the low-lying og,_. and og,_g, orbitals, respectively'?*. According to
calculations, these through-bond mixings are larger than the corresponding interactions
in dimethyl disulphide. The n*/n~ splitting does not change in diisopropyl diselenide (as
inferred from Figures | and 2 in Ref. 135).

In agreement with the shift to lower /E values observed for 7, non-bonding and oy_
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orbitals when selenium is substituted for sulphur, the ox__ orbital is equally destabilized.
It goes from 11.28 ¢V in dimethyl disulphide to 10.67¢V in dimethyl diselenide'3*.

In this class of compounds, the conformation with a dihedral angle of 90° between the
two electron lone pairs on the chalcogen atoms minimize lone pair-lone pair repulsion.
Alternatively, the n—n repulsion is reduced if the lone electron pairs are delocalized on the
substituents as in diphenyl dichalcogenides, Ph—X—X—Ph. Their splitting in fact is
about 0.4-0.5¢V in diphenyl diselenide and ditelluride (see Table 18), which corresponds
to an w value of about 70°134:13¢,

In the diphenyl dichalcogenides the n* orbitals mix with the =X combinations of
appropriate symmetry, giving rise to the /E, , and /E; ¢ bands'*¢. The modest splittings

AIE, ; and AIE ¢ (unresolved) and the similarity of their average values IE, , and [E ¢
to the corresponding I Es in PhXMe''*~!!7 indicate that very little interaction takes place
between the two phenyl groups through the dichalcogen bridge.

In addition, the splittings between the n,;,, (asymmetric or non-interacting) MOs 3 and
4 and the # MOs § and 6 can be taken as a measure of the X-ring interaction, which, in
turn, depends on conformation. Their absolute energy values and splittings are very
similar to those reported for the planar conformer of the PhXMe systems''#~!!7 (see
Table 18). One can therefore infer that the combination of the two PhX moieties to give
Ph,X, will not substantially influence the interaction between the chalcogen 7, pa;r and
the n,;,, orbitals and hence will not change the conformation of each PhX—fragment.

ring

B. Peri Dichalcogenides

The naphthalene-1,8-dichalcogenides (35a-f) have received renewed interest as
potential electron donors in one-dimensional organic charge-transfer conductors'37-!38,

X —Y X,Y X,Y
(a)S,S (d)Se,Se

(b)S,Se  (8)Se,Te
@@ (c)S.Te  (NTeTe

(35)

TABLE 8. "/E values, average values and their splitting for some diphenyl dichalcogenides (eV)
(from Reference 136). The values in parentheses refer to ionization from the corresponding MOs of the
planar conformation of the PhXMe derivatives

Ph—S—S—Ph Ph—Se—Se—Ph Ph—Te—Te—Ph
Band 1E IE  AIE 1E IE  AIE 1E IE  AIE
1(n) 8.21 8.06 7.68
(8.07)“} 833 024 (8.0)”} 830 048 (7.6 7.88 040
2(n) 8.45 8.54 8.08
3(n,
9.36 9.31 9.22
4(n,) 9.3y (9.3)° 9.2y
0.80 0.52 0.28
5(n,) (0.85) (0.6) 0.3)
10.16 9.83 9.50
6(n,) (10.15) (9.9 (9.5r

? From Reference 115.
® From Reference 116.
¢ Estimated from Figure 2 in Reference 117.
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Compounds 35a and 35b have been found to be planar by Raman studies'>° and X-ray
diffraction data'??, respectively, so that coplanar chalcogen—chalcogen lone pair
(through-space) interaction is expected to be large.

The first four photoelectron bands of the UP spectrum have been assigned to # MOs on
the basis of perturbational arguments and semiempirical calculations!37-138, The spectra
are very similar for all the derivatives, showing in the low I E region one isolated band at
7.03-7.14 ¢V followed by three partially overlapped bands at 8.7-9.3eV. The n™ orbital is
destabilized by 1eV'38 or 2eV'37 with respect to n* by through-space interaction. Its
coupling with the naphthalene HOMO gives rise to the first band and to one component of
the second structure.

The HOMO of 35a—f is destabilized by more than 1 eV with respect to the naphthalene
HOMO. Therefore, the destabilizing effect of the peri dichalcogenide substitution is
similar to that of two amino groups'3”.

The constancy of the first I E values and the similarity of the spectra indicate that the
electron-releasing inductive effect of the heavier chalcogens is counteracted by the reduced
second-order perturbation, and that all compounds 35 are planar or nearly planar.

VI. SELENOKETENES, SELENOCARBONYLS AND SELENOFULVALENES

Some of the compounds presented in this section are short-lived or unstable species which
have been generated in situ from appropriate precursors, at high temperature, inside or
close to the ionization chamber of the spectrometer. Most of these studies, which have
often been accompanied by high-level theoretical calculations, have been performed by the
research teams of Bock and of Schweig.

A. Selenoketenes

Gas-phase thermal decomposition of 1,2,3-selenadiazole afforded the short-lived
selenoketene 36a (yield 95%, T =800K?®%140-141) which has been identified by mass
spectrometry and by comparing its UP spectrum with those of thioketene 36b'*2:'43 and
ketene 36¢'** and with the results of ab initio SCF calculations,

X
H (@) Se

C=C=X ®)s
H (e)O

(36)

In particular, the in-phase and out-of-phase combination of the selenium 4p, and
ne_c orbitals give rise to IE; (11.7eV) and IE, (8.7eV), respectively. IE, (10.7¢eV)
corresponds to the in-plane nc_g, MO. The succeeding three bands have been assigned
to the oc_c_s. (14.1), o¢y, (15.3) and ¢ _cy, (17.0eV) MOs (see Table 19).

The MO ordering is equal to that found for thioketene!#2-'#3  while the relative
ordering of I E, and IE is reversed with respect to ketene!*?-!'#4, Substitution of selenium
for sulphur destabilizes corresponding MOs by 0.2-0.6eV. Shifts as large as 3.5eV have
been reported for the comparison between the selenium and oxygen derivatives. The
largest shifts are associated with MOs whose localization at the heteroatom greatly
depends on the nature of X.

Analogously, the products of the gas-phase thermal decompositions of cyclohexene-
1,2, 3-selenodiazole and cyclooctene-1,2, 3-selenodiazole have been identified as cy-
clopentylideneselenoketene (37) and cycloheptylideneselenoketene (38), respectively'#+?;
37 is formed in high yield (ca. 100%), while cyclooctyne is the main product of the second
reaction.
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TABLE 19. Experimental ionization energies (eV) of
selenoketene (36a), thioketene (36b) and ketene (36¢) with

assignments

Assignment 36a” 36b° 36¢°
Ty o by) 8.72 8.89 9.8
T (b) 1075 1132 142
Tene (b) 116 1214 150
Goex @) 1415 1455 168
Oen,s by (153) (155 163
Oe—cn, @) (170) (175 182

° From References 99, 140 and 141.
5 From References 142 and 143,
¢ From Reference 144.

CC=C=Se | C=C=Se

(37 (38)

The spectrum of 37 has been assigned by analogy with those of the corresponding thio
and oxa derivatives. The sequence of the three uppermost MOs is the same as that of 36a.
The cycloalkyl substituent destabilizes the MOs by 0.8-1.0eV. Only the first I E value has
been reported for 38.

6-Fulveneketene (39¢), 6-fulvenethione (39b)!#6-'47 and 6-fulveneselone (392)°°:'4” have
been generated in situ at high temperature from appropriate precursors by means of
‘variable-temperature photoelectron spectroscopy’*8. The UP spectra are very similar to

X
—_—
—e— (@) Se
()0
(39)

each other, mainly those of 39b and 39a. As expected, a constant shift to lower values of the
IEs has been observed on going from 39¢ to 39a (see Table 20).

TABLE 20. Experimental ionization energies (eV)
of 6-fulveneketene (39¢c), 6-fulvenethione (39b) and
6-fulveneselone (39a)”

Ionization
energy 39a 39b 39¢c

IE, (b 8.36 837>, 8.56
1E,  (ay) 8.46 8577 ~~9.06
IE; () 1078 11.07.___1212
IE, (b)) 1078 1107~ 1270
IE,  (a) 1250  1260.-°~.13.00
IEq (b)) 1300  13.15

® Reproduced by permission of Verlag der Zeitschrift fur
Naturforschung from Reference 147.
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The m MOs of 39 can be considered to derive from the symmetry-allowed interaction
between the orbitals of cis-butadiene and corresponding ketenes. In particular, IE,, 1E,
and I Eg in 39b and 39a derive from the mixing of the in-phase combination of the = orbitals
of the ring with JE| and I E, of thioketene or selenoketene. I E, corresponds to the out-of-
phase combination of the ethylenic orbitals, while IE, derives from the in-plane m._y
MO'47 This assignment has been obtained experimentally, with the help of semiempirical
calculations®9-147,

The thermal decomposition of 1,2, 3-benzoselenadiazole at intermediate temperature
(below about 600 °C) and low pressure produces a short-lived intermediate which, from its
UP spectrum, has been identified as benzo [ 1, 2b]selenirene (40)'*7, an isomer of the stable
final product 39a.

The assignment of the spectrum has been made on the basis of that of benzocy-
clopropane (41)**°-'3° and semiempirical calculations on the latter and on (the unknown)

benzothioirene.
@se @CHZ

(40) (41)

It 1s interesting that selenium exerts on the benzene n orbitals of 40 a ¢ electron-
withdrawing effect (0.2 eV) larger than that exerted by the CH, groups in 41, and a = donor
effect.

B. Selenocarbonyl Derivatives

1. Selenoaldehydes

Selenoformaldehyde, H,C=Se (42), has been prepared (together with other decompo-
sition products) by pyrolysis of its trimer s-triselenane (1100 K, 10~ % mbar) in a very short
pipe close to the target chamber of the spectrometer!3!,

The first three bands in its spectrum have been assigned to the corresponding MOs (ng,,
Te—se and og,_cin order of increasing I E values) on the basis of AESF restricted Hartree—
Fock calculations, taking into account the different electron correlations in the various
states. The ‘suggested values’ thus obtained'3! are compared with the experimental values
in Table 21.

TABLE 21. Experimental /E values (¢V) [or selenoformaldehyde compared with the corresponding
data for thioformaldehyde and formaldehyde and with the results of theoretical calculations

H,C=S¢* H,C=S§’ H,C=0°
Assignment Exptl. Theor. Exptl. Theor. Exptl. Theor.
ny (by) 8.95 8.8 9.34 9.08 10.9 10.81
Mooy (b)) 1110 1.1 11.78 11.49 14.5 14.62
Oy _c (a,) 1325 12.9 13.90 13.75 16.2 16.20
Gen, (by) 151 15.15 15.78 ~170 17.36

¢ From Reference 151.
® From Reference 154.
¢ From References 156 and 157.
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TABLE 22. Ionization energies (eV) and CNDO/S
orbital assignment of tetramethylthiourea (43) compared
with ionization energies of tetramethyl selenourea (44)°

43 4“4
Assignment and
IE(eV) electron density 1E(eV)
(76
7.80 ng(92) 735
8.15 ng(77) 7.70
8.60 Ny —(61) 8.60
11.25 g, (C=22,8=48) 11.05
12.10 n,es(N=30,C=24,8=7) 11.95

“ Reproduced by permission of Acta Chemica Scandinavica from
Reference 160.

The formation of 42 and the assignment of its UP spectrum have been confirmed,
producing selenoacetaldehyde, MeC(H)=Se, and selenocarbony! difluoride, F,C=Se,
by thermal monomerization of [MeC(H)Se]; and (F,C=Se), at 1000 and 1140K,
respectively!s!.

As expected, methyl substitution destabilizes the n._s. MO more than the HOMO,
mainly deriving from the Se,, AO (0.8 and 0.45¢V, respectively). Fluorine substitution,
instead, stabilizes the n MO (by 0.85¢V) but does not influence the energy of the nc_g.
orbital, in line with expectation based on the ‘perfluoro effect’!32,

Further support for the interpretation of the UP spectrum of the main product obtained
from the thermal decomposition of s-triselenane has been obtained by the comparison'*!
of the bands of its spectrum with the corresponding bands in the spectra of the chemically
equivalent compounds thioformaldehyde!*3-!%% and formaldehyde!3®!37. Table 21 com-
pares the uppermost /E values by changing the heteroatom. The lowering of the I E values
with increasing effective nuclear charge (Se < S « O) is self-evident.

2. Selenoketones

The assignment of the spectrum of tetramethylthiourea (43), initially proposed by
Pfister-Guillouzo and collaborators'3®:13% on the basis of experimental evidence, was
subsequently confirmed with the help of semiempirical calculations'®? to be ng, 7g, my-,
os_cand my,cs in order of increasing IE values (see Table 22).

MeoN MeN
\C= S \C =Se
MezN/ MBZN/
(43) (44)

The calculations indicate that the localization at the sulphur atom is large for the first
two MOs, moderate for the fourth and fifth MOs and negligible for the third MO.
Accordingly, the MOs of tetramethylselenourea (44) are destabilized by about0.45,0.2 and
0.0eV, in that order, with respect to the corresponding MOs of 43. Therefore, both the ng,
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and ng, ionizations in the amino-substituted selenocarbonyl group are small (7.35 and
7.70eV, respectively!®9).

As observed for 43 and 44, even the ny and ny ionizations of the C=X group of
compounds 45 are lowered by 0.4-0.5eV on going from the thio- to the corresponding

selenoketones'®!.
5(23
l /C=Sm S(12S2)S(zyy =S or Se

Sta)
49)

The absolute I E values of the selenocarbonyl group in compounds 45 are 0.35-0.50eV
higher than the corresponding values of 44 because of the smaller electron-releasing
capability of the chalcogen substituents with respect to the dimethylamino groups. The
first six ionization events from these compounds have been assigned on the basis of
semiempirical calculations, perturbational arguments and the comparison of the energy
trends of corresponding bands along the series'¢?,

C. Selenofulvalenes

Schweig and coworkers'®? have found that in the series 46a—c the ionizations related to
MOs largely localized on the heteroatoms are distinctly more affected by selenium for
sulphur substitution than the rest of them.

X,Y

X X
\ (@) S,S
EY/C=<Y] ®) S,Se

(c) Se,Se
(46)

Surprisingly, the HOMO is stabilized by the selenium atoms (46a = 6.70, 46b = 6.75,
46¢ = 6.90eV). We think that a possible explanation could be based on the shape of the

HOMO'®2 shown below.

(47)

The two antibonding interactions between each heteroatom and the adjacent carbon
atoms could be relieved by the increased X—C bond lengths. The resulting stabilization
should overwhelm the destabilization connected with the smaller electronegativity of
selenium.

Similarly, the stabilization of the HOMO observed on going from tetramethyltetrath-
iafulvalene (6.40¢V) to tetramethyltetraselenafulvalene (6.58 V) has been ascribed to a
reduction of the X —C resonance integral, B, .,from — 1.8to — 1.5eV!®3. The spectra of
both compounds have been interpreted on the basis of molecular orbital calculations
based on a zero differential overlap (ZDO) model and semiempirical calculations. The
assignment of the first four ionizations agrees with those of 46a and 46¢!52, whilst the
fifth and sixth ionizations are reversed.
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TABLE 23. Tonization energies (¢V) for (MeO);P and (MeO);PX (X =0, S, Se)"

Compound np(a) ng(a) ngle) a/ngle) a/ng(a)
11.11

(MeQO),P 9.22 10.54 13 } 12.3 13.0

ny(e) ng(a) nofe) opx(a) a/np(a +e)

119

(MeO),PO 10.82 11.36 121 124 12.9

(MeO),PS 916 1115 }136} 120 127

(MeQO),PSe 8.67 1093 1.5 — —b

7 From Reference 164.
¥ Overlapping peaks.

VIl. GROUP 5A DERIVATIVES

A. Phosphoroselenoic Acid O,0,0-Trimethyl Ester

(MeO),PX (X =0, S, Se) have been investigated by UPS'%* in the framework of an
extensive study on some phosphite esters! 64165, On passing from (MeO), P to the adducts
with oxygen, sulphur and selenium the phosphorus lone pair is stabilized by ca. 3 eV as it
becomes the dative P— X o bond, opy (see Table 23). Each of the acceptors X features a
doubly degenerate lone-pair MO, ny(e), at low [E and a singly degenerate MO, ny(a),
comprising largely s-character, at appreciably high [ E. The acceptor ny(e) lone-pair MO
replaces the phosphorus lone-pair MO as the lowest IE peak when coordination to
(MeO);P occurs.

B. Phosphine Derivatives

Despite the low molecular symmetry (C,), the UP spectra of the compounds R,P(X)Y
and RP(X)Y,(R=MeorF;X=0,SorSe;Y=Clor Br)! %6 were assigned empirically, by
comparison with related molecules. Figure 17 shows the Hel spectra of the species
MeP(X)Cl,, together with that of MePCl,. The assignment and the correlations between
the various MOs are also indicated. Table 24 reports the [Es for some series of sixteen-
electron compounds. In Figure 17 and Table 24 the symbols R, V and T indicate orbitals
with radial (R), horizontal (T, tangential) and vertical (V) orientations relative to the bond
axes (see Figure 18). The first band of R,P(X)Y,_, compounds is assigned to an MO
exhibiting predominant lone-pair character on X (ny) in each case. On coordination to X
all original R,PY®9:167:168 ynd RPY,!67-168 energies are appreciably stabilized by the
strong electron-withdrawing effect of the acceptor X and partially by hyperconjugation. In
the spectra of the compounds MeP(X)Y, and Me,P(X)Y, the energy range beyond the ny
bands may be further subdivided into ny (sharper intense band, 11-13 eV) and Me regions
(broad featureless band, ca. 14—16¢V) joined by bands due to orbitals possessing large
P—R, P—Y and P—X o-bonding contributions.

A marked low-energy shift of the first band only takes place for the transition X = O — S
(second to third period); ng, is less shifted relative to ng and thus reflects the trend in p
valence ionization energy.



1. Photoelectron spectroscopy of organic derivatives

II"7 "
5alfl4¢7
it
I
MePClL, : ' so’
1 ‘| Nn 307
oy "\‘ 5a a0’
I - ’
ga’ ! ‘\' v/ N 20" N 3\09
\ ] Jow \\ ~ -~ e
X ! - - N
SN v o T <
- np T [TRIR  [Me
\\\\\\\\‘\ \\\:\\\ ~
|
MeP{O]ClL,
MeP(S)CL,
) Py \’\
v [, |
90 8al/
MeP(Se)Cl, O
100;' "
60
7 9 1 13 15 17 19 21
IE (eV)

FIGURE 17. He I photoelectron spectra of MePCl, and
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Reproduced by permission of the Royal Society of Chemistry

from Reference 166
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TABLE 24. lonization energies for some phosphine derivatives’

Compound IE(eV)

MeP(O)Cl,” 1143 12.33T 12.82V 13.17V 14.23T 14.75R 15.237R 16.15
MeP(S)Cl,* 9.73 11.89T 1247V 12.65V 13.66T 1432R 156 17.9
MeP(Se)Cl,° 9.16 11.64T 1247V 13.6T 1425R 1562 1994
Me, P(O)CI* 10.77 12.0T 13.28V 14.12R 15.0 1553  18.12
Me,P(S)CI® 9.12 11.53T 12.69V 13.5R 1455 1739 192

Me, P(Se)Clb 8.64 11.31T 12.57V 13.67R 1408 19.6

MePCl,* 9.86 11.89TVV 1291T 14.0R 1506 1858

Me,PCIF 9.15 11.0T 11.74V 12.72R 13.9 153 16.98

? For the meaning of symbols T, V and R, see text.
® From Reference 166.
¢ From References 167 and 168.

(@) ~ d"\a’ 56\0'04\0'
A A B dﬁ\ﬂ” %d\a” 04\0”

R ‘ \Y) ’ T "
a a a
e a0

FIGURE 18. Substituent group orbitals for two (a) or
one (b) decoupled substituents (A, and B) in A,PB
phosphines (A = Me, B=Y; A=Y, B= Me). Repro-
duced by permission of the Royal Society of Chemistry
Jrom Reference 166

Differing ny shifts are expected along the series due to the degree of interaction between
nyandthe o, 4,0, . ando, , orbitals, which is additionally governed by the energy
separation ay«>ay and the inductive perturbation. Again, the /E difference is larger on
going from X =0 to X =S than from X=S8 to X =Se.

C. Me,YXMe

In the UPS study on Me,YXMe (Y =P, As; X =S, Se), Boshm and coworkers'®®
emphasize the dependence of the interaction between the lone pair MO of Y and X on the
molecular conformation. In fact, such an interaction is not possible either in A or C
conformation where the lone pairs of X and Y lay in the plane XYC, and perpendicular to

1
CHy
X = . Y----X—CHz — __.-Y—X
cHy / cHy / 1 CH
3 CH CH 3° u 3°¢n
2 3 1 3 3 3 2 3
A 8 c

it, respectively. However, it may occur in conformation B, at an extent depending on the
dihedral angle 0 between the XYC, and XYC,;, planes. The photoelectron spectra,
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FIGURE 19. He I photoelectron spectra of the Me,YXMe (Y =P,
As; X =S8, Se) molecules. Reproduced by permission of VCH Verlagsge-
sellschaft from Reference 169

showing two bands between 8 and 9.5 eV (see Figure 19), which account for the ionization
of the out-of-phase and in-phase combination of the two lone pairs, indicate for these
molecules a B-type conformation. INDO calculations suggest that the conjugation is
maximum for 8 between 80 and 90°.

VIIl. APPENDIX: ELECTRON TRANSMISSION SPECTROSCOPY

From a theoretical and chemical point of view, the electron affinities (E As), associated with
electron capture into the normally unoccupied MOs, are as important as the ionization
energies. Information on the anion states, however, is scarce. In part this derives from
experimental difficulties connected with measuring the electron affinities of molecules
which possess stable anions.

One of the most powerful tools of EA measurements is electron transmission spec-
troscopy (ETS)!7°7'72, In this technique, an electron beam, selected in energy by a
trochoidal monochromator and aligned by a magnetic field, is passed through a gas-filled
collision chamber. Electrons of appropriate energy and angular momentum can be
temporarily trapped in unoccupied MOs. A retarding voltage is responsible for the
rejection of those scattering electrons which have lost a given value of axial velocity. ETS,
therefore, makes it possible to determine the energies at which an electron is temporarily
trapped in normally unoccupied MOs, from the sharp variations in the electron scattering
cross-section.

The most important difference with respect to UPS is that in UPS all the cation states
whose energy difference from the neutral ground state is srnaller than the energy of the
radiation used can be detected, whereas in ETS there is an energy region which cannot be
examined. In fact, anion states more stable than the neutral ground state cannot be
detected. (see Scheme 1).
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. INTRODUCTION

The discovery in 1958 by Rudolf Mgssbauer of recoil-free nuclear resonance fluorescence!
gave rise to the technique which is now known as Mdssbauer spectroscopy. Since the late
1950s, Mossbauer spectroscopy has developed from an elegant experiment in nuclear
physics to a technigue which has made important contributions in many areas of science.
As an experimental method of scientific investigation it successfully complements other
techniques such as visible-light spectroscopy, infrared spectroscopy, nuclear magnetic
resonance and the various diffraction methods but, because it has several advantages
which give it a special power in a number of important situations and applications,
Massbauer spectroscopy has developed as a particularly useful technique in solid-state
and structural chemistry. This chapter initially outlines the basic theory of Mdssbauer
spectroscopy and the type of instrumentation which is involved, and then considers the
application of the technique to the study of various types of organotellurium compounds.

Il. MOSSBAUER SPECTROSCOPY

Several texts?™® which deal in detail with the theory and practice of Méssbauer

spectroscopy, and also a shorter article®, are recommended to the reader requiring further
information on this technique.

A. Mdéssbauer Effect

Atomic resonant fluorescence was predicted and discovered shortly after the turn of the
century. The process may be envisaged in simple terms as involving the decay of an atom
in an excited electronic state to the ground state by the emission of a photon which can
then be absorbed by another atom during electronic excitation. The subsequent de-
excitation and re-emission of the photon in random directions gives rise to scattering or
resonant fluorescence.

Nuclear resonant absorption might be considered in analogous terms. The decay of
many radioactive nuclei in an excited state occurs by the emission of gamma-rays and the
possibility that these might excite another stable nucleus of the same isotope and give rise
to nuclear resonant absorption and fluorescence was recognized early in the 1920s.
Although the initial attempts to detect these resonant processes were unsuccessful, the
inhibiting role of nuclear recoil and Doppler broadening effects were accurately identified.
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Subsequent experiments in the quest were inspired by the awareness that the emitted
gamma-rays would be an unusually good source of monochromatic radiation but the
degradation of the gamma-ray energies by nuclear recoil and thermal energy constraints
persisted as insuperable probiems.

Maéssbauer successfully eliminated these destructive effects by considering the
behaviour of the recoiling nucleus when it was no longer isolated but was fixed in a crystal
lattice. When, under these circumstances, the recoil energy is less than the lowest quantized
lattice vibrational energy the gamma-ray is emitted without loss of energy due to the recoil
of the nucleus. Such recoilless emission is optimized for low-energy gamma-rays from
nuclei strongly bound in a crystal lattice at low temperatures and, if incident on another
identical matrix containing the same isotope in the ground state, will be resonantly
absorbed and subsequently re-emitted in a random direction, i.e. by resonant fluorescence.
It is also relevant to note that the energy distribution, or line width, of the gamma-ray
depends on the lifetime of the excited nuclear state such that the ease with which the
Méssbauer effect can be observed for a particular isotope, and the likelihood of recording
chemically significant data, is strongly related to the gamma-ray line width. It will be
appreciated from the foregoing that whether or not an isotope of an element exhibits the
Maossbauer effect depends on inherent properties of the nucleus which cannot be changed.
Selenium, for example, has no Mdssbauer active isotopes whereas the tellurium-125
isotope is Mdssbauer sensitive with the resonance process being first observed'®!! in 1962.

B. Tellurium-125 Mgssbauer Spectroscopy

1. General principles

a. Sources. The energy levels of an atomic nucleus are modified by the electronic
environment of that nucleus. Mossbauer spectroscopy is a means by which these energy
levels may be examined and the results interpreted in terms of the local environment of the
nucleus. Hence, to probe the energy states of the tellurium-125 nucleus by the Mdssbauer
effect it is necessary to have a source containing the tellurium-125 nucleus in an excited
state. The three convenient nuclear decay schemes which populate the I = + 3/2 excited
state of '2°Te emanate from '23Sb, '2°™Te and '2°I and are depicted in Figure 1. The
radioactive excited '25Te nucleus emits a gamma-ray of energy 35.48 keV when decaying
from the first excited nuclear state, I = + 3/2, to the ground state, I = 1/2, and it is this
3548 keV gamma radiation which is used in '25Te Mssbauer spectroscopy. Hence the
preparation of a good source is an essential prerequisite of ' 2Te Mdssbauer spectroscopy.
It will be seen from Figure | that the decay of !2°Sb by f-emission with a half-life of 2.7
years involves a complex decay scheme which includes the metastable ! 2°™Te isotope. The
complexity is a disadvantage but the method has been used successfully when the '23Sb
has been diffused into a copper or rhodium'? matrix to minimize the nuclear recoil. The
125mTe, state, with a half-life of 58 days, can also be populated by neutron irradiation and
single line sources have been obtained from matrices of PbTe'#, ZnTe!?, electrodeposited
Te/Pt'® and TeO,' '8, but there are recorded instances of radiation damage affecting the
emission line. 2% decays with a half-life of 60 days by electron capture directly to the
35.48 keV level and is therefore the most efficient precursor with a very satisfactory source
being conveniently made by the diffusion of '2*I into copper foil'®.

The present author has been involved in tellurium-125 Mdgssbauer studies using an
1251/Cu source, a Pb!2*™Te source prepared by neutron irradiation of a Pb!25Te sample
in a thermal neutron flux and both '2%Sb/Cu and !2°Sb/Rh sources. The relatively short
half-lives of the '2°T and '25™Te isotopes are a considerable disadvantage in the use of
'251/Cu and Pb'?3™Te, sources and, given the narrow line widths and relatively large
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FIGURE 1. Nuclear decay schemes for ! 23Sb, 125™Te and !2°I which populate the 35.48 keV level
of tellurium-125

recoil free fractions obtained from !'23Sb/Cu and 23Sb/Rh, the sources produced from
1258h seem to be the most favourable. It is relevant to note, however, that a source'®
prepared from !25™Te which had been radiochemically milked from the parent '2°Sb and
deposited on platinum gave large recoil fractions and narrow line widths and may have
been the best source yet used in ! 23Te Mdssbauer spectroscopy. Such a preparation avoids
the high-level background from the !2°Sb but retains the advantageously long half-life of
the parent. It must be appreciated, however, that the radiochemical manipulations which
are required in preparing such a source are a significant disadvantage.

The 35.48keV excited state of 123Te has a half-life2® of 1.535 + 1077 5, the transition
is highly converted oy = 12,7, and the gamma-rays are sometimes difficult to resolve
from the intense Ko (27.4 keV) and K8 (31.00 keV) X-rays, although copper filters can be
used to reduce the background radiation, as will be discussed later.

b. Instrumentation. The investigation of tellurium-containing materials by Md&ssbauer
spectroscopy involves the exposure of the samples, called the absorber, to the radiation
from the source. An absorber containing tellurium atoms in the same chemical
environment as the source will, as a consequence of the presence of 123Te nuclei with 6.99%
natural abundance, absorb this 35.48 keV radiation and become raised from the nuclear
ground state to the nuclear first excited state. However, the energy states of nuclei depend
on the interaction between the nuclei and their electronic environments. Hence, when the
environments of the tellurium nuclei in the source and absorber are different, as will occur
for example when the source and absorber are different chemical compounds, the nuclear
energy levels will no longer coincide and absorption can only occur when the energy of the
gamma-ray emitted by the source is modulated by the application of a Doppler velocity
(Figure 2). This is achieved by oscillating the source backwards and forwards with respect
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FIGURE 2. Energy of the gamma ray emitted by the source modilied by oscillating the
source backwards and forwards with respect to the stationary absorber. Reproduced
with permission from Phys. Bull., 34, 517 (1984)

to the stationary absorber and resonant absorption occurs when the energy of the incident
gamma-ray just matches the nuclear transition energy of the !25Te nuclei in the absorber.
A range of velocities are scanned until maximum absorption occurs and a Méssbauer
spectrum is composed of a plot of gamma-ray counts against the velocity of the source with
respect to the absorber measured in millimetres per second (Figure 3).

Counts T ——————

-ve 0] +ve
Velocity

FIGURE 3. Simple representation of a Méssbauer spec-
trum which is composed of a plot of gamma-ray counts
against the velocity of the source with respect to the
absorber measured in millimetres per second
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FIGURE 4. Schematic representation of a microprocessor controlled Mdssbauer spectrometer

The Doppler velocities of ca. 10mms~! can be generated by electromechanical
transducers, electronic drives and loudspeaker devices and, in the modern Mdéssbauer
spectrometer (Figure 4), are controlled by a microprocessor which also collects the data.
The detection of the 35.48 keV gamma-ray can be achieved indirectly through the escape
peak using a thin Nal/Th scintillation detector or a gas-filled proportional counter, or
directly using a high-resolution germanium or lithium-drifted germanium detector. The
persent author has found that a Xe/CO, proportional counter, coupled with a copper
critical absorber to reduce background radiation under the 6 keV escape peak, gives good
results with most tellurium-containing absorbers. The detector is set to monitor the
gamma-rays by means of the single-channe! analyser. The microprocessor receives and
stores the amplified impulses from the detector and the accumulating spectrum may be
monitored on the oscilloscope screen. When the spectrum is of satisfactory quality it is
read out on to punched or magnetic tape and finally fitted by a computer which produces
the spectrum and Mdossbauer parameters.

The 35.48 keV gamma-rays used in *?*Te Mdssbauer spectroscopy are sufficiently high
in energy that the fraction of recoil-free emission or absorption events is low. The recoil-
free fraction can be increased, however, if the source and the absorber are cooled to liquid
nitrogen (77K) or liquid helium (4.2K) temperatures and in '2°Te Mossbauer spec-
troscopy it is necessary to cool at least the absorber to increase the recoilless fractions.
Indeed, the examination of organotellurium compounds is best performed at liquid helium
temperature with both the source and absorber at 4.2 K. Such experiments in which both
the source and the absorber are held at temperatures as low as a few millikelvin still require
the source to be vibrated, and it will be appreciated that the construction of cryogenic
facilities to perform such measurements is not without its problems. However, a number of
cryostats for performing measurements at 77 or 4.2 K, such as is illustrated in Figure 5, are
now commercially available.

Cryostats with a variable temperature control are used in many studies, such as those
involving the investigation of phase transitions, and, for investigations where it is desirable
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to apply a large external magnetic field to the absorber, superconducting magnets are
required which are capable of producing magnetic flux densities of up to 10T.

2. Tellurium-125 Méssbauer parameters

The information contained in the ! 2*Te Mossbauer spectrum is mainly extracted by the
computation of two MJssbauer parameters—the chemical shift, 4, and the quadrupole
splitting, A. These parameters and their temperature dependence, together with line width
data and an appreciation of any magnetic interactions which may influence the spectral
patterns, enable information relating to bonding, structural and time-dependent effects to
be examined.

a. Chemical isomer shifts. At the velocity required to excite the absorber nucleus from
the ground state to the first excited state there is resonant absorption of the incident
gamma radiation and the count rate drops (Figure 3). The magnitude of the applied
velocity is known as the chemical isomer shift, 6.

Chemical isomer shifts, which are sometimes called chemical shifts, isomer shifts or
centre shifts, arise because the nucleus has a finite volume which may be larger or smaller in
the excited state than in the ground state. The change in density of the positive charge on
the nucleus which therefore alters during the gamma-ray transition gives rise to a change
in the coulombic interaction, known as the electric monopole interaction, between the
positive nuclear charge and the electron density at the nucleus. Hence the spacings of the
nuclear energy levels depend on the electron density at the nucleus and changes in this
density give rise to shifts in the position of the resonance line. The situation is described
schematically in Figure 6.

The horizontal lines represent the nuclear energy levels and the transition energy
between the nuclear ground and first excited state in a bare nucleus is designated by E,.
The electronic environment of the nucleus in the source might lift the nuclear energy levels

Nuclear P N /

excited —7
state c £,
(a) En s
Nuclear 1t I e
gound —— "~ —————-——-——"——
state Bare Source Absorber
nucleus atom otom
Counts

(b)

-ve 0 +ve
Velocity

FIGURE 6. Schematic representation of chemical isomer shifts in
Mossbauer spectroscopy
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such that the transition energy for the source is E,. When the absorber nucleus is in a
different chemical environment the displacement of the energy levels will differ from those
in the source such that the transition energy E, will also differ. The application of a
Doppler velocity to the source to attain resonance therefore results in a shift of the
position of the resonance line in the spectrum. The applied velocity is known as the
chemical isomer shift, §.

To a first approximation, the electron density about the nucleus is appreciably large
only for s-electrons. By making certain assumptions® it can be shown that the chemical
isomer shift & can be described by the expression

AR
& = constant x 7<|‘Ps(0)|f — I‘P5(0)|52>

where AR is the change in the nuclear radius during its transition from the excited to the
ground state and R is the radius of the ground state. The value of AR/R is characteristic of
each Mossbauer transition and may be of either sign, such that a positive AR/R indicates
that the nucleus shrinks on de-excitation. After some controversy it is now accepted that
AR/R is positive for the '25Te 3548 keV y-ray transition®!.

The terms |W,(0)|2 and |¥,(0)i2 refer to the s electron densities at the nuclei in the
absorber and source, or reference, respectively. Since AR/R is positive for the '?5Te
transition the chemical isomer shift increases with increasing s electron density at the
absorber tellurium nucleus. Although the term | (0)|2 includes contributions from all the
occupied s electron orbitals in the atom, it is also sensitive to p and d orbital electron
density as a result of shielding and penetration effects. MGssbauer spectroscopy therefore
provides a means of monitoring s-electron density at the nucleus which is dependent on p,
d and f electron disposition.

It will now be appreciated that the chemical isomer shift, J, is an important means by
which atomic, oxidation states, which have sometimes in the past been difficult to
determine, may now be directly investigated. Similarly, covalency effects and the shielding
of one set of electrons by another which also influences the electronic environment of the
nucleus may also be reflected in changes in 8. The chemical isomer shift data can
sometimes be used to assess quantitatively the electron-withdrawing power of substituent
electronegative groups in addition to the degree of n-bonding and back-donation from
metal atoms to ligands in coordination complexes. The interpretation of the isomer shift
data in terms of the Townes and Dailey theory2? will be discussed later.

b. Quadrupole splittings. The principles outlined during the discussion of the electric
monopole interaction which gives rise to chemical isomer shifts assumed that the nuclear
charge distribution is spherical. However, nuclei in energy states with a nuclear angular
momentum quantum number I > 1/2 have non-spherical charge distributions which are
characterized by a nuclear quadrupole moment, Q, i.e. the nuclear charge distribution may
be elongated along the intrinsic axis of symmetry labelled the z-axis, in which case the
nuclear quadrupole moment Q is positive, or it may be compressed along this axis, in
which case Q is negative. The interaction of the nuclear charge density with asymmetric
extranuclear electric fields, i.e. non-symmetric arrays of electronic charge, ligands on ions,
which are characterized by a tensor quantity called the electric field gradient (EFG), is
called the electric quadrupole interaction. The axes of the electric field gradient are
labelled such that V,,>V, . >V,, and the EFG is normally expressed in terms of
the principal component V,, which is usually written as eg, and an asymmetry para-
meter #, which is described by

V,

xx  Vyy
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FIGURE 7. The Moéssbauer quadrupole splitting in tellurium-125: (a) the excited
state, I = 3/2, splits into two; (b) the resulting Mdssbauer spectrum

The electric quadrupole interaction involves the nuclear quadrupole moment aligning
itself either with or across the electric field gradient, i.e. the coupling of eQ with eq, which is
expressed as the quadrupole coupling constant e2qQ, and gives rise to a splitting of the
nuclear energy levels. Hence, in ! 23Te the excited state has I = 3/2 and in the presence of an
asymmetric electric field splits into two substates characterized by M, + 1/2 and M, =
+ 3/2, as is shown schematically in Figure 7. The transitions from the degenerate ground
state (I = 1/2) to the excited state produce a two-line spectrum in which the separation
between the two lines, measured in millimetres per second, is a measure of the quadrupole
splitting A. The centroid of the two peaks represents the chemical isomer shift é.

Hence the quadrupole splitting obtained from the M&ssbauer spectrum involves both a
nuclear quantity, the quadrupole moment, and an electronic quantity, the electric field
gradient, and, for Mossbauer transitions between nuclear states with spin 1/2 and 3/2, may
be expressed in terms of the quadrupole coupling constant for the I = 3/2 state:

o '12 1/2
A=7€ qQ l+?

The electric field gradient contains contributions from several different components.
One of the major contributions may be described as that due to the electronic environment
about the nucleus and is called the valence term (q.,;). This may be envisaged as arising
from the valence electrons of the Mossbauer atom itself and originates from asymmetry in
the electronic structure which may derive from the unfilled or partly filled electronic shells
occupied by the valence electrons. Another contribution to the electric field gradient
originates from surrounding charged entities and is called the lattice contribution (g,,,).
This arises from the asymmetry in the arrangement of atoms around the Mdssbauer nuclei
and is most important in ionic systems. Other contributions to the electric field gradient
include the effects of molecular orbitals and any polarisation of the core electrons of the
Modssbauer atom.

The quadrupole splitting therefore reflects the symmetry of the bonding environment
and the local structure in the vicinity of the Mdssbauer atom. There have been several
attempts to formulate semi quantitative treatments of the electric field gradient which have
recently been well summarized®. One of these, based on the theory of Townes and
Dailey??, is particularly well suited for the treatment of tellurium-containing compounds.
The method assumes that the electric field gradient arises entirely within the valence shell
of the tellurium atom, that the bonding involves only the p orbitals or has a constant s



2. The application of Mdssbauer spectroscopy 61

m.
1
_4%
=
. _i
. 5 Counts
.3 . 3
l=3 1L 1111 2
Yarqeq
123456
L
2
141 /I H=0 +% " ' " s s f 2
t2 N H>0 -6 -4 -2 0 +2 +4 +6
Velocity (mm/s™)
(a) (b)

FIGURE 8. Effect of magnetic splitting on the nuclear energy levels of iron-57: (a) splitting of the
nuclear energy levels in a magnetic field; (b) the resulting Mdssbauer spectrum

character, and that n-bonding interactions can be ignored. From the Maossbauer
quadrupole splitting and quadrupole coupling constants the p orbital imbalance,
designated as U, can be derived which gives information about the electron population of
the p orbitals. The method also allows the calculation of a quantity, h,, which is pertinent
to isomer shift calculations and which describes the number of holes in the shell.

¢. Magnetic splitting. When a nuclear state with spin quantum number [ is placed in a
magnetic field its energy levels split into 2/ + | levels. Hence metallic iron gives a six-line
Mossbauer spectrum (Figure 8). The spacing of the levels is directly proportional to the
magnetic field at the nucleus and Mdssbauer spectroscopy is therefore a simple method by
which the magnitude and direction of the field may be measured.

Although the gamma-ray transition in !25Te is also between nuclear states with spin 1/2
and 3/2 the magnetic splitting of the '25Te resonance is less helpful than in, for example,
57Fe or !''"Sn Maéssbauer spectroscopy because of the poorer resolution which is
obtained. The magnetic splitting has not been used in the interpretation of '25Te
Mdssbauer spectra recorded from organotellurium compounds.

3. Other features of tellurium-125 Mossbauer spectra

a. Time-dependent effects. The hyperfine interactions observed in Mdossbauer spectra
occur on characteristic time scales and the spectrum observed from a specific system
depends on whether the nuclear environment or the position of the nucleus is changing
relative to these times. These time-dependent effects can influence both the spectral line
shapes and the observed Mdssbauer parameters. Time-dependent changes in the nuclear
environment are often called relaxation processes and may relate to time-dependent
structural changes or to changes involving the electronic configuration. It is also relevant
to note that any dynamic properties of Mdssbauer nuclei arising from the lattice dynamics
of the solid in which the nucleus is situated, or from the motion of a localized part of the
system such as molecular motion or the motion of the whole system within its
environment, may also be reflected in changes in the Mossbauer spectra. Studies of these
types of phenomena usually require the monitoring of the spectral changes as a function of
temperature.
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b. Absorbers. Since Mdssbauer spectroscopy depends on nuclear recoil-free events, it
is restricted to the investigation of materials in the solid state. Although liquids and gases
are not amenable to investigation it is possible to freeze both pure liquids and solutions to
give solids which can be examined. Hence samples for Mdssbauer spectroscopy are usually
presented as single crystals, crystalline powders, amorphous powders, glasses or frozen
liquids.

If the material under examination contains a low concentration of '25Te it may be
possible to improve the signal-to-noise ratio, and hence the ability to obtain useful spectra,
by using samples enriched in *?°Te.

¢. Reference standards. For each Mossbauer isotope a specific reference standard is
used to serve as a zero-point reference for all the chemical isomer shift data recorded from
that element. In tellurium-125 Mossbauer spectroscopy the chemical isomer shifts are
usually referred to '2°I/Cu, mainly because this source was used in many early M&ssbauer
studies and because most chemical isomer shift values have normally been referred to this
standard. However, an alternative standard'® is tetragonal tellurium dioxide, which has
some advantages since it is one of the most readily obtainable pure well characterized
compounds of tellurium and gives an excellent quadrupole split absorption.

d. Limitations. The chemical isomer shifts recorded in '2°Te Méssbauer spectra span a
rather narrow range of about 3mms™!, which is less than the natural line width?® of
5.02mms~ . However, good quality spectra have been obtained by careful experimental
methods and the use of a good source ' such that differences of only 0. mm s~ ! may be
shown to be significant. The low resolution of the spectra frequently precludes the
interpretation of data in terms of a heterogeneity of tellurium sites and the detection of
different teflurium-containing materials in a multi-phased sample is usually difficult.

Hl. APPLICATION TO THE STUDY OF ORGANOTELLURIUM COMPOUNDS

The initial '2°Te M&ssbauer investigations of organotellurium compounds were perfor-
med in the mid-1970s and involved the examination?3~27 of a variety of alkyl and aryl
derivatives of tellurium-(IT1) and -(IV). The early Mossbauer studies were summarized?® in
1976 and the most recent developments were reviewed?® in 1983.

A. Organo-tellurides(ll) and -ditellurides (ll)

1. Dialkyl and diaryl tellurides and ditellurides

The diorgano-tellurides and -ditellurides give '**Te Mdssbauer spectra which are
characterized by small positive chemical isomer shifts and large quadrupole splittings
(Figure 9, Table 1).

Investigations of the structural properties of simple aryltellurium(II) compounds have
shown them to be covalently bonded molecules with bond angles within the range
expected for sp? or p? hybridized tellurium. For example, the C—Te—C bond angle in*'
(p-Tol),Te is 101.0 + 2.7° whereas the C—Te—Te bond angle in (p-CIC¢H,),Te, is*?
94.4° and in Ph,Te, is3? 99° (Figure 10).

Since the nuclear radius term is positive for the !25Te transition?!, the chemical isomer
shift data become more positive as the s electron density, |¢,(0)|?, at the tellurium nucleus
increases. Such an increase can occur by the removal of Spelectron density from the
tellurium atom, which results in a deshielding of the 5s electrons from the nucleus. On the
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TABLE 1. !2°Te Méssbauer parameters recorded from
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FIGURE 9. '?°Te M&ssbauer spectrum of i-Pr,Te, measured at 4.2 K. Reproduced
with permission from J. Organomet. Chem., 255, 61 (1983)

Compound 6°+008 A+0.1 Ref
(mms~!) (mms™!)
Me,Te 0.06 10.5 25
t-Bu,Te 0.19 10.5 30
Ph,Te 0.18 10.5 25
p-Tol,Te 0.7 10.1 23
p-An,Te 0.3 1.3 23
Me,Te, 0.26 123 30
i-Pr,Te, 0.37 11.0 30
i-Bu,Te, 0.32 11.0 30
p-TolTe, 0.6 9.9 23
Ph,Te, 0.37 10.7 25
p-AnTe, 0.3 10.3 23
(p-EtOC¢H,),Te, 0.28 10.6 25
(p-CeH;OC¢H,),Te, 0.3 103 23
(neo-Hex),Te, 0.38 10.5 30

°§ with respect to 1/Cu.
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FIGURE 10. Structure of diphenyl ditelluride. Reproduced with permission from Acta
Crystallogr., Sect. B, 28, 2438 (1972)

other hand, the removal of s electrons leads to a direct decrease in the s electron density at
the nucleus. Hence the small positive chemical isomer shifts of the tellurides and
ditellurides described in Table 1 may be associated with compounds with relatively small
selectron densities at the tellurium nuclei.

The large '23Te Mdssbauer quadrupole splittings of the diorgano-tellurides and -
ditellurides are amenable to interpretation in terms of the Townes and Dailey theory?2:23,
for which the basic tenets, as it is generally applied, are that the electric field gradient
derives predominantly from any imbalance in the tellurium Sp orbital populations and
that the lattice terms, the d orbital contributions, and Sternheimer shielding and anti-
shielding factors'? can all, to a first approximation, be conveniently ignored. The
quadrupole coupling constants, eqQ, are then linearly related to the p orbital imbalance,
U,, through the expression

e’qQ
2q,0 °
7\ M2
A#w(‘ *?)

where 7 is the asymmetry parameter and e2q,Q is the quadrupole coupling constant for
one Sp electron on tellurium, which is assumed to remain constant with changes in
oxidation state and has** a value of ca. 4+ 24 mm s~ '. The p orbital imbalance is defined as

u,+0,

Up=~U.t =~
The p-orbital populations U,,U,, and U, can be related to the bonding orbital
populations through a consideration of the hybrid orbitals which describe the bonding to

the tellurium atom and, by using this approach?®, the large quadrupole splittings of the
diorgano-tellurides and -ditellurides may be considered as reflecting a considerable
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imbalance in the tellurium Sporbital population. The method?® accommodates the
structural properties®' 33 of the compounds and the Mdssbauer chemical isomer shift
data?3-25:3% which indicate that the tellurium 5s electrons participate in the bonding such
that the bonding may be viewed as intermediate between pure p* and sp? to generate bond
angles 0 in the range 90° < 6 < 109.5° and concludes?® that

e’qQ

2
€°qy

(1 —=cosO)=2-U,

n=3cos 0

where 0 is the C—Te—C bond angle and U, is the Te—C bond orbital population. By
assuming that the bonding is essentially p in character, i.e. 0 =90° with only limited
scharacter in the Te—C bonds, the lone pairs on the tellurium atom may be visualized as
occupying the 5s and the Sp, orbitals, the latter being directed out of the bonding plane.
Since this would correspond to an excess of pelectron density along the z-axis, V_,, the
principal component of the electric field gradient tensor, may be assumed to be negative.
Under such circumstances, e2qQ would be positive since Q, the quadrupole moment of the
I = 3/2 excited state, is negative. For the tellurides the quadrupole splitting A is the same,
within the errors, for the different alkyl and aryl groups and the average value for the
quadrupole splitting of 10.6 mm s ™! corresponds to an orbital population of ca. 1.1 for the
Te—C bond. The ditellurides have very similar splittings to the tellurides, indicating a
similar covalency of the Te—C and Te—Te bonds and, since the bond orbital population
for the latter is presumably 1.0, this is consistent with a value of 1.1 for the Te—C bond.

Given that the large '25Te Méssbauer quadrupole splittings recorded from the
diorgano-tellurides and -ditellurides arise from the p-orbital imbalance between the Te—
C bonds and the lone pairs of electrons on the tellurium atom, it would be reasonable to
except that increasing electronegativity in the organic groups would result in 5p electron
density being removed from the tellurium and to be reflected in increases in quadrupole
splitting. It might also be expected that, depending on the relative s—p character of the
Te—C bond, the Mdssbauer chemical isomer shift might also be influenced. It is
interesting, therefore, that the data compiled in Table 1| show that the Mdssbauer chemical
isomer shifts and quadrupole splittings are essentially similar for all the diorgano-
tellurides and -ditellurides. However, it is notable that dimethyl ditelluride has a larger
quadrupole splitting, which is consistent with enhanced electron withdrawal by the methyl
group and an increased removal of 5p electron density from tellurium. This molecule
would also presumably have a larger asymmetry parameter, which would further enhance
the magnitude of the quadrupole splitting.

In these respects it is interesting to note the Mdssbauer parameters more recently
recorded?® from bis(trifluoromethyl) and bis(pentafluorophenyl) tellurides, which contain
significantly more electronegative organic ligands (Table 2). The !'25Te M&ssbauer
chemical isomer shifts are not too dissimilar from those of the dialkyl and diaryl
tellurides (Table 1) and, given the small range of isomer shifts for !23Te, the similarity in
the chemical isomer shift data is not too surprising. On the other hand, the quadrupole
splitting data recorded from (CF,),Te and (C¢F 5), Te are significantly larger than those of
the dialkyl and diaryl tellurides. These larger quadrupole splittings are indicative of a
considerable p orbital imbalance on the tellurium atom and reflect the high electronegativ-
ity of the CF, and C4F; ligands.

It is interesting that there appear®® to be no simple relationships between the !25Te
Méssbauer parameters recorded from dialkyl tellurides and ditellurides in the solid state,
or as frozen liquids, and the '25Te NMR data recorded from the species in solution.
Although the absence of any such correlation may reflect the different environments about
tellurium in the solid state and in solution, it must be acknowledged that there is no
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TABLE 2. '23Te Méssbauer para-

meters recorded?’ from
bis(trifluoromethyl) and
bis(pentafluorophenyl) tellurides
at 42K

6°+0.08 A+0.08
Compound (mms~!) (mms™!)

(CF,),Te  —014 1402
(CeFs),Te  +0.14  13.40

@4 relative to I/Cu.

evidence from the crystal structure data of any intermolecular attractions in the solid state
in either the tellurides or the ditellurides which might lead to such a difference.

Hence the large quadrupole splittings of the tellurides and ditellurides correspond to a
considerable imbalance in the Sp orbital population in the Te—C bonds and to the
presence of lone pairs of electrons on the tellurium atoms. The data are indicative of
considerable covalent character in the Te—C and Te—Te bonds and suggest that the
tellurium atoms have a significant number of holes in the Sp shells. Such a situation would
be expected to give rise to increased selectron densities at the tellurium nuclei and
consequently to large and positive chemical isomer shifts. Hence the small chemical isomer
shifts, when considered in conjunction with the quadrupole splitting data, imply that the
Te—C and Te—Te bonds possess some scharacter and that the bonding in these
compounds is intermediate between p® and sp>. It is also pertinent to record that the
Moéssbauer data are consistent with the C—Te—C and C—Te—Te bond angles, which
are indicative of the presence of stereochemically active lone pairs in these compounds.

2. Bis(organyltelluro)methanes

Another group of compounds closely related to the diorganotellurides are the
bis(organyltelluro)methanes of composition (RTe),CH,. In a study of bis(methyltelluro)-
and bis(phenyltelluro)-methanes, the !25Te MdJssbauer quadrupole splittings were
shown?® to be large, A 10.4 and 11.1 mm s~ !, respectively, and the chemical isomer shifts
small and positive. The data are similar to those recorded from the simple diorganotellu-
rides and give no evidence for the second tellurium atom in the Te—CH,—Te linkage
having any significant effect on the electronic environment at tellurium. The Mossbauer
parameters appear to be dominated by the bonds of each tellurium to two carbon atoms,
indeed the data recorded?® from the ethyl and isopropyl derivatives show no measurable
differences.

3. Cyclic derivatives

It is also relevant to comment on the compound of formula CH,Te,, which was
previously described®” as a three-membered cyclic species called ditelluromethane
(Figure 11a) and which has more recently®® been shown to be the six-membered cyclic
compound 1,2,4, 5-tetratelluracyclohexane (Figure 11b). The !2°Te M&ssbauer para-
meters®®, 60.42mms~', A9.3 mm s, indicate the presence of only one tellurium site in
the compound and are similar to those of the diorganoditellurides (Table 1).
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FIGURE 11. Schematic representation of (a) ditelluro-
methane and (b) 1, 2,4, 5-tetratelluracyclohexane

B. Organotellurium(lV) Halides

1. Diorganotellurium(lV) dihalides

The diorganotellurium(IV) dihalides were among the first organotellurium(IV) com-
pounds to be examined by !25Te Mgssbauer spectroscopy. The Mdssbauer parameters
recorded from selected series of diorganotellurium(IV) dihalides are collected in Table 3
and a representative spectrum is illustrated in Figure 12.

Several structural studies of the crystalline diorganotellurium(IV) dihalides
Ph,TeBr,3%, Me, TeCl,*°, (p-CIC,H,), Tel ,*!, a-Me, Tel ,*2, and Ph,TeF,*? have shown
the tellurium atoms to occupy distorted trigonal bipyramidal coordination (Figure 13). In
these structures the halogen atoms occupy trans axial positions and the organic groups are
situated in the equatorial plane in which the third position is occupied by a lone pair of
electrons which may sometimes be involved in intermolecular bonding through bridging

TABLE 3. !2°Te Mdssbauer parameters recorded from
some diorganotellurium(IV) dihalides at 42 K

Compound °+008 A+01 Ref
(mms™!) (mms™?)
Me,TeCl, 0.58 94 25
Me,TeBr, 0.65 8.5 25
Me,Tel, 0.52 7.6 25
Ph,TeF, 0.52 10.4 26
p-An,TeF, 0.54 100 26
(p-EtOC H,), TeF, 0.36 10.1 26
Ph,TeCl, 0.5 9.2 23
p-An,TeCl, 0.68 9.1 26
(p-EtOCH,),TeCl, 0.7 9.1 23
Ph,TeBr, 0.5 8.1 23
p-An,TeBr, 0.72 78 26
(p-EtOCH,), TeBr, 0.52 76 25
(CH,), TeBr, 0.54 7.1 25
(C4F 5),TeBr, 0.73 53 25
p-An,Tel, 0.51 6.1 26
p-Tol,Tel, 0.6 6.3 23

*6 with respect to I/Cu.
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FIGURE 12. '25Te Maossbauer spectrum recorded from (p-EtOCgH,),TeCl, at
4.2K. Reproduced with permission from Can. J. Chem., 54, 3234 (1976)

halogens. Indeed the structures of all the diorganotellurium(IV) dihalides examined so far
are essentially similar despite their various descriptions as distorted trigonal bipyramidal,
distorted tetrahedral and distorted octahedral, depending on the significance which has
been attributed to intermolecular associations through bridging halogens and the mixing
of 5s with p electrons. Low-frequency infrared and Raman spectra of many
diaryltellurium(I'V) dihalides are also consistent with ‘V-trigonal bipyramidal structures**.

The chemical isomer shifts of the diorganotellurium(IV) dihalides are more positive
than those of the diorganotellurides and are consistent with the halogen ligands removing
predominantly p electron density from the tellurium and the conversion of tellurium(II) to
tellurium(IV). However, within a given series of dihalides the chemical isomer shift does
not change significantly with increasing electronegativity of the halogen. For example, the
compounds p-An,TeX, (X =F,Cl, Br, I; p-An = p-MeOC¢H,) all have the same chemical
isomer shifts within the limits of experimental accuracy. On first inspection this may seem
unusual,since it would be reasonable toexpect that, within a series of dihalides, the chemical
isomer shift would change as the electronegativity of the halogens increases from iodine
through bromine and chlorine to fluorine such that increasing amounts of 5p electron
density are removed from the vicinity of the tellurium nucleus. However, the relatively small
value of AR/R for the '?3Te Mdssbauer transition gives rise to a small range of chemical
isomer shifts and it must be appreciated that é increases** by only ca. + 0.4mms™! on
the removal of one tellurium Sp electron. This, together with the broad natural line width
of the ' 25Te Mdssbauer transition and the consequently relatively large errors in 6, means
that the chemical isomer shift is not a particularly sensitive probe to small changes in the
tellurium 5p orbital populations. Tt is also possible that the s—p hybrid character of the
bonds changes as the electronegativity of the halogens varies and that this effect is also
reflected in the consistency of the chemical isomer shift data.

The quadrupole splittings of the dihalides lie in the order F > Cl > Br > I, and the trend
is well illustrated by a consideration of the data for the p-methoxyphenyl derivatives. The
order is consistent with an increasing imbalance in the p orbital electron population about
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FIGURE 13. Distorted trigonal bipyramidal
structure of diphenyltellurium(IV) difluoride. Re-
produced with permission from J. Chem. Soc.,
Dalton Trans., 2306 (1980)

tellurium as the electronegativity of the halogen increases. The trend may be rationalized if
the bonding in these compounds is envisaged as primarily involving the p-orbitals such
that V,,, the principal component of the electric field gradient tensor, lies along the X—
Te— X bond axis and is positive. Thus in the difluorides the fluorine ligand may be viewed
as removing considerable electron density from the tellurium 5p, orbital leading to an
electron deficit along that axis compared with the xy equatorial plane. As the
electronegativity of the halogen ligand decreases the occupation of the tellurium 35p.
orbital would be expected to increase and hence give rise to a decrease in the quadrupole
splitting.

Although the data recorded for most halides show the Mdssbauer parameters to be
independent of the nature of the organic group, it is interesting to note the order of
quadrupole splittings in the series of dibromides: Me,TeBr, > Ph,TeBr, > p-An,TeBr,
> (p-EtOC.H,),TeBr, > (CH,),TeBr, > (C4Fs), TeBr,. These differences may arise from
variations in the ¢ donor character of the organic ligands although contributions arising
from changes in the s—p hybrid character of the Te—C bonds, or variations in the degree
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of intermolecular bonding from one compound to another, may also be relevant. Hence
the smaller quadrupole splitting in (C¢F ), TeBr, may reasonably be associated with the
lower o donor capacity of the C4F 5 group compared with the C4H 5 entity which results in
a decreased 5p electron density in the xy plane, and consequently produces a smaller
p-orbital imbalance. It is important to note that if V_, lay through the lone pair in the
equatorial plane a decrease in donor character of the organic ligand would lead to an
increase, rather than a decrease, in quadrupole splitting.

The range of quadrupole splittings recorded from the diorganotellurium(1V) dihalides
illustrates the sensitivity of this Mossbauer parameter to changes in the porbital
population with A, the unit quadrupole splitting for one 5p electron, being estimated?® to
be ca. 12mm s~

Given that X-ray crystallography has shown*? diphenyltellurium(IV) difluoride to
be a Y-trigonal bipyramid, and therefore similar to the structures of other
diorganotellurium(IV) dihalides, and recalling that the '2*Te M0ssbauer parameters of
the diaryltellurium(1V) dihalides have been found?®-2¢ to be essentially independent of the
nature of the organic group for any specific halide, it is interesting that the Mossbauer
parameters recorded?® from the difluorides are characterized by low chemical isomer

O
b
72
FIGURE 14. Projection of a part of the structure of
diphenyMtellurium(IV) difluoride down [ 100] showing the
weak intermolecular interactions (hydrogen atoms are

not shown for clarity). Reproduced with permission from
J. Chem. Soc., Dalton Trans., 2306 (1980)
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shifts and large quadrupole splittings. The results are indicative of compounds which,
although adopting essentially similar structures to those of the heavier dihalides, have
subtle differences in bonding and structure, e.g. the low chemical isomer shifts may indicate
a greater stereochemical activity of the Ss electrons in the difluorides. Although the larger
quadrupole splittings of the difluorides may easily be associated with the dominating effect
of electronic, rather than ligand, asymmetry in these compounds, it is also likely that the
larger value of A reflects the lower degree of intermolecular association in the difluorides
which is achieved by, for example in Ph,TeF,, two long bridging contacts from tellurium
to fluorine of 3.208 A (Figure 14)*3. The '25Te Mdssbauer parameters of these compounds
may therefore also be considered in terms of the extent of intermolecular association as
measured by the ratio of the crystallographically determined tellurium—halogen
intermolecular distance to that of the intramolecular distance, i.e. ratios of 1.60:1 for
Ph,TeF,, 1.39:1 for Me,TeCl,, 1.47:1 for Ph,TeBr,, 1.41:1 for (p-CIC¢H,),Tel, and
1.34:1 for Me,Tel,. The difluoride is clearly the dihalide with least intermolecular
association. It is also clear that intermolecular association is more significant in alkyl than
in the corresponding aryl compounds and this is presumably a reflection of the closer
packing in the former species due to the smaller size of the alkyl group. It is also interesting
to note that the chemical isomer shifts for the tellurium tetrahalides TeX, (X = Cl, Br,
or I)*3 and the antimony halides SbX; (X =F, Cl, Br or I)*% are, like those of the
diaryltellurium(IV) dihalides, essentially similar within each series of compounds. This
relative constancy of selectron density at the tellurium, and antimony, nuclet within a
given series of compounds is further evidence that the stereochemical activity of the lone
pair and the degree of intermolecular association in the diaryltellurium(IV) dihalides vary
in a complex way with changes in the electronegativity of the halogen and in the
coordination about the tellurium atom.

Finally, it is pertinent to note that ! 2Te Mossbauer data have been used*” to show that
the compound dimethyltellurium tetraiodide, Me,Tel,, is an adduct of Me,Tel, with
iodine linked by intermolecular I—I bonds and weak Te—I bonds and that the
compound does not contain tellurium(VI).

2. Organotellurium(lV) trihalides

The '2°Te Mossbauer parameters recorded from some aryltellurium(IV) trihalides are
collected in Table 4,

TABLE 4. '25Te Mossbauer parameters recorded from some
aryltellurium(IV) trihalides at 42K

Compound 0°+008 A+0.1 Ref.
(mms™")  (mms™")
p-AnTeF, 0.56 8.6 26
(p-EtOC H,)TeF, 0.6 8.6 26
p-AnTeCl, 0.9 9.2 23
(p-EtOC4H,)TeCl, 091 94 25
PhTeBr, 091 78 25
(p-EtOC¢H,)TeBr, 1.0 8.0 23
PhTel, 0.9 39 23
(p-EtOC4H,)Tel, 1.0 5.2 23

“§ with respect to I/Cu.
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FIGURE 15. Illustration of typical structures found in
aryltellurium(IV) trihalides. Reproduced with permission from J.
Chem. Soc., Dalton Trans., 551 (1972)

The aryltellurium(IV) trihalides have been described*®, on the basis of infrared and
Raman spectroscopic data, as associated structures as shown in Figure 15.

The trihalides RTeX; (X = Cl, Br, I) have more positive chemical isomer shifts than
those of the corresponding dihalides which are consistent with the removal of predomi-
nantly pelectrons by the bonded halogens. However, the chemical isomer shifts of the
difluorides and trifluorides are similar and, in this respect, the data suggest that the
trifluorides are different from the other trihalides.

The quadrupole splittings recorded from the trihalides when X = Cl and Br are the
same, within experimental error, as those from the corresponding dihalides. The data are
consistent with the essentially similar arrangement of atoms about tellurium in these
halides in which the bonding is predominantly concerned with the involvement of
p orbitals. For the iodides the agreement is not as close, although the two measurements
on the triiodides are not in good agreement. For the fluorides the data are consistent
within themselves and show that the quadrupole splittings for the trifluorides are
significantly smaller than those for the difluorides. The data recorded from the trifluorides
are consistent with a more symmetrical environment about the tetllurium and, given the
smaller chemical isomer shifts which are indicative of greater stereochemical activity in the
lone pairs, suggest that the coordination about the tellurium atom in the trifluorides must
be significantly different from that in the other trihalides.

3. Alkylaryltellurium(iV) halides

The '25Te Mossbauer parameters recorded2® from some alkylaryltellurium(IV) iodides
are collected in Table 5. The compound PhMeTel, has essentially similar M&ssbauer
parameters as p-An,Tel,, although a smaller quadrupole splitting than «-Me,Tel,
(Table 3). Hence the presence of both alkyl and aryl substituents on the tellurium atom
fails to produce any exceptional changes in the MOssbauer parameters and the results
indicate that the alkyl and aryl ligands have very similar properties.

The compounds PhMe,Tel and Ph,MeTel probably contain the PhMe,Te* and
Ph,MeTe™ cations, since X-ray crystallography has shown*® that Ph;SeCl contains the
Ph,Se* cation and infrared spectroscopy has shown®® Me,SeCl to contain Me;Se*.
Further, conductance measurements on the compounds R;TeX (R = Me, Ph; X =C],
Br, I) in a variety of solvents, including the compound Ph,MeTel, also support the
formulation of these compounds as R3;Te*X ™ in solution’!733,
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TABLE 5. '2°Te Maossbauer parameters
recorded*®  from some  alkylaryl-
tellurium(1V) iodides at 42K

Compound 6°+009 A+015
(mms~') (mms~!)
Ph,MeTel 0.38 5.6
PhMe,Tel 0.32 5.4
PhMeTel, 0.56 6.4

“§ with respect to 1/Cu.

The compounds PhMe,Tel and Ph,MeTel have, as might be expected, identical
Maossbauer parameters, within the limits of experimental accuracy. The small chemical
isomer shifts recorded from these compounds are consistent with the presence of R;Te™
cations since the coordination of iodine to the tellurium atom would be expected to lead to
a more positive value of é than those recorded from the diorganotellurides, R, Te, for
which 6 ~0.2mm s~ ! (Table 1). It therefore seems that the covalent Te—C bond has
significant s character but the removal of s and pelectron density is such as to lead to a
small net increase in |\W,(0)|? through deshielding of the remaining 5s electrons at the
nucleus. The small quadrupole splittings of these compounds are also consistent with
scharacter in the Te—C bonds since the data imply some p character in the lone pair of
electrons on tellurium. Although other possible contributions to the electric field gradient
at the tellurium nucleus could arise from inequalities in the Te—C bonds in the
Ph,MeTe™* and PhMe,Te* cations or from the lattice terms, the main contributor to the
electric field gradient is probably the lone pair of electrons on the tellurium atom.

It is interesting that the quadrupole splittings of ca. 5mm s~! for Ph,MeTel and
PhMe,Tel correspond to a coupling constant of 350 MHz, assuming # =0, whilst the
coupling constant for Ph;Sb is 530 MHz%*. Taking the ratio of the principal components
of the field gradient tensor per 5p electron for antimony and tellurium to be3® 0.87, the
ratio of the coupling constants corresponds to a ratio of Q.4 (**'Sb)/Q,, (*?3Te) of 1.7,
which is not inconsistent with previous estimates of the magnitude of the quadrupole
moments of these two states.**36, Thus the magnitudes of the quadrupole splittings for
Ph,MeTel and PhMe,Tel are consistent with the compounds containing pyramidal
Ph,MeTe* and PhMe,Te™ cations which are isoelectronic and isostructural with Ph,Sb.

4. Bis(organyltelluro)methane halides

The '25Te M&ssbauer chemical isomer shifts recorded®® from the halide derivatives of
the bis(organyltelluro)methanes have been found to be more positive than those in the
parent telluromethanes (Section I11.A.2) corresponding to an increase in the s electron
density at the tellurium nucleus, [\W,(0))?, and consistent with the tellurium—halogen
bonds being predominantly p in character such that the removal of 5p electron density
from te;llurium leads to a deshielding of the 5s electrons from the nucleus and an increase in
I (0)]*.

The quadrupole splittings for the halide derivatives reflect the p orbital imbalance
resulting from the tellurium—carbon bonds on the one hand and the tellurium—halogen
bonds on the other. As the electronegativity of the halogen decreases the covalency of the
tellurium—halogen bond increases and the quadrupole splitting decreases. The quad-
rupole splittings for the CH,[Te(X),Me], compounds?® are very similar to those of the
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corresponding R,TeX, halides** 26, However, the quadrupole splittings for the phenyl
compounds, CH,[Te(X),Ph],, are3® smaller, at least for the chloride and bromide. The
origin of this difference may lie in the stereochemical requirements of accommodating the
bulky phenyl group and the halogen ligands about the two tellurium atoms in these
molecules.

For CH ,(TeCl;), the problem of packing in the solid state may be even more marked.
The organotellurium(IV) trichlorides?3-25-2% generally have chemical isomer shifts of
ca.0.9mm s~ ! and quadrupole splittings of ca. 9.0mm s~ !, However, CH,(TeCl,), has3®
Mdéssbauer parameters 6 0.9mm s™!, A7.6mm s~ '. It would seem that the polymeric
nature of the RTeCl; compounds involving bridging Cl—Te bonds and tellurium bonded
to four chlorines roughly in planar coordination and the Te—R bond directed out of the
plane may be difficult to achieve in CH,(TeCl,), where the two tellurium atoms are
separated only by a methylene group.

5. Bis(trifluoromethyl)- and bis(pentatluorophenyl)-tellurium(lV) dihalides

The '25Te Mossbauer parameters recorded from®S the bis(trifluoromethyl)- and
bis(pentafluorophenyl)-tellurium(IV) dihalides are collected in Table 6. The dihalides of
(CF,),Te and (Cg¢Fs),Te exhibit quadrupole splittings which are systematically smaller
than those generally observed for dialkyl- and diaryl-tellurium dihalides. For example,
(C¢F),TeF, has a quadrupole splitting of 8.8 mm s~ ! in comparison with 10.4mm s~!
recorded for Ph,TeF,. Similarly, the quadrupole splittings of (C¢Fs),TeCl, and
(CF5),TeCl,,A 6.9 mms™ ', aresignificantly smaller than the corresponding parameter for
Ph,TeCl, and Me,TeCl,, A 9.25mm s~ !. Within each series of dihalides the quadrupole
splittings follow a simple trend F>Cl>Br. These compounds, like the
diaryltellurium(IV) dihalides previously discussed, can readily be interpreted in terms of
the \W-trigonal bipyramidal structures where the quadrupole splittings reflect the p orbital
imbalance between the X—Te—X axial linkage and the Te—C bonds, and the lone pair
in the equatorial plane. As the electronegativity of the organic ligand increases this p orbital
imbalance undergoes a consequent decrease consistent with the smaller quadrupole
splitting in (C4Fs),TeF, as compared with that recorded from (CqHg),TeF, and
consistent with a greater removal of electron density from the tellurium in the equatorial
plane by the C4F; ligand.

TABLE 6. 12°Te Mdssbauer parameters
recorded®® from bis{trifluoromethyl)- and
bis(pentafluorophenyl)-tellurium(IV)  di-
halides at 42K

0“1+ 0.08 A+0.08

Compound (mms™') (mms™?)
(CF,),Te —0.14 1402
(CF3), TeF, +059 736
(CF3),TeCl, +0.58 689
(CF5); TeBr, +064 560
(CeFs),Te +0.14 1340
(C¢Fs),TeFe, +0.45 8.78
(CeF4),TeCl, +059 691
(C4F ), TeBr, +0.59 538

° 4 relative to 1/Cu.
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The chemical isomer shifts recorded from the (CF,), TeX, and (C¢F ), TeX, compounds
are all similar and more positive than those of the parent tellurides and, as observed in the
other diaryltellurium(I'V)dihalides, are consistent with the removal of predominantly p
electron density from tellurium in the X—Te—X linkage leading to a deshielding of the Ss
electrons from the nucleus.

6. Tetrahaloarylteliurates

The tetrahaloaryltellurate anions and a number of mixed tetrahaloaryltellurate anions
have recently been examined®’. The parent tetrahalotellurate anions, RTeX,~ (R = p-
C,H;0OCH, ; X =Cl, Br or 1), all give quadrupole split M3ssbauer spectra. The electric
field gradient in these ions, which are square pyramidal with the organic ligand occupying
the axial position3® with bonding to the halogen ligands being viewed as three-centre,
four-electron bonds involving only tellurium Sp orbitals, may be considered as deriving
from p orbital imbalance between the z-axis, as defined by the Te—C bond, and the x—y
plane in which the four halogen ligands lie. This p orbital imbalance arises because of the
difference in the ionicity of the Te—C and Te—halogen bonds and also because of the
significant tellurium s character associated with the Te—C bond, which confers significant
p character on the lone pair. The stereochemically active lone pair is then viewed as
occupying the sixth coordinate position trans to the aryl group. The interpretation is
supported by the observation that the quadrupole splittings decrease in the order
RTeCl,” > RTeBr,” > RTel, . As the electronegativity of the halogen ligands decreases,
the removal of p electron density from the tellurium in the x—y plane decreases and the
quadrupole splittings likewise decrease. The isomer shift of RTeCl,™ is significantly

90r
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Y= Cl Br I

FIGURE 16. Quadrupole splittings recorded from ¢ RTeCl,Y, ¢ RTeBr,Y
and # RTel,Y where Y = Cl, Br or I. Reproduced with permission from Can.
J. Chem., 59, 913 (1981)
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smaller than that of TeClg? ™~ or TeCl; 7, and this reflects the marked decrease in nuclear s
electron density as a result of removal of tellurium 5s electrons into the Te—C bond.

In the mixed tetrahaloaryltellurates RTeX,Y, where X=Cl and Y=C|, Bror I, A
decreases in the series Y = Cl > Br > 1. For the bromide series,i.e. X =Br, Y =C|, Bror I,
the A values again decrease in the series Y =Cl > Br > and a similar trend is again
observed for the iodides, i.e. RTel;Cl™ > RTel;Br™ > RTel,~ (Figure 16). These trends
again reflect a decrease in the removal of p orbital electron density from the tellurium in the
x—y plane as the electronegativity of the halogen ligand, Y, decreases. It would appear that
in these compounds A is a simple additive property of the iigands attached to tellurium. To
a first approximation, and ignoring any asymmetry in the RTeX,Y anions, the difference
in quadrupole splitting between RTeCl,~ and RTeBr,~ should be twice that between
RTeCl,Br~ and RTeClIBr; . This relationship has been confirmed®”.

The findings are consistent with the application of an additivity model to rationalise the
values of the quadrupole splittings in the organotellurides and organotellurium dihalides
and trihalides, as will be discussed later (Section 8).

7. Diaryltellurium(lV) dicarboxylates

The !25Te Mdossbauer parameters recorded?® from some diaryltellurium(IV)
diacetates and dibenzoates are collected in Table 7 and a representative spectrum is
illustrated in Figure 17.

The infrared spectra recorded’® from the diaryltellurium(IV) dicarboxylates have been
interpreted in terms of W-trigonal bipyramidal structures in which the carboxylate ligands
occupy the trans axial positions. The '25Te Mssbauer parameters recorded from these
compounds are generally consistent with such a description with the chemical isomer
shifts and quadrupole splittings being essentially similar to the Mdssbauer parameters
recorded from the diaryltellurium(IV) dichlorides. However, the phenyl derivatives exhibit
much smaller quadrupole splittings than the other compounds and in this respect it is
interesting that the infrared spectrum of (p-EtOC4H,), Te(OCOMe), has been found to be
more complex than that of Ph,Te(OCOMe),, suggesting the possible presence of both
uni- and bi-dentate carboxylate ligands in the former case and only unidentate ligands in
the latter. The different quadrupole splittings of p-An,Te(OCOMe), and
Ph,Te(OCOMe), are certainly consistent with a different environment about the
tellurium atom in these two compounds.

The compound Ph,Te(OCOPh), was found to give a complex infrared spectrum similar

TABLE 7. 125Te Méssbauer parameters recorded?® from
some diaryltellurium(IV) dicarboxylates at 4.2K

6°+007 A+0.1

Compound (mms™") (mms™?')
Ph,Te(OCOMe), 0.59 8.0
p-An, Te(OCOMe), 0.50 9.3
p-Tol,Te(OCOMe), 0.60 9.5
Ph,Te(OCOPh), 0.76 8.2
p-An,Te(OCOPh), 0.52 9.5
(p-EtOCH,),Te(OCOPh), 0.56 9.4

4§ with respect to 1/Cu.
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FIGURE 17. '25Te M@ssbauer spectrum recorded from Ph,Te(OCOMe),. Reproduced
with permission from Can. J. Chem., 54, 3737 (1976)

to that of (p-EtOC¢H ), Te(OCOMe), rather than that of the diphenyltellurium diacetate.
However, the Mdssbauer data suggest that the tellurium environments in the diph-
enyltellurium diacetate and dibenzoate are very similar. Thus the infrared and Mossbauer
data are not wholly consistent but both suggest that the structures of the diacetates and
dibenzoates may show subtle differences with changes in the nature of the aryl ligands. A
fuller interpretation of the Mdssbauer data from these compounds must await structural
studies on the carboxylates.

8. Additivity model for the quadrupole splittings

The !25Te Massbauer quadrupole splittings recorded from the diorganotellurium(IV)
dihalides and organotellurium(IV) trihalides have been found?® to be amenable to
consideration within the theory of Townes and Dailey. By considering the dihalides to be
trigonal bipyramidal structures with nominally sp? hybrids in the equatorial plane and
axial pd hybrids defining the z-axis,

e*qQ < ﬂ)
D oug-u
e*q,Q 3 X ¢

and
e*qQ
€qoQ

where Uy, Uc and U, are the Te—X, Te—C and non-bonding orbital populations,
respectively, 1 is the asymmetry parameter and 2, is the C—Te—C bond angle. This
equation is applicable only if (1 — cot?.) is small, i.e. if the lone pair is predominantly Ss
in character, which appears to be valid?® for example in Me,TeCl, (2, = 98°), Ph,TeBr,
(2, =94°)and a-Me, Tel, (2, = 91 — 97°). For large values of 2,, approaching 120°, and for
the Uy and U values observed in these compounds, V,, would lie through the lone pair.
By assuming?® that the bonding occurs only through tellurium 5p orbitals (2, = 90°), then

n=3(Uc— U,)(1 —cot?)
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n=0and
e’qQ
€’q0Q =—-Up=Ux e x— Ve
ie.
Up=Uc—Uy_qx

The X—Te—X linkage would be viewed as a three-centre, four-electron bond.
If 2, =120° and V,, lies through the lone pair, it may be shown?* that

U, = — 24 Yoy Yxorex
376 2
_3(Ux Uy
=3

p

In the trihalides, assuming the structure in Figure 15 and the presence of spd? hybrids,
the application?® of the Townes and Dailey theory predicts

e? U
__iQ_= _Ux+<1 +_£>
Y 2

n=0

If the bonding is assumed to be pure p in character with the 5s? electrons constituting the
lone pair,

Up=Uyx_rex—Uc

Thus, if the Te—C and X—Te—X bonds each have predominantly p character and
constant covalent character in the dihalides and the trihalides, then A should have the
same magnitude but opposite signs in the two cases. Since it would be expected that
Uc> Uy_1._x» then A should be negative in the dihalides and positive in the trihalides.
The experimental results (Tables 3 and 4) show that for the chlorides, bromides and
iodides the quadrupole splittings for the dihalides are of similar magnitude to those of the
trihalides but the results give no indication of the sign of A.

The application of the additivity model as described 2 suggests that, where the model is
applicable, the X-—Te—X bond has the same covalent character whether X is terminal or
bridging. The analysis also suggests that, in those instances where the dihalides and
trihalides have the same magnitude for A, intermolecular bonding in the dihalides is not a
major factor in determining A. The observation?® that (p-EtOC4H,)TeCl, and (pyH)*
(p-EtOC4H,)TeCl, ™ have the same A, within the errors, supports the assumption that the
field gradient derives from the valence shell orbital populations and that the lattice terms
are not important. Thus, for the compounds R,Te, R,TeX, and RTeX, the quadrupole
splittings appear to be an additive property of the ligands.

The !23Te Mossbauer parameters recorded?® from the adducts of p-AnTeCl, with
pyridine and tetramethylthiourea (tmtu), together with those from tellurium tetrachloride
with pyridine, provide a further test of the additivity model for the !25Te M&ssbauer
quadrupole splittings. The starting point in such an analysis is the Te—C bond orbital
population obtained from the tellurides. From the quadrupole splittings recorded from
the dichlorides it is then possible to estimate U,_,,  and, from A recorded from
TeCly(py), U,,. These data, together with the orbital population®* of the Te—S bond,
Ug =0.73, give orbital populations as summarized in Table 8 and leads to the conclusion
that Uc=1.11, U _1,_¢ =035 and U, =0.73.
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TABLE 8. Orbital populations derived?®-3# using the Townes and Dailey

theory
Orbital populations

Aﬂ
Compound (mms~') US Us Uys U,
Ar,Te (+)106 —089 111 1.11 [2.0]
p-An,TeCl, (=) 91 +076 [LI11]  [L11] 035
p-AnTeCl, (+) 9.2 —0.76 0.35 0.35 [1.11]
TeCl,.py (+) 45 —038 [035]  [035] 0.73
Te(thiourea)?* (+)156 —1.30 0.70 0.70 [2.0]

2The signs of A assumed are shown in parentheses.
bU, = —e*Q/e*q,Q and e?gQ = + 24 mms ™.
¢The values shown in brackets were assumed in any one case.

TABLE 9. Predicted and observed quad-
rupole splittings?*

Almms™})
Compound Observed Calculated
p-AnTeCl,.py 7.6 (+)7.3
p-AnTeClytmtu 19 {+)7.3

TABLE 10 Bound orbital populations, U, , for
different ligands?%:2®

Estimator Parameter U,
Ph,TeCl, Ug_re—a 04
Ph,TeBr, Ug_tenr 0.5
p-Tol,Tel, Ui\ _tet 0.6
Ph,Te(OCOMe), Uy 1. o 0.4
p-An,Te(OCOMe), Uo_te o 0.3
Ph,Te(OCOPH), Ug_teo 0.4
p-An,Te(OCOPh), Uo_te—o 0.3
TeCl,(py) U,y 0.7
Te(thiourea)3* Ug 0.7
(CeFs),TeBr, Ucr, 0.8
Tellurides Uco 1.1

The values of U were used?’ to estimate values of A for p-AnTeCly(py) and p-
AnTeCly(tmtu) and the results found to compare well with the experimentally determined
values of A as summarized in Table 9.

The orbital populations for a number of ligands derived by these methods are
summarized in Table 10. Given the many assumptions implicit in the analysis of the A
values and the fact that e?g,Q is not accurately known, the U values have relative rather
than absolute significance.
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9. Colour in organotellurium(lV) halides

Many organotellurium compounds are highly coloured and, on the basis of structural
data, the occurrence of colour has been associated with the overlap of orbitals of
intermolecularly associated heavy atoms®®. Using these concepts the '25Te Mdssbauer
parameters recorded from a variety of organotellurium compounds have been used?” to
examine the occurrence of colour in terms of the population of low energy conductance
bands by non-bonding electrons.

C. Heterocyclic Tellurium Compounds

Two '?*Te Mdssbauer studies of organotellurium heterocycles have appeared in recent
years®!2 In these compounds the bond lengths and bond angles are largely determined
by the constraint of accommodating the tellurium atom in the ring.

1. Cyclic tellurides

The structural formulae of the cyclic tellurides (a) dibenzotellurophene (C,,HTe), (b)
phenoxtellurine (C,,HgzOTe), (c) tellurium acetylacetonate (C;HsO,Te) and (d) some
substituted tellurium(IT) acetylacetonates are illustrated in Figure 18. The '2°Te Moss-
bauer parameters are recorded in Table 11 and some crystal structure data, which are
compared with that of (p-Tol),Te, are collected in Table 12. In the relatively simple
molecules (a)-(c) the C—Te—C bond angles vary slightly and some variation is observed
in the bond lengths. The '2°Te Méssbauer quadrupole splitting data, and possibly the
chemical isomer shift data, show small differences from one compound to another but,
given the variation in the C—Te bond lengths and hence the tellurium bond orbital
populations, a simple dependence of A on the C—Te—C bond angle # is not to be
expected. It is interesting, however, that both C ,H;OTe and CsH,O,Te, for which
0 = 90°, exhibit larger values of 6 and A than the simple diorganotellurides (Table 1). The
results are consistent with a greater p character in the Te—C bonds and a greater lone pair
character for the tellurium Ss electrons. The inductive effect of the oxygen atom in
C,,HgOTe and of the carbonyl group in CsH¢O,Te may be important and influential
factors in influencing A for these compounds.

r3 R¢
oo v LY
Te Te Te R2” e Rt

(1) R'=R%H, R*=R*:CH,
(2) R'=R%CH, ,R*=R*H
{3) R'=R%:=R3:=R%*:H

(4) R‘=R2=R3=CH3,R“=H
(5) R'=R®:CH, ,R*R*H

{a} {b) {c) {d)

FIGURE 18. Structural formulae of the cyclic tellurides (a)dibenzotellurophene
(C,,HgTe), (b) phenoxtellurine (C, ;HgOTe) (c) tellurium acetylacetonate (CsHgO,Te) and
(d) substituted tellurium(11} acetylacetonates
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TABLE 11. '25Te Méssbauer parameters recorded
from some cyclic tellurides at 42K

Compound 0°+008 A+0.2 Ref

(see Figure 18) (mms~') (mms™')

@) C,,H,Te 0.14 9.3 61

{b) C,,H,OTe 024 1.2 61

(©) CH,O0,Te 039 1.7 61

(d) (1) C,H,,0,Te 070 1277 62
(2) C,H,,0,Te 0.39 10.99 62
(3) C,H,0,Te 042 981 62
4) C,H,,0,Te 047 1058 62
(5) C,H,00,Te 041 1125 62

°§ with respect to 1/Cu.

TABLE 12. Crystallographic data for some tellurides

C—Te—C C—Te
Compound bond angle (°) bond length (&) Ref.
(p-Tol);Te 101 2.05 (5) 31
(a) C,;HgTe 81.7(2) 2.087(5) 63
(b C,;HgzOTe 89.4(3) 2.10(9) 64
(€)' CsHqO,Te 89.5(4) 2.17(1) 65

?Sce Figure 18.

The C—Te—C bond angle of 81.7° in C,,HgTe implies that 2 simple combination of s
and p orbitals cannot be used to rationalize the bonding about tellurium. The quadrupole
splitting for C,,HgTe is smaller than that of other cyclic tellurides and may indicate
significant 7 delocalization around the essentially planar five-membered ring.

The '2°Te Mossbauer parameters recorded for all the tellurium(Il) acetylacetonates
except 1 (Figure 18) fall within a narrow range and reflect the similar structures®*~¢ of
compounds 2-5 where the C—Te—C bond angles of ca. 90° suggest that the bonding
occurs primarily through the p orbitals. The main structural difference between these
compounds is the smaller’® C—Te—C bond angle of 86.4° in 1 which cannot be simply
rationalised in terms of the tellurium s and p orbitals. On first inspection, the smal! bond
angle may reasonably be associated with enhanced repulsion by the lone pair of electrons
on the tellurium atom. Both M&ssbauer parameters for this compound are larger than
those recorded from compounds 2-5 and are indicative of a relatively higher s electron
density at the tellurium nucleus and a larger p orbital imbalance around the tellurium
atom. Clearly it is difficult to correlate the crystallographically determined small bond
angle and the proposed high stereochemical activity of the tellurium lone pair with the
Modssbauer parameters which imply that the lone pair is Ss in character and contributes
significantly to a high electron density at the tellurium nucleus. Indeed, it would be
reasonable to expect that any significant stereochemical activity of the 5s lone pair would
be reflected in a smaller chemical isomer shift in 1 compared with 2-5. However, it is
interesting that the intermolecular packing of the tellurium(II) acetylacetonates®¢~°
involves the yellow materials 2-5 having intermolecular Te - Te associations of ca.4 A
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which give rise to polymeric chains of tellurium atoms. The methyl groups in these
compounds are equatorial to the heterocyclic ring. The colour of 1 is less intense and,
although the molecular structure is essentially the same, there is no evidence’® of short
intermolecular Te--- Te associations as in 2—5. It would appear that one of the two methyl
groups which occupy the positions designated by R*and R*in 1 is axial to the heterocyclic
ring and sterically prevents the formation of short intermolecular Te--- Te associations.

The significance of such close intermolecular distances in coloured tellurium com-
pounds has been noted during structural investigations in the past®© and it has also been
suggested’'~7¢ that colour in other p block elements, particularly those of tin and
antimony, which also give lower than expected Mdssbauer chemical isomer shifts, may be
explained by the direct population of low-energy conduction bands by non-bonding
valence electrons. It therefore seems that the low !25Te M&ssbauer chemical isomer shifts
in the yellow associated tellurium(Il) acetylacetonates 2—5 may be indicative of the
population by 5s non-bonding tellurium electrons of conductance bands formed by
overlap of orbitals on intermolecularly associated tellurium atoms. The donation and
movement of these non-bonding valence electrons in the conductance bands may give rise
to the colour, and the consequent reduction of the 5s electron density at the tellurium
nucleus is reflected in the chemical isomer shift which is smaller than expected. The smaller
quadrupole splittings in the tellurium(IT) acetylacetonate compounds 2-5, compared with
unassociated compound 1, presumably reflects the higher degree of coordination and
symmetry of the tellurium atom in the associated species.

Hence the delocalization of electrons into a n-bonded aromatic ring or into a low-
energy conductance band formed by overlap of orbitals on intermolecularly associated
heavy atoms may be as important in explaining the '**Te Mdssbauer parameters of
heterocyclic tellurium compounds as is a consideration of the bond angle alone.

2. Heterocyclic tellurium dichlorides

The heterocyclic tellurium dichlorides, with structural formulae as illustrated in
Figure 19, (a) C,,HgTeCl,, (b) C,,HgOTeCl, and (c) CsH40,TeCl,, give the 125Te
Mossbauer parameters summarized in Table 13. The crystal structure®® of C;HgO,TeCl,
shows the tellurium to be in a W-trigonal bipyramidal geometry with the halogen ligands
in trans axial positions. The dihalides exhibit more positive chemical isomer shifts than the
parent tellurides, the halogen ligands removing predominantly p electron density from the
tellurium, and the values of & are comparable to those recorded from the
diaryltellurium(IV) dichlorides (Table 3). However, the quadrupole splittings recorded
from the cyclic dichlorides are all significantly smaller which, although partly arising from
differences in the asymmetry parameter, n, may be better understood in terms of the
additivity model. According to these principles, and the appropriate discussion in Sections

Lo U

Cl/ \Cl

T
Cl Ci
(a) (b) (c)

FIGURE 19. Structural formulae of (a) C,,HgTeCl,, (b)C,,HzsOTeCl, and
(¢) CsHO,TeCl,
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TABLE 13. '25Te Méssbauer parameters re-
corded®’ from some heterocyclic tellurium
dichlorides at 4.2K

Compound 6"+008A+0.2
(see Figure 19) (mms~!) (mms~!)
(@) C,,H,TeCl, 0.75 8.1

(b) C,H,OTeCl, 070 8.0

© CsH O,TeCl, 071 8.2

@6 relative to 1/Cu.

IILA and IILB, it is reasonable to expect the cyclic dihalides to have quadrupole
splittings which are smaller than those recorded from the parent tellurides.

It is also interesting that the cyclic dinitrate related to Figure 19b of composition
C,,H OTe(NO,), gave®® !2°Te Mossbauer parameters of §0.56mms~! and
A9.3mms ™!, in which the large quadrupole splitting is comparable to that recorded from
the dichloride and is consistent with the W-trigonal bipyramidal array about tellurium in
which the nitrate groups adopt the trans axial positions®*.

D. Organotellurium Ligands

The use of M3ssbauer spectroscopy to examine the ligand properties of various species
including tellurium has recently been reviewed””. A survey of the chemical isomer shift and
quadrupole splitting data recorded from several metal complexes of (p-EtOC,H,),Te
showed that the R, Te — M donation involves primarily the tellurium 5p orbital and that
changes in chemical isomer shift are due to deshielding.

It is also interesting that whereas carbonyl groups on a metal are generally able to
enhance the Lewis acidity of the metal centre allowing a greater degree of ligand-to-metal
donation, the trend does not appear to hold for R, Te ligands from which carbonyl systems
apparently remove ca. 0.33 electrons whilst non-carbonyl acceptors take ca.0.4-0.6
electrons. It is possible that the presence of two lone pairs on tellurium, only one of which is
involved in coordination, is significant such that R,Te can be regarded as a potential
n-donor ligand.

Itis relevant to record the examination by !25Te Méssbauer spectroscopy of complexes
of di-(ethoxyphenyl) telluride, (p-EtOC4H,),Te, with various metal halides’8. By assum-
ing that the quadrupole interaction is dominated by an imbalance in the tellurium p-
orbital population the quadrupole splitting data were interpreted in terms of the donor—
acceptor interaction of the telluride with the metal halides and used to show that the order
of Lewis acidity towards (p-EtOCgH,),Te is Hg(II) > Pt(II) > Pd(II) > Cu(l). In a
subsequent report’® some diorganotelluride~mercury(Il) complexes of the type
R,Te.HgX, (R =Ph, EtOC(H,, X =Cl, Br, I) were examined by !25Te Méssbauer,
infrared and Raman spectroscopy. The results indicated that the tellurium atom in these
complexes adopts a similar environment to that of tellurium in a triorganotellurium salt
and the complexes were described by the formulation [R,Te*—HgX]X ~. The structure
of (Ph,Te).Hgl, was subsequently investigated®® by X-ray crystallography and found to
exhibit a novel tetrameric structure involving two different types of iodine bridges.

In another report®!, a new series of copper(I) derivatives of organotellurols of
composition RTeCu, where R is an alkyl or aryl group, were described and the !'25Te
Maossbauer parameters interpreted in terms of only limited electron transfer from
tellurium to copper. A series of diorganoditeliuride complexes of copper(I) halides of



84 Frank J. Berry

composition R,Te,.CuX, where R = alkyl or aryl and X = Cl, Br or I, gave®' Méssbauer
data which indicated the tellurium atoms to be only weakly coordinated to copper with the
halide ligands involved in intermolecular bridging. The complexes of some diorganoditel-
lurides with mercury(I1) halides have also been investigated”® and the compounds were
found to correspond to two distinct classes of complex. The majority, of stoichiometry
RTeHgX, or R,Te,HgX,, gave '2°Te Mdossbauer parameters which indicated the
presence of a single trigonally coordinated tellurium site. The second group gave
Mossbauer parameters indicative of two-coordinate tellurium in complexes of the type
R,Te,.HgX, where both the Te—Te and the Hg—X bonds remain essentially similar to
those present in the reactants.

Some other organotellurium—-mercury(I) complexes of the type a-Me,Tel,.HgBr,,
Ph,Hg(Me,Tel,),, (p-EtOC4H,Te),.Hg and p-EtOC,H,Te.HgCl have also been
examined’® and the Méssbauer data interpreted in terms of the possible structures of the
complexes.

E. Compounds with Tellurium to Metal Bonds

Several Mossbauer studies of compounds containing tellurium-tin bonds have
appeared and are particularly important because they allow the examination of the
compounds by both '2°Te and ''°Sn M&ssbauer spectroscopy.

Some triphenylstannyl(aryl) tellurides prepared by the reaction of triphenyltin hydride
with various diary! ditellurides were amongst the first compounds to be studied by both
125Te and '!'°Sn Mossbauer spectroscopy®?. The ''°Sn chemical isomer shifts for
Ph,SnXPh, X=0, S, Se or Te, were found to follow the order Ph,Sn < Ph,SnOPh
< Ph;SnSPh &~ Ph,SnSePh & Ph,SnTePh, thereby demonstrating a greater p character
in the Sn—XPh bonds than in the Sn—Ph bonds. However, the Sn—XPh bonds must
retain significant s character and the relative chemical isomer shifts of Ph,Sn—OPh and
Ph,Sn—TePh suggested the presence of greater selectron density and enhanced
covalency of the S—Te bond relative to the Sn-—O bond. The !23Te Mossbauer chemical
isomer shifts recorded from the compounds Ph;SnTeR, R = Ph, p-An, p-EtOC¢H,, were
less positive than those of the diaryl ditellurides, R, Te,, suggesting a greater occupancy of
the tellurium Sp orbital in the Sn—Te bond than in the Te—Te bond. The smaller '23Te
quadrupole splittings for the triphenylstannyl compounds were consistent with this
model. Hence both the ''°Sn and '2°Te Mgssbauer data are consistent with the donation
of electron density from the tin to the tellurium and give no evidence for any significant
Spn Te—5dn Sn overlap such that only an s—p bonding model gives a self-consis-
tent explanation of the combined ''?Sn and !25Te Mdssbauer data.

A ''°Sn and '23Te Mossbauer and NMR study of some Group IV organotellurides is
another example of the successful combined use of two Mdssbauer isotopes in chemical
investigations®3. In these compounds of composition(R,X),Te, R = Me, X = C, Si, Ge and
Sn; R = Ph, X = Ge and Sn; R;MTePh, R = Me, X = Si, Ge and Sn; R = Ph, X = Ge, Sn,
Pb; R,Sn(TePh),, R = Me and t-Bu; and the cyclic compounds (Me,SnTe), (Me,Sn),Te,
and (t-Bu,SnTe),, the 1'?Sn and '25Te M éssbauer and NMR data have provided evidence
that there is little transmission of bonding effects through the tin—tellurium bond as the
chemical environments about the tin or the tellurium atoms are changed.

In a recent study®* of some tellurium- and transition metal-containing compounds the
125Te Mossbauer spectra were recorded from (u-Te)[V(CO),diphos],, where diphos is
ethylenebis(diphenylphosphane), (i3-Te)[Mn(CO),(7*-CsHs)]5,  (u-Te)[Mn(CO),(n>-
CsMesly, (1n*-TeCH )[Mn(CO),(n°-CsMey)], and (u-Te)[Cr(CO)4(n°-CsHs)1,. The
chemical isomer shifts, 6, were found to be essentially similar and independent of whether
the tellurium is considered as acting as a six-, four- or two-electron donor. The first three



2. The application of Mdssbauer spectroscopy 85

compounds gave very small quadrupole splittings, which were interpreted in terms of
multiple bond character in the tellurium—metal bonds.

F. Tellurium-containing Charge-transfer Complexes

In a study®® of the reaction of NaTeR, R = p-EtOC¢H,, or Ph, with organic dihalides,
(CH,),X,, n=1-4, which gives tellurium salts when n =3 or 4 and X = ClI or Br, some
charge-transfer complexes of stoichiometry (RTe),CH,.CH,X, were formed when n=1
and X=Br or 1. The Maossbauer spectrum recorded from the complex [(p-
EtOC4H,)Te],CH,.CH,Br, was dissimilar to those recorded from the telluronium salts.
The more positive chemical isomer shift was associated with a greater s electron density at
tellurium as a result of the withdrawal of 5p electron density. The quadrupole splitting was
smaller than that recorded from simple telturides (Table 1), but larger than that recorded
from telluronium salts. The description of the material, which also gave a broad ESR
signal centred on g = 2.18, as a charge-transfer complex is consistent with the Mossbauer
data since the transfer of electron density from the spare-pair p orbital on tellurium would
decrease the p orbital occupation imbalance and give rise to a smaller quadrupole splitting
and more positive chemical isomer shift.

Similar effects were subsequently observed®® in the Mssbauer spectra recorded from
organotellurium complexes with 7, 7, 8, 8-tetracyanoquinodimethane (tcnqg). In these
investigations a range of organotellurium(II) compounds were used as donors to form
donor—acceptor complexes with tcnq. Although most reactions gave 1:1 complexes, the
ditelluride gave complexes of the type R,Te,.2tcng, where R is Ph or (p-EtOCgH,).
Although the complexes were insulators the conductivities did vary over several orders of
magnitude and the two ditelluride complexes showed evidence of semiconducting
properties. Infrared and ESR data indicated the degree of charge transfer to be small in
most cases. However, the tcnq complexes of 1, 3-dihydro-2-telluraindene and diphenyl
ditelluride gave '?°Te Mossbauer spectra which were interpreted in terms of significant
charge transfer and the results have led to the development of a method whereby the
Mossbauer parameters can be used to assess the degree of charge transfer for donor-
acceptor complexes containing organotellurium compounds. Given the likely growth
in this area of chemistry, it is important that the potential use of !25Te
Moéssbauer spectroscopy as an investigative technique for these types of compounds be
explored more fully. Some evidence for this development is reflected in a more recent
study!? of some 2-phenylazophenyl-C, N’-tellurium(II) dithiocarbamates of compo-
sition (C,,;H¢N,)Te(I){dtc) and the corresponding tellurium(IV) tris compounds
(C{,HgN,)Te(dtc);, where dtc is dimethyl, diethyl or dibenzyl dithiocarbamate. The
125Te Mdssbauer parameters recorded from these complexes were used to formulate
the tris compounds as loose charge-transfer complexes of the type
(C,,HN,)Te(I)(dtc).[R,NC(S)SS(S)CNR,].

G. lodine-125 Emission Mossbauer Studies

In Mossbauer emission spectroscopy the sample to be studied is prepared with a
radioactive isotope and is used as a source. The radiation emitted from the sample is
absorbed by a standard absorber that contains the corresponding Mossbauer isotope.
Since an iodine-125 nucleus undergoes radioactive decay to populate the 35.48keV
excited state of tellurium-125, compounds labelled with iodine-125 can be used as sources
in Mossbauer emission spectroscopy. It must be appreciated, however, that the decay
processes may create unstable but long-living changes in the surroundings of the
Mdssbauer nucleus and that such source experiments are often complicated and the
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FIGURE 20. Mossbauer emission spectrum recorded from ['2°I]iodobenzene in hexane
at 4.2 K. Reproduced with permission from Chem. Phys. Lett., 94, 227 (1983)

consequences of nuclear transformations which involve both oxidation and reduction are
not fully understood.

A Moéssbauer emission spectroscopy study of !2°1-labelled iodobenzene, Phl, benzyl
iodide, PhCH,], and iodine in benzene reported®’ similar spectra from all samples
showing quadrupole split absorptions, A = 11.3mm s~ !, which were associated with the
formation of Te—C bonds. In a subsequent study®® by '*5] Méssbauer emission
techniques and !2’NQR spectroscopy a series of 0-, m- and p-substituted iodobenzenes
were found to undergo at least partial decomposition to diorganotellurides. The most
recent Mdssbauer emission investigation of '25I-labelled iodobenzene, methyl iodide and
their dilute solutions in benzene and hexane®? gave spectra (Figure 20) which, by careful
computer analysis, were interpreted in terms of the presence of two species. One of the
species was tentatively described as a diaryl, arylaikyl or dialky! telluride whilst the other
was described as a tellurium atom attached to a single aryl or alkyl moiety with a positive
charge,e.g. [PhTe] ", [ICcH, Tel* or [CsH,,Te] ™. The observations were rationalized in
terms of the '2°T in Mel or PhI undergoing decay by electron capture with the rupture of
the Te—C bond and the excited and highly reactive tellurium ion undergoing reaction
with neighbouring molecules of iodobenzene or methyl iodide.

H. Tellurium Complexes with Thiourea and Related Compounds

It is relevant to mention here several significant studies of thiourea and related
compounds. ' 25Te Méssbauer data recorded from TeTu,X,, where Tu is thiourea and X is
halide, were used in the initial derivations of relationships between the *25Te M&ssbauer
chemical isomer shifts and holes in the tellurium 5p shell in tellurium compounds which
are p bonded®®. In a subsequent study®', asymmetry in the Mdssbauer spectra of
tellurium(II) thiourea complexes was shown to arise predominantly from single crystal
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orientation effects and the asymmetry in the spectrum recorded from TeTu,Cl,.2H,0 was
shown to be consistent with a negative sign for the nuclear quadrupole moment of the 3/2
excited state in '2°Te. In other studies># 62 of tellurium(IT) and tellurium(IV) complexes
with sulphur-containing ligands the Mdssbauer parameters have been interpreted in terms
of bonding and the structural properties of the complexes. Finally, it is pertinent to record
that the '2°Te Mossbauer emission spectra recorded from a number of tellurium(IT)
thiourea complexes have given evidence®? of extensive molecular fragmentation during
the isomeric transition which precedes the Mossbauer transition.

IV. CONCLUSION

Tellurium-125 Mdossbauer spectroscopy is a technique which is well suited for the
investigation of organotellurium compounds. The different types of compounds which
have been examined to date illustrate the variety of materials which are amenable to study
by the technique. The results which have been interpreted in terms of the bonding and
structural properties of the compounds exemplify the power of the technique to give
unique information and also demonstrate the capacity of Mossbauer spectroscopy to
complement other methods of investigation. The currently developing interst in tellurium-
containing compounds with potentially technologically important properties will un-
doubtedly lead to a further growth in the application of Méssbauer spectroscopy, in both
conventional and unconventional modes of operation, to the study of organotellurium
compounds.
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I. INTRODUCTION

Although organoselenium chemistry had been widely studied and exhaustively re-
viewed!"2 by the early 1970s, only a few selenium-based synthetic methods existed in the
literature of that time. The discovery and subsequent recognition of the selenoxide syn-
elimination as an exceptionally efficient olefin-forming reaction did much to enhance the
appreciation of selenium compounds by synthetic organic chemists. Increasing interest in
the field soon led to other discoveries of widespread synthetic utility based on the unique
properties of this element. The resulting proliferation of the literature on organoselenium
chemistry prompted several excellent reviews in the late 1970s372 as well as.a number of
later ones®'!. Very recently, two new books (in addition to Volume 1 of the present series)
have appeared on the subject which are based on reaction types'? and applications in the
synthesis of natural products'3. A number of more specialized reviews have been written
recently and these will be cited at appropriate points in this chapter to direct the reader to
additional information.

The history of organotellurium chemistry is also lengthy, but again contributions of
broad synthetic potential have only begun to appear in the past few years. The general
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subject has been reviewed periodically®-'#22 and appears to be generating increasing

interest. However, broad acceptance of tellurium-based synthetic methodology lags
behind that of selenium at present.

The aim of this chapter is to provide coverage of recent preparative uses of selenium
and tellurium compounds. In keeping with the general theme of this series, and in order to
provide a complementary treatment to existing reviews, this chapter will be organized
principally according to the types of functional group and skeletal transformations which
can be achieved. Considerations of mechanisms and of the strategic role played by
selenium and tellurium reagents in specific syntheses of natural products will be kept to a
minimum. No attempt is made to provide exhaustive coverage of all known examples of
the more widely employed procedures, although illustrative examples will be shown as
required to demonstrate their scope and limitations. Coverage of the literature up to early
1985 ts provided.

Il. OLEFIN PREPARATIONS BY ELIMINATION
A. Selenoxide syn-Elimination

1. General comments

The selenoxide syn-elimination (equation 1) constitutes one of the most expedient
methods for introducing a carbon—carbon double bond into a saturated substrate. It is
formally akin to older methods such as ester pyrolyses and the Chugaev, Cope and
sulfoxide eliminations, but has the advantage of proceeding under far milder conditions,
often at or even below room temperature. Further, the required selenide starting materials
are readily available from a variety of sources (see the chapter by McWhinnie) and are
efficiently oxidized to their selenoxides by many common reagents. Over-oxidation to
selenones is seldom a complication, in contrast to sulfur analogues where competing
sulfone formation is more difficult to avoid.

0
RS RSe/ \'H

e H
8
‘H” — X 0 ¢ e >=< + RSeOH
o 70, W ",

Despite several earlier reports of successful but isolated selenoxide eliminations
the synthetic potential of the method remained largely unrecognized until 1973. In that
year Sharpless and coworkers?5728 Reich and coworkers?® and Clive®® independently
demonstrated its merits. Subsequent applications have been rapid and now number many
hundreds. The subject has been reviewed recently>!.

1

23-25
’

2. Stereochemistry

The selenoxide syn-elimination requires the coplanarity of all five participating centers
and so is highly stereospecific. This is illustrated by the examples in equations 2 and 3.
Thus, in the first example, the erythro- and threo-selenides 1 and 2 produced the
corresponding (E)- and (Z)-olefins, respectively, on oxidation?®. In the second example,
the cis-selenide 3, where the PhSe group is cis to the ring-fusion hydrogen, eliminated to
afford mainly the more stable endo olefin, while the trans-selenide 4 produced only the exo
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isomer32, The latter result is attributed to the inability of the system to achieve the required
planar conformation for endo elimination.

PhSe H

Me
——H202
R W Sy
Me Ph (2)
(1) Cerythro) (2)

(2)(threo) —2% o £y + [ <ph

endo exo
9 1
)
exo only

(4)

When the product of elimination is a 1,2-disubstituted olefin, it is generally formed
preferentially with the E configuration26728:33735, The stereoselectivity is usually high
unless the substituents are small, in which case E, Z mixtures result3*.

The oxidation of a selenide containing a chiral substituent can generate a pair of
diasteromeric selenoxides, since the selenium atom itself becomes a chiral center. Such
diastereomers may eliminate at substantially different rates?*3¢ or follow different
pathways altogether®’

3. Regiochemistry

In the case of branched selenoxides, elimination towards the less substituted position is
generally favoured?8:3* (e.g. equation 428).

USRI

79% 7% 14°/

In selenoxides of general structure 5, a-alkyl substituents tend to accelerate elimination
whereas $-3%-3 and even y-alkyl3? groups retard it. Phenyl substituents in either the a- or
B-position enhance the rate®®



3. Preparative uses of organoselenium and organotellurium compounds 97

R1

(8)

The regiochemistry of elimination can be strongly influenced by the presence of a
heteroatom in the f-position of the selenoxide. Oxygen substituents in the form of
hydroxyl, ether or acetoxy groups strongly direct elimination toward the allylic site and
numerous examples demonstrating this effect are known (e.g. equation 5*°). When an
allylic hydrogen is unavailable elimination towards the vinylic position can occur,
although more forcing conditions are often required. Enol ethers3®4!-#2 enol acetates*?,
ketones*?, ketene acetals**~*7 and an enol phosphate*® have been prepared in this
manner (equation 6). In a few exceptional cases secondary selenoxides have been observed
to eliminate preferentially toward S-acetoxy*®-3° or acetal®! functions to give the vinylic
instead of allylic products. Presumably conformational or other factors suppress reaction

at the allylic site.
SePh
M0 N
'm, | (5)
“OR OR OR

R=H,Ac or alkyl =97 : <3

OR

o] R (o}
) — * —=— /U\ (©)
e R 2 “\R! R'

R=alkyl, Ac,P(0)(OMe),

B-Nitrogen substituents also exert a directing effect, although its direction and
magnitude depend on the nature of the functional group. f-Amido selenoxides produce
allylic amides exclusively>2-3* whenever an allylic hydrogen atom is available. Otherwise,
enamides’®*? or dehydroamino acids?® are formed. Allylic elimination is also preferred in
the case of cyclic®®*” and acyclic’® amines, although the regiospecificity is lower than in
the case of oxygen substituents. Azides®® and isothiocyanates®® favour allylic and vinylic
elimination, respectively. Examples are shown in equations 7 and 8°%. When intra-
molecular hydrogen bonding is possible between the selenoxide and a f-hydroxyl®* or -
amido function®?:33 (e.g. 6), then the resulting stabilization necessitates the use of elevated
temperatures to effect elimination.

SePh
0oX. +
“y Y Y (7)
Y=NHAc : 100 : O (Refs.52,53)
Y= N3: 60 : 40 (Ref.59)

Y=NCS: 17 : 83 (Ref.60)
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o
MCBPA
Ph NMeo NMe; + Ph NMe,
SePh
R
R=H 84% < 2%
R=Me: 54% 20%
Ph ®
N
L7 TH
R
(6}

The effect of halogens on the regiochemistry is less predictable. It has been reported that
a chloro substituent in either the a- or B-position enhances elimination®®, However, there
are numerous examples where elimination occurs preferentially away from a chlorine or
bromine atom to produce chiefly the allylic halide®2~%¢, In many other instances mixtures
containing significant amounts of both regioisomers were observed*®:3:65 (equation 9).
Vinyl bromides are formed in high yield from primary p-bromo selenoxides®?
(equation 10).

=4
R X — R A~ X ORI ©

X=Cl,Br

Br

Br ﬁ
R SePh —» R\/g (10)

y-Stannyl substituents are reported to have a mild directing effect towards the
homoallylic rather than allylic site for selenoxide elimination®’

Groups which have an acidifying effect on an adjacent hydrogen atom (e.g. car-
bonyl28:68:6°  sulfone’®""8, sulfoxide”” 7%, nitro”®®® and cyano®' groups) strongly
accelerate elimination towards that site, often to the complete exclusion of other
regioisomers (equation 11).

SePh i
—X_, Y=50,Ar,N0,,CN,CR  (11)

2
/1,,” Y Y

4. Techniques and side reactions

The oxidation of selenides to selenoxides can be achieved with diverse reagents. Those
most commonly employed are hydrogen peroxide, ozone, sodium periodate and peracids,
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especially m-chloroperbenzoic acid (MCPBA). Their relative merits have been considered
in various reviews (see Section I). The use of t-butyl hydroperoxide has been especially
recommended®? as it suppresses side reactions such as epoxidation (see below) during the
elimination step. The presence of alumina is beneficial with this reagent®3. Other less
frequently used oxidants include Chloramine-T®82, N-chlorosuccinimide (NCS)%4, t-butyl
hypochlorite®*:8%, thallium(III) nitrate®®, sodium perborate®’, oxaziridines®®-8°, singlet
oxygen®® and Jones reagent®!-92,

Selenoxide eliminations are sometimes accompanied by undesirable side reactions.
Detailed studies by Reich and coworkers®® and Sharpless and coworkers?®-%2 have
resulted in effective countermeasures. The selenenic acid (RSeOH) or one of its
disproportionation products which forms during the elimination (equation 1) can add to
the double bond of the desired olefin38-82-%3, particularly under neutral or acidic
conditions*®. This can be suppressed by the presence of an amine which removes the
selenenic acid as it forms®8%3, Other scavengers which have been employed for this
purpose are reactive olefins such as enol ethers’!'?*%5 enol acetates®® and
norbornadiene®!.

Competing decomposition of the selenoxide via other routes can occur when the
elimination is slow, and so conditions should be chosen to enhance the elimination rate to
the fullest extent. Water deactivates selenoxides through hydrate formation and so
anhydrous conditions are advantageous. The addition of anhydrous MgSO, has been
recommended for this purpose?®.

Other protic solvents also suppress elimination and should be avoided in troublesome
cases*®. When hydrogen peroxide is employed in the oxidation step, its catalytic
decomposition by the selenoxide may require a large excess of the oxidant*®. Epoxidation
of the olefin is sometimes observed, especially with highly substituted products®-82, but
can usually be avoided through the use of t-butyl hydroperoxide82. In particularly difficult
cases, it is sometimes expedient to pre-form the selenoxide at low temperature with ozone
or a peracid and then to pyrolyse it rapidly in a refluxing non-polar solvent such as
hexane®8 or carbon tetrachloride38-69-96,

In general, aryl selenoxides eliminate more efficiently than alkyl selenoxides®® and
electron-withdrawing substituents on the aryl group further enhance the pro-
cess?8:399779% The 2-pyridylseleno group has also been reported to give particularly
efficacious results!997192,

Other side reactions include the reduction of the selenoxide back to the selenide?3-!93 by
divalent selenium byproducts, isomerization of a previously existing double bond (cis to
trans) in the substrate’®* and the formation of alcohols or other oxygenated pro-
ducts'®7197 particularly when elimination is rendered difficult by strain or other factors
such as the formation of stabilized carbonium ions'®” from C—Se cleavage (e.g.
equation 12).

(CH2)3 (CH2)3 (CHZ )3
/ / e
SePh OpH
Rson— 0 0
N N
o] \R \R

n=1:36%
n==2:41%

(12)
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5. Acetylenes and allenes from viny! selenoxides

The syn-eliminations of vinyl selenoxides were studied by Reich and Willis'®® and

provide a route to acetylenes and allenes. The former compounds are produced
preferentially, provided that a cis-hydrogen atom is available for elimination
(equation 13). The selenoxides derived from pf-(phenylseleno)vinyl sulfones can be
employed in the preparation of acetylenic!®®~!!! or allenic'!? sulfones (see
Sections VIII.C.2 and 3).

0

V4
ArSe H
85% 15%
0 (13)
V4
ArSe
— <3% 81%

B. Telluroxide Elimination

Only a few examples of olefin preparations via telluroxide elimination have been
reported! 13712% Telluroxides form stable hydrates which may require pyrolysis at
temperatures of ca.200°C!!5!18 They are also readily reduced by the byproduct
tellurenic acid (RTeOH) back to the original tellurides!!3, and overoxidized to tellu-
rones'!3, resulting in the formation of oxygenated byproducts'!311412% The greater
difficulty in controlling the desired oxidation state of telluroxides makes them less attrac-
tive than selenoxides for olefin preparations in most cases.

Telluroxides, like selenoxides, tend to eliminate towards the less substituted po-
sition!'812% and to the allylic position with respect to an oxygen function''6711%_ A series
of monosubstituted olefins were prepared in high yields from primary tellurides, using
Chloramine-T as the oxidant''® (equation 14).

ine=T
R/\/TePh Chloramine R/\ (14)
66—93%

C. Elimination of Selenonium Salts

Krief and coworkers®!!21712% reported that the base-catalysed elimination of sele-
nonium salts provides a viable alternative to the selenoxide elimination as an olefin-
forming procedure (e.g. equation 15'2!). A selenide starting material is first alkylated with
reagents such as methyl iodide, methyl fluorosulfate or dimethyl sulfate, and elimination is
then effected with potassium hydroxide, potassium ¢-butoxide or potassium hydride,
usually in DMSO. Selenoacetals eliminate to produce vinyl selenides when treated with
methyl iodide in DMF'2% (equation 16), or with PI; or P,I,'2¢ in a related process.
The transformation of selenoorthoesters to ketene selenoacetals (i.e. equation 16, where
R3 = SeR) occurs under similar conditions'2% or with the reagents SnCl,—i-Pr,NEt!?’.
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Me
SeR re¢”
1 1
\ _Me0SO,F . KOBu~—f R R
/k/R g R T L e
65 : 35
R=Me,Ph
82—88%
Rl=CioHz 15)
1
R1 SeR R\ /SeR
SeR Me I > (16)
DMF / \
42 R3 A 42 23

50—-65%

lil. DEHYDROGENATION OF CARBONYL COMPOUNDS

A. Via a-Selenenylated Derivatives

1. Aldehydes and ketones

The dehydrogenation of aldehydes and ketones to their a, f-unsaturated derivatives can
be effected by a-selenenylation followed by oxidation and selenoxide elimination. Several
different protocols have been devised for the selenenylation step. Sharpless and
coworkers? discovered that the treatment of aldehydes or ketones with benzeneselenenyl
chloride (PhSeCl) in ethyl acetate provides the a-selenides in high yield (equation 17).

0 0 0
PhSeCi H0, /\/lk
_—— 1 —-<2= 5
R/\/[kR‘ Erone R R N°I°o' R N R
4
SePh

(17
The reaction proceeds via the enol form of the carbonyl compound and is sometimes
aided by catalysts such as HCI??, BF,-OEt,'2%!29 or Dowex 50-X8 (H")'3°. The
direction of enolization dictates the regiochemistry of selenenylation in unsymmetrical
ketones and the procedure is compatible with a large variety of functionalities including
other carbonyl groups, olefins, hydroxyl and carboxyl groups, ethers and epoxides. Basic
amino groups, however, can create complications, as demonstrated by equation 8, where
the codeinone derivative 8 failed to undergo selenenylation whereas, the urethane
analog 7 reacted smoothly!3!-132,

[_ N_R It r,
PhSeCl ( NoIO4 ¢
— — e
T “EroAc—HCi (>Q"S°Ph .
J /o) \ o}
OMe 0 0

85% 68%

As above
(7)R=CO,E! 8———K—> As above
(8)R=Me (18)
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An alternative procedure which employs basic conditions was developed by Reich and
coworkers?®:133:134 The ketone is first converted into its kinetic enolate, usually with
LDA at — 78°C, and then selenenylated with PhSeCl! or PhSeBr. Oxidation in the usual
manner affords the desired enone (equation 19).

o] o] [¢]
/\/“\ 1.LDA,—78 °C ::z(t)cz) /\/U\
q . h alO4
—_  » | Bl £ B 1
R R 2 PrseCi or R R Op or RN R
PhSeBr MCPBA
SePh

(19)

Enones are themselves selenenylated at the «'-position'337!37 and produce cross-
conjugated dienones!3® or phenols!3%:137 on oxidation. y-Selenenylation occurs!38-139 jf
the o’-position is fully substituted (e.g. equations 20'3% and 21 138).

0
1.LDA
__2.PhseCt
TImo TN (20)
0 AN
</ ° 69%
[0} 1.LDA
2. PhSeBr
/ - (21)
Z T g, HgO,

50—60%

Both methods are relatively free from side reactions. Bisselenenylated ketones are
sometimes formed from the further selenylation of the monosubstituted products29:140-141
but seldom in significant amounts. The oxidation step may be accompanied by Pummerer
reactions of the selenoxide intermediates!33:134, which can be suppressed by the addition
of an amine. Baeyer-Villiger reactions of the product enones!!#142:143 or of remote
ketone groups!®2 sometimes occur under these conditions. In some cases these processes
are promoted deliberately if the oxygenated byproducts are desired instead of the enone
(see Sections V.F.2 and V.H.1).

Although the above procedures have proved the most versatile and widely employed,
several other useful variations for the selenenylation of aldehydes and ketones have also
been reported. Selenenamides 9 are sufficiently basic to deprotonate aldehydes'#4, thus
permitting their selenenylation according to equation 22'447147_ The selenenylation of
4-substituted cyclohexanones with chiral selenenamides was accompanied by asymmetric
induction, providing optically active enones with up to 26.2%, enantiomeric excesses'*®
after oxidation—elimination (equation 23).

1 R 1 /o + R 1
R'CHLHO + PhSeN\ ———# | RCH=CH + PhSeNH\ — R?HCHO + RoNH
R R
(9) SePh

@2)
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0
R3
+o “\%—NHSeAr —
R2
(23)

o-(2-Pyridylseleno) ketones or aldehydes are easily prepared with the reagents 10, 11 or
12 (equation 24) and permit particularly efficient elimination to enones®®'*°, even in the
case of cycloheptenones and cyclooctenones which are difficult to prepare from their
2-phenylseleno derivatives!3#. A polymer-supported areneselenenyl chloride was also
reported to function as an effective selenenylating reagent!*°. A number of other
selenenylation procedures employing elemental selenium!®!, selenophosphoranes!>?,
PhSeSePh-selenium dioxide!'®® and selenenic electrophiles generated from the
anodic oxidation of PhSeSePh!%4 are shown in equation 25.

o] o} o]

{a) PySeCi (10) or
PySeBr (11), HCi

or
(b}1.LDA

(Y% 2.11 or PySeSePy(12)

1.LDA

SeP OX.
b — (24)
(Y%
n=1-4.,8
82—100%

2.Se,THF — HMPA
3. Mel

SePh
PhyP =< R

0
\/5
PhSeSePh,
\ \ anodic oxidation

"0
SeR

\
R= Me,Ph

MgBr, ,Et4NBr

PhSeSePh
Se0;

\
/

H,S0,

(25)

The further transformation of enones to other products with selenium- or tellurium-
based methods is discussed separately in Section XVIIL.

2. Esters and factones

In contrast to aldehydes and ketones, esters and lactones fail to undergo the direct
selenenylation shown in equation 17, and prior generation of the enolate is required?”.
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Typically LDA is employed for this purpose, although other bases such as potassium
hydride'*3~157, lithium cyclohexylisopropylamide!3®~'¢° LiTMP!®! and lithium'®? or
potassium'6® hexamethyldisilazide have been recommended in difficult situations.
Selenenylating agents include PhSeCl and PhSeBr, and also the diselenide
PhSeSePh, which is unsuitable for the reaction with ketone enolates!3*. The method
tolerates acidic groups such as the hydroxyl'®37157:164.165  carboxyl!®® and sul-
fonamide!¢® moieties provided that at least two equivalents of base are employed. The

dehydrogenations of esters and lactones containing a variety of a-heteroatoms including

oxygen'®’  chlorine!®?, nitrogen'®®, sulfone sulfur!®® and phosphinate phos-
phorus!7®!7! proceed normally (equation 26).
Y
Y Y  SePh
R\/I\ pose R\X —oX_, R-\\_\/l\
2 Prsex 1
C02R1 2.PhSex COZR‘ 7~ “NCOR

R

2 NH N3 » Q
Y =OR? (Ref.167), Cl| (Ref.167), (Ref.168), RSO, (Ref.169), {—P(OEH),
];N
2

d
(Refs.170,171)
(26)

32,172,173 174,175

Grieco and coworkers and Yamakawa and coworkers reported the
synthesis of a-methylene lactones from «-methyl lactones by selenenylation and
selenoxide elimination, as in the example in equation 3. Unsaturated y-lactones can be
further transformed into furans by reduction with diisobutylaluminum hydride
(DIBAL)!7¢177 (equation 27"'76). Furans, pyrroles and thiophenes were prepared from the
appropriate heterocyclic vinylidene esters (13) by selenenylation, oxidation and acid-
catalysed double-bond isomerization'’® (equation 28).

o o _ktpA R _DIBAL_R
Ph
SePh
R=CgHy3 72% 85% 99%
27)
1.LDA / \
2.PhSeBr
R/&/COZM" 3.H202,H0Ac—Hzo* R/()\/COZM" (8)
X X
13) 71=95%
X=0,NR',S
R=Me,H

An interesting isomerization of the double bond of the enamine ester 14 was
accomplished by selenenylation of the corresponding aluminum enolate generated with
DIBAL, followed by selenoxide elimination'?® (equation 29). The simultaneous selenenyl-
ation and decarboxylation of ester 15 was performed without affecting the keto group'2°
(equation 30).
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i-Bu,AlO OMe
RO COéMe RO H CO,Me
H SePh
= DIBAL T __Pnsecl
N
(14) 8%
R=o0-nitrobenzyl MCPBA
RO
(29)
65°%, overall
fo) o]
COpEt _WNoH )L COLE!
2.PhSeSePh \/\/\/\’/
COH SePh
(18) 47%
NalOg
(o}
M/COZE' (30

91%

3. Amides and lactams

Relatively few examples of the dehydrogenation of amides and lactams are known.
Zoretic and Soja'®!-'82 found that excess of base is required for the monoselenenylation of
N-methylpyrrolidin-2-one. With only one equivalent of base, bisselenenylation domi-

nates, as shown in equation 31. The dehydrogenations of several other y-lactams>7-183-184,
o) 0
1. 2equiv.LDA
2.PhSeCt PhSe Ha0p
> NMe ——2—2—m Me
0 / \
55%, 57%
NMe 0
1.1 equiv. LDA
2. PhSeCt PhSe
> NMe
PhSe
55%

(1)
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a d-lactam'®5 and a succinimide related to showdomycin'®® were reported. In addition,
the a-selenenylations of N, N, N’, N’ -tetramethylsuccinamide'®” and an «, f-unsaturated
amide!'®8!8° were accomplished in moderate yields, and the selenides shown in
equation 12 were prepared from the parent bicyclic piperazinediones by treating their
enolates with PhSeCl!'7.

A different type of lactam selenenylation is displayed in equation 32, where 16 reacted
directly with PhSeCl with concomitant cyclopropane ring opening, chlorination and
elimination of a benzylthio moiety!®? (equation 32).

MeO
PhSeCl MeO
SePh

PhCH,S" 'SCH.Ph
2 2 SCHoPh

(16) 62%

MeO
© N
_HZOL.. MeO 0 (32)
N
Cl

SCH,Ph
100%

4. B-Dicarbonyl compounds

Numerous f-dicarbonyl compounds have been successfully dehydrogenated by a-
selenenylation  followed by  selenoxide elimination. Examples include
diketones!33:134.191.192 keto aldehydes!927194, keto esters and
lactones!33:134.165.191. 192 , keto lactams'®® and diesters®>195. As a result of the greater
acidity of B-dicarbonyl compounds milder bases such as pyrldme“’6 192,193 triethyl-
amine!®* and KF-Celite!®” can be used in the selenenylation step, although sodium
hydride!33:134.191.195 1 DA 165198 and even n-butyllithium®31%¢ are also effective. The
electrophilic reagent is typically PhSeCl or PhSeBr. In an illustrative example, Renga and
Reich!'®! prepared 2-acetylcyclohexen-2-one from the corresponding saturated diketone
in excellent yield, as shown in equation 33.

o] [0} [o]
1.NaH
2.PhSeCl

3.H,0,

(33)

79-85%
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Other selenenylation procedures applicable to f-dicarbonyl compounds include the use
of selenenamides®®, elemental selenium followed by methyl iodide!®® and PhSeSePh
either electrolytically! >* or in the presence of selenium dioxide!*®. These processes are
analogous to those depicted in equations 22 and 25.

The elimination step can be effected by the usual oxidative techniques via the selenoxide,
or by a non-oxidative procedure in which the starting material is converted directly into
the unsaturated product with excess PhSeCl in pyridine'®? (e.g. equation 34). One
example of a similar non-oxidative elimination has also been reported in the case of an
isolated aldehyde?°°.

2.1 equnv PhSeCl
P

(34)

T7%

The dianion from the f-keto lactone 17 underwent chiefly y-selenenylation, although
significant reaction also occurred at the a-position2°!:292 (equation 35).

An anomalous, although potentially useful, selenenylation was observed with the diketo
lactone 18, where accompanying fragmentation produced the a-phenylseleno enone 19293
(equation 36).

e
“Zrnsesr ° + 0
(0]
an SePh 28%
38%
(35)
0 0 0
KHCO

o emseo sert (36)

° 90%

(18) 19)

5. Enol acetates, enol silyl ethers, enamines and related compounds

As shown in equation 19, unsymmetrical ketones can be selenenylated on their less
substituted flank via their kinetic enolates. On the other hand, enol acetates and enol silyl
ethers can be prepared from ketones on the thermodynamically favored more substituted
side. Their selenenylation with an appropriate electrophile therefore permits the synthesis
of a-seleno ketones (and hence enones) which are regioisomers of those obtained via
equation 19.

Enol acetates can be selenenylated in this manner by their sequential treatment with
methyllithium and PhSeBr!*3, by their direct reaction with benzeneselenenyl acetate
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(PhSeOAc)*? or trifluoroacetate (PhSeOCOCF,)30:133.134.204 3 nd electrochemically with
PhSeSePh2°%:29¢ (equation 37). Methyl ketones afford a-selenomethyl derivatives via the
reaction of their enol acetates with PhSeCl2°7-298,

1.MelLi
2.PhSeBr

./ .
/7

< SePh 37

§ X PhSeOAc
or O

I
PhSeOCCF,

N
PhSeSePh,

ancdic oxidation
+—
Et4yNX

209-213 209,214

The enol silyl ether derivatives of ketones or aldehydes are typically
selenenylated with PhSeCl or PhSeBr, and also with PySeBr (11)°¢. An example of the
preparation of the more substituted enone from an unsymmetrical ketone in this manner is
given in equation 38213,

OSiMeg o

Me,Sil 1.PhSeCl
HN(SiMe,), 2.Hz0,

- OMe OMe
80 % overall

(38)

Danishefsky and coworkers demonstrated that the selenenylated products of dienol
silyl ethers are useful in Diels—Alder reactions?!'72!7. The a-seleno ketone 20 in
equation 39 was resilylated to give the highly functionalized diene 212!62!7, whereas the
similar ketone 22 constitutes a valuable dienophile in which the selenium moiety provides
a latent double bond through subsequent selenoxide elimination?!® (equation 40).
Compound 22 thus represents a divinyl ketone equivalent.

Cyclopropyl silyl ethers (23) undergo electrophilic ring opening with PhSeCl and TiCl,
catalyst to afford B-seleno ketones, as shown in equation 4128,

OMe OMe OMe
= PhSeCl 7" Me,sicl, =
- — (39)
EtsN,
Me,Si0 0 ZnCly MezSiO
SePh SePh
82% 80%

(20) (21)
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/
PhSeCI = 7\ H,0,
AlCH
Me,Si0 SePh i
SePh 7
67% 0 o)
(22) 92%
63%
(40)
CO,Me
o] SePh
PhSeCl! (41)
% »
Tict
Me,Si0 e R COMe
R R=H: 69%
(23) R=Me:88%
Enamines?'97222 enamides??®, enol boranes??*, enol ethers!®3225:226 apnd

ketals?25-227 all react with electrophiles such as PhSeCl to provide the corresponding
selenenylated products. Several aldehydes were thus dehydrogenated by subsequent
selenoxide elimination'#*-21° and an example is given in equation 422'°. The enol ether 24
was converted into the naphthol 26 via its a-seleno ketone 25 (equation 43)?26.

SePh
. MCPBA
R q _Pnsect__ o i al
N —110 °C CHO NolO,4 \/\CHO
74-94°% 44 —-80°%,
42)
OMe OMe
1
] 1.PhSsOCCF, 0
2.K,C0,—H,0
OMe CoaMe 0 SePh coyme
(24) 74°%
(25)
OMe
o (o]
s, (43)
OH COoMe
62%

(26)
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B. With Selenium Dioxide, Benzeneseleninic Anhydride and
Benzeneseleninyl Chloride

1. Selenium dioxide

It may be argued that selenium dioxide was the first selenium-containing reagent to find
widespread application in organic synthesis. Its usefulness as an oxidizing agent has long
been appreciated and its properties have been thoroughly reviewed?28233_ A discussion of
its use as a dehydrogenating agent for carbonyl compounds, and other applications
described in other sections, will therefore be brief and confined to recent illustrative
examples. :

Instances where carbonyl compounds are smoothly dehydrogenated with selenium
dioxide are relatively rare and the presence of additional functional groups capable of
conjugating with the newly formed double bond generally improves the yields (e.g.
equations 44234 and 452%). Attendant side reactions are common and may include more
extensive dehydrogenation (e.g. equation 4623%) or concomitant oxygenation (e.g.
equation 47237). In some cases, of course, such further reactions may be desirable (see
Sections V.B, C and F).

o] o]

Se0,

R=Me,H 2:1
t-BuOH—P
uOl y X o 4
Me3Si HO MeSSi OR
55%%
(44)
OH OH
Se0;
—_—
Ph ' ETOH | AN @5)
N N
SN o N So
H H
93%
COZMG
Se0,
CHZPh dioxane

(46)
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OMe O

Me
Seoz
~—Hoac 47
MeO

o] 0
53%

2. Benzeneseleninic anhydride

The use of benzeneseleninic anhydride (BSA) (27) as a reagent for the dehydrogenation
of carbonyl compounds was first reported by Barton. For instance, 3-cholestanone and its
A' and A* derivatives all produced the corresponding dienone 28 in high yield when
heated with BSA in chlorobenzene?38-23? (equation 48). Since BSA also oxidizes alcohols
to ketones (see Section X.A), it is possible to convert cholestan-3-ol and related alcohols
directly into the dienones in one step2*°. In general, BSA is a cleaner reagent than selenium
dioxide, although under forcing conditions the formation of side products can occur. For
example, A-nordiketones were produced along with the expected enone product in the
case of 4,4-dimethyl steroidal ketones such as a- or f-amyrone.

\ \
PhSeOSePh
0 (BSA,27) < 0 !
27
m A
(48)
0
27 (28) 27
\ 76% 60% \
! HO' l

An attractive feature of this method is that BSA can be employed in catalyticamounts in
the presence of a co-oxidant such as iodoxybenzene or m-iodoxybenzoic acid?#!+242, These
reagents regenerate the anhydride from reduced selenium byproducts as they are formed,
and PhSeSePh may also be used as the catalyst as it too is oxidized to BSA under these
conditions.

Several other types of ketones?427244 and also lactones and lactams
were similarly dehydrogenated with BSA and representative examples are shown in
equations 49244, 50248 and 512°°,

OTs OTs

245-248 249-250
’

- (49)
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(50)

R R
BSA ~
> (51)
N
o] N [} IN{

R=C8H17: 88%
R=0Ac :64%
Me
=CH . o
R—CH\ 1 56%
OAc

Benzeneseleninic anhydride and the corresponding seleninic acid (PhSeO,H) serve as
useful reagents for the dehydrogenation and side-chain degradation of cholic acids via the
4,5-dihydrooxazole derivatives 29%%! (e.g. equation 52).

N
N
BSA or , / j<
s,
“ry " PhSeO,H,Py S (o}

o]
0
100%
BSA or [o]
“\‘\\ ""'/: /
AcO' PhSeOcH, 7
PAIO,
(29) ~ 35-40%

(52)

3. Benzeneseleninyl chloride

Benzeneseleninyl chloride (30) was briefly investigated as a possible reagent for the
dehydrogenation of ketones and esters!3* according to equation 53. However, difficulties
in the preparation and handling of this compound have precluded its general acceptance in
this regard.

0 o]

/U\/\ 1.LINR, /U\/\
Ph 5 +* py = (53)

1]
2.PhSeCl (30)
3.HOAc 80°%
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IV. DEHYDROGENATION OF OTHER FUNCTIONAL GROUPS

A. Nitrogen Compounds

Apart from carbonyl groups, other functionalities which stabilize an adjacent carbanion
can be selenenylated and dehydrogenated by means of selenoxide eliminations. Thus,
aliphatic nitro compounds were converted into their a-seleno derivatives?3272%% and
subsequently to nitroolefins by oxidation of the selenide mouaty253 1234 Aldol conden-
sations of the selenides with aldehydes can be performed prior to ox1datlon254 thereby
providing hydroxylated nitroolefins as shown in equation 54.

Similarly, carbanions derived from N-nitroso compounds?*¢-2%7 and amidines?*3 were
selenenylated and dehydrogenated as indicated in equations 5527 and 56258,

NO, 1.NaOEt NOz  n,co NO
R///\\\/// Lot . R _ 2
2.PhSeBr Catorn; R/Xo
PhSe H
SePh

R NO, A

(54

.

SePh

MCPBA (55)

1.LDA
THF - HMPA
—_—
CN N0 —prsect
64%

(7
< N> S FrSeser” C}\swh s Z ") (56)
L§§N N L§§N
| 1

_‘_

n=1{-3 60—99%

B. Nitriles

Nitriles, like lactams (see Section II1.A.3), require the presence of an excess of
base2?3:260, Monoselenenylation followed by selenoxide elimination provides a conve-
nient route to o, f-unsaturated nitriles?3®2%!, The latter compounds can in turn be
dehydrogenated to diene nitriles in high yield {(equation 57%62),

NC CN NC CN
R 1.LDA R
——
Ph 2.PhSeBr Ph (57)
3.H,0, \
R' Q!

R=H,R'=Ph: 63%
R=Ph,R'=H:82.8%
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C. Phosphorus Compounds

Phosphoranes263~2¢7 phosphonates' %7268 and phosphine oxides?°:2%? have been
selenenylated with selenenyl chlorides and bromides, and with elemental selenium and
methyl iodide2¢®. In several instances the corresponding unsaturated compounds were
prepared by selenoxide elimination!70!71-265.266.268

Examples are given in
equations 58266, 59268 and 60265

+
[ PPhy — &
Ph 3 Ph
- 3 PhseBr _ €104 McPBA 3
AqQCIO, SePh v [
9 —ClO4
90% 99°%
(58)
(l 1.BuLi I ?l
(Et0),P 2.5 o (EtO),P HO2 o (EtOLP.__~
3. Mel
SMe MeS  SeMe SMe
84°% 87°%
(59)
i 0 I
1.BuLl Ha0,
PhSe
85%
(60)

D. Sulfur Compounds

Carbanions stabilized by sulfones!6?-270-27!  gulfoxides'>* and sulfides?68-272 were
selenenylated in much the same way and dehydrogenated via the usual oxidative

procedures!3+:169-268_ Oxidation of the a-seleno-a-silyl sulfone 31 afforded the carboxylic
acid 32 instead of the elimination product?’® (equation 61).

SiMes PhSe, ,SiMey
HOZC ‘\\\\‘
PhS0; PhSO3
1. MeLi HZ0, 0
2.PhSeCl ., ,
" "“OEt Okt <~ “0Et
) quantitative 68%
(31) (32)

(61)
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V. OXYGENATION REACTIONS
A. Oxyselenenylation and Oxytellurenylation

1. Olefins

Olefins react with various selenium electrophiles to produce 1,2-adducts via seleni-
ranium ion intermediates (33) (equation 62). This may be exploited in the introduction of a
new oxygen function into the olefin in either of two ways. First, if the electrophile is a
selenenic* acid®8:82:273:274 or 3 derivative such as the selenenyl acetate PhSeOAc*® or the
trifluoroacetate PhSeOCOCF,27%:27%, then direct incorporation of the oxygen function
occurs.

Alternatively, the olefin may be treated with other selenenic electrophiles in the presence
of a nucleophilic oxygen-containing solvent such as water or an alcohol. The solvent then
intercepts the bridged intermediate 33 and so affords the f-oxygenated selenide
(equation 62). Similarly, electrophilic tellurium species produce f-oxygenated organotel-
lurium products from olefins. The numerous types of electrophiles which have been used in
this manner are listed in Table 1.

§ SePh § SePh
XT="0Ac
0 or
i _ 0, “, I}
{ { or “OCCFy ) " QAC § “uQCCF3
PhSeX gePh KOH
x—
§ § g SePh ¢ SePh
(33) ROH or
H,O t, or s
§ “nOR " ", OH
(62)

In general, oxyselenenylation proceeds stereospecifically via anti addition. Markov-
nikov adducts usually predominate, but their regioisomers can form in substantial
amounts. Since the adducts undergo selenoxide elimination away from the oxygen
function (cf. equation 5), the method provides an excellent synthesis of allylic alcohols,
ethers and acetates (equation 63).

0R2
1.0xyselenenylation 2
or
/\/\ | oxytellurenylation N R°=H,alkyl,Ac 63)
R R 2.oxidation— R R
eliminotion

Under some circumstances the oxygen function in the initial 1, 2-adduct may be further
oxidized to a carbonyl group. Kuwajima and coworkers found that the putative
electrophile PhSeOSePh3%673%% [generated in situ from the oxidation of PhSeSePh with

*Selenenic acids RSeOH, and also the selenenyl acetate and trifluoroacetate, are unstable and
must be generated in situ. The acids disproportionate readily according to the equation38:82
3RSeOH=RScO, + RSeSeR + H,0 and dehydrate spontaneously to the anhydrides
RSeOSeR?77-278, The precise nature of the active electrophile in a given reaction is therefore
equivocal and it may be present in only minute amounts?’®. However, such species are often
designated as the parent selenenic acids for the sake of convenience.
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BSA (27) or t-butyl hydroperoxide] and PhSeOSnBu,3°8:3!° [from PhSeSePh, Br, and
(Bu,Sn),0] afford a-seleno ketones and aldehydes from olefins (equation 64). The former
products dominate in DMSQ?°®, whereas the latter are preferred in the presence of an
already present allylic oxygen function

Thomas G. Back

TABLE 1. Reagents for oxyselenenylation and oxytellurenylation

Type of oxygen

Electrophilic reagent function Ref.
PhSeCl OH 208
OR 40, 280-283
PhSeBr OH 59
OR 40, 284
MeSeBr OH 59
PySeBr (11) OR 101
PhSeN;):Q (N-PSP) (34) OH 285-288
4 OR 286, 289

PhSeCN-CuCl, OH, OR, OAc 290, 291
RSeOH or RSeOSeR from:

(a) RSeO,H + H, PO, OH 273,274

(b) PhSeSePh + H,0, OH 82

(c) PhSeSePh + PhSeO,H OH 38
PhSeSePh, anodic oxidation OH, OR, OAc 205, 206, 292, 293
PhSeSePh + Cu(OAc), or
Pb(OAc),, HOAc OAc 294
PhSeSePh, BEINHCOMe OR 295
PhSeOAc from:

(a) PhSeBr, KOAc, HOAc OAc 40, 49, 50, 296

(b) PhSeCl, NaOAc, HOAc OAc 297, 298

(c) PhSeCl, LiClO,, HOAc OAc 299

(d) PhSeNMe,, Ac,0 OAc 58

(e) PhSeO,H, HOAc OAc 40, 300
MeSeOAc from:

(a) Me,Se=0, HOAc OAc 301, 302

(b) MeSeCH,0Ac, H,0,, HOAc OAc 303
PhSeOCOCF, from
PhSeCl or PhSeBr +

AgOCOCF, OCOCF,, OH" 84, 275, 276, 296, 304

PhTeTePh-Br, OR 116, 118, 119
PhTeTePh-CuCl, OR 116
PhTeCN-CuCl, OR 116
PhTeBr,® OR 116, 118, 119
TeCl, OR 305

9 After hydrolysis of the trifluoroacetate group.

*The 1,2-adduct RO—¢—¢—TeBr2Ph can be reduced to the telluride with N,;H,, Na,8,0,,
Na,S or NaHSO,, or hydrolysed to the telluroxide with NaOH.

R

PhSeOSePh or
PhSe0OSnBuy

307,309

O je\Ph
)k/SePh +
R R CHO
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The conversion of terminal olefins into 1-phenylselenoalkan-2-ones was also accom-
plished through the sodium periodate oxidation of their Markovnikov alkoxyselenenyl-
ation products®!! and by the DMSO-mediated oxidation of their PhSeBr adducts3'2.

Oxyselenenylation of olefins may also be performed with nucleophilic selenenium
species. Olefins react with copper(Il) halides and potassium selenocyanate (KSeCN) in
alcoholic media to produce B-alkoxy selenocyanates®'? (equation 65). The corresponding
B-halo derivatives are formed in the absence of alcohols. A related procedure involves
thallation of terminal olefins followed by treatment with KSeCN3!4,

~ ~ RO v
KSeCN .~ \ V (65)
CuCl, or CuBr, /,
~ > ROH s SeCN

2. Enol ethers

The oxyselenenylation of enol ethers with alcohols followed by selenoxide elimination
provides a convenient route to dihydropyran acetals®!373!9 (e.g. equation 663'8). The
method constitutes an effective glycosylation procedure when the alcohol is an appropri-
ate carbohydrate’!:320, Ketene acetals are formed similarly. When they are derived from
allylic alcohols and used in conjunction with a Claisen rearrangement**~*7, they provide
access to y,d-unsaturated esters or acids (e.g equation 674*). Hydrolysis instead of

SiMez SiMegz
PhSeCI
M
HONO e,
/\/OMe
PhSe
SiMe
1. excess
MCPBA
2 A PhSOZ (66)
[o]
A o~~~ OMe
5%

PhSeBr 1. Nu'[04 O
\/O\/ Z 2. A
HO/Y, i—PraNH
PhSe
99% ‘///

A
T @

96°%
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oxidation—elimination of the acetal 35 affords synthetically useful phenylselenoacetaldeh-
yde (36)32! (see Section XVILA) via equation 68.

o)
_PhSeBr Ha0' )]\/
NN e j/ j ——, SePh (68)
PhSe

98%

S6% (38)
(35)

3. Acetylenes

Acetylenes produce a-seleno ketones (and hence enones) when treated with
PhSeOCOCF, followed by alkaline hydrolysis!3#278 (equation 69).

OCCF
—_ PhSoOCCF
Ph—=—Me ———2>p )W/ —’Ph)‘\( (69)
SePh SePh

67%

B. Allylic Oxidation

Selenium dioxide is a valuable reagent for the allylic oxidation of olefins, and numerous
examples are known. The products are usually allylic alcohols, but enals322:323  esters324
or enones>2° can also be formed, depending on the nature of the olefin and the exact
conditions. The rules formulated by Guillemonat32® can be used to predict the site of
oxidation in unsymmetrical olefins. More recent studies by Sharpless and
coworkers?27733% and others®*!332 indicate that the oxidation proceeds by an ene
reaction followed by the [2,3] sigmatropic rearrangement of an intermediate seleninic
acid (37) (equation 70). Alternative pathways involving ionic or radical intermediates
have been proposed in some cases33%-331,

HO 5,20

560, 1.[2,3]
/\/\ - /L/ 2. Hy0 e I e i

(37
(70)

An :mproved procedure employing ¢-butyl hydroperoxide and catalytic (or stoich-
jometric) quantitites of selenium dioxide avoids the normal side reactions stemming from
the formation of selenium-containing by products®®3, and has found several recent
applications?3¢:3347338 (¢ o equation 71%?#). The addition of silica gel to the reaction
mixture has been recommended in some cases®*®. Selenium dioxide oxidations are often
performed under acidic conditions, but pyridine is a suitable solvent if a basic medium is
required3254?, Enones®*! and a, f-unsaturated esters**? can be y-hydroxylated as in the
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example in equation 72342, Dehydrogenation and aromatization (see Section IILB.1)
sometimes occur simultaneously?36-334:343 (equation 7323%) with allylic oxidation. Acety-
lenes furnish propargylic alcohols and ketones with selenium dioxide and t-butyl

hydroperoxide3** (equation 74).
SeOz
—7-BuwooH (7
OH
76%
(]
Se0; > /u\/\
dioxane © R = COZR1
/\/\ 78—90%
R ZN N (72)
OH
\ Se0, g /I\/\ .
dioxane —H,0 - R = CO,R
52—-61%
o]
Se0,(cat) _
#-BuOOH g HN
CH,Clg,RT ﬂ
HN
N
H
Se0, ~
dioxane, O e
OH OH
Se0,
R N +
S #-BuOOH R \ R R T
D Y S~ S R

(74)
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An alternative reagent to selenium dioxide was recently reported for the allylic
oxidation of olefins. This consists of catalytic amounts of PySeSePy (12) in the presence of
iodoxyarenes as indicated in the example in equation 75%4%,

PySeSePy (cat) 0
PhLO, (75)

95%

C. Benzylic Oxidation

Selenium dioxide oxidizes heterocyclic aryl methyl groups to aldehydes®#6734°, The
presence of an electron-withdrawing group increases the reactivity of a methyl group in
the para-position and so permits the selective oxidation of one of several methyl
substituents (e.g. equation 76348),

N Me N CHO
NC Me NC : Me
e 9
PhCH,0 c PhCH,0
MeO MeO
OMe OMe
80%

Benzylic hydrocarbons are oxidized to aldehydes or ketones when heated with
BSA (27)%43:33° (equation 77), and benzyl halides afford aldehydes when treated with
dimethyl selenoxide (38) or PhSeO,H?**! (equation 78).

BSA

Il
ArCHRR  —— = ArCR 77
0
MeSeMe (38),
K,HPO
2 4
ArCHaX = PhSe0,K, ArCHO (78)

X=CI,Br  KHPO,4

D. Acetoxymethylation

The acetoxymethylation of toluene and other arenes with tellurium dioxide in acetic
acid has been reported by Bergman and Engman®*%333 (equation 79). The reaction
presumably proceeds by initial oxidation of the acetic acid prior to attack on the arene. Itis
interesting that related oxidants such as tellurium trioxide, the hydrate Te(OH)¢ and
selenium dioxide all effect side-chain oxidation exclusively instead of acetoxymethylation
under these conditions®*>.
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Me Me

TeO ~CH,0Ac
Lo e (79)

HOAc, 4

0:m:p=150:12:38

E. Oxidation of Phenols

Barton and coworkers reported that phenols are oxidized to orthoquinones334-335 or
hydroxydienones®*%:337 with BSA (27) (e.g. equations 803%% and 813%7). In some instances,
phenolic coupling products were also observed (see Section XI.E.3). Several polyaromatic
hydrocarbon quinones were prepared from phenolic precursors®>8:359 with this proce-
dure, and the naphthol 39 yielded the corresponding hydroxyenone 40 with high
regioselectivity*$° (equation 82). A polymer-supported seleninic acid was recently em-
ployed as an alternative to BSA for the similar oxidation of phenols%!,

OH o)
)
BSA (80)
=
62%
Me OH 1.NaH Me o]
2.85A
> (81)
Me Co,Me Me COMe
HO
OH OH
75%
Me Me
MeO OH MeO 0
Me Mé “OH
85%
(39) (40)

F. Oxidation of Ketones

1. a-Oxygenation

The oxidation of ketones to a-diketones with selenium dioxide is well known and
literature examples abound. Although several rationales for this useful reaction have been
proposed, the most recent study provided evidence for the pathway in equation 83362, In
addition, several methyl ketones were converted into the corresponding keto aldehydes*®>
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in this fashion and equation 47 provides an example where a-diketone formation was
accompanied by dehydrogenation.

OH

J\/W — R _L_’ R! —»
R

4SG\OH o Se
(83)
Yamakawa and coworkers?43-364:365 employed BSA for the angular a-hydroxylation of
ketones as in equation 84°%%, while others have noted y-hydroxylation during the reac-

tions of BSA with an enone?*’, and an «, f-unsaturated lactone which was itself formed
by the dehydrogenation of the parent compound?®,

o}

H

(84)
g1

[¢]
70%

Carbonyl compounds are a-acetoxylated with tellurium dioxide or trioxide in acetic
acid in the presence of LiBr**? (e.g. equation 85).

[0} [0}
XN OAc 5
LiBr, ( )
HOAc
38—47%

2. Baeyer-Villiger reactions

The Baeyer—Villiger oxidation of cyclic ketones was mentioned as a side reaction during
their dehydrogenation (Section IIL.A.1) via selenenylation and oxidation—elimination. In
some cases lactone formation occurs at a rate which is competitive with that of selenoxide
elimination and so the method has preparative value in providing direct access to
unsaturated lactones from cyclic ketones®:94:114.142.143 {Jpder these conditions, the
selenenic acid byproduct of the elimination is oxidized to the corresponding per-
seleninic acid (41), which acts as the actual Baeyer—Villiger reagent. Lactone formation
is especially prevalent when hydrogen peroxide is present and may be suppressed with
other oxidants, as in the examples given in equation 86°°. The perseleninic acid can also be
generated from PhSeO,H and hydrogen peroxide and used insitu for the efficient
transformation of cyclic ketones to lactones without accompanying dehydrogenation®6®
(equation 87).

0

I
PhSeOOH
(41)
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0
Hz0, N
= +
0 R=Ph \ +
42 43 44
SeR up to 62% (minor)
MCPBA or 43)  +  (42) + (449)
+-BuOOH
R=Me up to 80% (minor)
(86)
o} o}
PhSe0, H Q
02 ~ (87)
R R

Other effective Baeyer—Villiger reagents are a polymer-bound perseleninic acid*$* and
selenium dioxide—hydrogen peroxide mixtures*®’~37" in which the perseleninic acid 45 is
a probable intermediate (e.g. equation 8837!). The use of the latter reagent often results in
relatively complex product mixtures.

1l
HOSeOOH

(45)
Se0,(cat)
H0,,7=BuOH | (88)
0]
0 96% ©

G. Epoxidation, Hydroxylation and Acetoxylation of Olefins

1. Epoxidation

Perseleninic acids smoothly epoxidize olefins®®-82:3727373 (equation 89) even in cataly-
tic amounts. They can be generated in situ for this purpose in the same way as when they
are required for Baeyer—Villiger reactions. As with other peracid-mediated epoxidations,
more highly substituted olefins react more efficiently than less substituted ones®”2.

e - e -~

and- X awe ®)
2Y2
~N P
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2. Hydroxylation

Olefins are oxidized to vicinal cis-diols with diphenyl or methyl phenyl selenoxide in the
presence of osmium tetroxide catalyst3?®. The selenoxide too can function catalytically
when singlet oxygen is passed through the reaction mixture (equation 90).

- N 0 OH H
PhSeMelcat), (90)
0s04(cat), ~ f
< Yy ‘o, ~ ~
Polymer-bound selenoxides' 3° or seleninic acids3®! catalyse the conversion of olefins to

diols when hydrogen peroxide is used as the co-oxidant. In the latter case the products
were trans-diols, suggesting an epoxide intermediate.

3. Acetoxylation

Vicinal diacetoxylation of olefins takes place with tellurium dioxide and LiBr in acetic
acid3?%. The syn-stereospecificity of the reaction was demonstrated by the fact that cis- and
trans-but-2-ene produced predominantly mesd- and d,I-diacetates, respectively. 1,3-
Dienes afforded mixtures of 1, 2- and 1, 4-diacetoxy products®’” (equation 91), with ratios
of up to 9:1 in favor of the 1,4-isomer realized with a 5:1 excess of LiBr over TeO,.

OAc
_Teoguer A .
/ N\ HOAc,AcO / one  aco—/  \—onc (91

H. Oxidation of Selenides

Although the oxidation of selenides usually leads to selenoxide elimination, under some
circumstances oxygenated products result instead. Several synthetically useful adapt-
ations of the latter type of process are described below. The preparation of allylic alcohols
from the oxidation and [2, 3] sigmatropic rearrangement of allylic selenides is discussed in
Section XVLA.

1. Pummerer reactions

As mentioned in Section III.A.1, unwelcome Pummerer reactions during the dehydro-
genation of ketones can be suppressed by the use of basic conditions. In situations where
they are desired, they occasionally take place spontaneously in preference to selenoxide
eliminations®’8, but more often must be promoted by electrophiles such as acetic
anhydride'®7-3797381 or BSA223-382, Pummerer reactions have proved useful for introduc-
ing new keto223:381:382 or acetoxy groups'¢7-379-3%% into the substrate, as shown in
equation 92. A specific example of the preparation of an a-diketone from an a-seleno

ketone by this method is presented in equation 93381,
/0 +
RSe Ac,0 RSe —oac  AcO SeR
X A N\
N N N
leo lox. (92)
0] OAc
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SePh o]
9 0 0. ¢
1. Ha0,
2. A¢y,0,NgOAc > (93)
3. MeOH,H,0,
KoCOy Y
58%

a-Silyl selenoxides undergo Pummerer rearrangements and provide access to silyl
ketones3®3, ketones3®* and aldehydes38%389 (equation 94).

SiMey R /OSiM03 R\ OSiMe R
E— — S+ e D 0o
R SeR?2 . Nz /
k16 R R R' “ser® R
'= SiMey, alkyl, H

(94)

2. Via selenones and tellurones

Selenones and tellurones react readily with nucleophiles in substitution reactions
because the anions RSeO, ™ and RTeO, ~ are excellent leaving groups. These compounds
are accessible from the oxidation of selenides and tellurides with excess of strong oxidants
such as MCPBA. When primary or secondary alkyl phenyl selenides?®**%7 or tellu-
rides'!”7-283 are thus oxidized in methanol solvent, solvolysis occurs in situ to afford methyl
ethers in high yields (equation 95). Rearranged products result when f-substituents with
high migratory aptitudes (e.g. phenyl) are present, and cyclic compounds undergo ring
contractions (see Section XVI.C.2).

excess

RSePh MCPBA
or ———— » ROMe 93)
RTePh MeOH

3. in 1,2-carbony! transpaositions

a-Seleno ketones produce a-ketals when oxidized with MCPBA!2? or when treated
with mercury(IT) perchlorate! 28 in methanol. This «-oxygenation procedure can be used in
conjunction will deoxygenation of the original carbonyl group to effect an overall 1,
2-carbonyl transposition!2® (equation 96).

0 [e]
§
__Pnseci Seph _McPBA OMe
=" »
BF, 081, & —eon OMe
1
S

1l
OCSMe

1.NaBH,4
2.NaH,CS,,Mel 0 Bu,SnH
3.H0* — 0

75% overall

(96)
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1. Hydrolysis of Viny! Selenides

Vinyl selenides are easily obtained from many different types of precursors>#® and their
hydrolysis provides an alternative method for introducing an oxygen function in the form
of a ketone or aldehyde. The hydrolysis requires the presence of a catalyst such as
HgCl,?%°, CF,CO,H?%°, HCI*#, HBr-DMSO3°® or HCIO,'!!. Other reagents for this
purpose include Br,~EtOH>®! and BSA**2, which produces a-seleno ketones. Examples
are shown in equations 97389 and 98392,

PhSe 0
1.PhSeCl Hz0*
/ NCOE! ——= / NCOEt —Ha0 o NCOLE!

78% 68%
©7)
SePh o
= R1 RI (98)
SePh

VI. AMINATION AND AMIDATION REACTIONS

A. Of Olefins

1. 1,2-Additions of selenenic electrophiles

In a manner reminiscent of oxyselenenylation, the reaction of olefins with selenium
electrophiles in the presence of nitrogen nucleophiles results in the incorporation of both
species into the olefin. Uemura and coworkers®3:3%? treated a series of alkenes and
cycloalkenes with PhSeCl in the presence of nitriles to generate the presumed intermediate
46, followed by hydrolysis to afford f-amido selenides (47) (equation 99). The latter
products were further transformed into allylic or saturated amides by oxidation®2-33 or
reduction®?, respectively. The selenium-induced amidation of dienes is accompanied by
cyclization (see Section IX.G). An electrochemical variation of this method has been
reported®®* and consists in the anodic oxidation of PhSeSePh is acetonitrile in the
presence of the olefin. Products 47 (R = Me) were obtained in generally high yields.

SePh SePh
PhSeCl CFaSO,H
( —_— | —2=
RCN - HO ,
"~N=<I:R "”'/NHCIR
1

nN=1-4q Cl o]

(46) (47
/202 \\P‘h,sfm
TSI € 1
NH(l:lR NH(IZIR
0 o]

(99)
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The sequential reaction of cyclohexene with RSeBr, sodium azide and lithium
aluminum hydride provides an example of a potentially useful amination method*®
(equation 100). Oxidation instead of reduction of the f-seleno azide 48 also provides
access to unsaturated azides (see equation 7). A different approach, shownin equation 101,
affords tosylamides from olefins with PhSeSePh and Chloramine-T3%%,

_LRSeBr _Lam,
O 2NN, (:r U (100)
CFyCHZOH "’I:N ", *NHp

(48) R=Ph:80%

R=Me:93%
o]
Il
(PhCO)-2

—_—
1.Chloramine-T, SePh /_ NHTs
PhSeSaPh 28%,
———p
2.NaBH, "

“NHT8
40% \. Raney Ni
NHTs

76°%
(101)

2. Allylic amidation

Sharpless and coworkers! 5939 reported that the selenium diimide reagent 49 (and also
its sulfur analog) smoothly effects the allylic amidation of olefins and acetylenes. The
diimide resembles selenium dioxide in its mode of action, which involves an ene reaction
followed by a [2, 3] sigmatropic rearrangement (cf. equation 70). A typical example is
provided in equation 1023%, The reaction of 1, 3-dienes with 49 furnished 1, 2-diamidation
products in modest yields®®7.

TsN=Se=NTs NHTs

82°%

Rearranged allylic tosylamides?°® or carbamates?®°4%2 were obtained by Hopkins and
coworkers from allylic selenides via their reaction with Chloramine-T or N-
chlorocarbamates. The [2,3] shift of a selenium imide (50) was implicated in this
process:’99 (equation 103) and applications include the preparation of §,y-unsaturated
amino acids*®! and optically active amino acids from chiral allylic selenides*°2.

0 .
I} |
o NCOR 0
1]
RIOCNH NHCOR'
PhSe/\\/\R Tsz,——_’ Phse\—//—R _[_Zﬂ. \
i=Pr,NEt
(30)

(103)
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B. Of Phenols and Catechols

When the Barton procedure for the oxidation of phenols with BSA is carried out in the
presence of hexamethyldisilazane, selenoimides such as 51 are produced*®3#°*, These can
be reduced to the corresponding anilines or anilides as indicated in equation 104.
Catechols undergo amination when oxidized with diphenyl selenoxide (52) in the
presence of aniline*®® (equation 105).

OAc
NHAc
Zn
OH o /T’
NSePh
BSA R
HN(SiMe,), OH
R R NH
(81) PhSH
R
(104)
0
OH Phswh PhNH PhNH 0
OH HOAc NHPh PhNH 0
(105)

C. Of Michael Acceptors

Selenenamxdes are sufficiently nucleophilic to attack Michael acceptors such as
enones*®, enals*°® or dimethyl acetylenedicarboxylate*°”. After intramolecular selenenyl-
ation of the a-position, 1,2-adducts are obtained. These can be further converted into a-
seleno enones by deamination (equation 106°8), or into unsaturated amines by selenoxide
elimination (see equation 8).

|/SePh
o~ *NTR
0 R 0

)j\/\ PhSeN~ ~R > )\/k

Ph = Ph — "ph NMey
SePh
o}

Ph =3 (106)

SePh
88%
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Vil. HALOGENATION

A. By Electrophilic Addition of Selenium or Tellurium Halides
to Olefins and Acetylenes

1. Olefins

In the absence of other nucleophiles, selenenyl halides add to olefins to furnish f-halo
selenides (equation 107). The direct halogenation of the olefin is thus achieved and the
adjacent selenium residue provides the means for further transformations. The mechan-
ism, stereochemistry and regiochemistry of these processes have been extensively
studied$2:63:408:40% 4nd reviewed*!®. In general they are highly anti-stereospecific, but
their regiochemistry depends on the nature of the olefin and the conditions employed.
Complementary regioisomers are sometimes available in a high state of purity by choosing
conditions which favor either the product of kinetic or that of theromodynamic control.
Stereospecific reactions are also observed with aryl- or alkyl-selenium trichlorides*!!,
whereas tellurium electrophiles (e.g., TeCl,, RTeCl,) display more complex

behavior?2412  often producing both syn- and anti-adducts.
Ar,
Nt
~ ~ Se ArSe N X N
\ / ArSeX _ hY +/ \
\/ \f X=CI,Br |\ { : \/\\ ’< or ~
~ - ~ X -~ SeAr
x—
(107)

Numerous examples have been reported with selenenyl chlorides and bromides, and
recently the first instance of an olefin {luorination was described with N-PSP (34) and
pyridinium fluoride?®® (equation 108). The 1,2-addition of a selenenyl iodide to an olefin
remains undocumented, although the electrophile PhSel adds to hex-1-yne (see
equation 113) and has found use in the cyclization of dienes (see equation 161).

o]

PhSeN (N-PSP)

SePh
O (39)

PyHF

(108)

i
80%

When the f-chloro- or bromo-selenides thus obtained are subjected to selenoxide
elimination, vinyl or allyl halides are formed®?7%® (see Section I.A.3). Since the
regiochemistry of the addition can sometimes be precisely controlled (see above), a choice
of products is possible (e.g. equation 109%2).

Enones undergo a-halogenation when treated with excess of PhSeCl or PhSeBr in
pyridine*!3 (equation 110). Isoprene gives mixtures of 1, 2- and 1,4-addition products with
PhSeCl, and their ratio is temperature dependent*!*.

Engman has developed several synthetically useful procedures based on the reactions of
tellurium tetrachloride with olefins. This reagent was used to prepare stereospecifically
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PhSeBr D
———— n P
McCN, /\’/\SePh R/\l/
RM 65—87%
\ PhSeBr |-|,o2 /\/\
ccl,, R R Br + R/\/\Br
0 ° SePh 67—87% < 10%
(109)

0
excess
A ML X=Cl,Br (110)
\

chlorohydrin esters and epoxides from allylic esters via the rearrangement depicted in
equation 1114'%, The syn-addition of tellurium tetrachloride to trans-olefins followed by
reduction with Na,S and loss of tellurium from the resulting epitelluride intermediate
provides a method for the trans-to-cis isomerization of the double bond*!® (equation 12)

On the other hand, the equilibration of cis—trans mixtures of stilbenes with tellurium
tetrachloride affords the pure trans isomers*!”.

i
ﬁ PhCQ’ H
OCPh TeCl, Raney Ni % oH
/Y — Me K
Me H ci
Me H
KO-f-Am_ %, i
H/\O/\ Me
81%
R H 8 PR HE T
TeClg % g Na,S z
>=< — I""hR‘
1
H R cl TeCly cl H
Te R R1
_’R“‘\H""R' =To gy N (112)
H H H

H
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2. Acetylenes

The additions of selenenyl halides to acetylenes produce f-halovinyl selenides*'® which
can then be further transformed into other useful products. Most such additions have been
restricted to chlorides and bromides, but one example involving a selenenyl iodide is given
in equation 11347,

I
/\/\ PhSel =
s - (113)
SePh
98%

1,4-Dichlorobut-2-yne afforded highly functionalized 1,3-dienes when treated with
PhSeCl or PhSeBr#!%~42! (equation 114). The products proved of value in Diels—Alder
reactions*?°#2!, Similarly,- the additions of PhSeCl to alkynols*?%*23 and to the
stannylynamine 53*2¢ furnished adducts of potential synthetic utility. In the latter
example, elimination of the stannyl moiety occurred together with addition
(equation 115). f-Halovinyl selenides were also prepared from the reaction of acetylenes
with phenyl selenocyanate (PhSeCN) in the presence of CuCl, or CuBr, and

triethylamine*?*,
PhSe
SePh /
/\CI PhSex X=CI: 75%
ci \/ X=Br: 76%
By PhSe Z
%.
X
Cli
X=Ci:46%
=Br:68%
(114)
oN SePh

Ph.
2PhSecl . “ '\

Ph@l-—-E—-SnBuB > = {115)

(53) ci SePh

B. Allylic Halogenation

Hori and Sharpless reported that olefins are converted into rearranged allylic halides by
their reaction with N-chlorosuccinimide (NCS) and catalytic amounts of PhSeCl or
PhSeSePh*26 (e.g. equation 116). Allylic selenides are intermediates in this process and so
they too produce allylic chlorides when treated with NCS*27.
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NCS
7 PhSeSePh
(cat.)
Py—CHoCl,

87°%
(116)

C. Halogenolysis of Selenides and Tellurides

The brominolysis of alkyl selenides with bromine*28743° or NBS*2® was reported by
Krief and coworkers. Secondary or tertiary alkyl selenides gave the best results*28 and the
corresponding alkyl bromides were formed with inversion of configuration*3°
(equation 117).

H Br

R l,,"'l Bry R ‘,, (1 17
1 EtgN 1 )
R R

SePh H
An alternative procedure consists of the alkylation of the selenide with methyl iodide,
followed by displacement of the resulting selenonium salt with iodide ion!?2:428:431 o
provide primary alkyl iodides in high yield (equation 11843?),

Ph

I
RSePh —aol R§e< (——N2 5 RI+ PhSeMe (118)
Me

Vinyl selenides afford vinyl bromides on brominolysis®*®' and alkyl phenyl or alkyl

methyl selenoxides furnish alkyl chlorides and bromides when reacted with HCl or HBr,
respectively*>2. A method for the vicinal cis-dichlorination of olefins*3?, and procedures
for the one-*?% and two-carbon*3* homologation of alkyl halides, are based on the
halogenolysis of appropriate selenides. These are displayed in equations 119-121,
respectively. It is interesting that the analogous dibromination in equation 119 gave trans-
instead of cis-dibromides**3.

~ ~ PhSe ~—— ~ ~
PhSeCl _  \ l/ PhSeCl or ~/A L\ (119)
o /| \ Clz,BugNCt  —  / \
-~ ~ ~~ Cl Cl Cl
R! SeR® 1 R2 R R2
LS VA V4
RX ——————» —i (120)
R seR3 EWN g Br

R 8
RX —— RLi —Z “seph R\/\s Ph = R\/\ar
@

(121)
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Alkyl halides are accessible from alkyl phenyl tellurides by halogenolysis with sulfuryl
chloride, bromine and iodine, or via their telluronium salts, in a manner akin to
equation 118435, Studies by Uemura and coworkers indicate that aryl-, vinyl- and alkyl-
tellurium trihalides produce the corresponding organohalides with retention of configur-
ation when they are photolysed in benzene**®43” or when oxidized with t-butyl
hydroperoxide*3”-#28, The required vinyl- and alkyl-tellurium trihalide precursors were in
turn obtained by the addition of TeCl, to acetylenes and olefins, respectively. Aryl-*3° and
vinyl-tellurium*#® trichlorides were also converted into aryl and vinyl iodides and
bromides by halogenolysis with iodine, bromine or NBS. In some cases, diaryltellurium
dihalides can be used in place of the monoaryl trihalides*36:437-439

Several illustrative examples are given in equations 122-124.

ArTeX +-BuOOH ArX
rTeXy ———o———® Ar
Av, CeHe (122)
X=Cl,Br,
Ph H Ph H.
_ TeCle =\ / #-BuOOH )
Ph—=—H R — _[Bwoon (123)
cl Tecl;  MCMe i cl

c
T CI I-B OO0H
4 TeCly v, CeHg )

D. Other Halogenation Methods

Selenium and tellurium halides are capable of halogenating arenes and certain other
hydrocarbons. Electron-rich arenes are preferentially chlorinated at the para-position by
PhSeCl**! (equation 125) while anthracene and other aromatics produce mixtures of
mono- and di-halo products with tellurium(IV) halides**2. Also, substituted cyclo-
heptatrienes furnish the corresponding benzyl chlorides with TeCl 443,

Y

PhSeCl Y= Me, OH,OMe,
—_—

R R NHCOMe (125)

Cl

An interesting fluorination technique employing SeF, or its pyridine complex was
reported by Olah and coworkers***. This reagent converts ketones into gem-
difluoroalkanes, carboxylic acids or anhydrides into acyl fluorides and alcohols into
fluoroalkanes (equation 126).

Several heteroaromatic hydrazines have been oxidized with selenium dioxide in the
presence of HCl and Cu,Cl, to produce poor to moderate yields of aryl chlorides**’
(equation 127).
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0 F F
R/U\R Sefs RXR
Py.SeF (126)
RCOH y-SeFs RCF
0
ROH RF
APNHNH, —2—w  ArCI (127)
CuLly

Finally, a halogenolysis of a different type was reported by Detty**® and Detty and
Seidler**?, who noted that phenyl trimethylsilyl selenide (54) reacts with iodine (and other
halogens) to generate trimethylsilyl iodide according to equation 128. The latter reagent
can then be employed insitu for such purposes as the silylation of alcohols or the
elimination of epoxides.

2 PhSeSiMeg + I, — > 2 MeSil + PhSeSePh (128)
(54)

Vill. INTRODUCTION OF OTHER FUNCTIONAL GROUPS INTO
OLEFINS AND ACETYLENES

Methods were described in the preceding sections for the introduction of oxygen, nitrogen
and halogen moieties into unsaturated (and other) substrates. Various other functional
groups can be similarly incorporated into olefins and acetylenes through the use of
organo-selenium and -tellurium reagents. These methods are discussed below.

A. Vinyl Selenides

Vinyl selenides are key intermediates in the preparations of many types of com-
pounds?®8, They are in turn available from selenium-free olefins and acetylenes. When the
addition of a selenenyl halide to an olefin is followed by dehydrohalogenation, the
corresponding vinyl selenide is obtained*08-448-430 Tt has already been stated that the
initial addition can be performed with either Markovnikov or anti-Markovnikov
orientation in many cases (Section VILA.1), and so it follows that regiosomeric vinyl
selenides are available by this route. Studies by Raucher and coworkers*0®448 have
indicated optimum conditions for the preparation of either product (equation 129).

SePh SePh
PhSeBr Br KOBu-#
THF,—-78 °C R -78°%C " RN
RN
Br
N\ PhSeBr /l\/SePh KOBu-# PN SePh
MeCN,25 °c° R 2s05c TR X

(129)
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Fluorinated olefins furnish vinyl selenides in a similar manner*!'#52 and in the case of

3,3, 3-trifluoropropene*3? give the product 55, which has interesting properties as a
Michael acceptor (equation 130). Deactivated olefins such as enones***#%* and also «, 8-
unsaturated esters*>®, sulfones**, nitriles*3* and nitro compounds*** undergo additions
with selenenyl halides, although in some cases very slowly and in poor yield*3.
Dehydrohalogenation of the adducts provides a-seleno enones*33*3* (e.g. equation 131)
or other captodative olefins of current interest. An alternative route to «-seleno enones
involves the electrochemical selenenylation and rearrangement of propargyl alcohols**¢
(equation 132). These products served as useful dienophiles in cycloadditions. Alkynyl
borates (56) react with PhSeCl, accompanied by the boron to carbon alkyl migr-
ation*37458 shown in equation 133. The adducts 57 furnish a-seleno ketones (and
therefore indirectly enones via selenoxide elimination) when oxidized with trimethylamine
oxide*38, This procedure thereby provides a useful synthesis of enones from acetylenes.
The reactions of silylallenes such as 58 with PhSeCl afforded the silyl ketones 59 and the
functionalized butadiene 60 as indicated in equation 134459:460,

SePh

/l\/ CF3
PhSeCl cl KOH >:
ory CF3 MeOH  * PhSe (130)
95% 95%
(58)
SePh SePh
PhSeX X R EtxN R
/\H/R X=ci,6r \)\{‘/ —a— )\“/ (131)
o} o [0}
SePh
R ArS;_SeAra R \
= —F ano |5 oxidation > R
> E44NCI0, = (132)
HO HpS0,,M8CN o
]l R! RB SePh
RgB + Li—= -/ RyB . — __/ __Phseci >___<-
Li R R‘
(56) (57)
+ +
MegN-0" Hz0
0o » H SePh
202
R i R R R R!

SePh
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(o]
MeSi O__-0 PhSe @ PhSe  OSiMez
Y T \l PhSeCl SiMey _ PhSCHsLi
>/ \/\
” 73% 89%
(50) (59) (60)
(134)

B. Electrophilic Additions of Selenenyl Pseudohalides

Many divalent selenium compounds of general structure RSeX, where X is a non-
halide leaving group, add to olefins or acetylenes electrophilically, as in the case of the
selenenyl halides themselves. This provides a convenient method for introducing the
functionality X, along with the accompanying selenium residue, into the unsaturated
substrate.

Benzeneseleneny! thiocyanate (PhSeSCN), pheny! selenocyanate (PhSeCN) and sele-
nosulfonates (ArSO,SePh) all form 1,2-adducts with olefins. The thiocyanate reacts
rapidly, but its synthetic utility is limited by its unpredictable regio- and stereo-chemistry,
and by its propensity to form mixtures of thiocyanate and isothiocyanate products*®!++62,
Some degree of control of chemoselectivity was recently made possible by the observation
that isothiocyanate adducts are formed in high yield with the reagent PhSeCI-Hg(SCN),
and long reaction times, while the thiocyanates are favoured with PhSeCl-NaSCN and
brief reaction times®®. The method of preparation of this reagent was also observed to
affect its chemoselectivity in other contexts*S>.

Phenyl selenocyanate adds to the activated double bonds of enamines*S* and ketene
acetals*S®, but requires catalysis with a Lewis acid in the case of unactivated olefins®'.
Selenosulfonates similarly require the presence of boron trifluoride etherate’®’!. Both
reagents add stereospecifically anti, but with limited regioselectivity which favours

SePh
ml, 0y N 02

B81%
PhSeBr PhSeCl, SePh SePh
HgCla— Hg(SCN), +
AgNO, / 24 h ) >
“uSCN ‘““NCS

Seph  ArSOzSePh

(Ar=p-tolyl) 2 : 98
Y
. BF 4.0t
" S0, Ar
89% PhSeCl, SePh SePh
PhSeCN, NaSCN +
SnClg 10 min ,, ”
“n SCN ‘““NCS
(:rSePh 98 2
”"”CN
96%

(135)
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Markovnikov orientation. The free-radical additions of ArSO,SePh to olefins produce
regioisomeric  anti-Markovnikov adducts exclusively (see equation 136 and
Section VIIL.C).

Although the species PhSeNO, has not been isolated, its formal addition to olefins can
be achieved with PhSeBr or PhSeCl and AgNOQ,79:80-466_ Fyrther, the presence of HgCl,
suppresses the competing formation of oxyselenenylated products®%466, Anti addition
and Markovnikov orientation again prevail, and in all four types of additions subsequent
selenoxide eliminations yield the corresponding vinyl isothiocyanates, nitriles, sulfones
and nitro compounds, respectively (see equations 7 and 11). The results of the additions of
all four selenenyl pseudohalides to cyclohexene are shown in equation 135.

C. Free-radical Selenosulfonation

1. Olefins

Gancarz and Kice’>"? and Back and Collins’®7! independently reported that
selenosulfonates (ArSO,SePh) add to olefins by a free-radical chain mechanism. The
process may be initiated photochemically’?73, or by pyrolysis in refluxing benzene or
chloroform” 7!, in which case the addition of a radical initiator such as AIBN is
beneficial’'. Monosubstituted olefins react efficiently whereas more highly substituted
olefins give lower yields of addition products. As expected in a free-radical process, the
addition is non-stereospecific but highly regioselective in the antiMarkovnikov sense. The
product f-phenylseleno sulfones are readily converted into vinyl sulfones in virtually
quantitative yield by selenoxide elimination’®~73 (equation 136). The latter products are
complementary regioisomers of those produced by electrophilic selenosulfonation and
elimination (see preceding section). Several vinyl sulfones prepared from olefins by free-
radical selenosulfonation have found applications as dienophiles in Diels-Alder

reactions’*7 76,
SOAr SO,Ar
ArS0,SePh seph _McPBA
BF,.OE1, R R
R/\
SePh
ArS0,SePh /‘\/so A _McPBA
p MCPBA SO,Ar
Av or A R 2 H°6 R/\/ 2
2v2

(136)

In some instances, dienes afford cyclized products (see Section IX.H)?**¢”, whereas
strained substrates such as f-pinene ring-open during selenosulfonation*®”.

A related free-radical addition of selenothiocarboxylates (61) to olefins was recently
reported*8. The process serves to introduce vicinal phenylseleno and thiobenzoate
groups into the double bond {equation 137).

9 SePh SePh
Ph Ph(61
__PhCSSePn(81) Ol + (137)
A, AIBN 5
“1SCPh SCPh

54% O 0% &
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2. Allenes

Allenes undergo addition to the less substituted double bond, with attack by the sulfonyl
radical occurring at the central sp-hybridized carbon atom*%°47%. The corresponding
selenoxides react via a [2, 3] sigmatropic shift which provides high yields of §-sulfonyl
allylic alcohols (equation 138).

PhSe R!
R
ArSOzSePh _LHO,
=5 2123
R R2
SO,Ar SO ATf
(138)
3. Acetylenes

The thermal selenosulfonation of terminal or disubstituted acetylenes'®®~*'2 proceeds

efficiently and affords 1,2-adducts both regio- and, surprisingly, stereo-specifically, as
shown in equation 139. The addition products can be converted into a variety of useful
compounds which include acetylenic sulfones'®9~!!! allenic sulfones’'2, 8-keto sulfones
or their ketal derivatives'!! and enamine sulfones??? as depicted in equation 140. The
adducts also undergo substitution of the PhSe group by organocuprates, as described in
Section X1.B.1.

R SOLAr
_ ArS0,SePh \ /
R—= —H(R) &, AIBN / \ (139)
PhSe H(R)

MCPBA
SO,Ar g} MCPBA or
R 2. Ml \ Hy0o
HO OH R SO,Ar (R'=H)

R! R— = — SO,Ar

PhSe R

SOZA(
1.MCPBA MCPBA

\__/
/ \ “ 2. RENH (R=R'=Bu)
\/\_ /SO,Ar

96°%
Ar=p-tolyl

Ha0

0

SO, Ar
R)H/ 2

R'
(140)
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IX. CYCLIZATION

As seen in previous sections, the reactions of olefins with selenium electrophiles in the
presence of external nucleophiles result in the addition of both the selenium residue and
the nucleophile. However, when the nucleophile is part of the unsaturated substrate, the
process becomes intramolecular and results in cyclization (equation 141). In most cases
the cyclization step is followed by selenoxide elimination or reductive deselenization to
afford unsaturated or saturated products, respectively. The term ‘cyclofunctionalization’
was introduced by Clive and coworkers?”"472 to describe such processes in general. The
subject has recently been reviewed*”?.

Nu: Nu

RSeX
° +/or

N

SeR SeR

(141)

Certain selenium-induced cyclizations can be reversed with sodium in liquid am-
monia’®47* or with Me;SiCl-Nal*’%, Cyclization can thus provide a method for the
protection of the original olefin.

Although most cyclization procedures are mediated by electrophilic selenium species,
several free-radical procedures have also appeared in recent years, as described in
Section IX.H.

A. Unsaturated Alcohols

The cyclization of unsaturated alcohols was first reported independently by Corey and
coworkers*’¢, Clive and coworkers*’” and Nicolaou and coworkers*’847°, and consists
of an intramolecular version of oxyselenenylation. The method affords tetrahydrofurans,
tetrahydropyrans and other cyclic ethers efficiently. Numerous examples are known,
mostly employing PhSeCl as the electrophilic species*”’~*8!. Other effective reagents
include PhSeBr*7¢-482 N-PSP (34)286, TeO,-LiCl in acetic acid*®3, electrochemically
generated selenium electrophiles from diselenides*®4 and SeQ, in an oxidative cyclization
procedure*®S, A typical example is shown in equation 142478

i /_“=°2 ”

PhSeCl 87 %%
_—

,,
I"SePMmey Ni
—

95%

(142)

94°%

Propargyl alcohols and other alkynols fail to cyclize, giving only the products of 1, 2-
addition with PhSeCl*?2:423, On the other hand, «-allenic alcohols afford 2,5-
dihydrofurans*®®48¢ (equation 143). Conjugated dienols can cyclize via a conjugate
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addition mechanism'’” (equation 144), and o-alkenylphenols produce benzofurans or
benzopyrans when treated with PhSeCl*”! (equation 145).

HO_ R2
R

R3 PhS
. — = (143)

R H

PhSeCl
: (144)
31%
& PhSaCl SePt oX. N
—_ _—
MeO OH MeO MeO
81% 54,
(145)

When the cyclization is followed by cleavage of the original C—O bond, the net effect is
the transposition of an oxygen function to the initial olefinic site*®” (equation 146). The
method thus provides an alternative to oxyselenenylation of the double bond.

OH ¢l
= <ar o
cl PG
PhSeCl 1.Zn—HOAc i Cl
————— —_—
Br 2.(CF5C01,0, ,
'mCl PhSe gy DMSO PhSe "y 0y

68% 1%
(146)

Hydroxyalkyl enol ethers®78-488 and hydroxyalkyl enamides®’® cyclize to ketals and
amino ethers respectively (e.g. equation 14737%). Similarly, unsaturated hemiacetals or
hemiketals produce cyclized acetals*®® or spiroketals*®%#°! (e.g. equation 148*°!). The
required precursors can in turn be generated insitu from the inter- or intra-molecular
addition of an alcohol to a carbonyl group.

PhSe
PhSeCl MCPBA =
lo] 0
(o] o}
OH

86
(147)
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)
N- PSP Raney m
ZnBrz SePh ——’Ni o o

SnCI.

ity
s
)
1,

112,
a8

f II

,2
,2

(148)

B. Unsaturated Carboxylic Acids

The selenium-induced cyclization of unsaturated carboxylic acids to lactones was first
reported by de Moura Campos and Petragnani®®2. As in the preparation of cyclic ethers,
PhSeCl again serves as the most popular electrophile*”?#9374%7 although N-PSP (34) is
also convenient285:286.496.498 = Aryltellurium trichlorides*®?*°® and electrochemically
generated selenium electrophiles2°® were employed in several examples. Extensive work
by Clive and coworkers*’? and Nicolaou and coworkers*’* has demonstrated that
y-lactones are formed preferentially to d-lactones, and that the latter are preferred to
larger ring sizes. An illustrative example is provided in equation 14972, Larger rings are
accessible, however, and several examples of macrolide ring closures with N-PSP or its
succinimide analog were reported?83,

/\/\n/o __PhSeCl PhSe\/& (149)
o) 0
0

94%

Both allenic®®® and acetylenic*®® carboxylic acids afford y-lactones (equations 150
and 151), the latter in contrast to the correspondmg alcohols, which failed to cyclize. Silyl
esters can be used instead of free carboxylic acids in cyclizations promoted by PhSeC1°°*.
An oxygen transposition procedure related to equation 146 is based on lactonizatlon
followed by lactone hydrolysis!®*. Anomalous reactions were observed with f,y-
unsaturated carboxylic acids containing f- but not y-substituents. These compounds
undergo decarboxylation instead of lactonization*® when treated with PhSeCl

(equation 152).
\/\— PhSe
ensac Zl .
—.— —_— »
\ EtyN
CO,H ’ o0

R—= N-PSP
— (34 o PhSe (151)
HO o o
0 R

R=Me: 89%
R=Et: 76%
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R
PhSeCl
COH ——»
)\/ 2 Et;N PhSe/\(
R

R=Me: 88%
R=Et: 89%

(152)

C. Unsaturated Nitrogen Compounds
Several unsaturated urethanes’®27%%* and amides®®® were cyclized with
PhSeC1%02:503:395 or N-PSP (34)°°* (e.g. equation 153°°3). Difficulties have been encoun-
tered with free amines®%3, although isolated examples of the cyclization of a secondary
506 and an aniline®® are known.

amine
O PhSeCl
_—
@ 3705
NHCO,Et
82°%

A different type of cyclization occurred when the enamido thiol 62 was treated with

(153)

The selenosulfide 63 is an intermediate in this reaction

507

R “, ‘t,

PhSeBr in pyridine

(equation 154).
R, R,
“ excess y
PhSeBr 5SePh \
N~

MeOZC/\\ Me0,C” 1\

Meozc/ﬁ
(63)
(154)

(62) C|>l
R = PhCH,CNH

D. Unsaturated Thiols
Several unsaturated thiols or their corresponding thioacetates were cyclized”+78:3%8 as

in equation 15538,
SePh

SR J/A s
O e
R=H:80%

R=Ac:85%



3. Preparative uses of organoselenium and organotellurium compounds 143

E. Allenic Phosphonates
Allenic phosphonates afford cyclic phosphonates according to equation 15639:319,

SeR3

R‘SQCI
=< °~
RO\ [ R2 /P\o :1 (156)

F. Unsaturated B-Dicarbonyl Compounds

Carbocyclic ring closures of unsaturated f-keto esters®!!17316 with N-PSP (34) and
catalysts such as SnCl,*!27%18_p-toluenesulfonic acid®! *3!2, iodine®!! and Znl,3'! were
developed by Ley and coworkers for a number of synthetic applications. Cyclization
occurs either through the ketone oxygen or the enolic carbon. The former products are
favoured under the conditions of kinetic control, but are converted into the corresponding
carbocycles on further equilibration. An example is provided in equation 15753,
Benzeneselenenyl chloride (PhSeCl) with AICI, catalyst also serve as an effective reagent
combination for this type of transformation®!’,

N-PSP
(34)
SnCI. COZMG
(0,01 equlv)

SePh COzMe SePh
/ g COZMO 84°/¢
CO,Me
N-PSP !
SnClg
(1 equiv.) SePh
83%

(157)

Unsaturated S-diketones can be similarly cyclized to either the corresponding cyclic
enol ethers or carbocycles with N-PSP*!! or benzenesclenenyl hexafluorophosphate
(PhSe* PF¢)%'®. Equilibration was promoted with SnC]‘ﬁ“‘.

The amd catalysed addition of the f-keto ester moiety in 64 to the vinyl selenide
provides the basis for a different cyclization as shown in equation 15851%,

SePh
SePh
_CRCOH _H0
COoMe
2 COzMe ‘ CO,Me

(64) 62.5%
' (158)
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G. Dienes

Dienes can be converted into cyclic ethers with PhSeCN or KSeCN in the presence of
CuCl, in aqueous or alcoholic media®2°~322, The example of cycloocta-1, 4-diene is shown
in equation 159, which also indicates that the ratio of the two products 65 and 66 is highly
dependent on the reaction medium. Other reagents which have been used in the similar
cyclization of this and other dienes are PhSeCl in aqueous acetonitrile®23,

PhSeOCOCF %4, PhSeOH?*2* (from the oxidation of PhSeSePh with hydrogen peroxide)

and N-PSP (34) or its succinimide analog?8%-286,
‘\\m‘SePh
2 PhSeCN +
cucl, (159)
PhSew PhSe™ " SePh
(68) (66)
95 : 5 (in MeOH)
0 : 1OOUnTHF—H§»

Carbocyclic products containing acetoxy and acetamido substituents were prepared
from dienes using PhSeCl in acetic acid2°®-*2% and PhSeC1°26 or PhSel*?” in acetonitrile,
respectively (e.g. equations 160°2° and 161°27).

AcO HO
PH PoH
PhSeCl K,CO.
LA L 2
m (160
NaOAc H 0 A
H “SePh

68°%

PhSeSePh,

I, SePh
—_z
ANNF Mo CN AcNHM (161)

c/s:trans=17:83
75%

The lactone or cyclic ether products obtained from the selenium-induced cyclization of
diene carboxylic acids®?#%2° or dienols®3° can be further transformed into bicyclic
products with strong acids (e.g. equation 162°2%). A related technique employs unsatu-
rated f-hydroxy selenides which cyclized via the attack of a neighbouring n-bond on a
seleniranium ion intermediate generated from the acid-catalysed dehydration of the
alcohol moiety?281:297:298.531-534 (¢ ¢ equation 163°2).

PhSeCi
Co,H
SePh
T70%

CF5CO,H
Y (162)
PhSe

80°%
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X CFRCOpH
OH
PhSe PhSe
HO

H. Free-radical Cyclizations

(163)

Carbon-centered radicals formed by the free-radical deselenization of alkyl phenyl
selenides with tin hydrides (see Section XIV) undergo inter-*** or intra-molecular capture
by olefins!®6-3367338  allenes’3? and acetylenes®?6-349-341 Some recent examples are
illustrated in equations 164°3%, 165°3% and 16654°.

0
SePh __PhgsnH
A[BN R [o)
(
59—-86%
(164)
| PhSe o
u. n
l Q s (165)
52% 14%
H
SePh o som
— X (166)
CE§ A
TS~Ph Ph

X=CQ,Me:35%
X=CN: 30%

The free-radical selenosulfonation of dienes affords carbocycles”*#¢7 together with
mono- and di-1, 2-addition products. Cyclization is enhanced by increasing the dilution
(equation 167467),

SO, Ar
ArSOpSePh
AN ———h:—-l + 1,2-adducts  (167)
(Ar=p~tolyl) SePh

44°%
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|. Hydroxyl-substituted Vinyl Selenones

Selenones are capable of both stabilizing an adjacent anionic center and of acting as a
leaving group (cf. equation 95). Hence y- or d-hydroxyl-substituted vinyl selenones
undergo facile base-catalysed Michael addition in methanol solution, followed by
intramolecular displacement of the selenonyl group as shown in equation 1683%42:343, A
useful route to oxetanes and tetrahydrofurans is the result.

OMe
o] 0 OMe
Arge NaOH 1A $ > | (
1 Z R MeOH -H0 r“e R
o] [o] O‘——-\\
- R
OH 0
(168)

It is appropriate to mention that the above properties of selenones also permit the

fragmentation of cyclic y-hydroxyl vinyl selenones according to equation 169343:344,
HO R
9 B
o 8- R)J\/\/_:f"’ B=OMe,OEt,SPh
:S:eAr
[o]

(169)

X. OXIDATIONS OF FUNCTIONAL GROUPS

A. Alcohols, Hydroquinones and Catechols

Primary, secondary and allylic alcohols are smoothly oxidized to aldehydes or ketones
with dimesityl diselenide (67) and t-butyl hydroperoxide®**~**7 (equation 170). Presum-
ably, these reactions proceed via intermediate selenenic or seleninic esters of the starting
alcohols. The diselenide can be employed in catalytic quantities and the method is
sufficiently mild to tolerate the presence of olefins and even neighbouring sulfide and

selenide groups.
R \ R
ArSeSeAr (87)
OH f- BuOOH . 0
R‘/ R

-0

Benzylic alcohols?*? are readily oxidized to aldehydes or ketones with BSA (27),
whereas the oxidation of aliphatic alcohols2497242:239 s sometimes, but not always,
accompanied by dehydrogenation (see equation 48). Examples are shown in
equations 17124 and 17225°,

(170)
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BSA

PhCH,0H —————& PhCHO (171)
99.5%
OH
o
BSA |
— (172)
§
Y N 86%

H

Other reagents which are reported to oxidize alcohols to carbonyl compounds are
dimethyl selenoxide (38)3%!, di(p-methoxyphenyl) selenoxide (68) in the presence of
selenium dioxide®48, di(p-methoxyphenyl) tellurone (69)**°, the species 71 which are
generated in situ from selenides and NCS*3° and a polymer-bound seleninic acid*$!.

Hydroquinones and catechols afford p- or o-quinones, respectively, without accom-
panying oxygenation (see Section V.E) on oxidation with the telluroxide 70°%! or with
selenoxides 68532 and 52°%3, The last reagent has also been employed in the conversion of
adrenaline to adrenochrome®** and ascorbic acid to its dehydro derivative335.

0] 0
I I

P-AnSeAn-p P-AnTeAn-p  p-AnTeAn-p

(68) (:9) (70)
\ /! i
/Se\ o Ph,Se(0CCF3),
RN (r2)

(71)

B. Nitrogen Compounds

1. Amines

Amines can be oxidized to imines with a variety of selenium oxidants. These include
BSA (27)5%675%8  diphenylselenium bistrifluoroacetate (72)°*° and benzeneseleninyl
chloride (30)°%°. The imines so obtained can be used in the preparation of other
compounds. Thus, hydrolysis affords ketones®*5:°6° (equation 173), further oxidation
provides nitriles’3%-3°° (equation 174) and the addition of NaCN or Me,SiCN furnishes
a-cyanoamines®®7 (equation 175).

R R
BSA(27) Ha0t
>—NH2 — >=NH — >=o (173)
o] R R

I}
PhSeCli
(30)

R

R
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PhCH,NH, —3°2+- PhCN (174)
85-96%
\ <R‘ —
27 NaCN or
—_— -
NH RN . MegSiCN (175)
R
Rl// R' R
R‘

Other studies indicate that anilines can be converted into azo compounds with
Ph,SeCl,, or with diphenyl selenoxide (52) and ZnCl,°¢". Tertiary amines afford N-oxides
when treated with selenoxides*¢2. In a different approach, the cephalosporin selenenamide
73 was used to prepare the methoxy derivative 74 by oxidation with MnO, and

methanolysis>¢* (equation 176).

ArSeNH o f s ArSeNa H\ ArSeNH\?Me; .
—“T/ MnO, J'_r LiOMe _"‘/
7 N o? N & "N
73y COzBu-1 60% (e;/:;/.,

(176)

2. Indolines and indoles

The oxidation of indolines to indoles with BSA (27) was studied by Barton and
coworkers338:564-566_Qelenenylation of the indoles with electrophilic selenium bypro-
ducts accompanied the oxidation unless scavengers such as indole or dihydropyran were
added to the reaction mixture®¢%-56¢ (e.g. equation 1776%). Alternatively, the seleneny-
lated byproducts were reductively deselenized to free indoles with nickel boride364-566,
Various indoles undergo further oxidation with reagents such as 7253 or selenium
dioxide?36-334:343 a5 in the example shown in equation 178559,

mdole or
dihydropyran

SePh
up to 98%
(177)

thSe(OCCF )
| NH (72) (178)
N
H

61 o
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3. Hydrazines

Hydrazines are oxidized to a wide array of products with selenium and tellurium
oxidants, often in a preparatively useful manner. Hydrazine hydrate generates the
hydrogenating agent diimide when treated with PhSeO,H2%9-3¢7 or elemental selenium in
the presence of oxygen®¢®. Monoarylhydrazines produce mixtures of arenes and aryl
phenyl selenides with BSA or PhSeQ,H2%%-367:569.57% (equation 179). Arenes and
tellurides are formed similarly when the telluroxide 70°"! or the reagent TeO,-LiCl-
HOACc®"? is employed as the oxidant.

BSA

—_—
ArNHNH, — 5o oan ArH + ArSePh (179)

Hydrazides are smoothly oxidized to 1,2-diacylhydrazines with diphenyl selenoxide
{52)°™3, the telluroxide 70°7! or PhSeQ,H 3737 if the seleninic acid is introduced by slow
addition. On the other hand, if the hydrazide and triphenylphosphine are added slowly to
the seleninic acid, then diacylhydrazine formation is suppressed and selenoesters are
obtained in good yield®¢7-*"* (equation 180). Similarly, sulfonhydrazides produced
selenosulfonates in excellent yield without the need for triphenylphosphine®’3
(equation 181). Hydrazides bearing y- or J-hydroxy substituents underwent nearly
quantitative cyclization to lactones when oxidized with PhSeQ,H*?%%67 (equation 182),
and phthalhydrazide formed the dimer 75 when treated with the selenoxide 52 in acetic
acid>’¢ (equation 183).

[¢]
52 or 70 RIC':NH I}
0 or PhSeOgH {slow addition) NHCR
I
RCNHNH, (180)
Ph H (i ddition) 1]
SeO,H (inverse a o RCSePh
Ph,P
PhSe0,H
RSO;NHNH, — 252028 o R50.SePh (181)

65-100%

NHNH ( —_1:a1°
HO/W 2 PhSeOpH n_\o n=1:91% (182)
n=2:100% ‘
° [
0

[o] OH OH
W _Prefe=o N (183
NH HOAG N——N )
° 0 86°%

(%)
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1, 1-Disubstituted hydrazines dimerize to tetrazenes when treated with
PhSeO,H>"7 or Se0,>?” (equation 184). The products were obtained in generally high
yield unless an N-aryl or N-sulfonyl substituent was present. 1,2-Disubstituted hydrazines
and hydroxylamines produced azo compounds?4°-567-369.370 including Cookson’s
reagent®’%, and nitroso compounds®3!-36%-370-371 "regpectively, on oxidation with BSA,
PhSeO,H or the telluroxide 70 (equations 185, 186).

R R R
PhSeO,H
N—NH, — NN==NN (184)
/ or Se0, \
R R
BSA
—_— =
RNHNHR — Preeo;” RN=NR (185)
RNHOH —2%4 5 pN=0 (186)

4. Hydrazones, oximes and semicarbazones

Barton and coworkers reported that BSA (27) is an exceptionally effective reagent for
the regeneration of ketones from their oximes, semicarbazones or aryl- or tosyl-
hydrazones®”%:37% (equation 187). Aldehydes can be similarly prepared from their oximes
or tosylhydrazones, whereas the corresponding phenyl- or p-nitrophenyl-hydrazones
afford keto azo compounds instead*®%-57° (equation 188). In related work, hydrazones
were converted into vinyl selenides with PhSeBr and t-butyltetramethylguanidine38°
(equation 189). Tellurium dioxide was investigated for the purpose of regenerating
carbonyl compounds from their hydrazones, semicarbazones and azines, but generally
provides lower yields than BSA®"2,

R R
>=N —Bsa >=0 (187)
R \x R

X =O0H,NHAr,NHTs,
o

1
NHCNH,

834 ® RCHO
R e X=OH,NHTs
=—=N (188)
\ o}
i
H N » RCN=NAr
X=NHAr

R N=NH2 PhSeBr _R SePh 189
#-BuN=C(NMe,), | (189)
R} R'
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The oxidation of semicarbazones with selenium dioxide constitutes an important route
to acetylenes via the photolytic or pyrolytic fragmentation of selenadiazole intermediates
{equation 190). Lalezari and coworkers*®!7%8% and Meier and coworkers>°°~*%% have
studied this process extensively. They and others®°%5°! prepared diverse acetylenes
including diynes®®®, sulfonylacetylenes®8’ 588 89 and

, acetylenic sulfides’®®, selenides
ethers*®8, radioactively labelled acetylenes®°* and a large number of highly strained cyclic

acetylenes390:591:593.595-599,
o]}
1]
0 o NNHCNH,
NH,NHCN N=N —s.,
H =
R 2 z_, R S.Oz Se R— = —pg!
S Bor Il\)
R! R!

(190)

The dehydration of aldoximes with selenium dioxide®°27%%4, Se,Cl,%%%, PhSeClI%% and
the seleninyl chloride 30%°° provides a useful preparative route to nitriles (equation 191).

> Se00, or SeyCly
N\ or PhSeC! or RCN (191)
]

I}
PhSeCl (30)

5. Nitro compounds

Primary aliphatic nitro compounds undergo oxidation at the a-carbon and simulta-
neous reduction of the nitro group when treated with selenium dioxide and triethyl-
amine$®”. This reaction permits the isomerization of such nitro compounds to
hydroxamic acids (equation 192).

Se0
RCHNO,—=2%2 4 rilNHoH (192)
22 Et N

6. Azasteroid lactams

Azasteroid lactams display several modes of reaction when oxidized with BSA (27).
When conformational considerations permit selenoxide elimination to take place across
the C—N bond, N-acylimines are first formed and then oxidized further to imides?3° (e.g.
equation 193). If imine formation is precluded by conformational effects, then dehydro-
genation occurs at higher temperatures according to equation 51.

PhSe
0. [o]
BSA E/\ t !
T.N’ HN + HN
{ {
[« o}
80°%

(193)
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Azasteroid enamides react in a more complex fashion. Keto carbinolamides such as 77
and hydroxylated products 78, were formed from azasteroids such as 76
(equation 194)>23:382 The carbinolamides were obtained in improved yield by selenenyl-
ation of the 6-position, with PhSeCl, followed by oxidation with excess MCPBA223,

BSA A A
+
// (o) (o)
[o] H [¢]
HO SePh

N OH
H
40% 40%
(r?7) (re)
N __1.McPBA
H \ PhSecl s T
(76) 2
T2%
SePh
100%
(194)

C. Phosphorus and Sulfur Compounds

Mild and selective oxidants of sulfur compounds are of importance, as mixtures of
products with different oxidation states are often formed indiscriminately. A number of
selenium and tellurium reagents have proved valuable in such reactions.

1. Thiols

Thiols are cleanly oxidized to disulfides by the selenoxide 68°°2, telluroxide 70351-57!
and tellurone 69°#° (equation 195). Tellurium tetrachforide forms tetrathiotellurium
species which decompose to disulfides according to equation 196%°8, and which are
effective in converting dithiols to bisdisulfides.

2 RgH —28:890r 70 poep (195)

4 RSH + TeClqg —» (RS)4Te —B—-b 2 RSSR (196)

2. Sulfides and thioketals

The selective oxidation of sulfides to sulfoxides was accomplished with the selenoxide
68552 and also with areneseleninic and areneselenonic acids®®®. On the other hand,
oxidation to sulfones was reported with perseleninic acids generated insitu from
diselenides®197514 or seleninic acids3’® and hydrogen peroxide, or from the oxidation of
selenenic byproducts produced during selenoxide eliminations’8*°®, In some cases it was
possible to proceed only to the sulfoxide stage by appropriate choice of reaction
conditions373:3%8, Although perseleninic acids are known to epoxidize olefins (see
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Section V.G.1), the selective oxidation of sulfides in the presence of double bonds is
possible, as demonstrated by the example in equation 19754, Sulfides can also be cleanly

converted into either sulfoxides®!® or sulfones®!® with selenium dioxide and hydrogen
peroxide.
SiMey _
g PhSeSePh } (197)
Phs H20, PhSO,
i !
HooP 80%

Free ketones and aldehydes are unmasked from their dithioketal or dithioacetal
protecting groups with BSA (27)%!7762° (equation 198). The reaction is applicable to
hindered substrates and also to diselenoketals®2!:622,

[ ]

[0}
g —258 )l\ (198)
R ~R!

R R!

(7))

3. Thiocarbonyl compounds

Many types of thiocarbonyl compounds cleanly afford their carbonyl analogues on
oxidation with BSA (27)623:624_the telluroxide 70°%!-37! or various selenoxides>32:625.626
(equation 199). A particularly useful variation of this process involves the chlorination of a
catalytic amount of a telluride with 1,2-dibromo-1, 1, 2, 2-tetrachloroethane, followed by
insitu hydrolysis of the resulting diaryltellurium dichloride to the corresponding
telluroxide, which then functions as the actual oxidant of the thiocarbonyl com-
pound>71:627, The conversion of telluroesters to esters was similarly effected with BSA%28,

S (o]

BSA or 70
——_. =
or R250=‘-° X,Y C,O,S,N,efc. (199)
X Y X Y

4. Sulfinic acids

The oxidation of sulfinic acids with PhSeO,H provides a useful preparation of
selenosulfonates’362° (equation 200).

PhSeO,H
RSO,H ————2—# RSO,SePh (200)

5. Phosphorus compounds

Various trivalent phosphorus compounds, and also their sulfides and selenides, produce
the corresponding oxides when treated with dimethyl selenoxide (38)%2° (equation 201).
Interestingly, acyclic systems undergo inversion of configuration at phosphorus whereas
cyclic systems react with retention.
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R3P
38
= _— =
ReP=S RgP=0 (201)
RzP=Se R="Ph,OE1,NEt,

Other oxidations of phosphines to phosphine oxides were reported using seleninic and
selenonic acids®®?, the selenoxide 6852, the telluroxide 707! and TeCl,**? as oxidants.

Xl. CARBON—CARBON BOND-FORMING REACTIONS

A. Connective Reactions With Selenium- and Tellurium-stabilized Anions

The stabilization of carbanions by adjacent selenium residues facilitates their formation
while permitting the retention of a high degree of nucleophilic character. The synthetic
applications of these species have been extensively studied by Krief, Seebach, Reich and
others, and are generally based on their reactions with electrophiles, followed by further
transformations of the selenium functionality®3%-63!. ¢-Telluro carbanions have also been
investigated, but so far their applications remain more limited. These procedures provide a
powerful connective approach to products with new carbon—carbon single and double
bonds.

1. Anions from selenides, selenoacetals and their tellurium analogues

Selenium-stabilized alkyl carbanions can be conveniently generated by the deproto-
nation of alkyl selenides, diselenoacetals or triselenoorthoformates with hindered amide
bases. A different approach to these anions is based on the facile C—Se cleavage reactions
of diselenoketals and triselenoorthoesters with alkyllithiums. These processes are
summarized in Scheme 1.

When the a-carbon atom is substituted with another heteroatom besides selenium,
alkyllithium-induced C—Se cleavage occurs preferentially to C—Si or C—8 scission in
a-selenosilanes384:386.647.650 o g gelenosulfides®®2, respectively, whereas a-
bromoselenides undergo C—Br cleavageS63. Alkyl tellurides and ditelluroacetals can be
similarly deprotonated or cleaved with alkyllithiums!!3-64_ Scission of the C—Te bond
in mixed selenium—tellurium acetals occurs preferentially®®>.

The cleavage of the C—Se bond in allyl®*®, benzyl®®° or vinylcyclopropyl®®! selenides
provides a convenient method for the in situ generation of allyl-, benzyl- or
vinylcyclopropyl-lithiums, which are difficult to make otherwise.

The anions thus generated react with a wide array of electrophiles. They can be alkylated
Wlth alkyl halideSSS.ll5.12l,l22,124.385.386.435,62l.633.637.645.656‘658.661.663-665’
epoxides®!-122:429:621.637.648 4nd oxetanes*?®, acylated with DMF544:652:666 carhon
dioxide3*446! or other acylating reagents®4*, silylated with trimethylsilyl
chloride386-635.642.647.650.654 4 gylfenylated with sulfenyl halides3°:%33 or disul-
fidesS42, Theg condense readily with aldehydes and ketones to afford B-hydroxy
Selenides34.12 ,384.386.536.621.632.633,635—641.643.648.649,651.653—656‘66l.663.664.666—671,
even with hindered or easily enolized substrates. Enones react via either 1,2-or 1,4-
addition and good regioselectivity for either mode can be achieved by the appropriate
choice of conditions®34:646:672677 Intramolecular alkylation of y-chloro or y-tosyl
diselenoacetal anions affords the corresponding cyclopropanes®48.

Further transformations provide access to many useful types of compounds. The
alkylated diselenoketals can be converted into ketones either hydrolytically with
HgCl,%%% or CuCl,-Cu(Q521:622:637.:673.676 o oxidatively with BSAS21:622 or
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RSe E* RSe
RSe %— Li —  RSe %‘ E
RS RSe

a
o
H(R1)/
RSe
RSe SeR b
' 1
\ RSO><R et RSO><R
—>
R
1 /' Se Li RSe E
R

RSe><
RSe

H(R?)

/

RSe H(R?) o RSe H(R?)
R‘>< - R><
Li E

"X

Rl H
RS >< 2
e H(R )\ R'CH,Li . R'CH,E
E
or I or
R'RZCHL R'RZCHE
a. LiN(i_Bu)2632,633; LDA386.621
b. BuLi386.621.633.634
c. LiN(i_Bu)2632.633; LDA621,635.636. LiTMPGZl. KDA637
d. BuLiQl.l22,124.384.536.633.639"655. ’t-BULi639' l\’deMgBr“s
e. LDA3%:385:656:657, | ;[TMP656:65% [iN(SiMe;),5%%; BuLi-TMEDA®3?; sec-BuLi~-TMEDA??
f. BuLi647,650.654.659—661; t-BuLi660

SCHEME 1

H,0,%22 Similarly, ketones were obtained from alkylated ditelluroacetals with I,-Nal*33
and aldehydes from a-silyl selenides with NalQ,*3¢ or H,0,%8%286, Since the starting
seleno- or telluro-acetals or themselves prepared from aldehydes, the overall procedure
permits the alkylation of an acyl anion equivalent (equation 202).

PhSe R PhSe H.O :R
cctzolyst tatyst > © (202)
PhSe Ll PhSe R] R|

Alkylated a-seleno or telluro carbanions undergo selenoxide or telluroxide eliminations
to afford olefins3%-115:122.124.644.656.657 while their condensation products with carbonyl
compounds similarly provide allylic alcohols®#122:639.640.649.653 (equation 203).

In some cases, eliminations of the corresponding selenonium salts gave results which
were as effective as or even superior to those obtained with selenoxide elimin-
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OH
R'CHO b
PhSe ]! OX. R \/\,/OH
H
PhSe R R‘
Li SePh R
R R'x ox
—_—
R R! R!

(203)

ations®!-12!-122 For instance, pure homoallylic alcohols are accessible via equation 204,
whereas selenoxide elimination produced mixtures of allylic and homoallylic alcohols®*

The - hydroxy selenide condensation products are of value in the preparation of
epoxides via their reaction with chloroform and thallium() ethoxide®”® or by treating
their selenonium salts with bases!22:639.641,643,646.651,653.662.671 (eqyation 205). Repe-
tition of the process permits the homologation of epoxides to oxetanes and tetrahydro-
furans*?® (equation 206).

[o}
R \>\Rz R
—><SeMe SeMe ' MaI
R Li ]l R2 “Z.x0Bu-r, 4,
OH

DMSO
(204)
1. Me;S0O
R SePh or Ma%)SOZF R 0 /!
>< + 0 or Mel > \/ \/ .
R Li 2.KOBu-f, R R
SePh 1 DMSO
(205)
R SePh 0.
>< + Rl > R 2l MeLNal R R
R i T OWF,CaCo, * ,€aCo, R2
PhSe 2.KOBu-*, 0
DMSO
(206)

Selenium-stabilized carbanions provide a connective route to olefins through several
approaches. Their formylated products can be elaborated by Wittig reactions®32:666,
followed by [2,3] sigmatropic shifts of the corresponding selenoxides to furnish allyllc
alcohols®3? (equation 207). o-Silyl carbanions generated from o-silyl selenides afford
olefins via Peterson reactions?®4:386:635.647.650 " 54 shown in equation 208. Numerous
examples have been reported where B-hydroxy selemdes were prepared as in equation 209
and converted into olefins by reductive elimination. This procedure constitutes an
alternative to the Wittig reaction and is less susceptible to steric effects. Further, reductive



3. Preparative uses of organoselenium and organotellurium compounds 157

elimination often takes place anti stereospecifically. Effective reagents for this transfor-
mation are: methanesulfonyl chloride (MsCl)-Et;N34:636.655.656.679.680 Tg(QH681.682
HCIO,®®!, (CF,C0),0—Et;N%8!, POCI,—Et,N38+672.683 PQCI,-SnCl,3, SOCI,~
Et3N214.384.683—685’ PIs—EtSNl22'650'651'666'668'685, P)214_Et3N391.666.685.686, 1’2_
phenylenephosphorochloridite33:684, Me,SiCI-Nal*73 and N,N'-
carbonylbisimidazole!22-%8, Finally, symmetrical olefins are accessible through the direct
coupling of selenium-stabilized carbanions with Cul-SMe,*2* or Cul®87 (equation 210).

H H H
R DMF R CHp= PPhy R><, = X
LIS 23, — o RN
R's ) 1 1 = R oH
e Li R'Se CHO R Se
(207)
SiMe
SeR2 SiM 3
R>< e BuLl R>< iMey ‘cn‘ >=<
R SiMe3 R Li f
(208)
2
R SeR2 R! $eR R R! reductive R R!
>< + 0 elimination
< > H __ elimination >=<
R Li ] R R oH R R!
(209)
SeR' R R
) R>< Cul or _ \ / (210)
Cul—SMep
R Li ¢ R

Metalated triselenoorthoformates function as carbene equivalents in the cyclopropa-
nation of ketene dithioacetals according to equation 211°32:633,

PhSe SePh
SPh ()O
(PhSe)3CLi + :< — SPh (211)
SPh
SPh
63%

Ring expansions of f-hydroxy selenides prepared via equations 203,205 and 209 are
discussed in Section XVI.C.1.

2. Anions from allylic and propargylic selenides

Allylic selenides are deprotonated with hindered amide bases such as
LDA?336.680.682.688-692 ' | {NFE(,%80.69! LiTMP®°%%% and KDAS?. The resulting
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anions react chiefly at their a-position with electrophiles which include alkyl
halides336-680:691  epoxides®80-69!, silyl chlorides®80-68%-6%1 and boranes®®®. The alky-
lated products are useful in the preparation of rearranged allylic alcohols after oxidation
and [2, 3] sigmatropic shifts®?1:6°2 (equation 212). Allylic selenides were employed in a
variation of the Mannich reaction as shown in equation 213692,

PhSe R et PhSe R sox
Li R! E R!

212)
R R R
Ph 1.LDA _,PhSe,_\)\/ Bu, —ReNH . phse
Se\)\ 2.Bu,SnCl a SnBug (CHONm, X
H*
NRY,
213)

1, 3-Bis(phenylseleno)propene (79) can be alkylated at both the 1- and 3-positions and
affords o, f-unsaturated silyl ketones®8° according to equation 214 (or gives enals if the
silylation step is omitted). Similarly, the dianion of the propargyl selenide 80 was
dialkylated and converted into a-seleno enones as shown in equation 2156937695,

1.LDA 1.LiNEt,

PhSaW SePh 2.MeySiCl PhSe S SePh 2.E
(79) SiMey
PhSGWS°Ph R E\/\ﬂ/SiMe3 (214)
MeSi  E °
H Li
e e /E
PhSe\/// —2LPA L ohse Z -%» PhSe\[/é/
Li R
(80)
PhSe0 E o
or
op " — . (215)

" )J\
R H R H

The anion of 81 adds to ketones or aldehydes principally through its y-position,
although a-selective attack was observed in the presence of triethylaluminum®®?
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(equation 216). The same anion reacted with cyclopentenone mainly via 1,2-addition in
THF at —78°C, but exclusively via 1,4-addition in the presence of HMPA®°S. In both
cases, the a-position of the anion was the favoured site of attack. In contrast to
equation 216, the anion of 82 reacted with acetone through its a-position and furnished
the allylic alcohol 83 after [1,5] migration of the selenide moiety®®” (equation 217).

PR PhSe/\/\r
Of
PhSe F (216)
1. Et,Al

(81) 2.RCHO PhSGI\
or
RoCO

R OH

(o}
444»\\4¢¢\\T//30Ph M,SM, 44;\\\44i:;[::SePh
_—
Li OH

(82)
A
[1,58] Phse\\»//q§>//<§§¢;><:\oH (217)

(83)

3. Anions from vinyl selenides and tellurides

Vinyl selenides*3!+636:637.69¢ 34 vinyl tellurides®®® are deprotonated with hindered
amide bases, and KDA is recommended for reluctant cases®3”. The metalated species can
then be treated with the usual array of electrophiles to provide a-substituted vinyl
selenides (equation 218). Since the products afford ketones after hydrolysis, vinyl selenides
represent acyl anion equivalents®?’, 2-Pyridyl vinyl selenides are reported to deprotonate
more easily than others and the subsequent alkylation takes place stereospecifically with
retention of configuration!®!, Ketene diselenoacetals provide another source of selenium-
stabilized vinyl anions through cleavage of one C—Se bond with n-butyllithium?3°!-62°
(equation 218).

SePh
LINR}
or |
KNRz R SePh SePh
+
\E===i< —£
SePh N Li(K) E
Bull
\=< hydrolysis
SePh

0
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The Michael additions of alkyllithiums to phenyl viny! selenide produce a-metalated
selenides, which react with various electrophiles as shown in equation 21943!:790_If the
latter step is followed by selenoxide elimination to the corresponding olefin, the selenide
becomes the equivalent of the synthon *CH=CH".

Li
R\/k +
/\SePh RLI SePh —E R OX. R\/\E

SePh
(219)

4. Anions from selenoxides

Selenoxides can be metalated with LDA at low temperatures (to prevent premature
selenoxide elimination), and the resulting anions react with various electro-
philes33:34:679.701 quch as aldehydes and ketones. The resulting S-hydroxy selenoxides
afford allylic alcohols by subsequent selenoxide elimination, or olefins by reduction to the
selenide followed by reductive elimination3#67° (equation 220).

0 A R
0 || R=olky! f\/\ﬁw
| PhSe R
OH

PhSe R R'CHO or
RiCO
HO R! R
Li R! 1.Nal R’//§§§(//
2.MsCl,
EtzN At

(220)

5. Dianions from a-phenylselenocarboxylic acids

The dianion 84 of 2-phenylselenopropanoic acid was exploited by Petragnani and
coworkers’°%793 in several approaches to a-methylene lactones. One example is shown in
equation 221792, The condensation of the dianion of a-phenylselenoacetic acid with
benzaldehyde was also reported®3®.

CO,Li ()o
COoH  2LpA !
_— -’—.
h y o
SePh
(84)

SePh
SePh

54°%

21)
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6. Anions from a-seleno nitriles, esters and lactones

Selenides bearing additional stabilizing groups can also be alkylated via their anions.
These include a-seleno nitriles26!-7%4, esters*®7-683 and lactones®®*7%%. These reactions
are often used in conjunction with selenoxide or reductive eliminations to yield
unsaturated products. Two interesting examples are shown in equations 22226!
and 2237%%, Anions derived from a-seleno ketones are considered in Section XVILA.

Br

P ar ; _1.NalO,

PhSe CN NaOH, PhSe CN 24
BugNI

e /00
QU0

(222)
) 0
0 1.LDA o - % X o
Br
0 2. ePh
SePh 0 0 o)
0
a7 © 87% ©
(223)

7. Selenium and tellurium ylides

Although selenium and tellurium ylides have been little investigated with respect to
synthetic utility, several recent examples suggest potential value. Thus, the tellurium ylides
85 and 86 reacted with carbonyl compounds to afford «, f-unsaturated esters’®® and
epoxides’®’, respectively. The selenium ylides 87 also gave epoxides with non-enolizable
aldehydes and ketones’?®, including chalcone and cinnamaldehyde, whereas the ylide 88
cyclopropanated chalcone instead’°® (equations 224-227).

0 R

1“ 2
R.j'e—EHcozEf LS \;__, (229)
R2

(e5)

COLEt
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0,

+ ~ R'CHO
RaTe/\/ —_— R1A_\\/ (225)
(86)
i R\, 0
1 H
Rzge—EHR —RCRe >4 5< (226)
(87 R

Ph

0
+ X Ph Ph)J\/\Ph Ph Ph
MeZSe/\n/ —_ (227)

(88) ©

B. Connective Reactions from Substitution of Selenium and Tellurium Groups

Another approach to carbon—carbon bond formation is based on the substitution of
ArSe or ArTe groups with organometallic reagents, or on the direct displacement of
nucleofugal selenony! groups with various nucleophiles.

1. Vinyl and allyl selenides and tellurides

Vinyl phenyl selenides”!%7** and tellurides”!#7!3 undergo substitution of the PhSe or
PhTe moiety with Grignard reagents in the presence of Ni" or Co" catalysts, in most cases
with retention of configuration (equation 228). Allyl phenyl selenide”! and diaryl
tellurides”!2-7!3 give mixtures of products resulting from the cleavage of both C—Se and
both C—Te bonds, respectively. The allylic selenide 89 in equation 229 reacted with
Me,CuLi with rearrangement®®*.

1 Se(Te)Ph R\ R
—( L R (228)
NiClg(PPhg)y
3 2(PPhy)z RZ/ \R3

o) SePh
/U\ J\)\/ Tt /“\ J\/\/’\
Ph o Z Ph (229)

(89)

B-(Phenylseleno)vinyl sulfones, which are available from the selenosulfonation of
acetylenes (equation 139), react with organocuprates to afford alkyl-substituted vinyl
sulfones”**. Retention of configuration is observed and the reaction is applicable to
hindered systems. The reagents RCu(SePh)Li are particularly efficacious for this purpose.
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When this procedure is followed by reductive desulfonylation, it permits the overall
2-alkylation of acetylenes as shown in equation 230.

R SO, Ar R SOLAT
R— == — H(R) —2n.139 > < R'Cu(SePh)Li > <
PhSe H(R) R! H(R)
/Q(Hg)
R H
>—_-=/ (230)
R \H(R)

2. Selenoesters

The preparation of unsymmetrical ketones from selenoesters was reported with
organocuprates and other organometallic reagents’!®>7'% (equation 231). Even vinyl
cuprates are effective, permitting the synthesis of enones with little further Michael
addition to the products’!®.

i ' i
R,Culi
RCSeMe = RCR! (231)
R'MgX,
CuBr ~Me,S

Selenoesters function as acylating agents when activated by ‘selenophilic’ metal
catalysts such as Cu', Cu" and Hg" species. They perform Friedel-Crafts acylations of
electron-rich aromatic compounds’'”-7'® and produce cycloadducts 90 with isonit-
riles!7-718 (equation 232). Under similar conditions, selenoesters also acylate alcohols
and amines to afford esters and amides, respectively %719,

R
[o]
RCSeMe + ZCHN=ET —20 o %0 (232)
eMe N= EtyN or
0Bu N/
(Z = electron=withdrawing group) (90)

3. Selenones

As mentioned earlier (Sections V.H.2 and IX.I), selenones have strong nucleofugal
character, as well as the ability to stabilize an adjacent carbanionic center. This
combination of properties was exploited by Kuwajima and coworkers’2°7722 in a
cyclopropane synthesis based on the Michael addition of enolates or active methylene
compounds to vinyl selenones, followed by the nucleophilic displacement of the selenonyl
leaving group (equation 233). Several examples of the related cyclopropanation of vinyl
selenoxides were also reported’22-723, Equation 234 depicts an epoxide-forming reaction
based on the condensation of a selenone with benzaldehyde’2* in a manner reminiscent of
the Darzen condensation. Selenones also undergo displacement with other nucleophiles
such as halides!®2:72¢4 CN~724 H,07%* MeONa’?* and NaSPh72%.
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R MCPBA -<z 0
—_— R
\/\SePh \/\ﬁeph ) k'ISIePh
Il
Y - O
zZ Z
R
(Z=electron—-withdrawing group)
Z (233)
4

PhCHO R / O\

R\/SePh <OBu=7 > Ph R=nonyl (234)
0 74%

C. Tellurium-mediated Aryl and Allyl Coupling Reactions

Bergman and coworkers reported that arenes couple to biphenyls when treated with
TeCl, followed by Raney nickel’257727, Aryl- and diaryl-tellurium chlorides are
intermediates in this process (equation 235). Other workers’2% have found that the latter
compounds are similarly converted into biphenyls in the presence of Pd" catalysts. The
intramolecular coupling of diaryl ethers with TeCl, affords dibenzofurans”?°, as shown in
equation 236. This reagent also catalysed the cationic polymerization of olefins such as
stilbene”°. Biphenyls were produced together with diaryl tellurides when tetraaryltellu-
rides (91) were pyrolysed’3!"732 (equation 237).

/M. p-RCgH,4—CgHaR-p

RCeHs ———4 & p-RCgH,TeCly IRmym (235)
meoi > (P~RCeHa)pTeCly
O
o OO IO
(236)
TeClg + 4ArLi —— ArgTe ——— ArAr + ArTeAr (237)

1))
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Allyl halides were dimerized to 1,5-dienes by treatment with the telluride dianion
(Te2~), probably via radical intermediates’®? (e.g. equation 238). In the case of unsym-
metrical starting materials, varying amounts of all three coupled products (head-to-head,
head-to-tail and tail-to-tail) were sometimes observed. Several sulfone-stabilized anions
were dimerized to olefins with elemental tellurium®!” (equation 239).

O OO -

86%
1.Bull
ArCH,SO,Ph —Z—T".(—)> ArCH=CHAr (239)

D. Selenium and Tellurium Extrusion Reactions

1. C—C bond formation

The flash vacuum pyrolysis or photolysis of selenides, diselenides and tellurides results
in extrusion of the selenium or tellurium atom and concomitant coupling of the two «-
carbon atoms. Applications have been found in the synthesis of bibenzyls”3*
(equation 240) and various strained hydrocarbons. These include benzo- and naphtho-
cyclobutane”?, cyclophanes’3¢~73% such as 93, biplanene (95)"%°, lepidopterene (96)7“0
and norcaradiene’*'-742, the last compound reversibly. Illustrative examples are given in
equations 241733, 242738 and 243740, Compounds 95 and 96 were produced from the
dimerization of anthrylmethyl radicals generated by the extrusion of selenium from 94
followed by photochemical [4 + 4] or thermal [4 + 2] cycloadditions, respectively”*°.

ArCH,SeCH,Ar —(EZ):—%)’ ArCH,CHAr + Se (240)
(500 °c) @:] (241)

T4%
(92)

Q0 e
O~ _, O~

(242)
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AntCH,Se, CH,Ant
(94) n=12

165C AntCH,CH, Ant + 96

1 : 3

(243)

A related approach to bibenzyls and hydrocarbons such as 92, 93, 95 and 96 employs
the disproportionation of aryl benzyl selenides induced by flash vacuum pyrolysis or
photolysis, as shown in general form in equation 244743744,

2 ArCHpSePh —Ah—:’—» ArCH,CHpAr + PhSeSePh (244)

The preparation of -diketones or S-keto esters from the base-catalysed extrusion of
selenium from the selenoesters 97 was reported’*® (equation 245).

o}

0
/u\ R' /u\ R!
R se~k*+ T er/\ﬂ/ R 5°/\[r
0

o ©°

o] o]

2. C= C bond formation

A particularly efficacious variation of the Barton two-fold extrusion technique for the
synthesis of hindered olefins is based on the cycloadditions of diazo compounds (or their
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phosphoranylidenehydrazones) with selenoketones’#® 747, The resulting selenadiazolines
(98) fragment readily by loss of nitrogen to furnish episelenide intermediates, which
collapse to the desired olefins by the spontaneous extrusion of selenium (equation 246).
Extensive further studies by Guziec and coworkers’48-752 have resulted in the prepa-
ration of a number of exceptionally hindered olefins such as 99 and 100, but tetra
t-butylethylene has to date eluded all preparative attempts by this or other methods. In
some related work, hindered azines were obtained from the photolytic extrusion of
selenium from cycloadducts 987%!, and the reaction of phenyl azide with selenoketones
afforded hindered imines’33 by a process analogous to equation 246.

The extrusion of selenium and nitrogen from selenadiazoles shown in equation 190 is
similar to the process in equation 246 and provides a nonconnective synthesis of
acetylenes.

R . R R Se " A R R
>:Se + N:N:< —_ R>( 7<R1 —— >=<
R R N=N —Se R ]!
(98)
(246)
(99) (100)

E. Other Connective Reactions

1. With selenoacetals activated by Lewis acids

Several connective methods employing the reactions of nucleophilic carbon centers with
selenium-stabilized cationic species have been reported. The intermediates are normally
formed insitu by the abstraction of a second selenium moiety or a halide from an
appropriate precursor with a Lewis acid. Enol silyl ethers thus produce C-alkylated
products with selenoacetals and SnCl1,%?, triselenoorthoformates and TiCl,”**, and with
a-halo selenides and TiCl,73* or §-halo selenides and ZnBr,”*®. An example is provided in
equation 247%°,

) 0 R2 R?
OSiMe 5 R2 SeR3
+ SnClg (247)
2 - * R~ SeR3

R ~ R SeRr3
R' R

Pyrrole, furan, thiophene and 1, 3, 5-trimethoxybenzene undergo Friedel-Crafts alky-
lations with 1-seleno-">® or 2-seleno-substituted”” allyl cations generated according to
equation 248.
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RSO\/\\/SOR
> / \ SeR R=Me,Ph
/ AgCI0, ,CaCOy4 o ~ )

f/ \5 SePh (248)
0 R Br
\ Z SePh
R .
AgClOg " / 0 N R R=H,Me
R

2. Free-radical allylation

The free-radical exchange of phenylseleno and allyl groups can be effected by treating
alkyl phenyl selenides with allyltributyltin hydride in the presence of a radical init-
iator’9+758  An example is shown in equation 2497°8. The reaction constitutes a
convenient allylation procedure.

Ph Ph
Ph Ph
SnBu Aor AV
SePh + 2 N2 2200,
0 AIBN 0 =
o 0
75—84%

(249)

3. Phenolic coupling

Phenolic coupling reactions are sometimes observed during the oxidations of phenols
and catechols with BSA (27)3*¢ or diphenyl selenoxide (52)%%3 (see Section V.E.). In some
cases the yields of coupled products are high enough to be of preparative value (e.g.
equation 250°3),

OH
\©/ —Zgsa " m (250)

55%

4. Arylation of olefins

Olefins produce mixtures of arylated products with Ph,Te”*°, Ph,Se’*° or
Ph,TeCl,7%% in the presence of Pd" catalysts. Yields are variable and aryl coupling
products are also formed (equation 251).

g + PhgleCly __pd® g Ph g (251)
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5. Wittig reactions of a-selenophosphoranes

Petragnani, Comasseto and coworkers reported a connective approach to vinyl
selenides via the Wittig reaction of a-selenophosphoranes with aldehydes!52:263:760 or
the Horner-Wittig reaction of a-selenophosphonates with aldehydes or
ketones?6%76°, The further transformation of the products to ketones by hydrolysis was
carried out in several cases?%° (equations 252 and 253).

SePh SePh

Ph3P=< + R!CHO ——» >=< (252)
R

0 R! SePh
Il i * 1
(E1OL,P. SePh + RICRI ——208 N/ HO o R .

R

0

(253)

Xll. CLEAVAGE REACTIONS WITH SELENIUM AND TELLURIUM
NUCLEOPHILES

Selenolates (RSe™) are weak bases but exceptionally powerful, soft nucleophiles. These
properties make them valuable and sometimes unique reagents in a number of synthetic
operations. Their ability to displace even relatively poor leaving groups such as
carboxylates, alkoxides and amines from carbon enable them to carry out the cleavage of
O— or N—alkyl bonds in esters, lactones, epoxides, ethers and amines. Liotta and
coworkers’®!:762 demonstrated that the reactivity of selenolates is highly dependent on
their degree of solvation, the nature of the counter ion and the method of preparation,
which must therefore be chosen with care. (For instance, the popular procedure for
preparing NaSePh from PhSeSePh and NaBH, in ethanol probably affords a borane—
selenolate complex with considerably suppressed nucleophilic strength?62, This method
should therefore be avoided if a more potent selenolate nucleophile is required.)
Several other reagents which either liberate selenolates in situ or act as their equivalents
have been introduced recently. These include the silyl selenide PhSeSiMe, (54), its
tellurium analog PhTeSiMe, (101), the aluminum selenolates Me,AlSeMe (102) and
i-Bu,AlSeMe (103), and the selenoboranes B(SeMe); (104) and B(SePh), (105).

A. Cleavage of Esters and Lactones

Selenolates attack esters and lactones at the softer alkyl rather than the harder acyl
carbon atom, resulting in the displacement of the carboxylate anion (equation 254).
Reagents include LiSeMe in DMF’¢3 NaSePh in DMF?2%4:764.765 or THF 766, usually
with added HMPA!77-761.762.767-771 "5 well as the more reactive potassium salt
KSePh7%%:77° The silyl selenide 54634 72,773 o1 telluride 10177% can be used in a similar
capacity in the presence of KF and 18-crown-6772, ZnI,”73-774 or TiCl, %54, The reaction is
sensitive to steric hindrance and so methyl esters can be cleaved in the presence of
others’¢2, In contrast to the above reagents, the aluminum selenolate 102 attacks esters
and lactones at the acyl carbon atom to afford high yields of selenoesters?!8-719
(equation 254).
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PhSe™

—» RCO; + R'SePh

0

o, PhSeSiMe, (34)
RCOR

or PhTeSiMey (101)

\ Meg AlSeMa (102)

Several examples which illustrate further transformations used in concert with
selenolate ring opening are given in equations 25577%, 25676 and 2577¢®. These include
selenoxide elimination, Claisen rearrangement and decarboxylation, respectively.

NaSePh SePh
_——-—'
THF -HMPA
(o}
CO2

1
® RCOSiMeg + R'SePh or R'TePh (254)

I}
» RCSeMe + Me,AIOR!

¢}
1.BFy.0Et,,
MsOH
2.H20, (255)
COzMe
62°%
o]
COzMe
o]
0 1.NaSePh, SePh
DMF
—_—
@@ 2.CH2N2
89°%
‘Hao2 “/\/\cozm (256)
76°%
0
NaSePh O or
THF—rMPA, HMPA, MCPBA
\\\/ —cCo, SePh \/
0 ]
97°% 85°%

(257)



3. Preparative uses of organoselenium and organotellurium compounds 171

B. Cleavage of 2-Oxazolines and 2-Oxazines

2-Methyl-2-oxazolines and 2-methyl-2-oxazines’’>”"® undergo ring opening with
NaSePh in DMF or with the silyl selenide 54. A synthetic route to secondary
carboxamides was reported on the basis of prior N-alkylation of the oxazoline 106, ring
opening and degradation of the resulting S-selenoethyl substituent””$ (equation 258).

f 3\ RX f 3\ NaSePh F’hs“\L 0
Vi + P D MF
N N /U\
| X— T
R

(106) R

0
NalOg 1.Hg{0A¢),,Hy0
s >
L /”\ 2.NoBh, —>  RNHAc  (258)
N
|
R

C. Cleavage of Epoxides

The cleavage of epoxides with a selenolate was first reported by Sharpless and Lauer?®
and provides an excellent preparative route to allylic alcohols via equation 259. When the
f-hydroxy sclenides thus formed are subjected to reductive deselenization (see
equation 209), the method constitutes an eflicient procedure for the stereospecific
deoxygenation of epoxides®33-681-684,

SePh
R _ NaSePh /\/‘\/R _ M0, R
R/\q\/ —_ o — /W
R
OH OH
(259)
OH

NaSePh Ha0,
— —_—

SePh :
X

w0 SePh
s NaSePh
—_—

OH

203

53%

(260)
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Effective reagents for epoxide opening include selenolates*?-61:204.531-534.655.777-779
NaTePh789, the reagents 54772781 101774, 1027'8-719, 1034%-782, 104783 and 105753 and
benzeneselenol (PhSeH) in the presence of alumma784 Attack by the selenolate generally
occurs at the less hindered epoxide carbon and is anti stereospecific. In cyclic systems, a
strong preference for approach from the axial direction may outweigh other factors, as in
the example in equation 260°%'. The selenoborane reagents 104 and 105782 and the silyl
selenide 5478! produce mixtures of regioisomers which in the case of the latter can be
regulated with appropriate catalysts. In related work, a, f-epoxy sulfoxides’’® and «, §-
epoxy ketones”®> afforded desulfurized ketones and $-hydroxy ketones, respectively, with
NaSePh and NaHTe.

D. Cleavage of Ethers and Amines

786-789 788

Aryl methyl ethers and thioethers’®® were demethylated with selenolates or with
the silyl telluride 101774 to give phenols and thiophenols, respectively (equation 261).

ArOMe NaSeR ArOH
or —_— or + RSeMe (261)
ArSMe ArSH

Quaternary ammonium salts were demethylated with NaSePh?°® while amines were
similarly dealkylated in the presence of ruthenium catalyst’®!. Selenols are also effective
reagents for amine dealkylations as they are sufficiently acidic to protonate the amine,
thereby activating it toward C—N cleavage’®? (equation 262).

.
RzN + PhSeH —— R,NH~™SePh —— R,NH + RSePh (262)

Primary amines can be deaminated by first converting them into their bis-N-tosyl
derivatives followed by C—N cleavage with NaSePh or NaSPh7°? (equation 263).
RNHy— RNTsp — 2", RSePh or RSPh (263)
NaSPh

E. Cleavage of Cyclopropanes

764,794,795 794.796
3

Cyclopropanes which contain activating substituents (ketone , ester
cyano’%%79%) ring open with selenolates to provide y-selenides. These compounds serve as
precursors of f-y-unsaturated compounds by selenoxide elimination (e.g.
equation 264796),

CO,Et
COoEt /\/‘\ o
NaSePh
D< — " PhSe COEt — > —* \f
CO,E+
95%
PhSe

32% (264)
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Xill. TRANSFORMATIONS OF ALCOHOLS VIA SELENIDES

Alcohols are readily converted into selenides by the displacement of their tosylates or
mesylates with selenolates, or by their direct reaction with selenols in the presence of
H,SO, or ZnCl,”®". Subsequent oxidation and elimination produce the corresponding
olefins, thus achieving the overall dehydration of the alcohol. This procedure generally
avoids the rearrangements and other side reactions which frequently accompany classical
dehydration procedures. Similarly, alkyl halides can be dehydrohalogenated via their
selenides. Numerous examples of both processes have appeared in the literature since the
early work of Grieco and coworkers®8-99-798-800 3nd others demonstrated their synthetic
utility (equation 265).

X Se™~ OX.
R/\/OH R/\/ ArSe R/\/SeAr > R/\

X=0Ms,OTs,
halide

(265)

An alternative procedure for the direct transformation of primary or secondary alcohols
to selenides was reported by Grieco and coworkers3®-173-8¢17803 and jt obviates the need
for intermediate tosylates, mesylates or halides. The alcohol is treated with an aryl
selenocyanate (ArSeCN; Ar is usually o-nitrophenyl) and tributylphosphine in solvents
such as pyridine or THF. Selenoxide elimination then completes the dehydration process
as usual (equation 266). More recently, N-PSP (34) has been used in place of aryl
selenocyanates. This reagent works effectively for primary alcohols286:804-807 byt jn the
case of a secondary alcohol the formation of the corresponding alkylphthalimide occurred
instead of the expected selenide®°®, Alcohols can also be converted into tellurides with
PhTeCN and tributylphosphine and then subjected to telluroxide elimination®°®.

ArSeCN or
OH N-PSP (34) SeA 0X.
RN RN e e (266)
3

Since selenide formation in equation 266 occurs with inversion of configuration at the
a-carbon, subsequent brominolysis of the product via equation 117 (where inversion also
takes place) provides an overall method for the conversion of chiral alcohols into alkyl
bromides with overall retention of configuration*3°,

In a closely related variation of this work, it was found that the treatment of carboxylic
acids with PhSeCN®'? or N-PSP286:804 and tri-butylphosphine affords selenoesters
{equation 267). Other selenium electrophiles which have been employed for this purpose
are PhSeCI®'!, PhSeSePh®!!, Bu,P*SeMe OSO,R®!? and PhSeNMeAc'*?. When N-
PSP was used in the presence of primary or secondary amines, the corresponding
carboxamides were formed in high yield®°4,

ArSeCN or
N-PSP(34) RES A
eAr
BuyP
RCOLH o (267)
N N-PSP i 1
BusP, RCNRZ

1
RINH
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The deoxygenation of alcohols and carboxylic acids via their selenides and selenoesters
is discussed in the following section.

XIV. REDUCTIVE DESELENIZATION AND DETELLURIZATION

A. Reagents

Many selenium- or tellurium-based transformations require the reductive removal of
the selenium or tellurium residue after it has served its purpose. A number of procedures
have been developed for this reduction. Deselenizing reagents include Raney
nicke]78:395:477:493.513.645.813 ' pickel boride!'!2-395:366.814 " [ithium triethylborohy-
dride®'® and lithium in ethylamine®4%. Free radical deselenizations with tri-
butyl285-480-816 op triphenyltin hydride®2%789817 have proved especially useful. De-
tellurizations have been carried out similarly with tin hydrides*®>-4°%-780 and Raney
nickel*!3.

B. Deoxygenation of Alcohols

Since alcohols are efficiently converted to selenides via equations 265 and 266,
subsequent reductive deselenization543:780-817 regults in their overall deoxygenation to
alkanes (equation 268).

reductive

ROH ——# RSeAr —ootelenization o (268)

C. Deoxygenation of Aldehydes and Ketones

Selenoacetals are readily available from their parent aldehydes or ketones®3'. Reductive
deselenization then completes the deoxygenation of the carbonyl compound to the
corresponding hydrocarbon®34:645.780.817 (equation 269). The procedure is therefore an
attractive alternative to the Wolff—Kishner and Clemmensen reductions. During detailed
studies of the utility of triphenyltin hydride in this respect, Clive and coworkers’8%817 also
demonstrated that the corresponding tin deuteride made possible the preparation of
deuterium-labelled hydrocarbons.

SeR?

R R ;educﬂvo R H(D)
lenizati
'>= 0 ‘>< eselenization 1>< (269)
R R R

SeR? H(D)

D. Reduction of Selenoesters and Telluroesters

1. Se-Pheny! selenoesters and selenocarbonates

Se-Phenyl selenoesters reacted with tributyltin hydride to afford aldehydes and
alkanes®'8782° whose relative amounts were determined by the nature of the substrates
and conditions (equation 270). High temperatures and branched selenoesters favored
decarbonylation to alkanes, whereas mild reduction conditions favored the aldehydes.
Selenocarbonates produced formates, alcohols and alkanes by deselenization, decar-
bonylation and decarboxylation, respectively®'® (equation 271).
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0

Il Bu,SnH
RCSePh YT RCHO + RH (270)

0
1 BugSnH Il
ROCSePh —amn. > ROCH + ROH + RH (271)

O or AV
2. O-Alkyl seleno- and telluro-esters

The selenoester 107 afforded cholestene as the principal product after tin hydride
reduction®?! (equation 272), and O-alkyl telluroesters produced monomeric and dimeric
ethers®28-822 with NaHTe (equation 273).

BuyaSnH
—
: (il /(il
Se +
R
' o !

11
PhCO

(107) 60%
272)
.
NMGZ Te RO OR
{.ROH NaHTe
—_— —_—
z)l\a 2.NaHTe )/u\on >(\OR + 72_%
273)

XV. REDUCTIONS WITH SELENIUM AND TELLURIUM COMPOUNDS

Selenolates and tellurolates, and also inorganic species such as NaHSe and NaHTe,
function as efficient and sometimes highly selective reducing agents for many organic
functionalities. In many cases the reducing species can be formed insitu in catalytic
amounts in the presence of a less expensive co-reductant.

A. Reduction of Halides

Vicinal dihalides and also f-chloro- and B-bromo-selenides undergo reductive
elimination to olefins with NaHSe323, NaSePh82%, NaSeMe®2?4, Na,Te823,
NaHTe826-827 KTeAr®?8 and the tellurolate 108%2° (equation 274). The products are
often formed stereospecifically by anti-elimination. Conjugated dienes were regenerated
from their 1,4-dibromo adducts with reagent 10833°. The sequence of bromination—
debromination can therefore be used in the protection of olefins and dienes. Further
reduction of the olefin product was observed with excess of NaHTe in the case of styrene
derivatives827,
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R Br : R
e N
Se,Te reagent _\ (274)
QTeNo

(108)

a-Halo ketones®3!7834, esters®33, amides®32#33 and carboxylic acids were de-
halogenated with PhSeH®3*, NaHTe®33, the tellurolate 108832 or the tellurophosphate
10983! (equation 275). In some cases a-acetoxy, a-mesyloxy or a-phenylthio substituents
were similarly reduced®32.

832

0

0
R‘ Se,Te reagent /lk/R‘
R ——*R (275)

1}
(Et0),PTeNa
(109)
The selective monodebromination of gem-dibromocyclopropanes with NaHTe was

also reported recently®35 (equation 276).
Br Br

NaHTe
R’D< —_— R’>< 276)
Br H

B. Reduction of Epoxides

The stereospecific deoxygenation of epoxides with triphenylphosphine selenide and
trifluoroacetic acid provides olefins with retention ofconﬁguration836 837 via the pathway
shown in equation 277. Other reagents which were later employed in a similar manner
include the more reactive phosphine selenides 110 and 111838, the selenoamides 11283°

Ph
Ph_ | Ph
o) HO R >p<
H ~H
‘, o PhyP=5¢ wH o] Se
' \ —2 — » " o _—
c FB COz H Hv N H \‘\\“\ “try, R
R R R SePPh3
R H

H H
H ", wH —Se
- /:7\ — = (277
R R
e R R
Me
|
PhCNHz (@EN%&

Ph/ Ph/ \ s
(110) (111) (112) (13)
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and 11384, the tellurophosphate 109%4! and KSeCN®42, Alternatively, the deoxyge-
nation of epoxides can be carried out by ring opening with a selenolate followed by
reductive elimination (see Section XII.C).

Potassium selenocyanate (KSeCN) was reported to effect the E=Z isomerization of
olefins via their bromohydrins in a process resembling equation 277843, This provides an
alternative to the TeCl, -mediated isomerization shown in equation 112.

C. Reduction of Carbonyl Compounds

Aldehydes and ketones are efficiently reduced to alcohols with hydrogen telluride
produced insitu from the hydrolysis of Al,Te,®** or by photolysis with hydrogen
selenide®** (equation 278). Non-enolizable aldehydes afford primary alcohols with
PhSeH®** or with the magnesium selenolate PhSeMgBr®4®. Enones and other a, B-
unsaturated carbonyl compounds undergo preferential reduction of the carbon—carbon
double with NaHTe®*”, H,Te®** or photochemically with PhSeH®*® (equation 279).

R > HoT R/
0o —2° ___, 278)
or HpSe,hv
R" ) g
o)

/\/“\ NaHTe
HzTe or \/Ik
R R' " Phsen,pu ~ R (279)

D. Reduction of Nitrogen Compounds

Selenium and tellurium reducing agents perform several types of synthetically useful
transformations of nitrogen compounds. These generally involve reduction of the N—O,

N—N, N=N,—ItIEN or C=N bonds. Examples are summarized in Table 2.

E. Reduction of Sulfoxides

Sulfoxides were efficiently deoxygenated to sulfides with selenols®¢!, the selenoboranes
104 and 105%62:863_ the selenophosphate 114%5* and the silyl selenides 5486% and 115-
117866, The last reagents were also used to deoxygenate selenoxides and telluroxides
(equation 280).

Se,Te reagent

1l
RSR! RSR! (280)
I
(Et0),PSeNa Me3SiX SiMey
(114) (118) X=
(116) X=Se
(H17) X=Te

XVI. REARRANGEMENTS

A. [2,3] Sigmatropic Rearrangements of Allylic Selenoxides

The facile [2, 3] shifts of allylic selenoxides provide an efficient method for introducing
new allylic oxygen functions into an organic substrate. Several examples have already been
noted in previous sections in connection with other overall transformations (see
equations 70, 138,207,214 and 215). In general, [2,3] sigmatropic rearrangements of
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TABLE 2. Reduction of nitrogen compounds

Thomas G. Back

Nitrogen compound Product Reagent References
ArNO, ArNH, H,Se 849,850
» » H,Te 851
» ? NaHTe 845,852
» ” PhTeH 845,853
o-
|
ArNO, ArN =NAr NaHTe 852
RNO, RNH, PhSeH-DABCO 854
RNO, (RNO), NaHTe 852
o-
I
R-N < CHR' R-NHCH,R’ NaHTe (pH 6) 855
o-
|
R-N = CHR’ R-N = CHR' NaHTe (pH 10-11) 855
R,N-O RN NaHTe 855
AIN=0 ArNH, H,Se 850
» ” PhSeH-DABCO 854
PhN=0 PhNHNHPh H,Te 851
ArNHOH ArNH, PhSeH-DABCO 854
» ” H,Se 850
» » H,Te 851
o-
|
ArN = NAr ArNHNHAr H,Te 851
» » NaHTe 845
o-
!
ArN = NAr ArNH, PhSeH-DABCO 854
ArN = NAr ArNHNHAr H,Te 851
ArN =NAr ArNH, PhSeH-DABCO 854
RN, RNH, NaHTe 856
ArN,*BF,~ ArNHNH, PhSeH-CH,Cl, 857
ArN,*BF,~ ArSeH + ArH PhSeH-acetone 857
ArNHNHAr ArNH, PhSeH-DABCO 854
R,C=N-R’ R,CHNHR’ PhSeH 848,858
”» » NaHTe 845,859
» » PhTeH 845
R,C=N-X R,CHNHX PhSeH 848
(X=0OH or NR})
+
<:>‘) N-Me [~ CNMe NaHTe (pH 6) 859
. — —_—
<O‘NMe 1~ <\ NMe + ( 'NMe NaHTe (pH 10-11) 859
2 .
RO +
>=NMe2 c1- PhCH,OR NaHTe 821,860
Ph
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selenoxides are stereospecific and more rapid than competing selenoxide eliminations.
However, if the rearrangement is impeded by steric or conformational effects, then diene
products resulting from elimination can become dominant37-138,

Kametani and coworkers®’#373 and Clive and coworkers®®” independently devel-
oped an allylic alcohol transposition process based on conversion of the initial alcohol to a
selenide with Grieco and coworkers’ ArSeCN-Bu,P reagent, followed by oxidation and
rearrangement (equation 281). Several recent applications are depicted in
equations 282808 283868 and 284123,

)\/\ ArSoCN )\/\ _1H0,
SeAr 2, [2 3]
0OSeAr
R ‘AO

=
OH (281)

0SiMe,Bu’

ArSeCN
BuyP arse™” !

HO 65-80%

1.MCPBA
2.[2,3]

CO,Me
(o)
/> ArSeCN
—_ >

(o} Bu,P

ArSe’

A

1.H0,
2.[2,3]

68% (283)
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SePh HO R!

R! R2
1.NoIO4 (284)
2.[2,3)

R RZ R

Oxaziridines are particularly effective reagents for the oxidation step®® and chiral

oxaziridines resulted in chirality transfer to the product allylic alcohol with enantiomeric
excesses of up to 12.8%%°. Allylic telluroxides undergo similar [2,3] shifts, but the
products sometimes undergo further oxidation to enones and are accompanied by
unrearranged byproducts®°,

The reverse of the [2,3] rearrangement of allylic selenoxides to selenenic esters (i.e.
intramolecular addition of the ester to an olefin), followed by selenoxide elimination, was
studied by Reich and coworkers®®-87%871 in an effort to prepare dienes from allylic
alcohols (equation 285). However, sulfenate esters proved more efficacious for this
purpose because the equilibrium in the rearrangement step favours the sulfoxide vs. its
sulfenate ester isomer, whereas the contrary is true for the less favorable selenium
system®72,

Ar OH Ar  OSeAr’ Ar Ar

Ar'Secl —_—
—— —_—
E1,N

?leAr’
0 (285)

In some cases, vinyl selenoxides produce unrearranged allylic alcohols by base-
catalysed double bond isomerization followed by [2,3] rearrangement'!2:222:693 Ap
example is shown in equation 286''%:222,

Ph SO, Ar Ph SO, Ar Ph

2 KOH or \ / 2 (2,3] OH

PhS¢ Me ”N<:|, PhSe H SOAr
\\o 8 \o 65-70%

(286)

Allenic alcohols were prepared from conjugated dienyl selenides as shown in
equation 2874%¢, while allenic selenides were converted into propargyl ketones*6%:873 or
alcohols®# as in the example given in equation 288873,

R R SePh R SePh
\ 1.PhSeN b \ / php=cir’ _ \ /

2.si0, - \CHO g -

CHO

1. Ha0,

2.[2,3]

R
==
_>__ R (287)
HO
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- BuMeZS|T \l/oW : :u f-auM.,zsa:l[]J/o\row

MeSe
O\ SiMe,Bu-/
1.MCPBA
2.2,3] lll (288)
H
48°%

Allyl silanes serve as convenient precursors of rearranged alcohols®737877. For example,
silanes 118 were treated with PhSeCl and SnCl, to afford the selenides 119, which in turn
produced rearranged alcohols on oxidation and [2,3] shift, as shown in equation 289877,
An added feature of the method is that sulfenyl chlorides can be similarly employed but
give the isomeric unrearranged allylic alcohols via sulfides 120.

R\(\/\\/ SiMey
A

OAc
(118)
1. PhSecCl 1.H,0
SePh _1H0; o
/2snc; W\/e 2 2,3] W\
(119)

1.PhSCI N 1.NalO,
—_—
2.5nC1; W 2[23] Y\/\/

OAc SPh
(120)
(289)

A different reaction in which an allyl silane was transformed into an unrearranged
alcohol is illustrated in equation 290878,

=
PhSe/

BSA (2,3]
—_—  » —_—
) BF, . OEt
SIMe3 3 2 OH
OAc OAc

OAc
(290)
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B. Other Sigmatropic Reactions

Sharpless and Lauer®’® reported that allyl phenyl selenides undergo reversible [1,3]
shifts in which the arylseleno residue migrates to the less substituted position. An example
where such a process is used on conjunction with a [2,3] selenoxide rearrangement to
obtain the corresponding allylic alcohol is provided in equation 2915°2, Examples of [1, 5]
and [2, 3] sigmatropic rearrangements of dienyl selenides (see equation 217) and allylic
diselenides®”®, respectively, are also known, as well as [2,3] rearrangements of ally-
1ic®897882 or benzylic®®? selenium ylides. Although these latter reactions have synthetic
potential, they have remained relatively unexploited.

o o /\‘\)\/
ﬁ’ Ph/\'l‘l 7 SePh
Ph

HO S

1.RCOzH
2.[2,3]

Ph/\l‘,l

62% (291)

A sigmatropic rearrangement in which the selenium does not participate directly is
shown in equation 292, where 3-(phenylseleno)orthopropionate (121) reacts with allylic
alcohols and undergoes Claisen orthoester rearrangement. Selenoxide elimination then
affords unsaturated esters or lactones, including a-methylene-y-butyrolactones®%%. Also,
sigmatropic rearrangements involving selenium imides are useful amination procedures as
described previously in Section VI.A.2.

OMe R
PhSe OMe Ho/\/l\n . s CO,Me
OMe R
(121) X R
Hz0, > AN CO,Me
A R
R (292)

C. Ring Expansions and Contractions

1. Ring expansions

The condensation products 122 of metalated cyclopropyl selenides and ketones or
aldehydes undergo ring expansion to cyclobutanes when subjected to acid cataly-
sig668-670.671 (equation 293). The cyclopropyl selenides 123 behave similarly5®!. The
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procedure can be employed in an iterative manner as the product cyclobutanones®?%:¢7

as well as cyclic ketones of larger ring sizes®¢7-6%%, are themselves easily converted into
B-hydroxy selenides capable of ring expansion. Several related sclenium-mediated ring
expansions of cyclopropyl®*777 and cyclobutylcarbinols’®! were also reported and one
example is given in equation 294°%, A different type of ring expansion of cyclic dithioketals
is shown in equation 295885, A ring expansion of cyclic enones is described in
Section XVII.A (see equation 300).

SeR R SeMe ° SeR
TsOH TsOH
D< + o:< — - -—
U R2 OH R —
& R? R2 R
(122) (123)
(293)
H H H
PhSeBr MCPBA
E—'SN. PhSe —W
HO
H 0 H 9 H
88%
© 65%
(294)
S \
PhSeCl
_._a_._’( gs N (295)

T

n=1:74%

= ST

A
&3 n=2:56%

2. Ring contractions

The ring contraction of f-methoxycycloalkyl selenides 124283387 and tellurides
125'17:283 5 promoted by oxidation to the corresponding selenones and tellurones with
MCPBA (equation 296). Selenoxide elimination was observed instead when hydrogen
peroxide was used as the oxidant, presumably because oxidation beyond the selenoxide or
telluroxide level proceeds more slowly than elimination.

OMe

oxcess

XP MCPBA
i h _MGT’ (296)
0 (5% OMe

(124)X=Se n=1,2
(128)X=Te
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D. Other Rearrangements

Several examples of isolated cases of selenium-induced rearrangements with synthetic
potential are provided in equations 297885, 298887 and 299888,

PHN —@ L LI PhCNH—@ (297)
\__/

70%

oxCcoss
MCPBA
MoOH (298)
OH
= COxMe CO Mo
OOH R=CgHy 70%

XVIil. TRANSFORMATIONS OF ALDEHYDES, KETONES AND ENONES

A. Via a-Selenenylated Derivatives

Selenenium-based methodology has furnished many convenient procedures for effect-
ing key transformations of carbonyl compounds. Aldehydes and ketones are readily
selenenylated by the methods described in Section ITI.A.1 and act as key intermediates in
the preparation of other classes of compounds. These processes are summarized in
Scheme 2.

The synthesis of enones by selenoxide elimination is indicated in path a and was
discussed in detail in Section III.A.1. The acidifying effect of the selenium residue permits
the regioselective  alkylation of a-seleno  ketones via  their  eno-
lates212:311,799,802,803,880,889 (path b), The alkylated products can be further converted
to exo-%8° or endo-cyclic enones”?%892:803 (path ).

The treatment of a-seleno ketones with 0.5 equivalent of LDA in THF containing
HMPA results in the transselenenylation of the selenium moiety from the « to the «'-
position, if it is less substituted than the a-position®8%-89° (path d). Similar trans-
selenenylation were noted in a-seleno-B-ketoesters and their enamines®®!. Selenoxide
elimination of the rearranged products affords o, f’-unsaturated ketones via path ¢2!2:899,

a-Seleno ketones are reductively deselenized with LiSePh892, PhSH?!1:694.695 4
HBr??3 (path f), or converted into a-silyl ketones by reduction of their enol silyl ethers with
lithium and dimethylaminonaphthalene®* (path g).

Addition reactions to the carbonyl group of a-seleno aldehydes and ketones occur with
LiAIH, %% or with carbon nucleophiles such as Grignard reagents?!#221.321.895
Me,SiCH, Li®%%8%7 (followed by dehydroxysilylation and PhSe migration) and eno-
lates®287901 to furnish B-hydroxy selenides (path h). The diastereoselectivity of such
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additions favors threo products with LiAlH, (i.e. R =H in path h) and erythro isomers
with Grignard reagents®®S. The products in turn afford olefins by reductive elimi-
nation321:8%% (path i) or epoxides via the corresponding selenonium salts?!4-221,321,895
(see equation 205) as in path j.

a-Phenylselenoacetaldehyde (36) is an especially useful a-seleno carbonyl com-
pound321:898-901 [ts reaction with enolates, followed by reductive elimination, provides a
convenient synthesis of B,y-unsaturated ketones®®877%!, An interesting iterative ring
expansion based on this reaction used in conjunction with Cope and oxy-Cope rearran-
gements was reported by Clive and coworkers®?%°°! and an illustrative example is
shown in equation 300°°'.

B-Hydroxy selenides were selectively oxidized to ketones or aldehydes without affecting
the selenium residue using DDQ?32?!, NCS-Me,S-Et;N%%:32! Ar;BiCO;°°? and
CCl,CHO-AI,0,°°% (path k). Most other oxidants produce allylic alcohols instead
(path 1), and Jones reagent oxidizes both the alcohol and selenide groups to give
enones®!92,

Several other less general reactions of a-seleno carbonyl compounds are displayed in
equations 301 and 302. a-Selenocyclopropyl ketones (126) afford y-iodo ketones with
P,1,%%, and a-selenopropanoyl chloride (127) was employed in the in situ formation and
cycloaddition of the corresponding ketene 128 in a synthesis of a-methylene-f-lactams®%°.

SePh
1. /\MgBr
MsCI
2. PhSaCH CHO Et N
(36)
34°%, 68°%
[0} A
(300)
90%
SePh
5%
(126) R=CgHy3 93-9
PhSe H R Ph R Ph
EtgN PhSe RN=< \N Ho0 \N
G =57 , >=.=o — Fh —272
SePh
(a27) 2 © ) ©
(128) 50-56°%% 67—-92%

(302)
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B. Reactions of Enones

Synthetically useful selenium-mediated transformations of enones are described in
Scheme 3. Enones®!°%67998 (4nd also a, f-unsaturated lactones®?6-299=13 propargylic
esters®!#+13 and nitroolefins®'®) act as Michael acceptors of selenols and selenolates
(path a). Since the reaction can be easily reversed by selenoxide elimination (path b) the
procedure serves as a protective method for sensitive functionalities such as a-methylene
lactones®®® and a-methylene cyclic ketones®®8. Selenols add to cyclohexenones in the
presence of (— )-cinchonidine to afford optically active f-seleno ketones with an
enantiomeric excess of 11-43%,°!7. The B-seleno ketones obtained by path a react with
hydride-reducing agents®®” or with Grignard reagents®! to afford the corresponding
alcohols (or lactols from f-seleno lactones®'?), as shown in path c.

Michael additions to enones were also studied with the silyl selenide
§468.446.772,918,919 the aluminum selenolate 102718:719:920:921 3 3 selenoborane®?2. In
some cases, reagents 54 and 102 were used to deliver the equivalent of the selenolate anion
RSe™ to the enone to give f-seleno ketones in much the same manner as
path a7!8:719.772.919 The silyl selenide 54 also afforded isolable B-seleno enol silyl ethers
from enones in the presence of Ph;P%!'® or iodine*4® (pathd; X =SiMe;). In other
instances, the corresponding enol aluminates®20°?! (pathd; X = AlMe,) and enol
boronates®?? (path d; X = BR2) were employed in subsequent aldol condensations
(pathe). The enol silyl ethers also condensed with ketals and orthoformates in the
presence of trimethylsily! triflate®®. Finally, selenoxide elimination of the aldol condens-
ation products afforded the corresponding a-substituted enones (pathe).

Cyclohexenone reacted with PhSeCN and tributylphosphine in a similar manner to the
above reagents to furnish the y-seleno-a, f-unsaturated nitrile product shown in path f in
50%, yield”%4.

In work related to that shown in paths d and f, simple aldehydes were converted into
silylated hemiselenoacetals with the silyl selenide 54*#6:°!® and to a-seleno nitriles with
ArSeCN and tributylphosphine’®%, thus providing an alternative route to these com-
pounds to the selenenylation of nitriles. These reactions are shown separately in
equation 303.

The Michael additions of various carbon nucleophiles to enones generate enolates
which can be trapped with selenenylating agents such as PhSeCl or PhSeBr (path g). The
nucleophiles include organocuprates'?3-134-923-926 'Grignard reagents in the presence of
Cu'salts?27793% and organozirconium®3! and organoaluminum reagents®!. In most such
examples, the selenenylation step was followed by selenoxide elimination, resulting in the
overall f-alkylation of the original enone, or by reductive deselenization to the saturated
ketone (path h).

Enones can be converted into a-seleno enones with selenenamides (see equation 106) or
with PhSeCl in pyridine®3? as shown in pathi. The related a-selenenylation of a, §-
unsaturated esters was similarly carried out with LDA and PhSeBr®33. The a-seleno
enones are in turn useful as dienophiles in Diels—Alder reactions®?¢. They can also be
reconverted into their parent enones by treatment with NaSePh followed by oxidation
with H,0,%%% (pathj), or subjected to Michael addition with organocuprates via
path k©94.693.889.892 f5]|qwed by oxidative or reductive removal of selenium as indicated
in pathh. A brief review of the transformations of «-seleno enones has recently
appeared?>*.

Two other useful transformations of enones are worthy of note. A selenium-based enone
transposition sequence (path 1) was reported by Liotta and coworkers®3*-93% and is shown
in more detail in equation 304. The a-halogenation of enones with PhSeBr and PhSeCl
(path m) was described earlier (see equation 110).
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0SiMe 5
PhSeSiMe (54) <
—» R
catalyst
/ SePh
RCHO (303)
CN ~
ArSeCN » R OX. »
BuyP
SeAr CN
o]
/\)l\ 1 1. LIAIH4 1 Oz R)\)\
RN R —Zrrseci R
SePh
H,o"
0

R /u\/:\ R' (304)

XVIil. TRANSFORMATIONS OF DIAZO COMPOUNDS

Several types of selenium and tellurium compounds undergo insertion reactions by the
carbon atom of a diazo compound, with concomitant loss of nitrogen. It is thus possible to
introduce a selenium or tellurium moiety, together with an additional functional group, to
the diazo carbon atom. Although formally related, such reactions proceed via a
number of different pathways, including ionic, carbene or carbenoid, and free-radical
mechanisms, depending on the nature of the reactants and the conditions.

A. Diazoalkanes

Diazomethane and other diazoalkanes insert into the Se-—Se, Te—Te, Se—Br or Se—
X linkage of diselenides®®”, ditellurides®37-6%4, selenenyl bromides262-66% and various
selenenyl pseudohalides*5? as shown in equation 305, while a selenosulfonate afforded an
anomalous double-insertion product with diazomethane under photochemical con-
ditions?7! (equation 306).

CHyN, + ArSeX —— ArSeCH,X
X = ArSe,Br,NCS, (305)
NCSe, phthalimido

CHoNp + p-TolSO,SePh —22—&  p-TolSO,CH,CH,oSePh (306)
(excess) 60%

B. a-Diazo Ketones and a-Diazo Esters

Cyclic and acyclic a-diazo ketones were conveniently converted into a-substituted
enones by their reaction with selenenyl halides or pseudohalides, followed by selenoxide
elimination or dehydrohalogenation?*8-93% (equation 307).
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o]
o X
H
0 0 202
+~N
N7 PhSex SePh n
X o]
n n AN SePh
Na L0y,
n=0-2 X=Cl,Br,0Ac, DNF
SCN,OMe
(X=¢Ch n
(307)

a-Diazo esters afforded similar insertion products with PhSeSePh®4°, ArSeSCN*63,
ArSeSeCN*62 or N-PSP (34)*¢3, but eliminated spontaneously to vinyl selenides in some
cases where a B-hydrogen atom was present in the diazo compound*?® (equation 308
and 309).

RO,C RO,C SeAr
ﬁ—ﬁ ArSeXx 2 X=SePh,NCS + SCN, 308)
4 - e 1 NCSe, phthalimido (
R R
X
1
ROLC R CO.R
N==R Ar5eX_, Do X=1,NHAc,phthalimido  (309)
1
R R SeAr
a2

z

PhSeH
BF, .OEt,
H
PhSe |
PhSeSePh \_‘/
N H BF,.OEt
\\N+ : 3 2 /'_N\I
%-j'./\s>< (o]
L N H
o/ N\ cl Y
H PhSeCl
COR
(129) /J——-N\I
o]
’..
PhSe~& N A
BF,o.rOEfz o
Culacac)y 0/ !
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C. Diazopenicillinates

The diazopenicillinates 129 were transformed into a variety of selenium-containing
products, often stereoselectively, as shown in equation 310881.882.941

D. Reaction with Selenocesters

The copper-catalysed insertion of diazomethane into the acyl—selenium linkage of
selenoesters provides access to a-seleno ketones®?*+942 via equation 311. When a workup
with aqueous HBr is performed, the a-seleno ketones are further converted into methyl
ketones in high yield®93,

0
Il CHoN I HB Il
RCSeR' — 22 » RCCH,SeR' ———# RCMe (311)
cut

XIX. CARBONYLATIONS

A method for the carbonylation of nucleophilic compounds such as amines, alcohols and
thiols was developed by Sonoda and coworkers and involves treating the organic
substrate with carbon monoxide and elemental selenium, often in the presence of a base
such as Et;N or DBU. The results are summarized in Table 3. Carbonyl selenide (Se=
C=0)is believed to function as an intermediate in these processes and may be prepared
separately from carbon monoxide and selenium®®!, The selenium can be employed
catalytically in carbonylations in the presence of oxygen, which reoxidizes the byproduct
hydrogen selenide back to the fee element. The carbonylation of amines was also reported
with tellurium instead of selenium?®$2-%3, Formamide byproducts were produced unless
nitrobenzene was added to suppress their formation®%3.

The carbonylations of aryltellurium chlorides and of vinyl and alkyl tellurides were
effected with nickel carbonyl®®* or with carbon monoxide and PdCl,-LiCl catalyst®®5 to
afford principally carboxylic acid products.

XX. MISCELLANEOUS SYNTHETIC APPLICATIONS

A. Decarboxylations

Barton and coworkers'®? reported a general decarboxylation method in which acid
chlorides or mixed anhydrides are converted into the selenohydroxamic esters 130, which
fragment on pyrolysis or photolysis according to equation 312. The product selenides can
then be further transformed oxidatively or otherwise. Similarly, the thiohydroxamic
esters 131 and 132 decarboxylated to afford sulfides, selenides or tellurides when heated in
the presence of disulfides, diselenides or ditellurides, respectively®®.

0 — 0 —
i 0 A
RCX + HO-N / —— RCO—N / -—A"—"—» RSeO + €O,
N

Se Se
(130) (312)

[0}
R(l:lo N)\‘ Rgo ;l-—
- \ 7/

S NaS
(131) (132)
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TABLE 3. Carbonylations with carbon monoxide and selenium

Starting materials Carbonylation products Ref.
0
RNH,(or ArNH,) RNHCNHR 943-946
0
I
R,NH R,NCNR, 947
ArNH, ArNHCHO 948
(6]
I
RNH, + R'SSR’ RNHCSR’ 949
(6]
I
R,NH + R'X R,NCSeR’ 950
(6]
I
RNH, + R'OH RNHCOR’ 951
0
Il
Me,NNH, Me,NNHCNHNMe, 952
(6]
I
RONa ROCOR 953,954

(o XH (>
[ (n=1-3) [ >=o (X,Y=NH,0,S) 945,955,956

YH Y
XH X
955
C) O
S 2
0 OH
Me X 957,958
R R
OH 0 [e]
o
f
R,NCHO + NaOR’ R,NCOR’ 959

ROCHO + NaOR’ ROCOR’ 960
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B. Alkylations with Trimethylselenonium Hydroxide

The selenonium hydroxide 133 is a strong methylating agent which converts carboxylic
acids into methyl esters, alcohols and phenols to methyl ethers, thiols to methyl sulfides,
and amines and azoles to their N-methyl derivatives®¢7%%8 (equation 313).

RCO,H RCO,Me
ROH — ROMe

—_—
RSH + Me(:,;é::)u RSMe (313)
RNH, RNHMe

C. Telluroxides as Aldol Catalysts
Telluroxides are effective catalysts for aldol condensations?6%-°7°, as illustrated by the
example in equation 31499,

0

0
1 Ar,Te=0 (70) )J\/\
PhCHO + PhCMe ————— ' » pj, Z N ph (314)

94°%

D. Protecting Group for Alcohols

The B-phenylselenoethyl group was recently employed as an alcohol protective
group®™. It can be introduced via the B-bromoethyl selenide 134 and removed by
oxidation and hydrolysis (equation 315). The protected alcohol withstands ~OH,
NaBH,, LiAlH, and Grignard reagents. The similarly protected dienol ether 135
has recently found application in Diels—Alder reactions®”2.

Phse” """ 134)
/ AgNO, ,MeCN \
80-90%
P
ROH RO\ SePh (315)
\ 1. Ha0, /
2.HCI
65-70%
S
™
[0}
N"Nsern

(133)
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I. INTRODUCTION

A. Overview

The chemistry of the carbonyl group is well known as one of the cornerstones of organic
chemistry, and that of the thiocarbonyl group has recently become much more familiar to
the practising organic chemist. The corresponding selenium and tellurium compounds,
however, are generally considered to be exotic and pcrhaps out of the mainstream of
organic chemistry. While it would be easy to blame these views on pervasive ‘seleno- and
telluro-phobia’, it is clear that these analogues are much less well known than the
corresponding oxygen and sulfur compounds.

In many cases, early preparations of seleno- or telluro-carbonyl compounds involved
the use of toxic and foul-smelling reagents. In addition, often the selenium and tellurium
reagents used in attempted preparations of these compounds behave differently than their
oxygen or sulfur analogs, leading to errors and confusion in the early literature.

Recent advances in spectroscopy, the ability to do manipulations routinely and carry
out observations at low temperatures and in inert atmospheres and the use of more
convenient and less hazardous procedures have opened up new areas of investigation, and
have made seleno- and telluro-carbonyl compounds much more available for study.
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Books by Klayman and Gunther! and Zingaro and Cooper? provide useful chapters®~’

on the chemistry of selenocarbonyl compounds up to about 1972. Sections on
tellurocarbonyl compounds appear in the books by Irgolic® in 1974 and that of Cooper? in
1971. More recent coverage of these areas can be found in the Specialist Periodical Reports
of the Royal Society of Chemistry (London)'® and in the Barton and Ollis compendium?!*.
The use of seleno- and telluro-carbonyl compounds in heterocyclic synthesis has recently
been described by Renson!Z,

B. Nomenclature of Se/Te Carbonyl Compounds

A major difficulty in finding seleno- and telluro-carbonyl compounds in the literature
occurs as a result of the sometimes ambiguous nomenclature associated with these
compounds. For example, ‘selenoketone’ may refer to selenium substitution on a normal
ketone in addition to the selenium analog of a ketone. Both uses for this name have
appeared in recent titles and abstracts. Another major difficulty results from attempts by
authors, especially in the older literature, to apply sulfur nomenclature directly to selenium
compounds. For example, the selenium analogue of a thione is not a selenone.

0 S o Se
R(l,LR RéR RS%}:R RgR
o

Ketone Thione Selenone Selone

The most recent IUPAC Nomenclature of Organic Chemistry lists rules for naming organic
selenium and telfurium compounds'’. These rules state that ‘organic compounds of

TABLE 1. Suggested functional group nomenclature of selenocarbonyl and
tellurocarbonyl compounds

Functional
group Prefix Suffix or functional group name
Se
4
—c Selenoformyl- . -selenal
\H -carboselenaldehyde
Te
V4
—cC Telluroformyl- -tellural
\H -carbotelluraldehyde
\C Se Sel lone
= elenoxo- -selon
7
\C =Te Telluroxo- —
/
[o]
V
—cC — -carboselenoic acid
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TABLE 2. Examples of selenocarbonyl and tellurocarbonyl nomenclature

Me(CH,),CHSe Me(CH,);CHTe
(a) Pentaneselenal (a) Pentanetellural
(b) 1-Butanecarboselenaldehyde (b} 1-Butanecarbotelluraldehyde
CHSe CHTe
COyH COLH

m-Selenoformylbenzoic acid m-Telluroformylbenzoic acid

0
Ph—C! H Se=C(NH,), Te=C(NH,),

\S Selenourea Tellurourea

e

Selenobenzoic acid

Se 'll|'e
EtCEt EtCEt
(a) 3-Selenoxopentane 3-Telluroxopentane

(b) 3-Pentaneselone

selenium are named as far as possible analogously to the corresponding sulfur compounds’
and ‘organic compounds of tellurium are named in the same way as those of selenium with
“tellur-" in place of “selen-"". Application of these rules to seleno- and telluro-carbonyl
groups are summarized in Table 1. An additional rule states that compounds which
cannot be named using the above scheme are named by placing ‘seleno-’ or ‘telluro-’ before
the name of the corresponding oxygen compound. Examples of seleno- and telluro-
carbonyl compounds named using these rules are listed in Table 2.

One complication arises because of the inability of this system to distinguish Se- verses
O-protonated isomers of selenobenzoic or, more importantly, the Se- versus O-alkylated
ester derivatives. To avoid such ambiguity, it may be worthwhile to use the term ‘selone’
wherever a selenocarbonyl moiety exists. For example, the O-alkylated seleno ester would
be designated as a selone ester and the Se-alkylated compound would be designated as a
selenol ester. Accordingly seloneamide, selonecarbonate, selonecarbamate, etc., would
denote selenocarbonyl-containing compounds. One difficulty with such a proposal is that
no nomenclature analogue of ‘selone’ has been adopted for the tetlurocarbonyl group
(‘tellone’).

Until these nomenclature problems are resolved, and consistent nomenclatures adopted
in the current literature, finding seleno- and telluro-carbonyl compounds will continue to
be difficult. The naming of compounds in this chapter will follow the ITUPAC guidelines.

C. Carbon—Chalcogen Multiple Bonds

Recent successes in the preparations of compounds with carbon—selenium and
carbon—tellurium double bonds may, at first glance, appear surprising. Poor overlap in
the 2p-3p = bond of thiones has been used to explain the lowered stabilities of these
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compounds relative to ketones'*. An extension of this line of thought made the existence of
selones, with even poorer 2p—4pn overlap, doubtful. It appeared that significant
resonance interaction or metal coordination, lowering the bond order of carbon—
selenium or carbon—tellurium multiple bonds, would be necessary for stability in seleno-
or telluro-carbonyl compounds.

The preparation of selones with a ‘pure’ carbon—selenium double bond showed such
stabilization was not necessary!®. Subsequent preparation of monomeric telluroesters
shows that compounds with formal 2p—5pn bonding can exist with only moderate
resonance stabilization?®.

Comparison of the 7O and 77Se shifts of carbonyl and selenocarbonyl compounds
indicate that the bond orders of the carbonyl and selenocarbonyl groups are similar!”. The
absorption spectra of selenocarbonyl!® and tellurocarbonyl*® compounds parallel those
of their carbonyl and thiocarbonyl analogs. Both of these observations suggest that there
is true ‘double bond character’ in these functional groups.

Data dealing with bonding in carbon—chalcogen double bonds are summarized in
Table 3. As expected, the carbon—chalcogen double bond length increases significantly
in the series O, S, Se, Te. With this increase in size comes greater polarizability. Because of
this polarizability, seleno- and telluro-carbonyl compounds are weaker bases than their
sulfur and oxygen analogs, but show increased nucleophilicity at the selenium and
tellurium atoms. This increased polarizability can also be used to explain the increased
carbon electrophilicity of the seleno- and telluro-carbonyl groups.

The polarity of the seleno- and telluro-carbonyl groups deserves special comment.
Whereas the carbonyl group is highly polar, the thiocarbonyl group is much less so.
Thiophilic addition—nucleophilic addition at the sulfur center of a thiocarbonyl group—
was originally explained by a ‘reversed polarity’ of the thiocarbonyl moiety with carbon
being ¢~ relative to sulfur. This ‘reversed polarity’ should be even more pronounced in the
seleno- and telluro-carbonyl groups. A comparison of orbital electronegativities suggests
that this is not the case2?. Both the ¢ and = components of the seleno- and telluro-carbonyl
groups should show ‘normal’ polarity with the chalcogen being 6~ relative to carbon. A
dipole moment study of ‘pure’ carbon—chalcogen double bonds in ketone analogues
suggests ‘normal polarity’ for these functional groups (Section XIV.E)?!.

While many seleno- and telluro-carbonyl compounds are reasonably stable, their
chemistry is best characterized by reactions which readily convert the carbon—selenium
and carbon—tellurium double bonds into more stable selenium- or tellurium-containing
single-bonded species, or which bring about the replacement of selenium or tellurium by
oxygen, sulfur or nitrogen. These reactions often make the preparation and characteriz-

TABLE 3. Steric and electronic factors involved in carbon—
chalcogen double bonds

Covalent radii (A)!°

C O S Se Te
Single-bonded 0.77 0.74 1.04 1.17 1.37
Double-bonded 0.67 0.62 0.94 1.07 1.27

Orbital electronegativities?” (Pauling scale)

C O S Se Te
o sp? 275 554 346 329 3.17
n p 1.68 3.19 240 231 231




220 Frank S. Guziec, Jr,

ation of seleno- and telluro-carbonyl compounds difficult. A useful tactic in increasing the
stabilities of seleno- and telluro-carbonyl compounds, aside from resonance stabilization,
has been to shield these group sterically, thereby eliminating some possible decomposition
pathways.

D. Reagents tor the Synthesis ot Se/Te Carbonyl Compounds

As was previously mentioned, two of the major difficulties associated with the
investigations of seleno- and telluro-carbonyl compounds are the toxicity and unpleasant
odors of reagents used in their preparation.

Hydrogen selenide is a colorless gas, b.p. — 41 °C, with an unpleasant odor resembling
that of radishes. It is extremely toxic and irritating and should be treated with great care?2.
Hydrogen selenide is a moderately strong acid?3, pK 3.88, pK, ~ 11. It is readily oxidized
by atmospheric oxygen affording finely divided red selenium, and should be used in an
inert atmosphere. Hydrogen selenide is commercially available in cylinders, or it can be
generated in small quantities by hydrolysis of commercially available aluminum
selenide?*. Alternatively, hydrogen selenide can be prepared by reduction of selenium by
carbon monoxide in water in the presence of triethylamine?>, These conditions are
mild enough to allow in situ formation of hydrogen selenide.

Although hydrogen selenide is used directly in many procedures, the generation of
ethanolic solutions of sodium hydrogen selenide using the procedure of Klayman and
Griffin?¢ is generally far more convenient {equation 1). This procedure utilizes sodium
borohydride and elemental selenium in ethanol. The triethylborate formed, in general,
does not interfere with further reactions. Aqueous solutions of sodium hydrogen selenide
can be prepared similarly.

Se + NaBH, —, NaHSe + B(OEt), + H, )

Sodium and lithium selenides can be prepared by metal reduction of selenium in liquid
ammonia (equation 2)27-28, The diselenides can be prepared similarly with a 1:1 molar
ratio of reagents (equation 3).

Se + 2Na —2, Na,Se @)
2Se + 2Na —2, Na,Se, %)

Suspensions of lithium selenide and lithium diselenide in tetrahydrofuran can be easily
prepared by reaction of selenium with lithium triethylborohydride (equations 4 and 5)*°.

Se + 2LiEt;BH ———, Li,Se + 2Et,B + H, @)
. . THF .
2Se + 2LiEt;BH —— Li,Se, + 2Et,B + H, 5)

Carbon diselenide is a substance with a remarkably unpleasant odor®C. It is
commercially available and can be most conveniently prepared from carbon tetrachloride
or dichloromethane and selenium at elevated temperature. An improved technique for the
preparation of carbon diselenide from dichloromethane affords this reagent in ca.85%,
yield (equation 6)3*:32. While the reactions of carbon diselenide resemble those of carbon
disulfide, the former is more likely to polymerize in the presence of nucleophiles®®.

CH,Cl, + 2Se =2, CSe, + 2HCI ©)
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Phosphorus pentaselenide has not proved to be particularly useful in the preparation of
selenocarbonyl compounds. Although phosphorus pentaselenide has not been well
characterized33, it appears to be much less soluble than its sulfur analogue, perhaps
leading to lowered reactivity. Attempts to prepare the selenium analog of the well known
thionating reagent p-methoxyphenylthioxophosphine sulfide dimer (I) using phos-
phorus pentaselenide were unsuccessful34.

S It
~ \
P—MeOCgH4P PCgH4OMe —p I:(CGH") Snil—Se
Ng 3 »

(v (2)

Selenium(l) bromide can be prepared by reaction of selenium dioxide, selenium,
concentrated hydrobromic acid and concentrated sulfuric acid®*.

Boron triselenide can be prepared insitu in a non-aggregated form suitable for
selenation by reaction of bis(tricyclohexyltin) selenide (2) with boron trichloride?>.
Compound 2 can be prepared from tricyclohexyltin chloride and sodium selenide.

Hydrogen telluride is an unstable toxic gas most easily prepared by hydrolysis of
aluminum telluride?S. It is more acidic than hydrogen selenide (pK, 2.64, pK, =~ 10.8)
and deposits elemental tellurium on exposure to air?3. Lithium telluride and-sodium
hydrogen telluride can be prepared analogously to the preparations of the corresponding
selenium compounds®7-*8, Carbon ditelluride has not been reported.

In general, both organo-selenium and -tellurium compounds should be considered toxic
and treated with extreme care. This author finds that treatment of glassware and
apparatus with permanganate solution is useful in removing persistent odors. Concen-
trated nitric acid or potassium hydroxide in isopropanol are useful for cleaning red
selenium residues from glassware. Traps containing sodium hydroxide—hydrogen per-
oxide are useful in carbon diselenide work?!.

Il. Se/Te KETONES AND ALDEHYDES

A. Early Reports

Although selenium and tellurium analogues of aldehydes and ketones have been
described since the 1870s, many of these early reports should be viewed with skepticism
since adequate analytical techniques were not available for the characterization of these
compounds. Many early claims for the preparation of seleno- and telluro-aldehydes and
-ketones involved the addition of hydrogen selenide or hydrogen telluride to aldehydes or
ketones. Monomeric, dimeric and trimeric seleno- and telluro-carbonyl compounds were
claimed to be products of these reactions3°™*4,

Only the selenium reactions have been reinvestigated in detail. Margolis and Pittman*®
showed that, at least in the case of ketones, the products were red selenium and
bis(dialkylmethyl) diselenides, presumably derived from an intermediate selone. They
suggested that the reaction of hydrogen selenide with a carbonyl compound initially
involves an addition, affording an intermediate hydroselenohydrin (3a or 3b). In the case of
aldehydes, trimerization of this intermediate is rapid and no selenium is formed, the
product being the trimeric cyclic triselenide 4 (equation 7)*%. X-ray analysis subsequently
confirmed the nature of trimeric ‘selenoformaldehyde™’ and ‘selenoacetaldehyde’;
linear polymeric forms of ‘selenoformaldehyde™?-3° and trimeric ‘selenobenzaldehyde’>!
have also been described.
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R H
R . R SeH \C/
>=o +opse —H o | N 2, TN,
H 7N | I o
R=H,alkyl,aryl HooH c c”
=, , PPN
(3a) H 'L Se R
(4)
R . R SeH R
R>-=o + HySe —0—» >c/ LTI
R=alkyl,aryl R \OH R/
(3b) (8)
HaSe )
R AR 1 R
C—Se—Se—C - C—SeH + Se
R Ng R71
A H H
(7 (6)

In the case of the ketones, dehydration of 3b occurs, affording an intermediate selone
which is rapidly reduced by hydrogen selenide (an excellent reducing agent) to the
selenol 6. Oxidation of 6 affords the diselenide 7 (equation 8)*°. Although no reinvesti-
gation of the hydrogen telluride reaction has been reported, it is unlike that monomeric
telluroketones were in fact isolated under similar conditions.

A detailed discussion of the early reports on the preparation and reactions of
selenocarbonyl analogues of aldehydes and ketones (and the problems associated with
these reports) has appeared previously>.

B. Selenoketones (Selones)

1. Preparation

The first true monomeric selones isolated, not stabilized by resonance interactions or
metal ligands, were di-tert-butylselone and selenofenchone. These were prepared by
pyrolysis of a phosphoranylidine hydrazone (8) (prepared from the corresponding
hydrazone) in the presence of selenium powder. The selone 9, nitrogen and triphenyl-
phosphine selenide were obtained (equation 9)'>32. A variety of other sterically hindered
selones have been prepared using this method®3~%°. The method was subsequently applied
to the preparation of sterically hindered thiones, and it was found that sulfur was more
reactive than selenium in these reactions®®-37.

While the mechanism of this reaction has not been investigated in detail, it has been
suggested that the first step involves cleavage of 8 to a diazo compound (10) and
triphenylphosphine {equation 10)2*. No selone-forming reaction is observed at tempera-
tures below the thermal decomposition point of the phosphoranylidene hydrazone. The
resulting diazo compound may react with powered selenium, or more likely, with an
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R EtyN R
o N\NH + PhyPBr, —2—® - N—N==PPhy
2 (8)
R=R'=#-Bu O Se(excess) 9)
R
> ) = R
R AN
Se + Ny + Ph,P=Se
EX RS 2t
(9)

activated form of selenium generated on reaction of selenium with the liberated phosphine.
Since there is no evidence of selenium reacting directly with carbenes or carbenoid species,
a likely intermediate in the reaction is the N-selenonitrimine 11, which loses nitrogen to
afford the selone.

A R + =
8 E—— R>=N=N+Ph3f’
(10)

Se,

—PhaP=Se
R R + - .
>‘=/N\ -— \/—-N=N+se (10)
R \’\N=Se R

(11)
—Nz

R
>=Se
R

Among the by-products of this reaction are diazo compound decomposition products
and symmetrical olefins formed by an insitu ‘two-fold extrusion’ reaction (see below).
Unless the reaction conditions are carefully controlled, these by-products may predomi-
nate. These compounds are also the only isolated products from the attempted synthesis of
moderately sterically hindered selones such as selenobenzophenone and
selenocamphor®2,

A more convenient alternative to the phosphoranylidene hydrazone method involves
the reaction of the hydrazone directly with selenium(I) bromide in the presence of a tertiary
amine3* (equation 11) or the reaction of a hydrazone dimagnesium salt with selenium(I)
chloride®®. An N-selenonitrosimine may again be an intermediate in this reaction. Again,
only sterically hindered selones could be prepared using the selenium bromide method; no
selones were obtained from camphor, benzophenone or fluorenone hydrazones.

A third method for the preparation of selones utilizes bis(tricyclohexyltin) selenide
(2)-boron trichloride as an in situ source of non-aggregated boron selenide
(equation 12)33, Only selenofenchone has been prepared using these conditions. A
comparison of preparations of selones using these methods has recently been reported?’.
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R% 2E R
13N
N + Se,Br, ——2—» >=N
R \NHZ 2872 R \N=Se

—Na

o - @i}# ﬁ}* S )
o G

[(CgHyp)aSn—1-Se + BCl3—— [BySe3] ——— (12)

2. Reactions

All selones so far prepared are deep blue compounds. They are thermally stable up
to 150°C in an inert atmosphere and do not react in visible light provided that oxygen is
excluded. Selones are easily reduced with sodium borohydride, sodium amalgam or
sodium to air-sensitive selenols (12) (equation 13)2. Reaction of a selone with
tris(dimethylamino)phosphine, tri-n-butyl phosphine or sodium potassium alloy leads to
reduction to the alkane (equation 14)%2. Selenium extrusion occurs on reaction with
pentacarbonyliron.

R R SeH o] R
%Se L:r“?_, >< ._°_> >T-—-Se (13)
No (12)
R RsP
=S¢ — B 5 RCH,R’ (14)
R Na(K)

Oxidation of a selone with peracids leads to the corresponding ketone, presumably via a
selenine intermediate (13) (equation 15). When a selone is heated with excess of sulfur,
exchange of sulfur and selenium takes place, affording the corresponding thione>°, This
method provides a convenient route to S-labelled thiones (14), and can also be carried out
on selone esters and selenoamides (equation 16).
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R R A° R
>=Se + mM-CICgH CO3H ———» >==Se Se , >=o
R R R

(13)
(15)

R R
>=Se + St — >=s* + Se (16)

R R”14)

Selones are less basic than thiones. Under conditions where thiones are protonated in
superacid media, selones lead only to polymeric materials®®

Selones react with sterically hindered diazo compounds in a two-fold extrusion reaction
to afford extremely sterically hindered olefins. The cycloaddition of a selone with a diazo
compound is much more facile than the corresponding reaction of a thione
(equation 17)°2,

Ph N=N
>7E——-Se + )7<<=s + thcuz-———«>Ph><s°>§ (17

only product

1 iv. iv. 1 equiv.
equiv 1 equiv quiv bserved

The intermediate heterocyclic selenadiazoline 15 thermally extrudes nitrogen, affording
a thermally unstable episelenide, which then extrudes selenium to give the olefin

(equation 18)32,
R
S+ e ST

(15)
b|-N,

>5-0F O et

l—s.

R R R R
S
(18)

Although a variety of sterically hindered olefins have been prepared using this method,
in some extreme cases retrocyclization of the selenadiazoline can compete with the desired
extrusion, affording complex mixtures of products (equation 19). Olefin-forming two-fold
extrusion reactions using selone intermediates have been recently summarized?.

Photolysis of the isolated selenadiazoline intermediates affords symmetrical and
unsymmetrical sterically hindered azines 16 (equation 20)°*.

R=/-Bu,R'=Ph
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i%s. + Np (19)

hy R
15 —_— R>= N\N / ' (20)

(18)

Treatment of selones with azides affords, on pyrolysis, sterically hindered imines (17),
presumably through a two-fold extrusion pathway (equation 21)62, Although thiones also
undergo this transformation, selones are more reactive and afford cleaner products.

R Se\N/Ph

R
A
>=Se + PhNyg —— |
R R =N

—N

—se’ 1)
R P
>=N/ h
R

(ar

Selones react with organometallic reagents to give addition products (18) from
nucleophilic attack at the selenium center—selenophilic addition (equation 22)537%% In
most cases with selones no attack at carbon is observed, whereas the corresponding thiones
give mixtures of thiophilic and carbophilic addition products. This is consistent with
greater a-stabilization of both anions and radicals by selenium than in the corresponding

sulfur cases.
+ H
H
Se + PhLi ——— —p SePh (22)

(18)

iz.:s.; + R,M' —m——» ig‘—SeMR,, (23)

(19)
M=(_,Se,0,Si,5,5n,Ge
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Selones react with a variety of radical species to afford persistent selenoalkyl radicals
(19) (equation 23)°67%8, Low spin density was observed on selenium in these radicals. In
these reactions selones are better radical traps than the corresponding thiones%®

The detailed photochemistry of di-tert-butyl selone and selenofenchone has been
investigated and compared with that of the corresponding thiones’%7!. Irradiation of di-
tert-butyl selone in a variety of solvents leads to the diselenide (equation 24). An
intermediate radical (20) has been detected on low-temperature irradiation. This radical
was also subsequently detected in the low-temperature radical-induced reaction of this
selone (equation 25)%7

%Se : E—- e—Se—E _ :.>:—Se>—
pentune
—110 °¢ H 2

(20)

§=Se + < } — e (20) 25)

Irradiation of selenofenchone leads to a mixture of diselenides, including some resulting
from intermolecular hydrogen transfer (equation 26). No such reaction was noted on
irradiation of thiofenchone. No cycloadducts were noted when irradiations of sterically
hindered selones were carried out in the presence of olefins.

= (OF - (61

C. Telluroketones

Apart from the previously described early report*3, no well characterized telluroketone
has appeared in the literature. No telluroketone is formed on pyrolysis of a phosphorany-
lidine hydrazone in the presence of tellurium’?

D. Selenoaldehydes—Preparation and Detection

~ No monomeric selenoaldehydes unstabilized by metal complexation or resonance
interactions had been isolated and characterized up to 1985.
Apart from the previously mentioned attempts at the acid-catalysed preparations of
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selenoformaldehyde (Section II.A), reactions of methylene with selenium mirrors afforded
a volatile product presumed to be selenoformaldehyde which polymerized on cooling”3-74,
It was subsequently shown that methylene generated by diazomethane thermolysis
reacted with a selenium mirror to give, on cooling, the trimeric ‘selenoformaldehyde’
(equation 27)75,
Se
CHp+Se ——» [seCHy] —— I/ 3 @7

SevSe

Monomeric selenoaldehydes have been postulated as intermediates in the amine-
catalysed hydrogen selenide reductions of aldehydes to diselenides (equation 28)76-8° It
should be noted that no diselenides are formed in this reaction in the absence of amines.

Wt R Se
. N - HSe i
RCHO + HNR, —= /C= NR, | s=—=—= [RCH
H
lusr (28)
(RCHy—Se J5

Monomeric selenoformaldehyde has been generated by flash pyrolysis of dimeth-
ylselenide at 700 °C (equation 29). Its spectrum in the near-infrared region has been
recorded and compared with that of monomeric thioformaldehyde and formaldehyde®.

700 °C
Me,Se —— [H,C = Se] + CH, (29)

The photoelectron spectrum of monomeric selenoformaldehyde has been recorded by
application of ‘computer spectra stripping’ to the spectra of pyrolysis mixtures derived
from dimethyl diselenide, methyl selenocyanate, methyl selenyl chloride and trimeric
selenoformaldehyde®®. The resulting spectra compared favourably with that calculated
for monomeric selenoformaldehyde. The photoelectron spectra for monomeric
selenoacetaldehyde and selenocarbonyl difluoride were also observed in a similar manner.

Irradiation of propadieneselone (21) (Section VI1.A) isolated in an argon matrix at 12K
affords propyneselenal (22), which was observed by low-temperature infrared difference
spectrometry (equation 30)31,

N Se
\ 700 °c e e hy M
@:)« —T0C 5 CHp=C=C=Se —pmm> HC=C—Co,
Se (21) (22)
(matrix isolation, {matrix isolation,
12 K) 12 K)
(30)
Metal-stabilized selenoformaldehyde and selenobenzaldehyde are discussed later
(Section XII).

(See Note, p. 273).

E. Telluroaldehydes—Preparation and Reactions

The reaction of a tellurium mirror with methylene generated by thermal decomposition
of diazomethane or methane, or by photolysis of ketene, was claimed to afford
telluroformaidehyde as a monomeric gas’*74. This material trimerized to tritellurofor-
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CHy + Te —» [CHzTe] — I/Tej a1
Te\/Te
(23)

maldehyde (23) (equation 31)73. Gaseous telluroformaldehyde (or the trimer) reacted with
bromine and iodine to afford the corresponding dihalomethanes*.

lil. Se/Te ESTERS
A. Selenoesters

1. Preparation

Selenoesters may be conveniently prepared by the reactions of N, N-dialkyliminium
esters with sodium hydrogen selenide® or by the reactions of imidate esters with hydrogen
selenide®?-83, The first procedure is probably the most convenient®®. The iminium esters
can be easily prepared by the reaction of a dialkylamide with phosgene. The chloroimi-
nium salt 24 is then treated with an alcohol, and the resulting iminium ester 25 treated with
ethanolic sodium hydrogen selenide to afford the selenoester 26 (equation 32). A great
variety of O-alkyl and O-aryl selenoesters were obtained in good yields using this
procedure. One limitation of this route was noted; in the case of the hindered O-aryl
iminium ester (R = i-Bu,R” = Ph) only selenoamide was obtained.

Cl
mn ., cocl o+, -
RCNRj 2 Rc=NRp O
(24)
R=H,alkyl,aryl
R'= alkyl l R"OH R= alkyl,Ph (32)
Se CI)R"
I NaHSe k-
/C\OR”‘?OH_ RC—Nchl
(26) (28)

A second route starts with the conversion of a nitrile to the imidate ester 27, followed by
reaction with hydrogen selenide (equation 33). This method is limited to selenoesters of
low molecular weight alcohols, and uses a large excess of gaseous hydrogen selenide®2:83,

H
(E ¢ Pl/ i
1)E1OH,HCI HaSe
E —. at— .
RC=N o s oc—® RCOE! ~ » RCOE! (33)
R =alkyl, (27

aryl

Selenoesters unsubstituted at the 2-position can be prepared by reaction of a
selenoketene intermediate (29) with an alcohol (equation 34). The selenoketene
(Section VI.LA) can be prepared by pyrolysis or base-catalysed fragmentation of 4-
substituted-1, 2, 3-selenadiazolines (28)5%.

Selenoesters can also be prepared in low yield by the reaction of pentacarbonyl-
chromium(0) arylalkoxycarbenes (30) with selenium (equation 35)%°.

Selenocarbonyl phthalides and derivatives (31) can be prepared from the corresponding
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imidates (equation 36)26-87 Whereas the selone lactone 31a and the thiol selone lactone
31b were stable, the diselenolactone 31¢ could not be isolated or characterized*.

Ar \
~Buo—K+
\[34 —LBuOTKT o arc=C-Se
or
Se a

(20) HH||—H* (34)
Se
| Ar
ArcH,COR +—2 "N s,
H/
(29)
Ar\ ﬁe
C=Cr(CO), + Se ———— ArCOMe (35)
Meo” 3
(30)
NH Se
(31) (a) X=0 (36)
(b)X=S
(e)X=Se

The related diselenoesters (32) and selonethiol esters (33) can be prepared from tertiary
seleno- and thio-amides by alkylation followed by treatment with hydrogen selenide
(equations 37 and 38)®%. Again, the mono-sulfur compounds are more stable than their
diselenium analogs.

|S|e R'X ?GRI+ H,Se ﬁe
R—C— Yy ——» R—C=N —2 3 RCSeR’ (37
(32)
' x_
'S' R'X |SR + HaSe ﬁe
R—C—N ————» R—C=N ) ——— ROSR’ (38)
(33)

*To avoid ambiguity, in accordance with the proposal on p. 253, these and related selenocarbonyi
compounds (Section X.A) are designated as selone derivatives. This nomenclature has not been
adopted by IUPAC.
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A diselenoformate intermediate (35) generated by reduction of a triselenocarbonate (34)

is reported to be unstable, oligomerizing on formation {equation 39)%°.
e i i
RSe™ Ry
RSeCSeR b » [RSeCH
(34) (35)

(39)

-

1
{it

The reactions of selenoesters have been extensively studied by Barton and coworkers.
Selenoesters can be reduced by Raney nickel to the corresponding ethers (equation 40)*°
The method appears to be useful for the selective formation of ethers in steroids and
aminoglycosides.

2. Reactions

Se
R Ni
pnloR — ey N PhCH,OR (40)

Sodium borohydride reduction of selenoesters under an inert atmosphere led to a
remarkably stable tetrahedral intermediate (36), which oxidatively dimerized on workup
{equation 41). Treatment of 36 with methyl iodide afforded the alkoxymethyl alkylselenide
37. Treatment of the selone ester with borohydride followed by triethylphosphine
addition led to formation of the corresponding ethyl ether (equation 42)°°

o
(RC—Se35
02 ]
Se Se™ H
I, NaBHg4 i
RCOR" ——"—|R~C—0R' (a1)
H Mel ?R,
R,=Ph’H'Me (36) RC—SeMe
R'=alkyl I
H
(37)
Se
NaoBH
MeCOR NN EYWP o EvoR (42)

R =Cholesteryl

The latter reaction failed in the case of the selenoformate and the selenobenzoate,
presumably because of a rapid reaction of these compounds directly with triethylphosph-
ine. Treatment of a selenobenzoate with a trialkylphosphine affords an interesting
moderately stable compound (38), which can undergo a variety of reactions, presumably
via ylid and carbene intermediates (equation 43)°!
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i " "
EtyP — — 4
PhCOR ——>— |PhC—OR | ——22—» ¢ — PEY
[ RO
TPEt,
(38)
PhCHO,
—EtyP—=Se —Et;p—0
Ph H
Ph O AN Ne—c”
-— C: =C
OR RO/ RO/ \Ph
PhH
Ph OR

AN 7

= 43
RO/C C\Ph @)

Although selenobenzoates can be used as substrates in the tributylstannane-mediated
deoxygenation procedure developed by Barton and McCombie (equation 44), xanthates
and thione benzoates appear to be more useful intermediates in this reaction?®

BuySnH
PhCOR m’ RH + PhCSeSnBu3 (44)

R=Cholesteryl|

Treatment of selenobenzoates with methylenetriphenylphosphorane affords enol ethers
(equation 45)%°,

Se CH,

1 + - 1]
PhCOR + PhyP—CH, ——— PhCOR (45)
R=alkyl,aryl

Treatment of an enolizable selenoester with potassium bis(trimethylsilyl)amide affords
the intermediate selenolate which can be alkylated affording the ketone monoselenoacetal
39 (equation 46)°°. When O-cholesteryl selenoacetate was treated with the same hindered
base, the alkoxyselenocrotonate 40 was obtained, presumably owing to more favorable
explusion of selenium relative to alkoxide (equation 47)°°. Normal Claisen products are
typically obtained from O-alkyl thione esters.

Se —kt
i . —_ + Me Se K
Mo,CHCOEt — MesS N K Ny o
Me/ \OEO
me (46)
Me\ /SeMe
c=¢
Me”  NoEt
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Selenoesters can be used as reagents in the preparation of selenoamides®®. They
also can be converted into thione esters by a thermal reaction with sulfur (equation 48)°°.
The uses of selenoesters in heterocyclic synthesis have also been reported®>.

Se se"k*t Se R H

_ o
(l (Me,Si), N“K* ] 1l -
2 MeCOR %2 2 —» MeC—CH,COR ——<HSe o Ne=c” (47)
SR mMe”  \COR
R =cholesterly ge
(40)
e I
PhCOEt ——3— PhCOE! + Se (48)

B. Telluroesters—Preparation and Reactions

When the phenyl dimethyliminium salt of cholesterol was treated with excess sodium
hydrogen telluride at — 20 °C under conditions analogous to those used to prepare the
selenoester, reduction occurred affording the benzyl ether in good yield3®. The authors
suggested that this reaction proceeded through a tellurobenzoate intermediate (41), which
was further reduced by hydrogen telluride to the ether and tellurium (equation 49). The
method could be used for the preparation of ether derivatives of complex
aminoglycosides®?.

+ -
NMe, CI
i —20 °c
ROCPh + NaHTe ————® ROCH,Ph + Te (49)
NaHTe
Te
R=cholesteryl ROCPh
(41)

When the analogous reaction was carried out on the unsubstituted iminium compound,
a presumed unstable telluroformate and N, N-dimethyltelluroformamide were observed,
via partitioning of the tetrahedral intermediate3®,

The use of the more hindered pivaloyl derivative 42 in these reactions led to the first
stable characterizable telluroesters (43) (equation 50)'6-%3,

* NMe,CI™ Te
ROH + #-BuCCl ——22C o TS5 1-BUCOR
(42) 43)
R=cholesteryl, -BuCH,—, (50)
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When pure, the telluroesters were stable to air in the dark or on irradiation ( > 500 nm)
when oxygen was excluded. Oxidation of the telluroester with diphenylseleninic anhydride
afforded the pivalate in excellent yield (equation 51)°3.

[ Il
43 + (PhSe),0 ——— /- BuCOR (51)

Reduction of the telluroester with buffered sodium hydrogen telluride afforded a
mixture of the neopentyl ether 46 and the pinacol ether product 47. The radicals 44 and 45
have been suggested as intermediates in these hydrogen telluride reductions
(equation 52)%3.

Te Te™ . Te®
I, NaHTe - H Lo,
RCOR RQOR —_— RCI:OR
H

RCH,OR' 4——— |:RC.ZOR’

{ (52)
46) f
RCHOR' — @5)
RCHOR’
(a7)

IV. Se/Te AMIDES
A. Selenocamides

1. Preparation

Primary selenoamides (48) can be most conveniently prepared from nitriles. While the
earliest procedures involved direct addition of gaseous hydrogen sclenide to nitriles
(equation 53)°*°5, two more convenient procedures involve in situ formation of hydrogen
selenide or its salts. The first utilizes aluminum selenide in a mixture of aqueous pyridine
and triethylamine, affording a variety of aromatic and heterocyclic aromatic primary
selenoamides in good yields (equation 54)°C.

Se
Il
arc=N — 220 o al NH, (53)
(46)
ArCEN Al2Se3, pyridine, 48 (54)

H0, Et3N

A recently described procedure utilizes the reducing ability of carbon monoxide to
generate hydrogen selenide®’. Reaction of nitriles with a mixture of selenium, water and
triethylamine under 5 atm of carbon monoxide led to formation of both aliphatic and
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aromatic selenoamides (equation 55). The aromatic compounds were generally obtained
in good yield, with sterically hindered compounds giving lower yields. The aliphatic
derivatives were obtained in approximately 35%; yield, presumably owing to a decreased
stability of these compounds relative to their aromatic analogues.

Se
100ec I
RC=N + CO + Se + H,0 —— RCNH, (55)
13

R =alkyl or aryl

Secondary and tertiary selenoamides can generally be prepared in moderate to good
yield by aminolysis of the corresponding selenoesters’”. While secondary amines react
slowly with selenoesters to form tertiary selenoamides without difficulty, the magnesium
halide salts of primary amines must be used to avoid imido ester formation (equations 56
and 57). These products were observed when primary amines were used directly in these
aminolysis reactions.

R’ Se R
1l AN TRV

RCOEt + NH —— » RCN (56)

Rly \R"

i i
RCOEt + R"NHMgBr ————# RCNHR" (57
R,R'=alkyl

R"=alkyl,aryl

Secondary and tertiary selenoamides unsubstituted at the a-position can be prepared
via acetylenic selenol-selenoketene intermediates (49 and 50) analogous to procedures
used for the preparation of selenoesters (equations 58 and 59)°%:°° (cf. Section ITL.A.1).

R N\\ H+ R\
| N+ ko —Nz_, [RCEcer'f] _ C=C=Se
/ —Hy0 HA”
Se
= aryl,alkyl,H RI\NH
R',R"=alkyl,H R
Se l
n R
RCHZCN\
R”
(58)

A number of heterocyclic selenoformamides (51) have been prepared from the
corresponding aminoheterocycles by treatment with dimethylformamide acetals followed
by hydrogen selenide treatment (equation 60)!°°. Heterocyclic vinylogous selenoforma-
mides (52) have been prepared by Vilsmeier~Haack formylation and treatment with
hydrogen selenide (equation 61)!°!,
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+

RCE=CLI —> & RC=CSeLi ——— RC=CSeH R\
(49) o C=se
(50)
lR’NHz (59)
ISl‘oe
RCHACNHR'

ArNH, + MezNCH(OR)Z—-——'P ArN=CHNMa,

HaSe
(60)
ﬁe
ArNHCH

(81)

R
Z X (1)RCH= NMez
N (2)NuSe (61)

R=alkyl
(52)

Another interesting procedure for the preparation of selenoformamides utilizes
dibenzyltriselenocarbonate (53) as a starting material®®. Treatment of the triselenocarbo-
nate with benzyl selenol in the presence of triethylamine affords an oligomeric form of
benzyl diselenoformamide, which on treatment with secondary or hindered primary
amines affords the selenoformamides (equation 62). The less reactive aromatic amines or
sterically hindered amines lead to lowered yields of products.

Se
(PhCHZSe)2C+ PhCH, SeH —EN L (PhCHZSeCHSe),-,
(53)
R=aryl,alkyl,H
R
N
N (62)
R Se

Nl .
RI/NCH + 5 (PhCH,Sed;

The reactions of chlorimidates (54)'°2, S-alkylated thioamides (55)'°3 and iminium salts
(56)'°* with sodium hydrogen selenide have also been used to prepare selenoamides and
vinylogous selenoamides (equations 63—65).
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cl Se
i - i
PhC=NPh —3¢ &  prCNHPh (63)
(54)
SMe B S
RC=RR, — 3¢ RCNR) (64)
-
(38)
Ar. H - Ar H
Ne=c” R ———s x— NR
ca” . + S// N\~ R2 (65)
C=N e C\
AN Y
(36) x—

A number of N-substituted selenopyridinones (58) have been prepared by reaction of the
potassium salt of glucondialdehyde (57) with isoselenocyanates (equation 66)!°5,

Se NR
0\ o
H H
(37
R=aryl, alkyl HO™ (66)

N Se

|

R

(58)

Dimethylselenoformamide has been prepared as a by-product in the synthesis of 1, 3,4-
selenadiazole from dimethylformamide azine (equation 67)'°6.

S
HSe N—N i
(M NCH=N+; ———» ( ) + MeyNCH (67)

Se

Selenoamides have also been prepared in low yields using phosphorus pentaselenide '’
or by halogen displacement using hydrogen selenide or hydroselenide ion

(equation 68)!°8,
(of} Se
0 =1y e
Cl N Se u
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2. Reactions

Selenoamides are reported to be more stable than the corresponding selenoesters””.
Primary selenoamides are less stable than secondary or tertiary selenoamides owing to
slow loss of hydrogen selenide to afford nitriles (equation 69)°”, The aromatic primary
selenoamides are moderately stable at room temperature under nitrogen; in air they are
slowly converted into nitriles, water and elemental selenium. Aliphatic primary
selenoamides, however, are reported to be thermally unstable and highly sensitive to air®’.

Se
il
RCNH, === RC=N + HpSe (69)

R=aryl, alkyl

Hydrolysis of a selenoamide affords the corresponding carboxylic acid.
(equation 70)!°°. Alkylation and acylation of selenoamides occurs in high yield at
selenjium?102:104.110-112 " nroviding  convenient approaches to selenium-containing
heterocycles (59-61) (equations 71 and 72)'°%:194112 a5 do oxidations of selenoamides
with iodine (c.g. 62 and 63, equations 73 and 74)°>1!3. Reactions of selenoamides
with hydrazine derivatives also afford interesting heterocyclic systems®>.

NH,
1 Hy0" - -
Mezc—ﬁ—NHz—-’——b MepCCOZ + NH4 HSe (70)
Se NH
Ph
N

he ¢ )J\ COH
PRCNHPh + PhCCOMH ————— pp SetPh
H H

EtsN,
Acz0 (71)

Ph\NKi
Do
(59)

Ph

yzcc" A s S0
ne (60)

il
ArCCH= CHNR, (72)

R\ﬁ%x, R [\B\”/R'

(61)
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Se
l pu—
PhICNHg# /z ;: (73)
Ph N Ph
(62)
NH,
Se Se S
NH,CCH,ONH, — 2 » Ie (74)
2 2 2 Se
NH,
(63)

Tertiary selenoamides with a-hydrogens may be conveniently trimethylsilylated at
selenium in good yield to afford 64 (equation 75)!'4, Tertiary selenoamides are also used
in the preparation of diselenoesters (see Section II.A.1, equation 38)88.

Se SeLi
I LIN(/=Pr) /

R,CHCNET, 2 RpC= (]

\NEt,

Me,SiCl (75)
SeSiMeg

RC=C,

\NEt,
(64)

Selenoamides have recently been used as reagents in the stereospecific deoxygenation of
epoxides*®. This reaction is acid catalysed and proceeds with retention, presumably via
the cyclic intermediate 65 (equation 76).

Ph. NH,
10 2 ﬁe >c/\
R: / N\ :R PhCNH, (o] )
-_—
RS R* H Rl iR
Rr3 R?
(68)
f
—PhCNH, (76)
1 2 1 2
R R R, R
\C=C/ - —Se “, &
3/ AN - /\s
R R4 R e7\R4
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Like selones and selone esters, selenoamides react thermally with sulfur, affording the
corresponding thiocarbonyl compounds (equation 77)%°.

Se
i i
PhCNMez——z—b PhCNMe, + Se (7

B. Telluroamides—Preparation and Reactions

A compound presumed to be the unstable dimethyltelluroformamide was observed in
the attempted preparation of steroidal telluroformates, by treatment of the iminium salt
with sodium hydrogen teliuride*®. Subsequently, dimethyltellurobenzamide (66) was
prepared at — 40 °C under argon by addition of hydrogen telluride to a solution of the
iminium species and triethylamine in dichloromethane {equation 78)*'®. These conditions
must be more rigorously controlled than those required for the preparation of
selenoamides.

+
s NMe,' Te
Il Mel il HaTe,Et,N I
PhCNMe, ———— PhCSMe e PhCNMe (78)
vi2
<—~40 °C

Dimethyltellurobenzamide was stable at room temperature in an inert atmosphere in
the absence of moisture but began to decompose in refluxing toluene!!®. Tt was rapidly
attacked by wet solvents or the atmosphere to give dimethylbenzamide and tellurium.

V. Se/Te CARBOXYLIC ACIDS AND SALTS

Relatively little is known about the chemistry of selenium analogs of carboxylic acids®®.
In contrast to thiocarboxylic acids, which can be prepared from acid chlorides and
hydrogen sulfide or its salts, attempts to prepare selenocarboxylic acids using an
analogous procedure led, in general, to diacyldiselenides. Early descriptions of the
preparation and properties of selenobenzoic acid were in error!'”!'8 the product
described being in fact dibenzoy! diselenide'!®.

Jensen and coworkers!'® suggested that this product formed either by oxidative
dimerization of the initially formed selenobenzoic acid (67), or that loss of hydrogen
selenide from the initially formed selenocarboxylic acid occurred, generating dibenzoyl
selenide (68) (Equation 79). This compound could further react with selenobenzoic acid via
a redox reaction to afford the diselenide 69'!°.

0
I i il
PRCCI + HySe ———» PhCSeH —— 2 (PRCSedy
(-3 9] (69)
l—HZSe
0 0 9 00
I i PhiSeH 0l
PhCH(SeCPh), + (PhCSed; <—————— PhCSeCPh (79)
(69) (68)

Careful control of the addition of hydrogen selenide to benzoyl chloride led to the
formation of the unstable selenobenzoic acid 67''°. This compound is readily soluble
in aqueous sodium hydrogen carbonate without liberation of elemental selenium, and can
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be precipitated by addition of sulfuric acid (equation 80). As expected, in the presence of
air, dibenzoyl diselenide was formed from the selenoacid. The selenoacid rapidly lost
hydrogen selenide with formation of dibenzoyl selenide. The selenoacid reacted with m-
nitrobenzaldehyde to give the acylselenoacetal 70. Sodium selenobenzoate could be
alkylated to the Se-alkyl ester 71''°.

o
NaHCO,
PhCSeH = PhCSe a*

H,S0,

m-NO,C gH4CHO P—NO,CgH4CHoBr (80)

OH
L il
m=-NO,CgH4CHSeCPh p-0aNCgH4CHSeCPh
(70) (71)

Attempts to prepare aliphatic selenoacids similarly were unsuccessful, leading to low
yields of diacyl selenides!'®. Dipropionyl selenide (72) reacts with two equivalents of
aniline affording two moles of the anilide and hydrogen selenide (equation 81), indicating
that selenoacids, like thioacids, can act as acylating agents.

0 0
N PhNH, fl il
EtCSeCEt ————=—m [EtCSeH| + EtCNHPh

72)
¢ PRV (81)
0 —HgSe

1l
EtCNHPh

Salts of selenocarboxylic acids may be prepared by treatment of the relatively unstable
diacyl selenides (73) with potassium hydroxide or piperidine (equation 82)'2%-'2!. A more
convenient procedure utilizes aminolysis of the more stable diacyl diselenides (74)
(equation 83)'22. The diacyl selenides and diacyl diselenides can be prepared from the
corresponding acid chlorides!207122,

1] 1}
RCSeCR + KOH —— RCOSe— K+ RCO,~k* (82)
(73)
hooR 0
RCSeSeCR + 2 — rbis, + RO Y @8
(74) N ﬁ
H Ha

Selenocarboxylate salts can be alkylated on selenium or oxidized to diacyl diselenides.
Two equivalents of selenostearate react with dichloromethane to afford
bis(selenostearoyl)methane (75) (equation 84)*'2°,

0
I
2 Me(CHy)CSe K" + CHpCly ———— [Me(CHz)ﬁCSe]z CHp (84)
(73)
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Potassium selenobenzoate reacts with trimethylsilyl chloride at the oxygen center to
afford the very water-sensitive O-trimethylsilyl ester 76 (equation 85)!23. Presumably the
strength of the oxygen—silicon bond overrides the more nucleophilic nature of selenium.
The corresponding reactions with trimethyltin chloride and trimethylgermanium chloride
afford the Se-metallated derivatives 77. This behavior of the selenocarboxylate parallels
that of the corresponding thiocarboxylate.

Se
I
o Me,SICI PhCOSiMey
- T e
PhC==Se (85)
Kt 0
I
W* PhCSeMMes
(77
M=2Sn,Ge

Free diselenocarboxylic acids have not been described. In attempts to prepare these
compounds by the reaction of organometallic compounds with carbon diselenide, only the
dialkylzinc reagents gave diselenocarboxylate salts*2#, It is likely that these insoluble zinc
salts are polymeric!?5.

Reactions of carbon diselenide with less basic nucleophilic carbon species with pK ,8~20
(malonic ester, ethyl cyanoacetate, malononitrile, ethyl acetoacetate, fluorene, aceto-
phenone, phenylacetonitrile) afforded the diselenolates 78, which could be readily
dialkylated (equation 86)"26.

_ _ KOEt NC =C/S°
N=CCH,C=N + CSe; —_—.EfOH NG

RX (86)

Dipotassium diselenooxalate (79) has been prepared by the reaction of potassium
selenide with diphenyl oxalate (equation 87), and its structure has been determined by X-
ray diffraction®?”.

i S
PROCCOPh + K,Se ———» K*'Se==C—C==Se K (87
(r9)

Neither tellurocarboxylic acids nor the corresponding salts have been reported.

VI. Se/Te KETENES

A. Selenoketenes—Preparation and Reactions

Selenoketenes have been postulated as intermediates in the photolysis and base-
catalysed fragmentation of 4-substituted-1,2, 3-selenadiazoles. They have proved to be
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valuable intermediates in the preparation of a-unsubstituted selenoesters and
selenoamides (Section IT1.A.1, equation 34; Section IV.A.1, equations 58 and 59).

Vapor-phase pyrolysis of selenadiazoles (80) at 500-600°C and trapping of the
intermediates at — 190 °C afforded selenoketenes (81) (equation 88)'28713% The parent
unsubstituted selenoketene polymerized at —80°C, but could be converted into the
selenoamide by reaction at low temperature with dimethylamine vapor. The substituted
compounds dimerized thermally to the diselenetanes (82)"3°.

R N R R
\ A > \ \C
N ———p — — = 88
\U: / |:H ¢ Sei] H/ \Se \R )

Se
(80) (e1) (82)
R=H, Me,/-Bu R=Me,’-Bu

A similar dimer {83) has been obtained by the base-catalysed reaction of dimethyl
malonate with carbon diselenide, presumably through an intermediate selenoketene
(equation 89)!26,

MeO,C Se”
MeO,CCHaCOxMe + CSo,—— p >:——c
MeO,C N\se~

l— Se? ™ (89)
/Se\

(Me0,C),C=C C =C(CO,Me), «—— [(Me0,C),C=C=Se]
\Se/

(83)

Alkaline or photochemical generation of selenoketenes in concentrated solution affords
isomeric mixtures of dimeric 2, 6-disubstituted-1,4-diselenadihydrofulvenes (84)
(equation 90)'317134,

R N, R R Se R
\[]: MW —" | Ne=c=5¢| —» I >‘=< (90
/ H/ H sl H

(84)

Treatment of lithium acetylides with selenium affords acetylenic selenolates (85), which
on protonation isomerize to selenoketenes (equation 91)°%. This provides an alternative to
selenadiazole pyrolyses in the preparation of selenoamides (see Section IV.A,
equation 59).

RC=CLi + S¢ ———» RC=C—SeLit

(85)
—_nt
”ﬂ " 1)
P R
RCH,CNR, @ RR¥_ "Ne_ o
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Bistrimethylsilyl selenoketene (86) is remarkably stable, and could be distilled at
90°C!3%, It could be readily prepared by trimethylsilylation of the acetylenic selenolate
(equation 92). Reaction of this selenoketene with diethylamine led to selenoamides 87
and 88.

Me,SiCl
MeySiC=CSeLi ——L——m (Ms3Si),C=C=Se
(86)
lE'zNH 92)
ﬁe ﬁe
Me,SiCH,CNE', + MeCNEY,
a7 (88)

Other thermally stable, sterically hindered selenoketenes (89) could also be prepared
starting from the acetylenic selenolate through a selena-Cope reaction of the allylic
acetylenic selenide (equation 93)'36, In addition to selenoamide formation, these com-
pounds underwent cycloadditions with 3, 4-dihydroisoquinoline to afford the seleno-f$-
lactam 1:1 adduct 90 and the selenoamide 1:2 adduct 91 (equation 94),

RC=CSeli + BrCHaCH=CR; ——— RC=CSe\

CHa
R= t-Bu,MezSi RoC=CH
R=H,Me
M / 93)
N
/C=C=Se
RiC
(89)
89 + — +
N N N Se
R=Me3Si H Se N H M
, e
R'=Me Me”" | “CH=CH, e
Me CH=CH,
(90)
(o)
94)

Flash vacuum thermolysis of the selenadiazole 92 at 500 °C and matrix trapping at 12K
afforded the selenoketene 93%. At 700 °C the cumulated selenoketene 94 was observed,
presumably by cleavage of 93 (equation 95). Irradiation of matrix-isolated 94 at 12K gave
the acetylenic selenal 95.
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(argon matrix
W <>=C=$e isolated at 12 K)
N\\N

<I (93)
s{ 700 °C
(92) \ {argon matrix 95)

H,C=C=C=Se isolated at 12 K)

(94)
hv
(argon matrix

HC==C —CHSe isolated at 12 K)
(9%)

B. Telluroketenes—Preparation and Reactions

The reaction of the sodium salt of phenylacetylene with tellurium, followed by
acidification, leads to a mixture of products in which the amounts vary, depending on the
reaction conditions!37"14% The reactions are presumed to go through acetylenic
tellurolate and telluroketene intermediates 96 and 97 (equation 96). The telluroketene 97
can dimerize directly to 98 or ditellurodihydrofulvene (99), or react with ditellurate to
afford 100. The most recent reference describes this complex reaction most clearly !4,

PhC=C Na* + Te ———» PhC=CTe Nat
(96)

HQ

Ph JTe H

Ph
H>=C\Te>c Ph [H>=C=T°] (96)

7
(98) PhCECV (em
H Te—Te H Ph Te H
Ph>=§ Te )=<Ph HITe: :Ph
(100) (99)

VIl. ISOSELENOCYANATES

A. Preparation

The isoselenocyanates 101 may be prepared by reaction of an isonitrile with selenium
(equation 97)t41-142_ The sterically hindered isoselenocyanate 102 was best prepared by
reaction of the isonitrile anion with selenium at low temperature (equation 98)32,

RﬁEE _so__’ RN=C=Se (97)
(101)
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+  — (1n-Buli
§;‘—N= W—I—’ ;}——N=C=Se (98)
H

Nucleophilic displacement by selenocyanate on activated halides affords mixtures of
isoselenocyanates and selenocyanates (103) owing to the ambidentate nature of the ion
(equation 99)'427'4%, Photochemical conversion of benzylic selenocyanates to the corre-
sponding isoselenocyanates has been described (equation 100)!43. Silyl-, germanyl- and
phosphorus-substituted isoselenocyanates have also been prepared!*¢7149.

RX 4+ SeCN~™ — RSeCN + RNCSe 99)
(103)
KSeCN
ArCH,CI - ArCH,SeCN =, ArCH,NCSe (100)

RNH, + CSe, + 2Et,N + HgCl, — RNCSe + HgSe + 2Et,N-HCl  (101)

Tredtment of a primary amine with carbon diselenide in the presence of a tertiary amine
and mercury(Il) acetate affords isoselenocyanates in moderate to good yields
(equation 101)!5°. TIsoselenocyanates have been postulated as intermediates in the
reaction of carbon diselenide or triselenocarbonates with primary amines to form
selenoureas (see Section XI, equation 152).

Other methods of preparation of isoselenocyanates include the reaction of an
isocyanate with phosphorus pentaselenide and the reaction of dichloroisocyanate with
sodium selenide!3!.

B. Reactions

Isoselenocyanates are useful starting materials for the preparation of selenosemicarba-
zides and selenoureas (see Section VIIL.A and X1.A). Reduction of isoselenocyanates with
lithium aluminium hydride or with zinc—hydrochloric acid affords the corresponding
amines (equation 102)'32-133,

reduction

RNCSe ———————— RNH, (102)
Heating trityl isoselenocyanate (104) leads to extrusion of selenium and formation of
triphenylacetonitrile (equation 103)'32.
Ph,CNCSe iis”’ Ph,CCN (103)
(104)

Isoselenocyanates are useful synthetic intermediates in a recently described deamin-
ation procedure'®®. Treatment of the steroidal isoselenocyanate 105 with tri-n-
butylstannane affords the product 106 in moderate yield (equation 104). Isothiocyanates
and isocyanides can also act as substrates in this reduction.

(t) HCOCMe n- BuBSnH
@Tescl T AIBN
No\“ (3)Se seCN™"

(108) (106)
(104)
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A cycloaddition of phenyl isoselenocyanate to the enamine 107 in the presence of sulfur
affords the cyclic selone thiocarbamate 108 (equation 105)* 3%,

Ph
|

_ O
d N + PhNCSe ——— \[]is Se  (105)

(107) (108)
VIIl. SELENOSEMICARBAZIDES

A. Preparation

Selenosemicarbazides (109) can be prepared by the reaction of a isoselenocyanate with
a hydrazine (equation 106)!367162 They can also be prepared from isonitriles and
hydrazines in the presence of selenium (equation 107)'¢%. The highly substituted
selenosemicarbazide 111 could be prepared by reaction of bis(N,N,N'-
trimethylselenocarbazoyl) diselenide (110) (see Section X.A) with dimethylamine
(equation 108)' %4,

Se
I
RNCSe + R'NHNH, — RI~|ICI|~INHR’ (106)
H H
(109)
RNC + Se + R’'NHNH, — 109 (107)
Se Se
Me,N MeoN\ I
2 \NC—se + MeyNH ——— 2 \NCNMez {108)
™M Me/
e 2
(110) (111)

Selenosemicarbazides can also be prepared by addition of hydrogen selenide to
cyanohydrazines or aromatic diazonium cyanides!38-165,

While selenosemicarbazones (112) could be isolated from the reaction of hydrazine
selenocyanate with aldehydes or ketones (equation 109) the parent selenosemicarbazide
could not be directly isolated by rearrangement of hydrazine selenocyanate’3”.

R R Se
> >= I
NHNHZeHCNSe  + H>=0 y N\uCNHz (109)

(112)
B. Reactions

Selenosemicarbazones can be prepared from aldehydes or ketones and seleno-
semicarbazides under acid catalysis (equation 110)!38.159.162.165 A|dehyde derivatives
can be prepared by exchange with acetone selenosemicarbazone!3”.

R Se

R
1l Se

0 + R'NHCNHNH, ————» N 1l 110
R> 2 R> \uCNHR' (110)
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.Selenosemicarbazides and selenosemicarbazones are also widely used in the prepar-
ation of a variety of complex selenium-containing heterocycles>!2:16 (e.g. 113 and 114,
equations 111 and 112)'%%-167,

i i N
PANCNHNH, + PhCCHpBr ———— \( J\ (111)
Se NPh
13)
N—N=CHR
Se X
it 1 HN
HoNCNHN=CHR + R'CHCO;H ——» Se (112)
o]
ma) R’

Alkylation of a selenosemicarbazide or a selenosemicarbazone occurs at selenium
(equations 111-113)138:139.167 Reaction of a selenocyanate with a selenosemicarbazide
leads to the N-acylated product 115 (equation 114)162,

Se SeMe
C4H9Nng|\JNMe2 + (Me0),S0, ———» C4H9KJH=(|:IIJNM92—MGOSO; (113)
Me Me
i i
P-Tol-NHCNHNH, + p-Tol-N=C=Se ——— (2~Tol-NHCNHJ; (114)

(18}

Selenosemicarbazides and derivatives form complexes with a variety of metal
H 168-170
ions .

IX. SELENOCARBONATES

A. Preparation

Selenium derivatives of carbonic acids are not well characterized and decompose with
liberation of hydrogen selenide. The chemistry of these acids has been reviewed!¢®. A
variety of selenocarbonate derivatives have been prepared by alkylation reactions. Diethyl
triselenocarbonate (116) can be prepared in low yield by alkylation of barium triselenocar-
bonate (equation 115)!7°,

Other dialkyl triselenocarbonates can be prepared by reaction of an alkyl halide, carbon
diseleriide and base in DMSO (equation 116)!7!,

S
e
BaCSey + 2 Et] ———» EtSeCSekEt (115)
(ne)
ﬁe
CSep+ RX + KOH—2MSQ_ pseCseRr (116)

Hz0
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While the reaction of a selenolate with carbon diselenide followed by alkylation does
not afford triselenocarbonates!’!, the O- and S-alkyl derivatives can be satisfactorily

prepared starting from the alkoxide or thiolate (equations 117-119)!72173,
ﬁe
RSe™ + CSep —#—» RSeCSe (117)
ﬁe ﬁe
CICH,CO,™
RS~ + CSe; —» RSCSe~ — 2+ RSCSeCH,COz" (118)
ﬁe CICH,CO,™ ﬁe
RO~ + CSe, —» ROCSe~ ———=—2—# ROCSeCH,CO;~ (119)

Cyclic selenocarbonates have been extensively studied as starting materials in the
preparation of organic semiconductors'’*. Alkylation of dithio- or diseleno-carbamate
anions (see Section X.A) followed by acid-catalysed cyclization and hydrogen selenide

treatment provides a convenient route to disubstituted triselenocarbonates'’® and
selonedithiocarbonates (117) (equation 120)!7¢,
< > X 2 & 0 < >
- |
N—C—Y~ + RCI(I:HX ——» RCCHY—-C—N
i
R R
Y=§,Se
H2S0
X=nhalogen HCIO4 (120)
R Y R Y, .
I >=Se qi— I >=N ) ClOgq™
R Y R Y
nn

The unsubstituted triselenocarbonate 118 can be prepared by reaction of sodium
acetylide with carbon diselenide and selenium, followed by acidification (equation 121)*77.

Se
I
NaC=CH + CSe, + Se ———» [HCECSeCSe‘No*]

(121)

This compound can also be prepared via the reaction of bis(N,N-
dialkylselenocarbamoyl) selenide (119) (see Section X.A) with the diselenide 120
{equation 122)'78,
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T 2 + i
{(  N-C—}Se + (HCCHSe3 ——» N—CSeCH,CHO
2
(19) (120) wmso,00c (122
(2)H,Se
e

Two more recent routes to triselenocarbonates avoid the use of the noxious carbon
diselenide as a selenium source. The first utilizes alkylation of tetramethylselenourea
followed by hydrogen selenide treatment to afford the diselenourethane intermediate 121
(equation 123)!'79.

0 Se
RCCHR + MeNENMe, — & I J|\
Se NMe,

B
ste (123)
R [o]
D
R SeCNMe,
(121)

A related procedure involves the insitu preparation of the dialkyl diselenocarbamate
anion 123 from dichloromethylenedimethylammonium chloride (122)
(equation 124)!80-181

ﬁe
+ +
Meg=CClyci— —222E80 o Mo NCSe=EtyNH
(122) (123)
chocnaar
Se R Se ﬁe T ﬁ
I DL MezN:< I «S08%" e NCSeCHCR
sto‘
Se R
(124)

Thiocarbonyl-selenocarbonyl exchange in carbonate derivatives can be carried out by
S-alkylation followed by hydrogen selenide treatment (equation 125)182,

@ Sy oo __ (Mo Shery @: g e

lnzse (125)

Q-



4. Seleno- and telluro-carbonyl compounds 251

Thermolysis of 1,2, 3-benzoselenadiazole (124) in the presence of excess of carbon
diselenide provides an alternative route to benzotriselenocarbonate (125)
(equation 126)!83,

Se
@i CSaz . >=5° (126)

(124) (125)

Electrochemical reduction of carbon diselenide affords the diselenolate 126, which can
be alkylated to the cyclic triselenocarbonate 127 (equation 127)84,

“Se
o~ BrCH,CH_Br
CSe, ———» I de—ge 2 CHCHST [I >=Se (127)
~Se

(126) (127

The selenocarbonate derivative 128 can be prepared by selenation of the corres-
ponding carbonyl compound using bistricyclohexyltin selenide-boron trichloride

(equation 128)7°.
s s {(O\) L se s s
o=<sIs>=o 3(3;183 J2 > 0=<SIS>:56 (128)

(128)

Selenopyrones 130 and 132 can be prepared from the corresponding carbonyl and
thiocarbonyl compounds 129 and 131 (equations 129 and 130)'83-18¢,

0 Se
R R R R
POCly K ,Se05

| > > | (129)
R S R R S R

(129) (130)

S/Me
Luj\ b\ NOHse /ﬁi (1 30)

(131) (132)

X=0,S

B. Reactions

Treatment of a selenocarbonate with a tertiary phosphine or phosphite affords the
dihydrofulvalene derivatives 134'77+!82:183 This coupling reaction is typically much more
successful for selenocarbonyl derivatives than the corresponding thiocarbonyl com-
pounds, although an exception has been noted'®*. It is likely that the desired coupling
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occurs through a 1, 3-dipolar intermediate 133 formed by nucleophilic attack on the thio-
or seleno-carbonyl derivative (equation 131)'76-!87_ Such ‘heterophilic attacks’ would be
more facile in the case of the selenocarbonyl compounds (see Section I1.B.2). No reaction
was observed in the carbonyl case.

R R S, .
I§=Se + (R'O)p ——» I >_—Se —P(OR),
R

R
s S 133

R=H,Me R s
I S=se  (131)
R S

R s S R R S Se S R

< I = | A

R s s— R R—>s S
(134)

The selenocarbonyl group of selenocarbonates can be readily alkylated and the
alkylated product reduced with borohydride (equation 132)!8818% Treatment of the
resulting dithiole 135 with acid affords the stabilized carbocation 136; only in the case of
the dithiolium salt (X =Y = S) was coupling possible to the fulvalene.

X X +_Me  neBH X
ni >=Se + Me] ——» ﬂi >=se/ - SALLUL IS E >rSeMe
Y Y Yy" H
X,Y=5,Se (138)
HBF 4
X X
<[[ base [ + H
Y /2 Y BFs
X=Y=§ (136)

(132)

Pyrolysis of selenopyrones 137 and 139 afforded olefins 138 and 140 (equations 133 and
134)186.190.

So —soog (133)
(137)
Ph
s (134)
Ph —

(139)



4. Seleno- and telluro-carbonyl compounds 253

Dialkyl triselenocarbonates react with amines in a variety of ways. Reaction of dialkyl
triselenocarbonates with secondary amines afford diselenocarbamates (see Section X.A).
Reaction of the triselenocarbonate with primary amines presumably affords a selenocar-
bamate intermediate. This intermediate further reacts generating the selenoisocyanate and
ultimately the selenourea. As previously described, dialkyl triselenocarbonates react with
amines in the presence of a selenolate to afford selenoformamides (see Section IV.A.1,
equation 62)88. These differences in reactivity have been explained by differences in the
electrophilic nature of the triselenocarbonate depending on whether the nucleophile is
‘hard’ (reaction at the selenocarbonyl carbon) or ‘soft’ (reaction at the selenium of the Se
alkyl group) (equation 135)'°!.

‘soft nucleophilel

/\—SeR
ﬁe

RSeCSeR (135)
)

N
/ [\ ‘hard nucieophile’
X. Se/Te CARBAMATES AND HYDRAZIDES

A. Selenocarbamates and Selenohydrazides—Preparation and Reactions

192-196 197,198

The reactions of secondary amines or hydrazines with carbon diselenide
afford salts of diselenocarbamic acid (141, 142) (equations 136 and 137). These can be
readily alkylated to selenocarbamates, which have been previously described as important
intermediates in the preparation of cyclic selenocarbonates (Section IX.A, equation 120).

2R,NH + CSe, — R,NCSe,” R,NH,* (136)
(141)
R,NNH, + CSe, — R,NNHCSe," (137)
(142)

On mild oxidation, dialkyl selenocarbamate salts afford equimolar mixtures of the
bisselenocarbamoyl selenide and the triselenide!°2:198:199 The reaction has been shown
to go through a diselenide intermediate 143, which is in equilibrium with the selenide 144
and triselenide 145 (equation 138)'°°. Treatment of 143 or 145 with triethyl phosphite
affords 144; treatment of 144 with selenium affords 145 (equation 139).

Se Se
+ {o] il il
R2NCSe2_ RZNHZ _‘—"’RzNC_sese—CNRz
(143)
Se Se Se Se
TINN 7%,
2143 T——= R,NCSeCNR, + Rch’ Se/ \<l:|NR2 (138)
(144) s& " g
(148)
. Ses (139)

149 T———= 148

P(OEN),
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Selenourethane derivatives can be prepared by ammonolysis or hydrazinolysis of
selenocarbonates (equation 140)'91:200:201 or by reaction of an alcohol with a
selenoisocyanate (equation 141)2°2, Unsubstituted monoselenourethanes can be obtained
by addition of hydrogen selenide to alkyl cyanates (146) (equation 142)2°3,

Se
NH3 ROENHZ
Se
ROgSeR'\\\\\\‘ Se (140)
NH,NH, ™ ROCNHNHp
Se
RNCSe + R'OH ———» RNHEOR' (141)
Se
ROCN + H,Se —— RO(I‘!NHZ (142)
(146)

Selenothiocarbamates can be prepared from thioureas by alkylation, followed by
reaction with hydrogen selenide at pH 5-6 (equation 143)2% (cf. reaction at alkaline
pH, Section XI.A.1, equation 147).

?Me Se
1l Mel + HSe™ I}
RoNCNRy ——> R2Nc=NR2W RoNCSMe (143)
1
+
RoNNCS + H,Se ——— RoNHNHCSe™ (144)

Addition of hydrogen selenide to an N-isothiocyanatoamine affords the seleno-
thiocarbazate salt (equation 144)2°5,

B. Tellurohydrazides and Tellurocarbazates

Tellurohydrazides (147) have been prepared from the corresponding thiohydrazides by
alkylation and careful treatment of the S-alkylated product with triethylamine—hydrogen
telluride in dichloromethane at —40°C under an inert atmosphere (equation 145)''6,
These compounds are much more sensitive than their selenium analogues. Although they
are stable at room temperature in an inert atmosphere, they are rapidly attacked by
moisture or the atmosphere to afford the corresponding hydrazides and elemental
tellurium.

SMe
i , Mel |+
R’CNR'NR2 —_— RC=NR'NR:2
<—40 °C Hsz,E'SN,Ar, (145)
CH,Cl,
Te
I
RCNNR?

(147)
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Treatment of the N-isothiocyanatoamine 148 with hydrogen telluride afforded the
ditelluride 150, presumably through an unstable tellurothiocarbazic acid (149)
(equation 146)2°%,

S
RoNNCS + HTe ———» [RangTeH]
(148) (149)
loz (146)
S

i
(R,NNHC—Te 3
(150)

Xl. Se/Te UREAS
A. Selenoureas

1. Preparation

A variety of methods are available for the preparation of selenoureas (151). They may be
prepared from thioureas via alkylation followed by treatment with hydroselenide ion at
pH8-9 (equation 147)2%%. Reaction of the salt at more acidic pH affords the selenocarba-
mate (see Section X.A.1, equation 143). This method provides a convenient route for the
preparation of tetrasubstituted selenoureas. Trisubstituted selenoureas could be prepared
via a similar procedure?°®.

] SMel™ Se
™ NENM Mel Ne=Hi NoHSe It
65 82_’ M82 C_NMGZW MGZNCNMGZ (147)
(181)
Mono-, di- and tri-substituted selenoureas can be prepared by the reaction of an
isoselenocyanate with ammonia, primary or secondary amines

(equation 148)!36:159.162.207  Reaction of selenocyanate ion with amines also yields
selenoureas (equation 149)2°8,

Se
i ” I
RNCSe + RoNH ———— RNHCNR) (148)
R'=H,alkyl,
aryl
ﬁe
+ -
PhCH,NH,CI™ + KSeCN ———— PhCHyNHCNH, (149)

Reaction of cyanamide with hydrogen selenide provides a convenient route to the
unsubstituted selenourea (equation 150)2°°. Substituted cyanamides afford mono- or 1, 1-
di-substituted selenoureas?!°~2!2. Carbodiimides also react with hydrogen selenide to
afford 1, 3-disubstituted selenoureas (equation 151)21°,

Se
il
NH,C=N + HySe ——— H,NCNH, (150)
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Se
il
RN=C=NR + HpSe ——— RNHCNHR (151)

The reactions of dialkyl triselenocarbonates or carbon diselenide with excess of primary
amines both afford symmetrical 1,3-disubstituted selenoureas (equation 152)!9':213,
These reactions presumably involve an isoselenocyanate intermediate.

Se
(PhCH,Se),C=Se + RNH, > [PhCHZSegNHR:l
—PhGH,SeH
P
—RNH
RNHp+ CSe, —# RNHC—Se— ——25%" o [RN— C=36] (152)
+
RNH
RNH,
RNHCNHR
Se

Phosphorus pentaselenide converts urea into selenourea in poor yield2!4. Selenobiurets
(152) could be prepared from thiobiurets by the previously described alkylation—sodium

hydrogen selenide procedure (equation 153)2%4:215,
Se X
i (1) Mel I
HNCNHCNH, ~(2)noHse  HoNCNHCNH, (153)
(152)

X=0,S,Se

Sterically hindered tetrasubstituted selenoureas can be prepared using di-
selenocarbamoyl selenides or triselenides (153) (equation 154)!%°. This selenide mixture
may also be generated in situ.

Se Se
[RZN("!;IES% + 2 R,NH _7%2°_c’ RzNgNRz (154)
(183)
NR, RoN
‘ NaHSe :[I>':s° (155)
RoN cl RoN
clog (154)
R=/-Pr

The ‘quasi-selenourea’ 154 was prepared in quantitative yield from the cyclopropenium
salt and sodium hydrogen selenide (equation 155)'26. The spectral properties of this
molecule resemble those of a selenourea rather than those of a selone because of the strong
conjugation through the cyclopropene ring.
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Cl Se
N N Hy N
selenourea
QLY === Ly
N u N H
Ph Se Ph
é\s PhNHCNH, \ (157)
S
Cl Se

2. Reactions

Selenoureas are widely used for introducing selenium into organic molecules
(equation 156 and 157). As expected, the selenium center is especially nucleophilic.
Selenoureas are very useful as reagents in the synthesis of selenium-containing heterocy-
cles®12:166 (¢.g 155-158, equations 158-161).

o}
R
EtO,C H selenourea . j\ | (158)
R: :ONu Se N
H
(188)
00 E10C.
EtOgICICHZBI' selenourea Z/ \)\ (159)
Se NH2
(156)

Se RNH~__-Se._~CO,Me
RNHCNH, + Me0,CC=CCO,Me ——» \("J/ (160)
N
0

(157)

o]
) R
selenourea HN R (161)

(Et0,C),CRy —————» )\
Se N 0]

H
(i188)
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Selenourea adds to «, f-unsaturated systems in a conjugative sense (equations 162
and 163)221:222,

selenourea O /Ph
PhCC CPh ———» PhCCH =C__ (162)
Se\ /NH2
c
I
NH
s«cwzcuzco2
| HX
HaC=CHCOpH — 82X o i NC=NHE X (163)

Selenourea is easily oxidized to the a, a-diselenobisformamidium cation 159 using
hydrogen peroxide, hexacyanoferrate(III), p-benzoquinone or by electrochemical
oxidation {equation 164)223.224,

I o] i
HaNCNHy — 21— (HNCSe), (164)
(159)

Treatment of dicyclohexylselenourea with DMSO in the presence of acid leads to an
oxidative deselenation (equation 165)22%,

Se
RNHONHR —ﬂf—g—» RNHCNHR + Se + MeyS (165)

B. Telluroureas—Preparation and Reactions

Treatment of 1,3-dimethylbenzimidazoline with 2 mol of tellurium at elevated
temperature is reported to give the cyclic tellurourea 160 (equation 166)226,

Me
| Me
N A N
@ > — A . @: >=re (166)
f;l N
Me Me

(160)

The first well documented telluroureas (162) were prepared by heating the electron-rich
olefins 161 with tellurium (equation 167)>2”. The resulting crystalline materials were air
sensitive both in solution and in the solid state. They extruded tellurium thermally and
photochemically, regenerating the starting olefin.

i R
N
EN>=< j (z'::ene E %Te (167)
o
R

reflux)

(181) (162)
R=Me,Et
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Metal complexes of these telluroureas have been prepared (Section XII,
equation 175)227. The authors suggest that the facile detelluration of these telluroureas
and their metal complexes may lead to their use in synthesis as ‘masked’ nucleophilic
carbenes, amines and acylcarbanions.

Xil. METAL AND RESONANCE STABILIZED Se/Te DERIVATIVES

Many otherwise unstable seleno- and telluro-carbonyl compounds can be isolated as
metal complexes. Complexes of both seleno- and telluro-formaldehyde have recently been
isolated using a variety of methods. These include reactions of sodium hydrogen selenide
or telluride with diiodo-rhodium and -osmium complexes (equation 168)228:22%  and
carbon diselenide addition to the osmium—formaldehyde complex, followed by extrusion
of carbonyl selenide (equations 169 and 170)23°,

1 Y
NaHY
CpCORh< —— cpcorn | (168)
Y =Se,Te
CH CH,—0
12 CSe Pk
Ly€0,0s | © —t— L,(C0%0s | (169)
(0] Se —C\
Nse
lnx lA,—COSo
CH,l1 CHy
o2 NaoHSe ~
L2(C0),08 —>  Lp(C00,0s_ | (170)
I Se

Alternatively, addition of diazomethane to organometallic manganese complexes of
selenium and tellurium affords the seleno- and telluro-formaldehyde derivatives
(equations 171 and 172)23!,

CH,N,
M.Te M
3 —Nz,—M NTe=CH
’ e (171)
M

M= CpMn(CO),

Se\
M M’ CH N, ,

or —N M\

s , 2 Se=CH, (172)
M- e\se/M hlll'

M'=Me ,CpMn(CO),
Chromium and tungsten complexes of selenobenzaldehyde?32, selenobenzophenone???
and tellurobenzophenone?3* have been prepared by carbenoid abstraction of selenium or
tellurium from seleno- and telluro-cyanates (equations 173 and 174). The complex
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bonding in the selenobenzaldehyde case has been studied?32. A number of stable metal
complexes of the telluroureas 163 have been prepared (equation 175)227.

M + - /H
(C0)5M=C\ + Ef4N NCS¢ ———» (C0)5M—Se=C
Ar Nar (173)
M=W,Cr
(CO)sM=CPh, + Y=C=N~ — (CO)sM-Y=CPh, (174)
Y =Se, Te
Et Et
' I
N N
i >'=Te + M(CO)5(CNMe) —— i D=Te—m(cO)y  (179)
y 'r
Et Et
M=Cr,Mo,W

(163)

A number of selenium analogues of diketones, stabilized by metals or intramolecular
hydrogen bonding, have been prepared (equation 176-178)2357237,

0 Se H
i (1) HNENH o se me*
PhCC=CPh ——2——E—p ] —_—
(2)H0 )k _C
Ph €% ™Ph
I
H
M=2Zn,Cd,Hg
(176)
0
(177)
0
CF3 Se CF3 Se
|+ mcoyy ——» er (178)
===Se
CF3 Se CF3 n
M=Mo, Ni,W n=2,3

The especially well stabilized selenolate 164 can be prepared by hydrogen selenide
addition to a bromocyclobutenedione?38, Alkylation and protonation occur at selenium
while aniline addition occurs at a carbonyl center (equation 179).
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Ph -0 Ph _-Se Ph Se
HySe
— > +—> @
Pyridine
Br 0 e o -0 o-
(164)
Ph SeH Ph SeMe  Ph Se™
Mel
Q P +
0 ~o ) ) ) NPh
(179)

A number of selenium compounds have been obtained which formally contain
selenocarbonyl groups stabilized by ‘no-bond resonance’. Treatment of the selenopy-
rone 165 with sodium selenide affords a mixture of the dieneselenol 166 and its oxidation
product 167. Treatment of this material with phosphorus pentasulfide afforded a mixture
of selenothiophthenes 168 and 169 (equation 180)2397241,

Se Se [o]

o G

0

(169)

Se—Se o] SeH SeH O

(167) (166)

P,Sg

Se Se—S§ Se S——S
)J\)\)\ )Q\)\ (180)
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Treatment of aldehyde 170 with phosphorus pentaselenide afforded the selenodithioph-
thene 171 (equation 181)242, X-ray analysis of 171 showed that the S—S bond was longer
than the S—Se bond, suggesting relatively little selenocarbonyl character in this molecule.

Ph Ph

Py

S§——S Se

170)
I (181)
Ph
Ph N SN
¢ —p
S ) Se
171)

Related compounds 172 and 173 have been prepared by oxidation of dianions
(equation 182)'85. Compounds 168, 172 and 173 are perhaps best considered as hyperva-
lent selenium species. Analogous tellurium compounds have also been reported?*>.

KyFolCNY, m
/ Se—S
—NeS | | (172)
(182)

(1)se®

w‘m(cms
ak

Se—Se——S
(173)

Other molecules containing formal selenocarbonyl groups stabilized by metals (174)
have been produced photochemically and thermally (equation 183)2447246,

(CO)
Ph l\\
FelCO) 5 hv
\[[ Wt . \E Fo(COl, (183)
sé Fe,(COYg, &
174)

Xlil. SELENOCARBONYL COMPOUNDS OF BIOLOGICAL INTEREST

A selenocarbonyl-containing nucleoside, 5S-methylaminomethyl-2-selenouridine (175) has
been isolated from t-RNAs of a number of bacteria grown in low levels of selenite?*”. This
compound was synthesized and compared spectroscopically with other selenonucleosides.
Another selenonucleoside related to 2-selenouridine was also present in these bacterial
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t-RNAs but could not be identified. There is also some evidence for naturally occurring
4-selenouriding?48-249,

Other selenocarbonyl analogues of compounds of biochemical and medicinal interest
have also been prepared. A number of selone nucleoside derivatives have been prepared
and evaluated as antineoplastic agents. Treatment of 2-aminoadenosine with hydrogen
selenide in aqueous pyridine led to displacement of a heterocyclic amine group affording 6-
selenoguanosine (176)23°7232, Other 6-selenopurine nucleoside derivatives could be
similarly prepared. A number of other selenocarbonyl-containing purine and pyridine
derivatives, including selenocytosine, 5-methylselenocytosine, diselenothymine, 6-seleno-
purine, 2-selenouracil and 2-selenothymine, have also been prepared and evaluated as
purine and pyrimidine antagonists'®®2%37236_ Selenosemicarbazones have also been
evaluated as antineoplastic agents2*”. A number of selenocarbonyl derivatives have been
evaluated as antifungal and antimicrobial agents?33:258:25%  Selenobarbituric acid
derivatives have also been prepared?2°.

Se
NHMe N
HN I HN \>
SB)\N HZN \N N
HO 0 HO 0
HO OH HO OH
(1793) 176)

XIV. SPECTROSCOPIC AND ELECTROCHEMICAL STUDIES OF
Se/Te CARBONYL COMPOUNDS

A. NMR Spectra

13C NMR studies of selenocarbonyl compounds show that the selenocarbonyl carbon is
shifted significantly downfield relative to the corresponding thiocarbonyl and carbonyl
compounds2®®. The selenocarbonyl carbons of selones are reported to be the most
deshielded carbons observed in neutral molecules (287-295 ppm)>%-262, 77Se NMR studies
of selenocarbonyl compounds show that the § 7’Se shifts of the selenocarbonyl group are
also shifted significantly downfield (ca. 100 ppm relative to dimethyl selenide)!®. The 77Se
shift closely parallels the 1., of the n— =n* transition of the selenocarbonyl group,
and is very sensitive to changes in electronic structure.

The 77Se~!3C coupling constants of selenocarbonyl compounds have been determined
and found to be much larger than previously observed (209-221Hz)!#-26!, The '3C
isotope effect on 77Se shielding has been determined and correlated with C—Se bond
distances for a number of selenocarbonyl compounds262. A comparison of the 7’Se and
770 chemical shifts of selenocarbonyl and carbonyl compounds has also been made!”.
Deshielding of &(7"Se) is always accompanied by shielding of §(**C=Se), paralleling
the change of §(770) versus §('3C=0). Both 7’Se and 'O shifts are dominated by the
local paramagnetic screening term. Based on these observations, the bond order term of
the C=Se bond of selones was shown to closely resemble the bond order term of the
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C=Ol E)ond of ketones, indicating the true double bond nature of the selenocarbonyl
group!’.

'H NMR studies of amide analogues show an increased barrier to rotation about the
C—N bond on going from amide to thioamide to selenoamide263-264. This indicates an
increased contribution of the dipolar resonance form 177b in the order O < S < Se. This
result is consistent with N and !3C NMR studies of these compounds269:265, Similar
results were observed in the case of selenosemicarbazides254,

X X~
1, I+
RCNR; «———» RC=NR)
(177a) (177b)

X=0,8,Se

Studies of tetramethylselenourea indicate that there is free rotation about the C—N
bond in this compound even at — 120°C2%3, This has been explained by the increased
steric effect of selenium in the ground state effectively lowering the barrier to rotation. '*N
decoupled NMR studies showed that the rotational barrier of selenourea was the same as
that of thiourea?6s,

In the case of tellurocarbonyl compounds, **C NMR spectra have been reported only
for telluroesters, the C=Te carbon resonance being at ca.229 ppm!é. The N-methyl
groups of telluroamides are reported to be shifted significantly downfield (6 3.6-3.75)! ¢ in
the 'H NMR.

B. Infrared Spectra

Infrared spectroscopy has not been especially useful as a technique for characterizing
seleno- and telluro-carbonyl compounds. Comparison of the infrared spectra of tel-
luroamides and tellurohydrazides with those of the corresponding selenium compounds
showed them to be almost superimposable!®. Relatively little change had previously been
reported in a comparison of the infrared spectra of thiolactams and selenolactams.
Reasons for the difficulties in determining the C=Se (and hence C=Teé) frequencies have
been discussed in detail?”. Suffice it to say that the C=Se and C=Te absorption bands
would be expected to be much weaker than C=0 bands. Owing to significant resonance
interactions in the compounds studied (amides, hydrazides and semicarbazide deriva-
tives), the main absorptions due to the seleno- and telluro-carbonyl groups would be in the
C-—Se and C—Te single-bonded regions. In addition, coupling of these bonds with
other vibrations would be expected, and would complicate detailed interpretations.

C. Ultraviolet and Visible Spectra

The ultraviolet and visible spectra of a number of selenocarbonyl and telluro-
carbonyl compounds have been reported. Selones are typically deep blue compounds
which exhibit an n-n* transition in the visible region (4.~ 600-700 nm,
€~20-401mol~' cm™!)!8268  Ap intense m—n* transition (A, =270 nm,
ex~10*Imol™'cm™!) as well as a presumed n—o* transition (A, ~ 230 nm,
e~ 103 1mol™! cm™1!) occur in the ultraviolet region. The long-wavelength band is
dominated by a singlet-triplet component?%®, The UV-visible data for selenofenchone,
thiofenchone and fenchone have been compared?6%-26°,

The ultraviolet spectra of methyl phenylacetate and its thione and selone analogs have
been compared, with a red shift observed on going from the ester (.., =214 nm, ¢ = 6.0
x 1031 mol~! cm™?) to the thione ester A,,,, =240 nm,e=7.1 x 10> mol~* cm~ ') to the
selone ester (Ay,, =275nm, ¢=6.7 x 10> 1 mol~! cm™!)%4, Similar shifts have been
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observed for the amide, semicarbazide and urea derivatives?’®. This trend has been
explained by a decrease in the energy difference between ground and excited states, due to
an enhanced contribution of the dipolar resonance species 177b!98-165:220 (cf NMR
Spectra, Section XIV.A, and Dipole Moment Studies, Section XIV.E).

Telluro-amides and -hydrazides, although much less well studied than their selenium
analogs, also show red shifts of both the - =* and n—n* bonds relative to the
selenium analogues [For X = Te (Ap,, = 375 nm, £=10* mol ™' cm™!; 4., = 540 nm,
e=10"1mol " 'ecm™!), X=Se (Aye, =316 nm, ¢=10*1mol~! ecm™*; A,,, =442 nm,
e=4x10% 1 mol™! cm™1!)]!!6, Telluroesters exhibit maxima at ca. 240 nm (e ~4 x
10°Imol"*cm™Y), ca.265 nm(sh) (¢=101mol ' cm™!), 345nm (ex~7.5x
10° I mol™! cm™!) and ca. 590 nm (e =3 x 1021 mol~! cm™!).

D. Mass Spectra

Comparisons of the mass spectral behavior of selenoureas?”! and selones?’? with their
sulfur analogs have been made. Data allowing a similar comparison for selenoamides and
thioamides have also been published®®. The molecular ion abundance was less for
selenocarbonyl compounds than for their thiocarbonyl analogs, yet in general, thiocar-
bonyl compounds give more intense molecular ions than their oxygen analogs. Fragments
containing multiply bonded selenium were absent, or of much lower intensity than the
corresponding sulfur fragments. It is likely that the greater ability of selenium to stabilize a
positive charge is more than counterbalanced by the lowered stability of multiply bonded
selenium in cationic species, accounting for the differences observed in the oxygen, sulfur
and selenium spectra?2, Similar conclusions resulted from mass spectral studies of furan,
thiophene, selenophene and tellurophene? .

E. Dipole Moment Studies

A comparison of dipole moments of fenchone derivatives (178) has been carried
out?!, The carbonyl moieties of these molecules are not stabilized by resonance and
may be considered as ‘pure’ carbon—chalcogen double bonds. The results are consistent
with a decreased, but not reversed, polarity of the chalcogen—carbon bond in the order
O>S>Se. In contrast, in the resonance-stabilized pyridone and phthalide series,
dipole moments increased in the order O <S < Se, presumably owing to increased
dipolar resonance contributions in the thione and selone cases?”*.

(178)
X=0,5,Se

F. Chiroptical Properties

The CD and ORD spectra of chiral selenofenchone have been reported?6:26°, The
chiroptical properties of ( — )-fenchone and the thione and selone derived from this ketone
are parallel, showing long-wavelength negative Cotton effects. The long-wavelength CD
and UV bonds in selenofenchone are well separated. The magnetic circular dichroism
spectrum of racemic selenofenchone has also been reported and discussed in terms of a
dominant singlet—triplet component in the n— n* transition?¢°.
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G. Electrochemical Studies

In a comparison of the reductions of O-methyl selenobenzoate and the corresponding
thione benzoate using zinc and hydrochloric acid, the selenium compound was more easily
reduced?”*. Polarographic studies of the reduction of these esters and the corresponding
imidate indicate that the order of ease of reduction is C=Se¢ > C=NH > C=S8 > C=0.
A comparison of the reductions of selenobenzamide and thiobenzamide was consistent
with this series.

The electrochemical reductions of di-z-butyl selone and 1, 1, 3, 3-tetramethylindane-2-
selone to the corresponding radical anions have been carried out, and the half-wave
potentials for these reactions have been determined?7%277. The reduction to the radical
anion of the indaneselone is electrochemically reversible. The reduction product was
isolated as the corresponding diselenide.

H. Photoelectron Spectra

A comparison of the photoelectron spectra of pyridone derivatives (179) has been
reported?”®. Replacement of oxygen by sulfur or selenium affects both the HOMO energy
and electron distribution. In the latter cases the HOMO is concentrated on the chalcogen
atom, paralleling the increased nucleophilicity of the chalcogen. These results were
consistent with !3CNMR studies of these compounds, and also with calculations
describing similar compounds?7°-28°,

179)

The photoelectron spectra of the unstable selenoformaldehyde, selenoactaldehyde and
selenocarbonyl difluoride have been obtained by ‘computer spectra stripping’®®. The
photoelectron spectrum of selenoformaldehyde compared favorably with its calculated
spectrum.

I. X-Ray and Microwave Studies

A limited number of structural studies on selenocarbonyl compounds have been
reported?®!:282, As yet, no data on an unstabilized selenocarbonyl moiety (e.g. in a selone)
have appeared. The selenium—carbon bond length in resonance-stabilized selenoureas is
typically in the range 1.82-1.89A2837285 The selenocarboxylate of dipotassium
diselenooxalate has a C—Se bond distance of 1.87 A!27. These bonds are probably
intermediate between carbon—selenium single and double bonds. In diselenouracil (180)
two widely differing C—Se bond lengths were observed?®®. In addition to the usual
selenourea-like C—Se bond at the 2-position of uracil there is a very long C—Se bond at
the 4-position. This lengthening has been explained by an enhanced single bond character
due to resonance.

Hydrogen bonding in selenocarbonyl compounds has been reported for selenourea
(Se---HN bond distance of 3.51A)?85  1-benzoyl-3-phenyl-2-selenourea (3.83A)283
and diselenouracil (3.47 and 3.75A)*%6. No hydrogen bonds were observed in
1-acetyl-3-phenyl-2-selenourea?®4.

Structural studies of metal complexes of selenocarbonyl compounds have also
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Se_—1.99 +0.05 A

HN

A

1.89 + 0.05 A H
(180)

appeared. Nickel bisdiethylaminodiselenocarbonate exhibits two unequal carbon—
selenium bond lengths (1.84 and 1.97 3)287.

A bisisoselenocyanato nickel complex (181) has a carbon—selenium bond length of
1.71 A28 in line with that expected for a C—Se double bond ca. 1.74 A, see Table 3).
Microwave studies of selenoketene indicate a carbon—selenium double bond length of
about 1.70 A128,

i
[MezNCH:LNi(NCSe)z

(t81) (182)

An X-ray structure of a tellurourea derivative (182) with the tellurocarbonyl tellurium
complexed to chromium exhibits a carbon—tellurium bond length, 2.12 A, typical of a
carbon—tellurium single bond22”. This is consistent with stabilization of the tellurocar-
bonyl moiety due to a lowering of the carbon—tellurium bond order by resonance and
interaction with the metal.
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. INTRODUCTION

The photochemistry of organic selenium and tellurium compounds has attracted much
less attention than the light-induced reactions of the early organochalcogen derivatives of
oxygen'-? and sulfur®*. Although the sensitivity to sunlight of dibenzyl diselenide (1), one
of the most common selenium compounds, has been known since 1875, the mechanistic
details of this photofragmentation lay dormant for nearly a century®. It seems that the
frequently observed deposition of elemental selenium and tellurium during photolyses,
although a very useful process in photography, deterred chemists from exploring the fate
of the organic residue. Accordingly, it is perhaps not surprising that photoreactions of the
heavier organochalcogens are hardly mentioned in comprehensive treatises on the
chemist;y of these compounds’-8, and that the single photochemical review appeared only
in 1980°.

PhCh,SeSeCH,Ph
1)

The last decade has witnessed substantial progress in the understanding of the physical
and chemical consequences of the electronic excitation of organoselenium and tellurium
compounds. In general, it is found that whereas in organic oxygen compounds carbonyl
excited states play the major role in the photochemical transformations, selenium and
tellurium derivatives, like their sulfur counterparts, react mainly via homolytic cleavage of
sigma bonds.

This chapter intends to provide a comprehensive review of the synthetic and
mechanistic aspects of the photochemistry of the heavier organochalcogen compounds. It
is organized according to reaction types, that is, dissociative and associative processes,
rearrangements and isomerizations, oxidations and reductions. Because of the relatively
few photoreactions of tellurium compounds, and their resemblance to those of selenium
derivatives, both groups will be discussed together. It is hoped that this chapter will
provide the reader with a framework for identifying unexploited areas of the organic
photochemistry of selenium and tellurium compounds, and help stimulate further
progress in this growing field of research.

Ii. PHOTODISSOCIATIVE PROCESSES

A. Photofragmentation

The homolylic cleavage of a sigma bond between a chalcogen and another atom, to
form radicals, is the most common primary process in the photochemistry of organo-
selenium and tellurium compounds. In the absence of ground-state molecules to react
with these radicals, they may recombine to form the starting material, or dispropor-
tionate by a variety of routes. The chemistry of these disproportionation reactions will
be examined in this section.
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1. Cleavage of Se—C and Te—C bonds

A unique cleavage of an aliphatic selenide bond is observed when selenide 2 is irradiated
in benzene solutions in the presence of p-toluenesulfonic acid, yielding acetylacetone (3)
and PhSeOTs (4) (equation 1)'°.

hy

MeCOCH(SePh)COMe

MeCOCH,COMe + PhSeOTs (1)

hH,p-TsOH
2 )] )

The photochemistry of aromatic selenol esters has been studied extensively. These esters
usually undergo photo-Fries type rearrangements (Section IV.A). However, in some cases
the main products are formed only by cleavage. Irradiation of the diselenol ester 5 gave
high yields of anthraquinone (6) and bis(p-tolyl selenide) (7) (equation 2)'*.

0
C—Se~—Tol-p [}

hv{quartz)
—_.___._—’ -
PhH,20 °C ‘ + (p-Tol)zSep (2)
(I'i—Se—Tol-p 0
(0]
(8) (6) (n

When the selenoester 8 was photolysed, the major products observed were methyl
sulfinyl acid (9) (41%, yield) and 7 (49%) (equation 3)!'2. Photolysis of selenoester 10 gave,
among other substitution products (Section III.A.1.c), a 229 yield of 11 in a presumably
photo-Friedel-Crafts reaction'® (equation 4). No cyclization products were obtained
when aliphatic sulfides were irradiated. In a similar photo-Friedel-Crafts reaction of the
nicotinic ester 12, selenoxanthone (13) was obtained in 15% yield!* (equation 5).

0
I\ COOH
Se—Tol-p

hv
- » + 7 3
s=0 PhH SMe ( )
|
Me
(8) (9)
0 o]
Se—Tol-p o
PhH +7 @
S—Tol-p S
(10) (11)

0

o]
O Se—Tol-p ,
9
PhH O +
N Se~Tol-p N S

(12) (13)

~
—_

wn
=
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Telluroester (14) undergo homolysis on irradiation in dry benzene solutions' to give
aldehydes (17) and bis(p-tolyl telluride) (18) (equation 6). The mechanism is believed to
involve a-cleavage to radicals 15 and 16, followed by hydrogen abstraction by 15 and
dimerization of 16, to give the observed products. Although the origin of the hydrogen
atom abstracted was not determined, it may be derived from the solvent. As with the
selenium analogs, small amounts of photo-Fries rearrangement products are obtained
(Section IV.A) together with some elemental tellurium. In the case of the photolysis of
19’6 an intramolecular substitution occurred giving 20 (Section II1.A.1) (equation 7).

o
co*
Te—Tol-p Py /@:
quortz) .
—_—r o + Te-Tol-p
R o2 PhH,20 °C ]! R
(14) (18) (16)
R'=R%=H
R'=0Me,Rp=H
R'=H,R%=Cl
R'=H,R%=50,Me CHO
R'=H, R®=0Me + (p-Tol),Te,
3 R?
an (18)
(6)
-~
0 o
Te-Tol-p ™
s s
[
Me
(19) (20)

An unusual ylid selenium—carbon bond rupture on irradiation of 21 at 238nm in
chloroform was reported!’. Dimethy! selenide (22) and phenacylcarbene (23) are the
primary products. The latter trimerizes in two steps, via dibenzoylethylene (24), to
trans-tribenzoylcyclopropane (25), as shown in equation 8.

Me,Se = CHCOPh —cLH\’cT’ Me,Se + :CHCOPh —C%Phy ppcoCH=CHCOPR
(21) (22) 23) (24)
:CHCOPh PhCO, \\\\\\COPh
) ®
COPh
(2%)

There are only a few known examples of the photochemical cleavage of a sigma bond
between selenium and an aromatic carbon. Direct evidence for the homolysis of



5. Photochemistry of organic compounds of selenium and tellurium 279

bis(p-methoxyphenyl) selenide (26) to the selenide radical 27 was obtained from pulse
radiolysis studies'®, in which the transition absorption spectrum of 27 (4,,,,535nm) was
observed in neutral or acidic methanolic solutions (equation 9). Similarly, pulse irradiated
solutions of the diselenide 28 give the transient absorption spectrum of the diselenide
radical 29 (4., 600nm) (equation 10). Here the spectrum of radical 27 also appeared
as a result of the homolytic cleavage of the Se—Se bond. The decay of the 535nm
absorption in irradiated solutions of 26 followed pseudo-first-order kinetics with
a rate constant k=8 x 10°Imol~'s~!. Pulse radiolysis of methanolic solutions
of bis(p-methoxyphenyl) telluride (30) similarly gave telluride radicals 31 (4_,, 508nm),
which decay faster (k= 1.5 x 10'°lmol ~!s~ !} (equation 11)'®,

Ar,Se —— ArSe’ + ArH 9)
MeOH
(26) 27
ArSeSe® + ArH
(29)
3
Ara5e2 ™ Meon (10)
(28) \
ArSe® + ArSeH
(27)
Ar,Te —— ArTe" + ArH (11)
Me¢OH
(30) (31 Ar = p-methoxyphenyl

Cleavage of the Se—Ph bond was also observed in the sunlight-induced transfer
reaction between triphenylselenonium fluoroborate (32) and triphenylphosphine (33) to
form dipheny! selenide (34) and tetraphenylphosphonium fluoroborate (35)!°
(equation 12). The homolytic character of this reaction is evident from the isolation of
small amounts of benzene, which apparently result from hydrogen abstraction from the
solvent by phenyl radicals.

Sunlight

Ph,SeBF, + Ph,P ———", Ph,Se + Ph,PBF, + PhH (12)

acetone

(32) (33) (39 (35)

2. Cleavage of Se—Se and Te—Te bonds

Shortwave UV irradiation of diphenyl! diselenide (36) in high vacuum gave phenylse-
lenyl radicals (37), which were detected by ESR measurements (equation 13)2°. These
radicals are thermally more stable than the corresponding sulfide radicals, and recombine
back to 36 only at temperatures above 77 K.

PhSeSePh - PhSe’ 13)
(36) 37

As has been shown above (equation 10), pulse radiolysis of bis(p-methoxyphenyl
selenide) (28) affords selenide (27) and diselenide (29) radicals. The corresponding
ditellurides (38) on radiolysis gave only telluride radicals (31), which absorb at 4, 508 nm



280 Zeev Goldschmidt

(equation 14)'8,
ArTeTeAr W ArTe’ + ArTeH (14)

(38) 31
Ar = p-methoxyphenyl

A kinetic study of the photochemical degradation of bis(p-ethoxyphenyl telluride) (38,
Ar = p-ethoxyphenyl) in toluene solutions containing ethanol revealed?! that in the
rigorous exclusion of oxygen no reaction occurred. However in the presence of even
catalytic amounts of oxygen the ditelluride decomposes after a short induction period,
with a rate half order in ditelluride (equation 15). The reaction is also first order in ethanol,
but independent of temperature.

[Ar,Te,]1'/? = constant — k,,t (15)

ESR findings indicate that a homolytic Te—Te bond cleavage took place, yielding
ArTe radicals. Since the overall reaction is not independent of ditelluride concentration,
two ditelluride molecules must be involved in the radical production. Molecular oxygen is
obviously also involved at an early stage of the reaction. Consequently, a reaction
sequence is proposed which includes the essential steps shown in equations 16—18. Both
reaction products, 39 and 40, are unstable and oxidize immediately on exposure to oxygen,
to give 41.

Ar,Te* + O, — Ar,Te,0, (16)

Ar,Te, 0, + Ar,Te,— 2ArTe" + Ar,Te, + O, (17

[2ArTe’ + EtOH — ArTeCH(Me)OH + ArTeH -2 (ArTe),0] (18)
(39) (40) (1)

Ar = p-ethoxyphenyl
3. Cleavage of bonds between Se and other atoms

a. Selenium—sulfur. Phenyl areneselenosulfonates (42) are unusually photosensitive.
Irradiation of 42 through Pyrex, in degassed carbon tetrachloride, led to its complete
decomposition. The identifiable products of decomposition were diphenyl diselenide (36)
and arenesulfonic anhydride (43) (329 yield) (equation 19)?2. These products are believed
to arise as a result of the reaction sequence shown in equations 20-23, initiated by the
homolytic photodissociation of 42 into PhSe and ArSO, radicals (equation 20). It should
be noted that at some stage oxidation must occur, presumably of the intermediate dimer of
ArSO, (equation 22).

hv(Pyrex)

PhSeSO,Ar PhSeSePh + ArSO,0S0,Ar (19)

la
(42) (36) (43)
Ar = Ph, p-tolyl
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PhSeSO,Ar— PhSe’ + ArSO,’ (20)

PhSe’ + PhSeSO,Ar — PhSeSePh + ArSO,’ @1)
2ArSO," — [ArSOOSO,Ar] —= ArSO,080,Ar (22)

2PhSe" — PhSeSePh (23)

b. Selenium—germanium. The irradiation of triethylgermylselenol (44) in the presence
of olefins usually gives addition products??® (Section IT1I.B). However, when 44 was
irradiated in the presence of equimolar amounts of acrylonitrile, a 76.7% yield of
hexaethyldigermselenane (45) was obtained, clearly indicating cleavage of the Se—Ge
bond (equation 24).

hv(Pyrex)

Et,GeSeH ——— (Et;Ge),Se (24)
77%
(44) (45)

B. Photoeliminations

1. Deselenation and detelluration

The loss of a selenium or tellurium atom during the irradiation of organochalcogen
compounds is a very common reaction. Early gas-phase flash photolysis studies of
CSe,?*25 {equation 25) and CQSe2*26 (equation 26) revealed the presence of excited
selenium atoms in the photolysis mixture. These may react with a variety of hydrocarbons
and olefins to give insertion products, (Section IT1.D).

CSe, —"', CSe(X'Z) + Se(4°P,) (25)
flash hv
COSe —="", CO +Se(4'D,) (26)

Flash photolysis of dimethyl telluride (46) is a useful source of triplet excited tellurium
atoms (equation 27)2”. Thus, inspection of flashed mixtures of 46 vapor (1073~107° Torr
with CO, diluent), using kinetic absorption spectroscopy, showed intense atomic
absorptions at 1214.3 and 225.9 nm, corresponding to transitions of Te(*P,), and at 238.6
and 238.3nm, corresponding to Te(*P,) and (*P,), respectively. In addition, Z-X type
transitions of the Te, molecule appeared between 360 and 430 nm. At low initial pressures
of 46, the 216nm absorption of the methyl radical was detected. From flash energy
variations, the carrier of a series of four bands between 224 and 243 nm appears to be the
primary photoproduct, the MeTe radical.

flash hv

Me,Te

TC(3P2.1,0) (27)

CO:z
{46)
As an alternative source of Te atoms, the flash photolysis of H,Te was examined.

Ground-state and spin—orbit excited Te atoms were observed along with Te,. A transient
species absorbing at 215.5nm was detected and was assigned as the HTe radical?”. This
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represents a unique case of a photohomolytic cleavage of a Te—H bond (equation 28).
H,Te — HTe + H' — Te (28)

Dibenzyl diselenide (1) was the first organoselenium compound whose photochemistry
was studied in solution?®. Irradiation in benzene at 350 nm, in the absence of atmospheric
oxygen, gave a 60% yield of isolable monoselenide (47) (equation 29).

hv (350nm)

PhCH,SeSeCH,Ph —— PhCH,SeCH ,Ph + Se (29)
(1) (47

Detailed kinetic and mechanistic studies of the deselenation of 1 were carried out in
acetonitrile using light of 4 > 280 nm (Pyrex filter)®. First, it was established that 47 and a
stoichiometric amount of red amorphous selenium are the sole products of the reaction.
The observed quantum yield for the disappearance of 1 (at 313 nm) was ¢ = 0.16 + 0.02 at
low conversions, and the initial rates of the photodecomposition were found to be
dependent on the light intensity, but not on the concentration (equation 30).

d(1)/de = kI, (30)
where I, = intensity of light absorption by 1,

PhCH,SeSeCH, Ph == 2PhCH,S¢’ 31)
(1 (48)
PhCH, SeSeCH, Ph — PhCH,’ + PhCH,SeSe’ (32)
ey (49) (50)

Since under the irradiation conditions (4310 nm =~ 92kcal) both the Se—Se bond
(44 kcal) and the C—Se bond (57 kcal) may cleave, it is reasonable to suppose that the two
primary processes involve homolytic cleavage of these bonds in 1 (equations 31 and 32).
The presence of benzyl selenide radicals (48) in the reaction mixture was confirmed by
trapping 48 with carbon tetrachloride, to give benzyl chloride. However, since the
disappearance of 1 is dependent on the light intensity but not on the concentration, only
the homolytic cleavage of the C—Se bond to produce benzyl (49) and benzyl diselenyl (50)
radicals leads to products, whereas benzyl selenide (48) radicals are inactive except for
recombination to 1. This is consistent with the non-chain radical mechanism shown in
equations 33—40, for which the rate equation has the form depicted in equation 30, where
k=kyf(k, + ks + ky).

RSeSeR —~» RSeSeR* (33)
R = PhCH,

RSeSeR* —, RSeSeR (34)

RSeSeR* —2, 2RSe’ (35)

RSeSeR* —, R® + RSeSe’ (36)
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RSeSe’ —*—» RSe" + Se (37)

R’ + RSeSeR —'— RSe’ + RSeR (38)
R" + RSe’” —*, RSeR (39)
2RSe” —*", RSeSeR (40)

An important conclusion that can be drawn from the above scheme is that benzylselenyl
radicals (48) do not dissociate to Se and benzyl radicals under normal photolytic
conditions. However, in the presence of Ph;P, the diselenation reaction takes a different
course2?®. In addition to the expected dibenzyl selenide (47) and triphenylphosphine
selenide (52), bibenzyl (51) is formed (equation 41). Further, the quantum yields for
disappearance of 1 are dependent on the concentration of Ph,P, and rise to ¢ > 1.0. This
suggests a radical chain mechanism, shown in equations 42—46, in which benzylselenyl
radicals (38), obtained from the homolytic dissociation of 1, play a crucial part in the
reaction.

PhCH,SeSeCH,Ph + Ph,P —-> PhCH,SeCH,Ph + PhCH,CH,Ph + Ph,PSe

0} 47 (51) (52)
@1

RSeSeR —— 2RSe’ (42)

RSe’ + Ph,P —— Ph,PSeR (43)

Ph,PSeR —— R’ + Ph,PSe (44)

R’ + RSeSeR ——— RSeR + RSe’ (45)

2R —— RR (46)

Dibenzyl ditelluride (53) and diethy! ditelluride (54), like their selenium counterparts,
react quantitatively under UV irradiation to give tellurium and the corresponding
tellurides (55 and 56)*°-*! (equation 47). The benzyl derivatives photolyse more rapidly
than the corresponding ethyl compounds®*. Dibenzy] telluride (55) itself is both thermal
and light sensitive, decomposing readily to Te and bibenzyl (51). Cleavage of the
ditellurides, like that of selenides, is accelerated in the presence of tertiary phosphines
(57), affording the corresponding phosphine tellurides (58). The latter decompose back to
57 and Te, forming an equilibrium mixture shown in equation 48. However, unlike
selenides, the increase in reaction rates is not marked, suggesting that C—Te bond
cleavage in alkyltellurium compounds predominates over the rupture of Te—Te bonds. In
general, it appears that the difference in reactivity between the selenium and tellurium
compounds lies in the fact that Se—Se bond cleavage occurs more readily than that of a
C—Se bond, whereas the opposite is true for the tellurium analogs.

RTeTeR —"— RTeR + Te @7)
CDCl3

(53) (55 R=PhCH,
(54) (56) R=Et
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RTeTeR + R!'RZRP >, RTeR + R'R2R3*PTe=R'R2R3P + Te (48)

(57) (58)
R = Et, PhCH,; R! = R? = Ph, R® = M¢; R! = R2 = Ph, R® = CH,PPh,

An interesting photoextrusion of selenium from bis(9-anthrylmethyl selenide) (59) in the
presence of Ph,P has been reported to give two isomeric dimers, hydrocarbons 60 and 61,
in a ratio of 3:1 (equation 49)3%:33, The proposed mechanism involves the initial
deselenation of 59 to the anthrylmethyl radical 62, which first dimerizes to a mixture of
hydrocarbons 63 and 64, followed by a thermal intramolecular 4+ 2 cycloaddition
(Diels—Alder reaction) of 63 to give 60, and a photochemical 4 + 4 cycloaddition of
64%* to dimer 61.

h
AnCH,SeSeCH,An—xNz Phe,

PhyP,40 min

(59)

PhyP | —Se A,[a+2] A, [4+4]

(49)

The photolysis of bis(2-cyanoethyl) selenide (65) and bis[2-(methoxycarbonyljethyl]
selenide (69) gave a complex mixture of products derived from the homolytic cleavage of
the Se—C bonds?®. The composition of the mixture was strongly solvent dependent. In
methanol, 65 decomposed mainly to elemental Se and traces of H,Se and acrylonitrile {66)
(equation 50). In THF solutions, the major product was bis(2-cyanoethy! selenide) (67)
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together with small amounts of adduct 68, H,Se and 66 (equation 51). Photolysis of 69 in
methanol solutions afforded mainly Se together with small amounts of methyl adipate (70)
and methyl acrylate (71). In THF solutions, moderate amounts of 70 were obtained with
essentially quantitative formation of elemental Se(equation 52).

Se(CH,CH,CN), ”MLOT? Se + H,Se + CH, = CHCN (50)
(65) (66)
669 traces traces

Se(CHuCH,CN), —=iL— Se + (SeCH,CHCN), + OSeCHZCHZCN
33% 66% ° 6%
(67) (68)
51

Se(CH,CH,COOMe), — Se + (CH,CH,COOMe), + CH, = CHCOOMe

(69) (70) (71)
MeOH: 54% 1% 1% (52)
THF: 1002 109 traces

Excitation of bis(benzoylmethyl)tellurium dichloride (72) with 313 nm light in degassed
solutions of benzene, perfluorobenzene or acetonitrile yielded chloroacetophenone (73)
and tellurium as the principal photoproducts®*®. In addition, smaller amounts of
acetophenone (74) and dibenzoylethane (75) were obtained (equation 53). When the
photolysis was performed in hydrogen-donating solvents such as tetrahydrofuran,
acetophenone (74) and tellurium were the two major products formed. Trace amounts of
73 and 2-phenylacetyltetrahydrofuran (76) were also identified in this reaction.

(PhCOCHz)zTeCla—”—ob PhCOCH,CI + PhCOMe + Te

(r2) (r3) (74)
PhCOCH,CH,COPh O— CH,COPh (53)
7% 0
(76)

Quantum yields (in acetonitrile) for acetophenone formation are less than those for
chloroacetophenone. The extrapolated minimum quantum yields for 73 and 74 are 0.01
and 0.1, respectively. These values correspond to non-free-radical concerted processes that
are independent of the concentration of 72. In the presence of the efficient radical trap
CCl,, the quantum yield of 73 increases, whereas that of 74 decreases to the limiting value
of 0.01 ([CCl,] > 5wm).

No room temperature emission was observed for 72, but at 77 K in methyltetrahy-
drofuran glass, phosphorescence is detected with quantum yield ¢, =0.18 and lifetime
1, = 24ms. The spectroscopic triplet is assigned as originating principally from the *z,n*
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state with appreciable 3n, n* character. The triplet state of 72 (E; = 72kcal) cannot be
quenched by molecules with lower energy triplet states such as naphthalene (E; = 61 kcal)
and fluorene (E; = 68 kcal), but the reaction can be sensitized by the higher energy 9-
xanthone (E; = 74 kcal).

These results are consistent with a mechanism in which the decomposition of the triplet
n,n* state of 72 may lead to products 73 and 74 by a concerted type 11 y-hydrogen
abstraction and by f-cleavage reactions. They may also be derived by reactions of
phenacyl radicals 77 (produced from f-cleavage) which abstract hydrogen from the
solvent or a chlorine atom from 72. Recombination of 77 with solvent radicals affords 76.
In inert solvents 77 recombines to form dibenzoylethane (75). Tellurium metal formation
may be accounted for by disproportionation of TeCl, (equations 54-57).

72* ——— PhCOMe + [CL;TeCHCOPh] (54)
type
(74)
72% — PhCOCH, "+ TeCl, —————» TeCl, + Te + PhCOCH,CH,COPh
-cleavage
(77) (75)
(55)
PhcocHy + () ——»74+( ). —TT » 7g (56)
0 0
PhCOCH," + 72 — 73 (57)

Kinetic expresstons for the quantum yields of acetophenone and chloroacetophenone
formation were derived using steady-state approximations for excited states and
radicals?®. The quantum yield of 74 in good hydrogen-donating solvents was predicted to
be proportional to the concentration of 72. In poor hydrogen-donating solvents the
quantum yields of 73 (¢.,) and 74 (¢,) were expected to be linearly dependent on the initial
concentration of 72, and on the inverse square root of the absorbed light (¢,
¢, < [72]/1,'%). These predictions were verified experimentallyS.

Photochemical deselenation has been observed in systems in which the selenium atom is
flanked by two vinylic carbons. Thus, the flash photolysis of selenophene (77) diluted with
argon resulted in two groups of transient absorption bands in the 350-390 nm region, due
to vibrationally excited levels of the Se, ground state®’. A new band system was also
observed in the 397-418 nm region which was attributed to the remaining C,H, fragment,
whose structure was not identified (equation 58).

f/ \5 flosh AV Sep(B3545-X35;7) + CqHg (58)

Se
r7)

The solution photochemistry of 2-phenylselenophene (78) resulted in the formation of a
mixture containing selenium and phenylvinylacetylene (79) as the deselenation products,
together with the isomeric 3-phenylselenophene (80) (Section 1V.A) (equation 59)38.

Irradiation of 2-phenyltellurophene (81) gave only the fragmentation products,
tellurium and 79 (equation 60)*%.
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Ph
5@—% +2"0> PhC=CCH=CHp + Se + Z/ \g (59)

Se Se
(78) (79) (80)
3
Q—Ph —E’::-o—+ PhC=CCH=CHp + Te {60)
(81)

Deuterium labeling experiments with 5-d-78 and 3,4,5-d,-81 revealed that the
formation of 79 did not arise from intramolecular hydrogen shift in the intermediate
radical but rather via hydrogen exchange with the solvent. The mechanistic scheme
proposed for the deselenation (equation 61) involves the initial cleavage of the Se—C
bond to form the diradical 82, which loses a hydrogen atom to either an excited starting
material or a solvent radical, forming the vinyl selenide radical 83. This monoradical then
extrudes selenium to give 84, which in turn abstracts a hydrogen from the solvent, to
give 79.

H
:—< C=mC—Ph
Q_ph _L’ /se' \ Ph ___H_._’ </Se'

(78) (82) (83)
,—C=C—Ph Ce=C—
—=Se_, / .. 7 (61)
(solvent)
(84) (79)

Two interesting variations of selenium extrusion in related divinyl derivatives are worth
mentioning. First, the irradiation of the 2, 1, 3-benzoselenadiazole 1-oxide (85) in methylene
chloride solutions, which gave benzofurazan (87) in 94%, yield (equation 62)*°, has been
shown to occur in two steps via cyclization of the intermediate 86 (Section I1.B.3). The
second deselenation is that of 3, 3'-bis(1-methylindolyl) selenide (88), which on irradiation
in benzene afforded the biindolyl 89 and 1-methylindole (90)*° (equation 63). In this case
the first step is a homolytic cleavage.

o—
t NO N
=\ P =\
/se T =~ /O (62)
=y 22 NSe N
(88) (86) (87)
.. OO
N
Me—N P Se A N—Me Me—N z A N—Me \'\'16
(88) (89) (90)
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2. Nitrogen eliminations

The photofragmentation of 1,2, 3-selenadiazole (91) and its derivatives has been
studied extensively in the last decade. Interest has been focused mainly on the detailed
mechanism of nitrogen elimination in conjugated cyclic selenium compounds vis-d-vis
analogous heterocyclic systems. Irradiation (235-280 nm) of argon or nitrogen matrix-
isolated 1, 2, 3-selenadiazole (91) at 8 K produced selenoketene (92), ethynylselenol (93)
and a photolabile species, identified spectroscopically as the selenirene (95)
(equation 64)*!. The reaction progress was monitored by IR spectroscopy.

N "
— =C= = =
(/ \}4 o AT CHy=C=Se + CH=CSeH + CH=CH + Dse (64)
7
Se

(91) (982) (93) (94) (98)

Irradiation of the mixture of products at 275-325nm led to the conversion of 91 into
selenoketene and acetylene. If, however, irradiation was continued, using light of 235-
280 nm, the intensity of the IR bands characteristic of 92 and 94 was reduced, whereas the
bands assigned to 95 reappeared and those belonging to 93 were enhanced. This suggests
that 93 is not a primary product but a photoproduct of 95.

The question of whether selenirene (95) is a primary product of 91 was clarified only
recently by a combination of trapping and labeling experiments*2. It was found that
irradiation (290 + 10 nm) at room temperature of 91 (4., 285nm, £ 905Imol "' cm™!) at
low concentrations (ca.5 x 107*M) in cyclohexane or diethyl ether—isopentane-ethanol
(5:5:1)(EPA), and in the presence of 19 diethylamine afforded only diethylselenoacetamide
(96) in 90-100% yield. The quantum yield of disappearance of 91 is independent of the
diethylamine concentration and is not quenched by oxygen. This implies that 91
undergoes a unimolecular fragmentation from the singlet excited state to form selenoke-
tene (92) (either directly or via short-lived intermediates), which subsequently traps
diethylamine to give 96 (equation 65).

N
h Et,N
[/ Y —o s> CHa=C=Se M CHaCNET, (65)
s¢ EPA Se
(91) (92) (96)

When the photolysis is carried out with the 5-'3C-labeled 91 under the same
conditions, no scrambling is observed, and the label appears solely on the amide carbon.
However, if 91 is irradiated in a EPA glass or PVC film at liquid nitrogen temperature
(80K), and the selenoketene thus formed is further irradiated before quenching with
diethylamine, scrambling is observed. These experiments show that selenirene (95) is not a
primary photoproduct of 91 but is formed as an unstable intermediate in the photolysis of
ketene (92) (equation 66). At room temperature 92 is too labile to undergo further
photorearrangement and no exchange of carbons takes place. However, at 80K 92 is
stable enough to undergo further photoisomerization to 95, which in turn rearranges
thermally back to carbon-randomized selenoketene (92). It should be noted that unlike the
photolysis at 8 K under solid conditions, no selenirene could be detected with 80 K matrix
irradiation, nor could ethynylselenol (93) or acetylene by observed. Therefore, 93 is indeed
a true photoproduct of 91*'. These results are in accord with those obtained for the
thiazole analogs*3.
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N
hv AV (80 K)
13/ |\ ——> CH="C=5¢ /MM = l Se
N N2 2
- 13
Se
(on) (92) (95)
Et,NH BeH,=C=5e (66)
Et,NH
CHLSCNE? 13
3 i 2 CH3CINE1‘2
Se lse

In a related study**, matrix- isolated cyclopenteno-1, 2, 3-selenadiazole (97) in argon at
12K was subjected to UV irradiation (4 < 300 nm), giving trimethyleneselenoketene (98)
(equation 67) as the sole product.

M e Omemne
4

(97) (98)

Substitution of the selenadiazole ring by electron-withdrawing groups such as
ethoxycarbony! (99), arylsulfonyl (109) or phenyl (104), while not affecting the primary
photoextrusion of nitrogen, results in the isolation of products different from those derived
from the parent compound. Thus, irradiation of 99 in benzene gave a 1:1 mixture of the
two isomeric selenafulvenes 100 and 101, in 18% (R = H) and 12% (R = Me) yields**
(equation 68). The mechanism of this reaction is assumed to involve extrusion of nitrogen
to produce diradical 102, which undergoes a Wollf rearrangement to the ketene 103 (the
same steps which presumably occur in the parent compound 91). The two intermediates
102 and 103 combine in a formal 3 + 2 cycloaddition to give the products shown in
equation 68.

COOE! COOEt COOE!
\ = =
/ \}\l Ao Se Se <+ S S
—_— O )
R sd PhH,=N, I I
R COOEt Et00C R
(99)
(100) (101)
R =H,Me
=Nz COOEt
. R
s R —Q o >= c=0 (68)
Se’ COOE?

(102) (103)
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The analogous photolysis of 4, 4-diphenyl-1, 2, 3-selenadiazole (104) in the presence of
oxygen was reported*® to give tetraphenylselenafulvene (105), diphenylacetylene (106),
benzil (107) and benzophenone (108) (equation 69).

Ph Ph Ph
/ N\ H
Ph \N —’3’—» Se _Se + PhC=CPh + PhCOCOPh + Ph,CO (69)
se” 2
I (106) (107 (108)
Ph Ph
(104) (108)

5-Arylsulfonyl-1, 2, 3-selenadiazoles are reported to possess antibacterial and anti-
fungal activity. When the 5-(p-toluenesulfonyl)-1, 2, 3-selenadiazoles (109) were photoly-
sed in benzene, good yields of the corresponding sulfonylacetylenes (110) were isolated

(equation 70)*8,
R
N h
/(\\N ——F-;m—b P‘-Tol—SOZCECR (70)
p—Tol— S0z

(110)
(109)
R=Me 42°%

R=Ph 64%

Although diazoketones seem to be good candidates for photochemical extrusion of
nitrogen to form carbenes or ketenes (by subsequent rearrangement), there is only a
single case in which such a reaction was utilized with the heavier organochalcogen
compounds. Thus, the irradiation of the ortho-substituted diazoacetophenone 111 in dry
benzene afforded telluro-3-coumaranone (112), albeit in poor yield (4%)*° (equation 71). It
should be noted that when the reaction was carried out under thermal, CuO-catalysed
conditions, substantially higher yields of 112 (and also of the analogous selenocoumar-
anone) were obtained*®. The mechanism of this intramolecular carbene reaction is not
clear, although attempts have been made to understand the details in the oxygen
analogs>°,

[o]
BUTeCH4COCH,N, — 1w 1)
0-BuTeCgH, 2N ShH
Te

1mmn (112)

3. Cycloreversions

The most extensive photochemical studies on cycloreversion reactions have been
performed on isomers of selenadiazoles in which there is at least one Se—N bond in the
molecule. Except for a few cases, the primary photochemical process in selenadiazoles is a
formal 3+ 2 cycloreversion. In 1,2, 3-selenadiazoles (previous section) this results in
nitrogen elimination. The 1,2, 5-selenadiazoles (113) and their 1,2,4-isomers (114)
eliminate the corresponding nitriles.
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R R R . ’
N

(113) (114)

Irradiation at room temperature of 1,2, 5-selenadiazoles (115-117) in 95% ethanol at
300 +20nm produced elemental selenium and nitriles 118-120, respectively, in high
chemical and quantum yields, as shown in equation 7231753,

R R

>/ \< Av(320nm) R

———%——" RCN + S 72

N_ N 25 5C,E10R ° (72)

Sé

(115) (118) R=H 85%; @,0.71 (285nm)

(116) (119) R=Me 100%; ®,0.80 (290nm)

117 (120) R=Ph 100%; ®,0.96 (317nm)

The multiplicity of the excited states involved in the reactions was determined from
quenching and sensitization experiments. The rate of photolysis of the aliphatic
selenadiazoles 115 {in heptane) and 116 (in benzene) was found to be insensitive to 1 atm
oxygen (Eg=23kcal) or piperylene (E;= 57-59kcal) at concentrations up to 0.3m.
However, the reactions could be triplet-sensitized by xanthone (E; = 74 kcal). Therefore,
although the reactions may occur from either a singlet or triplet excited state, the triplet
state is apparently not populated upon direct excitation at room temperature, and the
photoactive state in these reactions is the singlet.

The photolysis of diphenylselenadiazole (117) in ethanol was partially quenched by
oxygen (¢, = 0.33). The degree of quenching of 117 (in benzene) was studied as a function of
added piperylene. The Stern—Volmer plot indicated that two photoactive states (S, and
T,) are involved in the unsensitized reaction, and only the T, state is quenched by
piperylene. The ratio of triplet to singlet reaction, T, /S, = 4, was deduced from the kinetic
expression®!, and the lifetime (t) of T, in benzene at room temperature was calculated to be
in the range 1.6 x 107 7s <t < 1.6 x 107 %s,

Both selenadiazoles 116 and 117 phosphoresce in EPA (at 77 K), whereas the parent
diazole (115) does not. Compound 116 emitted at 4_,, 455 nm (excited at 280-290 nm) with
a quantum yield ¢, = 0.14. The calculated lifetime of the triplet state was 7, = 2.5 x 107 3s.
For 117, the emission was measured at A, 538 nm {(excited at 310-320 nm) with a
quantum yield ¢, = 0.33 and a lifetime of r, = 1.7 x 107 s. These results suggest that the
lowest triplet state of the selenadiazoles is n, n* in character.

Low-temperature experiments provided an insight into the transient species formed in
the photolysis. Irradiation of 117 was performed in PVC or in EPA (diethyl ether —
isopentane—-ethanol, 5:5:2) at 85K and in solid nitrogen at 20K, and the reaction was
followed by UV and IR spectroscopy. In EPA with irradiation at 300 nm, new absorptions
appeared at 254, 325(sh), 357 and 384 nm. Simultaneously, characteristic absorptions of
benzonitrile (120) appeared. On prolonged photolysis (or heating above 240 K) the former
absorptions disappeared with the concomitant enhancement of the intensity of benzonit-
rile absorption bands. Similar results were obtained with irradiation in PVC and in
nitrogen. The IR spectrum consists of two bands in the 2300-1900cm ™! region,
benzonitrile bands at 2235cm ™! and a band at 2200cm ™! assigned to the transient
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benzonitrile selenide (121, R = Ph), which disappeared on continuous irradiation or
heating.

RCEﬁ—§e
(121)
R = H, Mg, Ph

Similar low-temperature experiments were carried out in PVC, EPA and argon, to
detect the transient nitrile selenides obtained from the aliphatic selenadiazoles 115 and
116. The absorption bands assigned to HCNSe appear at 237 and 255 (sh)nm in PVC, and
those assigned to MeCNSe appear to 233 and 252 nm. Interestingly, the IR spectra in both
experiments (in argon) display a doublet at 2046 cm ™!, characteristic of CN radicals of
unknown origin®!.

Diphenyl-1, 2, 4-selenadiazole (122) exhibits similar behavior to that of the 1, 2, 5-isomer
(117)°'-%2 The photolysis of 122 at room temperature in ethanol, using Pyrex-filtered light
(4 300 nm), produced benzonitrile (120) quantitatively, with a low quantum yield of ¢, =
0.085 (at 310nm) (equation73). Attempts to trap the intermediate benzonitriles selenide
(121, R = Ph) [k(decay) = 10960 4 1405~ ! at 25°C)*3 with dimethyl acetylenedicarboxy-
late failed. The photolysis could not be quenched with piperylene, and couid not be
sensitized by xanthone. Therefore, the photoactive state is the excited singlet state’?,
However, absorption spectra taken during the photolysis of 122 at 85K in PVC film
showed absorptions due to PhCNSe, identical with those exhibited in the irradiation of
117 under the same conditions. A similar spectrum was also obtained in frozen EPA at
85 K. IR spectra taken in a solid nitrogen matrix at 20K again proved the presence of the
transient PhCNSe, by showing the characteristic 2200cm ~* absorption band.

Ph
N
) a
N__ »—Ph — L PhCNSe + PhCN —2'2 wpheN + e (73)
Se EtOH
(122)

4. Cheletropic reactions

2, 1, 3-Benzoselenadiazole (123) does not undergo the usual ring cleavage observed in
1,2, 5-selenadiazoles (previous section). Instead, irradiation of 123 in 959 ethanol through
a Pyrex filter at room temperature led to slow extrusion of selenium and the formation of
the photoequilibrium mixture of the three isomeric hexadienedinitriles 124-126°!, in a
formal cheletropic reaction®* (equation 74).

CN
N,
= e ) /CN+/CN+/ 7
~\ 25 °C,Efon ~_ CN ~ ~ (79)
(123) CN CN
9% 23% 18%

(124) (128) (126)



5. Photochemistry of organic compounds of selenium and tellurium 293

Highly substituted 2, 5-dihydro-1, 3, 4-selenadiazoles {127) are the only members of this
heterocyclic ring system which are known to be photoreactive®®. On irradiation at 300 nm
in pentane solutions, these selenadiazoles undergo a cheletropic deselenation to give
tetrasubstituted azines (128) in good yields {equation 75). It is interesting that under
thermal conditions a two-fold extrusion reaction occurred with loss of both nitrogen and
selenium, affording the corresponding highly crowded tetrasubstituted olefins.

R

R. N=N g’ k R’
hv (300 nm) R/\N/N\ (75)
R Se R pentane
(127) (128)

R=alkyl,cycloalkyl

An unusual variation of a photochemical cheletropic reaction in which a phosphorus
bridge is eliminated has recently been described*®. Irradiation in methanol of the adducts
129 and 130, obtained by thermal Diels — Alder cycloaddition of phenyl selenoxophosph-
ole with maleic anhydride and phenylmaleimide, respectively, gave the corresponding
dihydrophthalic anhydride 131 and phthalimide (132) together with dimethyl phenylse-
lenophosphonate (135) (equation 76). The unstable phenylselenoxophosphan 133 was
shown to be the primary photoproduct of the elimination. It first adds methanol to form
134, which in turn reacts photochemically with methanol to give 135.

Ph\P/Se
o]
o]
Ay
g —Fnwe, X + [PhP=Se]
X MeOH
o (0]
(129) X=0 (131) (133)
(130) X=NPh (132)
Me OH
MeO MeO
:>P=Se<—ﬂL—- Sp=5e
MeO~” | MeOH  pp
Ph H
(138) (134)

(76)

llil. PHOTOASSOCIATIVE PROCESSES

In many reactions described in this section the primary photoproducts result from
homolytic cleavage of organochalcogen g bonds. Nevertheless, such reactions will be
covered here if the chalcogenide radicals thus formed react with ground-state molecules to
form new chalcogen—carbon ¢ bonds.
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A. Photosubstitution
1. Nucleophilic substitution

a. Aromatic substitutions. Photolysis of aryl halides in the presence of nucleophiles
leads to substitution by a radical chain mechanism commonly known as the aromatic
Sy 1 reaction (equation 77)3738.

h
ArX+Nu~ — ArNu+Y"~ (77)
The reaction mechanism involves an initiation step in which an electron is transfered

from the nucleophile to the excited aryl halide, forming a radical ion ArX ™" (equation 78),
which enters into a three step propagation cycle depicted in equations 79-81.

ArX+Nu~™ —— ArX7 + Nu’ (78)
ArX™" —— Ar' + X" (75)
Ar'+Nu™ —— ArNu™ (80)
ArNu™"+ ArX —— ArNu+ ArX™’ (81)

The use of phenyl selenide (137)*%-°° and phenyl telluride (142)*°¢* as nucleophiles in
the photostimulated nucleophilic substitution provides a simple and direct route for the
synthesis of symmetrical and unsymmetrical diaryl selenides and tellurides. The reactions
are usually carried out in liquid ammonia solutions, with Pyrex-filtered irradiation at
2 < 350nm.

The reactivity order of the nucleofugal group in the reaction of PhSe~ with a series of
aryl halides, as determined from the chemical yields, decreases in the order I > Br > Cl.
Naphthalene derivatives were found to be more reactive than benzene derivatives with the
same leaving group (equation 82).

hv(Z < 350nm)

ArX + PhSe~ ArSePh™ + X~ (82)
liq NH3 (Pyrex)
(136) (137) (138)
ArX Yields

(a) PhCl - 1%
(b) PhBr 1% 4%
(c) Phl 55% 66%,
(d) 1-chloronaphthalene 73% 88%,
(e} 4-chlorobiphenyl 52% 59%
() 9-bromophenanthrene 72% 85%
(g) 2-chloroquinoline 40%, 54%;
(h) 4-chlorobenzophenone - 5%

The above results conform with the general photo-Sgy | mechanism outlined above and
paralle! the reactions observed with the sulfur analogs®?~¢*. However, there appears to be
one exceptional case, 4-chlorobenzophenone, which with selenide gave very poor yields
compared with sulfide, probably because of competing nucleophilic addition of PhSe ™ to
the carbonyl group®® (equation 83).
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o—
4-CICgH,COPh + PhSe™ — 2 4-CICgHaC—Ph (83)
SePh

The photostimulated reaction of PhSe™ with dihaloarenes®® gave the disubstituted
products. Use of p-bromoiodobenzene (139) as substrate afforded 70% yield of p-
bis(phenylselenyl)benzene (140) and > 80%; of todide and bromide ions. Only traces of the
monoadduct 141 were observed, although some of the starting material (12%) was
recovered (equation 84). This suggests a propagation mechanism (equations 85-88) in
which the radical anion of the monosubstituted product (equation 86) decomposes to the
p-(phenylselenyl)phenylradical and Br~ (equation 87) much faster thanelectron transfer to
the substrate.

4-1C4H,Br + PhSe™ —— 1,4-(PhSe),C4H, + Br™ + 1~ +4-BrC¢H,SePh  (84)

(139) (140) (141)
4-BrCeH, I~ > 4-BrCH, + 1~ (85)

4-BrC4H," + PhSe™ —4-BrC H, SePh ™ (86)
4-PhSeC¢H,Br~" —4-PhSeC4H," + Br~ 87)
4-PhSeC¢H,’ + PhSe™ —4-PhSeC4H,SePh ™ (88)

The photonucleophilic substitution reaction of aryl halides with phenyl telluride (142) is
in general more efficient than the analogous reaction with PhSe™ 3%, The reaction with
bromobenzene gave a 20%, yield of dipheny! telluride (143), and a 909 yield of 143 was
obtained starting from iodobenzene. However, with more nucleofugal aryl halides such as
p-iodoanisole and with 1-chloro- or I-bromo-naphthalene, two unexpected products, 145
and 143, were observed, indicating the existence of mechanistic pathways which enable the
scrambling of the aryl groups (equation 89).

ArX + PhTe" # Ph,Te + ArTePh + Ar,Te (89)
iq. 3
(142) (143) (144) (145)
ArX Yields
a) bromobenzene 20% — —
b)iodobenzene 90%, — —
¢) p-iodoanisole 15% 73% 11%

(
(
(
(d) 1-chloronaphthalene 9% 41% 6%
(e) 1-bromonaphthalene  16%, 53% 162

The remarkable difference in behavior between the two nucleophiles was ascribed to the
reversibility of coupling in the case of PhTe™ (equation 90)3°. The radical anion formed
from coupling of the initially formed aryl radical with PhTe™ may undergo three
competing reactions: reversion to starting material (k;), fragmentation to form aryltellu-
ride ion and phenyl radical (k') and electron transfer to form aryl phenyl telluride. The two
new species formed, ArTe™ and Ph” may recombine (k',) to the ary! phenyl telluride radical
anion or, alternatively, react with Ar’ and PhTe ™, respectively, to give the symmetrical
tellurides. The reason why the phenylselenyl anion does not undergo nucleophilic
scrambling reactions is that the fragmentation of the initially formed mixed radical anion
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is much slower than electron transfer, k'; « k,[ArX], and thus only the straightforward
substitution product is formed.

k¢ ké
Ar® + “TePh T———=" (ArTePh)™" T———= ArTe~ + Ph* (90)
k¢
ky[Arx]
ArTePh

It is important to note from the above mechanistic interpretation that by decreasing the
bond dissociation energy of the C—E bond (E = Se, Te), the chances of competing
scrambling reactions increases. On the other hand, the reduction potentials of the
aromatic compounds will be of importance in the electron-transfer processes. The
reduction potentials of aromatic compounds are related to their 7* MO energy levels. The
more negative the reduction potential, the higher is the a* in energy. The bond dissociation
energy parallels the 6* MO energy levels and decreases on going down the Periodic Table.
Hence, in reactions of a particular aryl radical with PhE~ nucleophiles, the
difference in energy between o* and n* MOs decreases from Se to Te, and the competition
of bond fragmentation becomes more important®”. Indeed, when the photoreaction of
PhSe™ was carried out with 4-iodoanisole and 2-bromopyridine, scrambling mixtures
were obtained (equation 91)°%. Moreover, use of iodobenzene and 1-adamantyl selenide
(1-AdSe™) (146) as nucleophile gave an equimolar mixture of the three corresponding
selenides 147-149 (equation 92)%¢, The same reaction with 1-adamantyl telluride (1-
AdTe™) gave only 143 (80%) and 150 (16%,) (equation 93).

In order to quantify further the mechanistic interpretation, competition experiments
were carried out under conditions of irreversible coupling, using the reaction between
various nucleophiles PhE™ (E = S, Se, Te) with 2-quinolyl radicals. The results indicate
increasing reactivity on going down Group 6A in the order PhO (0.0) < PhS (1.0) < PhSe
(5.8) < PhTe (28)55.

hv

ArX + PhSe~ Ph,Se + ArSePh + Ar,Se 91)
lig. NH;, — 33 °C
4-iodoanisole 20% 25% 19%,
2-bromopyridine 5% 72%, 2%
PhI + 1-AdSe™ —;':——» Ph,Se + 1-AdSePh + (1-Ad),Se 92)
3
(146) (147) (148) (149)
Phl + 1-AdTe™ —;"}:——» PhTe + 1-AdTePh 93)
1-Ad = 1-adamantyl (143) (150)

Nucleophilic substitution of ary! halides by selenocyanate ion (151) may also be induced
by UV light in aqueous tert-butanol. Irradiation of 151 with 2-amino-5-chlorobenzonitrile
and 1-chloro-2-naphthylamine gave the corresponding selenocyanates (152), whereas the
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photolysis with 4-chloroanisole and 5-bromo-2-(dimethylamino)pyrimidine afforded the
corresponding diaryl diselenides (153) (equation 94)67. The mechanism of these reactions
proceeds probably via aromatic Sg1 substitution. The diaryl diselenides may be derived
from recombination of ArSe” formed by cleavage of the intermediate aryl selenocyanate
radical anion (equation 95).

ArSeCN
P (152)
ArX + SeCN™ — (94)
(151)
ArSeSeAr
(153)
Ar' +SeCN™ - ArSeCN ™" - ArSe” + CN~ — ArSeSeAr 95)

b. Aliphatic substitution. Photochemical reactions of alkyl halides in the gas phase®8-°

and in solution’® 7! usually involve homolytic cleavage of carbon—halogen bonds. For
example, direct chemical evidence for the intermediacy of trifluoromethyl radicals has
been provided in the photolysis of CF5I with halobenzenes’?. When perfluoroalkyl
iodides (154) are photolysed with dimethyl telluride (155) at 310 nm, good conversions of
the iodides into perfluoroalkyl substituted tellurides (156 and 157) was observed
(equation 96)7*. When equimolar ratios of telluride to iodide were used, tellurium metal
separated from the reaction mixture. However, when excess of iodide was utilized (3:1
molar ratio), iodine was formed.

Ryl + Me,Te —219" , R TeMe + (R;),Te (96)
(154) (155) (156) (157)
Rp=CF;, C,F;

Trifluoromethyl radicals generated by photolysis of CF;I in liquid ammonia may also
be trapped efficiently (34-83%) by selenophenols (158) to give the corresponding
trifluoromethyl aryl selenides (159) (equation 97)"4. Similarly, irradiation of PhSe~
(produced in liquid ammonia from Ph,Se, and Na metal) with perfluoroalkyliodides (154)
gave the corresponding perfluoroalkyl selenides (160) (equation 98)74.

AV
CF3I + 4-RCgH,SeH -—m—l 4 —~RCgHaSeCF3 97)
(158) (189)

R =H, Br, Me, CF;

Rl + PhSe~ — ———» PhSeR; 98)
liq. NH3
(154) (137) (160)
Ry = CF,, C,F,

It is reasonable to suppose that the reactions in liquid ammonia proceed by an Sy 1 type
chain mechanism whereby the initially formed alkyl radicals react with aryl selenide anion
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to give the corresponding radical anion, which decays to the product by electron transfer
(ET) (equation 99).

R*+ ArSe~ —RSeAr~" —— RSeAr 99)

It is well known that bridgehead-substituted halides are very unreactive towards
nucleophilic substitution reactions’>. It has recently been reported, however, that 1-
haloadamantanes and 9-halotriptycene react with nucleophiles by the photochemical Sgyl
mechanism’% 77, 1-lodoadamantane (1-Adl) (161) reacts with disodium selenide and
telluride under photolytic conditions in ammonia to give, after air oxidation, bis(1-
adamantyl selenide) and bis(1-adamanty! telluride) (162) in good yields (equation 100). In
both cases the reaction mixture also contained moderate yields of the hydrocarbon
adamantane (163). 1-Adamantyl selenide and telluride anions (164) are believed to be the
primary photosubstitution products, which dimerize oxidatively to the observed products
(162) (equation 101). Adamantane was probably obtained from the intermediate ada-
mantyl radicals by reaction with the solvent.

1-Adl + E?~ N"—H, 1-AdEEAd-1 + AdH + 1~ (100)
(161) (162) (163)
(a) E=Se 46%, 239 70%
(b) E=Te 47% 20 69%
1-AdT + B2~ —2 . 1.AdE™ + 1~ -1 .AdEEAd-1 (101)
Srn1
(161) (164) (162)

The photostimulated reaction of 1-iodoadamantane with PhS™ gave three products
(147-149), the same scrambling mixture that was obtained when iodobenzene reacted with
1-AdSe™ (equation 92), but in a different ratio (equation 102)%. Similarly, the photolysis
of 1-AdI with PhTe ™~ gave a different ratio of the same two products (143 and 145) which
were obtained (equation 93) in the reaction of Phl with 1-AdTe™ (equation 103).
With 1-naphthyl selenide ion (165), only the unsymmetrical selenide 166 was observed
(equation 104), and no selenides were formed in the photolysis of 1-AdI with 1-AdTe™.

1-AdI + PhSe™ # Ph,Se + 1-AdSePh + (1-Ad),Se (102)
iq. 3
(161) (147) (148) (149)
relative yields: 10% 74% 16%
1-AdI + PhTe~ —— Ph,Te + 1-AdTePh (103)
(143)  (158)
relative yields: 319 39%
1-AdI + 1-NaphSe~ —— (1-Naph)Se(1-Ad) (104)

(165) (166)
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These results confirm the mechanistic scheme outlined in equation 105, in which an
equilibrium is generally established between the mixed aralkyl radical ion 167 and the two
ion — radical pairs which are obtained from the alternative photostimulated reactions.

Fragmentations of 167 on both sides permit the formation of the symmetrical
scrambling products, and compete with electron transfer to form the mixed product. Since
the rates of electron transfer from 167 to the substrate halides should be similar, and
probably diffusion controlled, the relative amount of scrambling products will be
determined by the different fragmentation rates of the R—E [k(RE)] and Ar—E
[k{(ArE)] bonds in 167%¢. The ratio of fragmentation rates for the adamantyl — phenyl
pair, k(AdE)/k{(PhE), was found to be 3.7 (E=S), 9.5 (E =Se) and 13 (E = Te). This
increase in the ratio of fragmentation rates on going from sulfur to tellurium suggests that
in the photostimulated reactions the products obtained depend on the energy levels of the

a* and n* of the C—E bonds of the radical anion intermediate%%77.
RX + ArE™ RE™+ ArX
1“ lno
k((RE) K (ATE)
R*+ ArE~ g=——= (R-E-Ar)™" ——= RE™+ Ar’ (105)
(167)
Ele,[RX]
R~-E—Ar

¢. Intramolecular substitution. Excitation of Se-aryl esters of aromatic selenoacids 168,
which are ortho-substituted by appropriate leaving groups, often results in cyclization by
intramolecular substitution. This reaction provides an important synthetic entry to novel
heterocyclic seleno compounds.

ArCOSeAr’
(168)

In the first typical example, selenoxanthone (170) was obtained in 199 yield by
irradiating through quartz a benzene solution of Se-phenyl 2-chloroselenobenzoate (169)
with a high-pressure mercury lamp (equation 106)'!. Similarly, irradiation of the 2-
chloroselenonicotinate ester (171) leads via loss of HCI to a mixture of selenoxanthone
(13), (25%) and bis(p-tolyl selenide) (7) (57%) (equation 107)'*78 The selenophene analog
173 was obtained in low yields (4%) together with 7 (66%) irradiation of the Se-p-tolyl ester
of 3-bromoselenophene-2-selenocarboxylic acid (172) (equation 108)7°.

0

h
2-CICgH4COSePh T:’ @ @ (106)
(—HCI Se

(169) (170)
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[0]
SeTol-p
In)
(IIL PhH @f‘@/ * (p—TOl)zsez
(—HCI) N Se

(171 (13) (n
(107)
Br Se
mn
4 | — 4 | + (p-Tol),Se, (108)
Se Se—Tol-p (—Her) Se
0 0 ™
(172 173)

While the mechanistic details of these reactions are not yet completely understood, it is
reasonable to assume that cyclization occurs in two steps. First, a photochemical Fries
rearrangement (Section IV.A) of the selenoester 174 to the selenolketone 175 takes place,
followed by intramolecular nucleophilic photo-substitution to give the selenoxanthone
176 (equation 109).

i = oo

(174) (175) (176)
(109)

Photocyclization of aromatic selenoesters may also be achieved, albeit in low yields,
when the ortho-halogen atom of the selenoester is replaced with a sulfoxide group, as in 8'2
(equation 110), or a selenide group, as in 12'* (equation 111). Thus, photolysis of 2-
(methylsulfinyl)selenobenzoate (8) afforded a mixture containing 3% of selenoxanthone
(177)!? together with other major products which arise from photofragmentation
(Section IL.A.1). Similarly, irradiation of selenonicotinic ester 12 gave 15% yield of 13'%,
Here, however, an alternative mechanistic pathway has been proposed 4, which involves a
photoinduced homolytic fragmentation of 12 to radicals 178 and 179, followed by an
intramolecular Friedel — Crafts cyclization®® of 178 to 13 and dimerization of 179 to the
diselenide 7 (equation 111).

o
I
2—-MeSCgH,COSeTol-p _?"h‘;__. @ @ (110)
Se

(8) ur?
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0] o]
Se—Tol-p e '
O e .
N Se—Tol-p Se
(12) (178) 179)
lFC l
[o]
O (p‘TOl )2562
N Se
(13) (7

(111)

An interesting example in which competition between a photo-Fries rearrangement and
Friedel-Crafts acylation apparently occurred has been reported for the photoinduced
reaction of 10 (equation 112)!3. On irradiation, two isoelectronic heterocyclic systems
were formed in a 2:3 ratio; the selenopyrone 180 via the photo-Fries pathway and the
thiopyrone 11 by the Friedel-Crafts mechanism. These products were accompanied by
the corresponding disulfide and the diselenide. Further experimental evidence for the
occurrence of both mechanistic pathways in this reaction was deduced from the
observation that when the aromatic sulfide moiety in 10a was replaced by the inferior
methyl sulfide leaving group of 10b, no cyclization products were detected and only the
diselenide 7 could be isolated from the reaction mixture.

(0] o]
Se—Tol-p "
PhH +
S g

S—R
(10) 22% 14%
(ayR=p-Toal (11 (180)
(b)) R= Me
+ (p-Tol)ySe, + (p-Tol)o5,
22% 35% (112)
9] (181)

Telluroesters do not usually undergo photochemical cyclization reactions, although
both fragmentation (Section IL.A.1) and photo-Fries rearrangements (Section IV.A.1)
have often been observed in these compounds. However, the methylthio-substituted
telluroester 19 undergoes photocyclization to give, among other products, 22% of the
unexpected thioxanthone 20 (equation 113)!6. Here, unlike with the selenoester 181, the
rearrangement is followed by displacement of the tellurium by sulfur. The rearrangement
products, 182 and 183, also readily undergo photocyclization to thioxanthone 20,
demonstrating again the ability of excited sulfides to displace tellurides'®.



302 Zeev Goldschmidt

0 0
Te-Tol-p o
T -+ (P-TO| )ZTeZ
SMe S
(19) (20) (18)
MeS 0 MeS

0.0 o

(182) (183) (184)
(113)

A unique example of a photocyclization at an unsubstituted vinylic carbon of a
selenophene ring has been reported’®. Irradiation of the selenoester 185 in benzene
(Solidexglas filter) afforded the novel 6-methyl-4 H-selenolo[ 2, 3-b] [1]benzoselenin-4-one
(186) in 16% yield, together with diselenide 7 (34%) and selenophene-3-carboxaldehyde
(187) (2%) (equation 114). A similar reaction occurred when the analogous selenophene
thioester 188 photocyclized to thieninone (189) (equation 115)8!. In both cases a formal
oxidation by loss of a hydrogen molecule occurred, but this could not be established
experimentally.

0

o)
So—Tolp CHO
4 T e
. ‘ —— / I + \ +{p-Tol),Se,
e Se Se Sé
(185) (186) (187) (7)
(114)
0 0
S—Tol-p ')
Se Se s
(188) (189)

2. Organometallic substitutions

a. Free-radical displacements. Free-radical chain reactions involving substitution at a
metal center may in general be separated into bimolecular homolytic substitutions (S,2)
and addition—elimination reactions, represented by equations 116 and 117, respectively.
Such radical chain reactions are formally analogous to the well known Sy2 and Syl
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heterolytic reactions, and have ample precedence in the free-radical chemistry of
organometallic compounds®2.

LMR + X' 2, LMX+R" (116)
LMR + X' ——1" |, [LMRX] — 220, RX + LM (117)

Vinylmercury halides (190) readily undergo photostimulated free-radical chain substi-
tution reactions in the presence of bis(pheny! selenide) and bis(pheny] telluride) to give the
corresponding vinyl phenyl selenides and tellurides (191) and mercury(Il) salts (192) in
high yields (equation 118)®*. The reactions were carried out in benzene solutions using a
275-W sunlamp at 34-45 °C, and were completely inhibited by radical quenchers such as
di-tert-butyl nitroxide and galvinoxyl.

RCH = CHHgCl + PhEEPh # RCH = CHEPh + PhEHgCl (118)
(190) (191) (192)
yield
R=H, E=Se 91%
R=1t-Bu, E=Se 95%
R=Ph, E=Se 90%
R=tBuy, E=Te 89%,

Since these reactions fail to occur with benzyl- or phenyl-mercury halides, the initial
formation of a carbon-centered radical intermediate to propagate an §,2 reaction was
excluded. Instead, a free-radical addition—elimination®2:8¢ mechanism was suggested,
with initiation by the photohomolytic cleavage of the chalcogenide (equation 119), and the
subsequent propagation sequence shown in equations 120-121.

PhEEPh —~» PhE' (119)
(E = Se, Te)

RCH = CHHgX + PhE" — RCHCH(EPh)HgX — RCH = CHEPh + HgX'
(120)

HgX" + PhEEPh — PEHgX + PhE’ (121)

Irradiation of allyltributylstannane (193) with PhSeSePh in benzene (Pyrex filter)
afforded allyl phenyl selenide (194) and the selenide 195 (equation 122)8°. The reaction did
not occur in the dark, but was initiated by azobis(isobutyronitrile) (AIBN) at 70°C. The
photostimulated reaction was completely inhibited by nitroxide or galvinoxyl. When
crotyltributylstannane (196) was irradiated with bis(phenyl sulfide), the allylic rearrange-
ment product 197 was obtained (equation 123).

hv (Pyrex)

CH, = CHCH,SnBu; + PhSeSePh ———— PhSeCH,CH = CH, + Bu,SnSePh

(193) (36) (194) (195)
(122)
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MeCH = CHCH,SnBu, + PhSSPh AR PhSCH(Me)CH = CH, + Bu,SnSePh

(196) (197)
(123)

These results suggest that unlike the vinyl mercurials 190, the stannanes operative via an
Su2 free-radical chain mechanism induced by PhSe radicals. Propagation is achieved by
allylic displacement of a Bu,Sn radical, followed by reaction of the latter with the
diselenide to regenerate PhSe radicals (equations 124 and 125).

PhSc’ + CH, = CHCH,SnBu, — PhSeCH,CH =CH, + Bu,Sn°  (124)

Bu,Sn’ + PhSeSePh — Bu,SePh + PhSe’ (125)

A closer look at the intermediate radicals obtained during the photochemical metal
displacement with selenide was provided by studies of the photoinduced reaction of
bis(phenyl selenide) (36) with alkyl, allyl and allenyl derivatives of
bis(dimethylglyoximatojpyridinecobalt(III) complexes (198) (cobaloximes). When
equimolar amounts of the optically active (R)-s-octyl-cobaloxime (198a) and 36 in
dichloromethane were irradiated through pyrex with tungsten light, the racemic s-octyl
phenyl selenide 199a was obtained in 629 yield, together with phenylselenyl-cobaloxime
(200) (equation 126)®%. Good yields of selenides were also obtained from benzylic and
allylic cobaloximes 198b—d.

RCo(dmgH),py + PhSeSePh — M, PhSeR + PhSeCo(dmgHj,py (126)

2Cl2

(198) (36) (199) (200)
) R =(R)-s-octyl R = racemic s-octyl
) R =PhCHMe
) R =Me,C=CHCH,
) R=PhCH = CHCH,

In all the above reactions only a single isomeric selenide (199) was observed. However,
when the but-2-enyl-cobaloxime 201 was irradiated, two isomers, 202 and 203, were
isolated (equation 127). The allenyl-cobaloxime 204 likewise gave two isomers, propa-
dienyl selenide (205) and propyny! selenide (206) (equation 128).

(a
(b
(c
d

MeCH = CHCH,Co(dmgH),py + PhSeSePh L MeCH = CHCH,SePh

(201) (202)
+ CH, = CHCH(Me)SePh + 200
(203)
(127)
Me,C = C = CHCo(dmgH),py + PSeSePh —— Me,C = C = CHSePh +
(204) (205)
HC=CC(Me),SePh + 200
(206)

(128)
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Based on the fact that cobaloximes readily form radicals under photolytic conditions8’
a non-chain free-radical mechanism is suggested (equations 129~131)86, in which an initial
photoinduced homolysis of the cobaloximes takes place to give the corresponding alkyl
radicals, which attack diphenyl diselenide to form alkyl phenyl selenide and phenyl
selenide radicals. The latter recombine with the metal fragment to form phenyl selenide
cobaloxime. The formation of isomeric mixtures of selenides in the reaction of 201 and 204
supports this mechanism, although a combination of the §428285 and addition-
elimination®3-84 pathways cannot be excluded. However, racemization of the (R)-s-octyl
group during the photolysis of cobaloxime 198a seems to exclude these pathways and to
favor the non-chain mechanism suggested.

RCo"(dmgH),py — R' + Co(dmgH),py (129)
R’ + PhSeSePh —— RSePh + PhSe’ (130)
Co'"(dmgH)zpy + PhSe” — PhSeCo(dmgH)zpy (131)

Aromatic ligands are photolytically displaced by selenides in zirconocene derivatives®®
Irradiation of heptane solutions of diphenylzirconocene (207) with bis(phenyl selenide) (36)
afforded bis(phenylselenyl)zirconocene (208) and biphenyl (equation 132). No reaction
occurred in the dark. With dimethylzirconocene (209), monosubstitution by a PhSe group
took place thermally in the dark, forming the thermally stable monoselenide 210
(equation 133), which on irradiation with 36 gave the expected 207. These reactions are
assumed to proceed via the bimolecular homolytic substitution (S,2) mechanism.

4 /Ph + PhSeSePh —————» /seph
r eve hepfqne + PhPh
@f \Ph @ \SePh

(207) (36) (208)

(132)

(n°-RC,H,)ZrMe, + PhScSePh 2 (n3-RCsH,),Zr(SePh)Me + PhSeMe  (133)
(209) (210)

(1°-RCH,),Zr(SePh)Me + PhSeSePh —— (7°-RCsH,),Zr(SePh),  (134)

(210) (208)
R =H, t-Bu

The same group®® succeeded in achieving photosubstitution of phenyl and methyl
groups in zirconocene and hafnocene derivatives using elemental (grey) selenium. Thus,
when pentane solutions of 211 (M = Zr, Hf) were irradiated with UV light in the presence
of grey selenium, a dinuclear selenium-bridged complex (212) was isolated, together with
an equimolar amount of biphenyl. The same products were obtained when the dimethyl
analogs (n°-t-BuC;H,),M(CH,), (M = Zr, Hf) were irradiated in the presence of Se, and
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when 208 was irradiated with 211 (equations 135 and 136). The yields were lower,
however, and the by-products were not characterized.

(n°-t-BuCp),MPh, + Se (grey) N [(n>-t-BuCp),M(u-Se)], + PhPh  (135)
(211) (212)

(7%--BuCp);MPh, + (7--BuCp)M(SePh), —— [(7°-t-BuCp),M(1-Se)], (136)

(211) (208) (212)
M = Zr, Hf
N®-#-BuCgH 4 n3-#-BuCgH,
M‘“"“ n,
/ \Se/ 5\
rF’-f—BuC!’H4 n°-f-BuCgHy
(212)
M=Zr,Hf

b. Ligand-exchange reactions. Photochemical exchange of ligands in metal carbonyl
complexes is a common practice in organometallic chemistry®®. The photoinduced
exchange of ligand carbonyls with selenide and telluride groups has recently regained
substantial interest. As with many other radical substitution reactions, the major source of
these chalcogenide groups comes from the homolytic cleavage of diselenides and
ditellurides.

An early study reported®® that photolysis of 213 and 214 in the presence of
hexafluorodimethyl diselenide (215) gave the binuclear diamagnetic complexes 216 and
217, respectively (equations 137 and 138). It has been deduced from the spectroscopic data
that these complexes contain bridging CF;Se groups and terminal CO groups. A tentative
free-radical mechanism is suggested in which SeCF, radicals combine with M(CO),
fragment (M = Fe, n =4; M = Mn, n = 5) to give a labile metal selenide [M(CO),(SeCF,)]
which dimerizes to the products with the expulsion of CO.

Fe(CO); + CF,SeSeCF, _acﬁ——» [Fe(CO);(1-SeCF )], (137)
213) 215) 216)
Mn,(CO), o + CF;8eSeCF; ——s [Mn(CO),(u-SeCF )], (138)
(214) @17

More recently, a cubane-type tetranuclear cluster 218 was isolated®? in the photolysis of
214 in the presence of PhSeSePh (equation 139). In addition, small amounts of the
dinuclear complex 219 were isolated. Attempts to prepare mixed metal compounds having
both sulfur and selenium bridges in the same molecule by irradiating 214 in the presence of
both diphenyl diselenide and disulfide failed. Only the selenium derivatives 218 and 219
were obtained®>.
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Mn,(CO), + PhSeSePh — —— [Mn(CO);(1-SePh)], + [Mn(CO),(-SePh)],

pentane

(214) (218) (219)
(139)

(218)
Structure suggested for
[Mn(CO);SeCgH51,

With Group VIB carbonyls, the dimolybdenum complexes 221 and 222 were isolated
when the corresponding dimolybdenum hexacarbonyl complex 220 was irradiated with
PhEEPh (E = Se, Te) (equation 140)°*. The reaction proceeded in two steps, photolysis of
220 giving 221 as the primary product, followed by decarbonylation of the latter in
vacuum under mild thermolysis conditions. The structure of 222 was deduced from the IR
and mass spectra.

[(n°-MeCpIM(CO)3], —s— [(AB-MeCpIMo(CO),(H-EPN)],
(220) toluene (221)
—col (140)
E=Se,Te [(q3-MeCp)Mo(COXH-EPR)],
MeCp=methylcyclopentadienyl (222)
F|’h
0
O E ¢
\ / \ / Me
Me Mo /Mo
N b
C
<
Ph
(222)
E=Se,Te

Structure suggested for
[(n3-MeCpIMo(CO)(-EPR)] 2
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Substitution of a carbonyl group by dimethyl selenide and telluride (and also sulfide) to
give cyclopentadienyliron fluoroborate complexes (224) was accomplished by irradiation
at room temperature of dichloromethane solutions of complexes 223 and the correspond-
ing chalcogenides®* (equation 141). The half-life of the exchange reaction in going from
sulfur to tellurium compounds increases in the order Ty2=17h(8) <2.3h(Se)
< 11.6 h (Te). This reflects the affinity of the donor element to the coordination center of
the complexes, which decreases in the order S < Se < Te.

In a closely related study, and under similar conditions, one phosphite group of 225 was
substituted photochemically by dimethyl selenide or telluride, giving 226 (equation 142)°6.

7 e
CH,Cly, hV,RT,Ar
—Co o

wFe + EMe F 141
ocw l \E(CH3)2 2 OC‘““le\EMez ( )
co _ E(CHg),
(223) (224)

E=S,Se,Te

| »

wfe PFg —————» F PF, (142
(ROP"4_POR)| (RO EMey|  © )
POR), P(OR),
(225) (226)

E=5,Se,Te; R=Me,Ph

The first stable tellurophosphosphorane complex (229) were prepared in almost
quantitative yields by irradiation of Group VIB transition metal hexacarbonyls (227) with
tri-tert-butyltellurophosphorane (228) in THF (equation 143)°”. The complex products
(229) are fairly stable in air. The X-ray crystal structure of W(CO)4(R,PTe) (R =¢-Bu)
exhibited a short W—Te bond (2.875 A) and a W—Te—P angle close to 120°, suggesting
an sp-type tellurium atom and double bond character of the W—Te bond®’.

M(CO), + R,PTe Thm?’ M(CO),(R,PTe) (143)

227) (228) (229)
M = Cr,Mo, W;R =¢-Bu

The X-ray structure of the selenium-bridged dinuclear rhenium complex 232 (E = Se)
has been established®8. Compound 232 was obtained when 230 was irradiated in THF
solution. The key intermediate in the photolysis of 230 is the labile rhenium complex 231,
in which one of the original carbonyls is replaced by a THF molecule. This complex has
been shown to react thermally with elemental selenium or tellurium to give the bridged
products 232. This may represent a general mechanism of photoinduced carbonyl
exchange reactions (equation 144).
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DI (O,
2 @ AV (1<300nm 2 +2c0

| (THF) l
/Re\ /70\
oC OC/ CcO oc o¢ 0

(230) (231) Q

E=S5,Se,Te

CcO
RS m—Re (144)

(232)

B. Photoaddition Reactions

Photolysis of silicon- and germanium-bonded selenols with olefins affords anti-
Markovnikov addition products which result from homolytic cleavage of the Se—H
bond?3. Triethylsilaneselenol (233) reacts with styrene (234, R = Ph) and with hexene (234,
R = Bu), giving the 1:1 adducts 235 in 90% and 72%, yield, respectively (equation 145).
Similarly, triethylgermaneselenol  (236) reacts with  styrene to  give
triethyl(phenethylselenyl)germane (237, R = Ph). However, the reaction of 236 with ethyl
acrylate (234, R = COOEt) gave both the expected 3-[(triethylgermyl)selenoyl]propionate
(237, R = COOEt) and 45 (equation 146). Irradiation of 236 with acrylonitrile (66) resulted
in the isolation of only the symmetrical product 3,3'-selenodipropionitrile (67)
(equation 147). The presence of these products in the reaction mixture clearly indicates
that cleavage of the Ge—Se bond competes with that of the Se—H bond (Section 11.A.3b).

Et,SiSeH + CH, = CHR —™, E{.SiSeCH,CH,R (145)
(233) (234) (235)
R =t-Bu, Ph

Et,GeSeH + CH, = CHR —— Et,GeSeCH,CH,R + (Et,Ge),Se (146)

(236) (234) 237) (45)
R = Ph, COOEt
Et,GeSeH + CH, = CHCN 4 Se(CH,CH,CN), + 45 (147)

(66) (67)
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Se-Phenyl areneselenosulfonates (42), unlike their thiosulfonate analogs, are extremely
photosensitive and undergo facile homolytic cleavage of the Se—S bond. In the presence
of alkenes, addition of selenosulfonate across the alkene double bond occurs in an anti-
Markovnikov fashion, giving 8-phenylseleno sulfones (238) (equation 148)%2. No reaction
was observed with tetrasubstituted alkenes such as 2, 3-dimethylbut-2-ene. The experi-
mental results are compatible with a free-radical chain reaction mechanism as shown in
equation 149. When the intermediate sulfone radical is highly stabilized, as in the case of
the reaction with I, 1-diphenylethylene (239), the unsaturated sulfone 240 is formed
together with diphenyl diselenide, presumably via an addition-elimination type of
reaction as shown in equation 50. Such unsaturated sulfones are important synthetic
intermediates and may be prepared from selenosulfones (238) by oxidative
elimination22:99:109,

PhSeSO,Ar + CH, = CHR C%» ArSO,CH,CH(R)SePh (148)

(42) (234) (238)
Ar = p-tolyl; R = n-Bu, Ph

PhSeSO,Ar ——s PhSe’ + ArSO,’

ArSO,’ + CH, = CHR —» ArSO,CH,CHR
ArSO,CH,CHR + PhSeSO,Ar — ArSO,CH,CH(R)SePh + ArSO,”  (149)

ArSO," + CH, = CPh, —> ArSO,CH,CPh, = ArSO,CH=CPh, (150)
(239) (240)

When a large excess of olefin over selenosulfonate was used, polymerization occurred.
Thus, irradiation of 42 in [0-fold excess of hex-I-ene gave polymers of general
structure 241.

ArSOz(CHZ?H)nSePh
n-Bu
n>1
(241)

The photoaddition of 42 to cyclohexene was found to be highly stereospecific, giving rise
to 80% of the rrans-adduct 242 (equation 151) with no significant amounts of the cis-
adduct. Free-radical additions to cyclohexene are highly stereoselective, exhibiting a
strong preference for axial attack on both the olefinic double bond and the derived radical
intermediate'®'1%2, Therefore, radical 243, being formed by axial attack of ArSO," on
cyclohexene, must undergo chain transfer with 42 to give 242 more rapidly than ring flip to
the conformationally more stable radical 244. Otherwise, the cis-isomer 245 would have
been formed (equation 152).

SO, Ar
nv "
@ + ArS0,SePh ——» (151)
SePh

(42) (242)
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SO Ar SOZAr
ArSO,° PhSeS0,Ar
—_— — 2 -_—
@ axial axial transfer m/SOZAr
attack ®
(243) SePh
SePh (242)

|rinq

flip

] SePh
PhSeS0, Ar m

m/SOZAT axial transfer SOzAr

(244) (245)
(152)

Further information regarding the reactivity of the intermediate arylsulfonyl radical in
the chain transfer process is provided from studies of the photoinduced selenosulfonation
of non-conjugated dienes??:!°3, Photoaddition of 42 to hepta-1, 6-diene (246) in CCl,
(equation 153) afforded a mixture of three products in a ratio depending on the initial
concentration of reactants. At | M the open-chain products 247 and 248 predominate over
the cyclic product 249 (9:1 ratio), while in more dilute solutions (0.1 M) equal amounts of
open-chain to cyclic products are observed'?3. This indicates that 42 is reactive enough as
a chain-transfer agent to compete with the transannular reaction to give 249.

CHy=CH(CH,)3CH=CH, —2—m ArSO,CHyCH(CHp)sCH=CHp +
¢ |
SePh
(246) *"2em
CHoSO AT
CH,SePh
ArSO,CH,CH(CH,);CHCH,S0RAT + 2 (153)
(249)
SePh  SePh
(248)

Likewise, free-radical addition of 42 to cycloocta-1, 5-diene (250) gives a mixture of
approximately equal amounts of the 1, 2-adduct 251 and the 1, 5-transannular product 252
(equation 154)%2,

SO,Ar
SOAr
+ (154)
SePh

)
Ars0,5ePh

PhSe
(250) (251) (252)

It is instructive to compare the reactivity of selenosulfonates (42) with other chain-
transfer agents such as HBr and CCl,. Photoaddition of HBr to cycloocta-1, 5-diene (250)
is reported to give only 1,2-adducts'®*, whereas free-radical addition of CCl, to 250
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afforded only 1, 5-transannular products' %3196, The formation of both 251 and 252 in the
reaction of 42 with 250 shows that the reactivity of these reagents as chain-transfer agents
decreases in the order HBr > ArSO,SePh > CCl,.

The relative rate of the chain-transfer capability of 42 compared with cyclobutane ring
cleavage is demonstrated in the photoinduced arylsulfonation of f-pinene (253)'93,
Photoaddition of 42 (Ar = p-Tol) in CCl, solution afforded 91% of the rearranged
p-menthene derivative 256 (equation 155). This result demonstrates that cleavage of the
initial cyclobutylcarbonyl radical 254 to the p-menthenyl radical 255 is faster than the
transfer reaction of this radical with 42. Unrearranged 1, 2-adducts were observed only
with extremely reactive chain-transfer agents such as thioacetic acid'®”.

SOAr SOzAr SOAr
) 2
’
ArSOz ArSOQSePh
CCI.

(253) (254) SePh

(255) (286)
(155)

The chain-transfer reactivity of selenosulfonate 42 (Ar = p-Tol) was studied in the
norbornane — nortricyclane system. The interconversion between radicals 258 and 259 is
known to be very rapid, with the nortricyclenyl radical being favored at equilib-
rium'%%199 Photoaddition of 42 (Ar = p-Tol) to norbornadiene (257) gives a 75%, yield of
a mixture of adducts consisting of ca. 90%, of 261 and 262 and only 10%; of 260. This ratio is
virtually the same as that found in the photoaddition of PhSO,Br to norbornadiene at
similar diluttons'!®, This suggests a similar chain-transfer reactivity of the two reagents.
However, the ratio between the two cyclic systems is quite different from that (27:73) found
for the corresponding addition of PhSO,1''%, indicating that the iodide is a much more
reactive chain-transfer agent. It is also interesting that the ratio between the ex0-261 and
endo-262 tricyclanes (6:4) is not significantly different from the ratio (4:3) of the
arenesulfonyl bromide counterparts''!. This indicates that a change in the group
transferred to the nortricyclic radical 259 from Br to PhSe has little effect on the preference
of exo vs. endo transfer.

ArSO,
/ 7/ -
SOaAr SO,Ar

(287) (258) (259)
ArS0,SePh ArS0, SePh (156)
/ SO,Ar Sefh sozAr SOAr
(260) (261) SePh

(262)
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Selenosulfonation of olefins may also be effected by alkaneselenosulfonates such as Se-
phenyl-1-dodecaneselenosulfonate (263), which adds to cyclohexene in the usual 1,2-
manner in 71% yield'%3. On the other hand, the photolysis of the corresponding
benzylsulfonate 264 in the presence of cyclohexene did not result in an addition product.
Instead, benzyl phenyl selenide (265) was isolated in high yields. Apparently, the
benzylsulfonyl radical initially formed undergoes rapid desulfonylation to the more stable
benzyl radical, which undergoes a transfer reaction with another molecule of selenosulfo-
nate in preference to addition to an alkene molecule (equation 157).

C,,H,S0,S¢Ph PhCH,S0,SePh
(263) (264)

PhCH,SO," - PhCH," + SO,
PhCH," + PhCH,SO,SePh — PhCH,SePh -+ PhCH,SO,’ (157)
(265)

Another variation of the selenosulfonation reaction was observed in the photolysis of
bis(p-tolylsulfonyl) selenide (266)!° with cyclohexene (equation 158). In addition to the
expected 1,2-adduct 267, the diselenide 268 and some elemental selenium precipitate were
obtained. The diselenide 268 is believed to be formed from the primary selenosulfonate
product 267 in a subsequent photodissociation of the Se—S bond, followed by
dimerization. Interestingly, the photoinduced reaction of 266 with styrene gave only high
yields of the selenide 269 and none of the expected primary 1,2-addition product
(equation 159).

SO, Ar
hV
@ + ArSOZSesozAr Tl"
SeSOAr

(266) (267)

m

SO, Ar
Q=
" Oi
SO, Ar

(268)

PhCH = CH, % (ArSO,CH,CHPh),Se (159)
(269)

We conclude this section with the unusual photoaddition of ArSe radicals 271 (Ar = Ph,
0-NO,C4H,) to nitrosodurene (270)' 2, which gave the corresponding spin adducts 272
(equation 160). Experiments were performed in a quartz cell at — 50 °C. The ESR spectra
of these selenylnitroxide radicals show hyperfine coupling with 7’Se (o = 7.8-8.7G),
indicating a low spin density on the selenium. Similar results were obtained when diphenyl
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selenide was photolysed in the presence of 270. This reconfirmed previous evidence of the
homolytic nature of the cleavage of Se—Se and Se—C bonds in aromatic diselenides.

. Av(quartz)
+ ArSe —50%C
NO N—SeAr (160)
(270) 27 e
Ar=Ph,0-0,NCgHg4 (272)

C. Photocycioadditions

All photocycloadditions of organoselenium compounds involve the 2 + 2 cycloaddition
of olefins and ketones to selenophene (273) and benzo[b]selenophene (274) derivatives.
Olefins yield cyclobutanes'!? and ketones yield oxetanes (Paterno—Buchi reaction)’'*.
Light-induced cycloaddition reactions of tellurophene derivatives are as yet unknown.
Both tellurophene (275) and 2, 5-diphenyltellurophene (276) were stable under irradiation
conditions in which selenophene derivatives react''>-11°,

o @ 0.0

(273) (274) (27%) (276)

The benzophenone triplet-sensitized reaction of equimolar amounts of selenophene
(273) and 2, 3-dimethylmaleic anhydride (277) gave high yields of the 2 + 2 anti-adduct
278, accompanied by the minor diadduct 279 in which two anhydride molecules add to the
selenophene, one with exo- and the other with endo-stereochemistry (equation 161)' 7

o] H o]
avPnco) ./
273+ o} PhH o) +
Se
o H o
(277) (278)

(161)

2, 3-Dimethylmaleic anhydride (277) undergoes photosensitized 2 + 2 cycloaddition
also with benzo[b]selenophene (274) and with the two selenophthenes 281 and 283.
Benzoselenophene (equation 162) and the selenophthene 281 (equation 163) gave the
corresponding monoadducts 280 and 282, whereas the selenophthene 283 (equation 164)
gave a mixture of the monoadduct 284 and diadduct 285''%.

H

hv(Sen))

274 + 277 v

(162)

Se

(Sen.=photosensitizer) (280)
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— 'j 2
74 | N + 277 Z:I:Sen.) Se / 5 (163)
Se Se (Ph,CO) L \<
(281) H [o]
(282)
H
Se o Se-Z
{\/lr\) + 217 ——» o (164)
Se l \ E \<
Se H 0
(283) (284)
H [}
9 H Se
S \ o
g : \<
£ Se H 0
° (285)

Acetophenone-sensitized photocycloaddition of the benzoselenophene derivatives 286
(triplet energy E; = 69 kcal) with 1, 2-dichloroethylene (287) (cis and trans isomers) gave a
mixture of cyclobutanes 288 and 289 (equation 165)'!°. As with the sulfur analogs'2°, four
such isomeric 2 + 2 adducts may be obtained, a pair of trans- and cis-exo isomers 288 and a
pair of trans- and cis-endo isomers 289. A mixture of all four isomeric products was
obtained only in the photoreaction of 286¢. Three isomers were identified in the reaction of
the monomethyl derivatives 286a and 286b, and two isomers were detected with
J-acetoxybenzoselenophene (286d). A single isomeric 2 + 2 adduct was observed in the
photoexcitation of 286e.

R3 3 cl
\ + CICH=CHCI
Se r2 Se’l Cl
RZ
(286) (287 trons- and cis-exo
(@) R?=H, R®=Me (288)
{b) R2=Me,R3=H (165)
(¢) R2=R3=Me R® <cl
(d) R%=H,R3=0COMe
() R%=Me,R3=0COMe S0~ cl
RZ

trans- and c/s-endo

(289)
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The structural assignment of the various isomers is based on a comparative NMR
analysis with the sulfur analogs'2°. The two major isomers usually observed are believed
to be the trans- and the cis-exo-288 isomers. Cis-endo-289 is assumed to be formed in low
yields (1-3%) and trans-289 is rarely observed. However, this generalization should be
treated with some caution since an unequivocal X-ray structure study showed that the two
acetoxy adducts isolated from the reaction of 286d were the two trans-cyclobutane isomers
288d and 289d''°.

Unlike 1,2-dichloroethylene and 2,3-dimethylmaleic anhydride, which give isolable 2 + 2
adducts, dimethyl acetylenedicarboxylate (290) reacts photochemically with benzose-
lenophene (274) and its 3-methyl derivative (286a) in the presence of acetophenone as a
triplet sensitizer to give esters of [, 2-naphthalenedicarboxylic acid (292)!!?
(equation 166). This unusual reaction has an analogy in the sulfur series'?!"122, where the
same products 292 were obtained. However, in contrast to the sulfur counterparts, where
the intermediate 291 (with S instead of Se) could be isolated and pyrolysed to 292, 291 itself
is apparently an unstable primary product and undergoes a spontaneous thermal
deselenation to 292.

R
R (|:00Me
C hv(Pyrex) l
— )
\ l(l:l PhH{(PhCOMe) e
Se | Se COOMe
COOMe COOMe
(274) R=H (290) (291)
(286a) R =Me
Al (166)
R
@@ COOMe
COOMe
(292)

The mechanism by which the cyclobutene 291 was obtained is obscure. Three possible
pathways have been proposed for the sulfur analogs'??, but none is conclusive. The
preferred mechanism is shown in equation 167.

R = COOMe

(167)
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The reluctance of unsubstituted selenophene, thiophene and tellurophene to photo-
dimerize or give oxetanes was first attributed to their aromatic character'!®:!23,
Later!!5:124:125 however, it was shown that the lack of reactivity results from the ability of
these compounds to act as quenchers of the ketones used. [n order to test the quenching
ability of selenophene on the excited state of benzophenone, a kinetic study of the
photoreduction of benzophenone by isopropanol in the presence of selenophene was
carried out'2%, Stern—Volmer plots of ¢,/¢ versus [Q] (where ¢, and ¢ are the quan-
tum yields for the photoreduction of benzophenone in the absence and presence of the
quencher, respectively, and [Q] is the concentration of selenophene as quencher) indicate
that selenophene and also thiophene, pyrrole and imidazole derivatives are good
quenchers of the triplet state of benzophenone. It is perhaps important to mention that
unlike imidazole and the thiophene derivatives, which give a normal linear Stern—Volmer
plot, selenophene and pyrrole derivatives gave quadratic plots. This is consistent with a
mechanism in which an exciplex (Q-B)* is initially formed between triplet benzophenone
(®B) and ground-state selenophene (Q), and subsequently quenched by another quencher
molecule. The Stern-Volmer equation will then obtain the quadratic form shown in
equation 168'2°.

B+Q — (Q-B) 2 B+Q*+Q (168)
o/ =(1+ k,7[Q]) (1 + K7 [Q])

Although unsubstituted selenophene, like thiophene, is inert towards 2 + 2 cycload-
ditions with benzophenone, 2-methylselenophene (293) is active. Irradiation of 293 in
benzene using benzophenone as sensitizer gave 349 of the oxetane 294 (equation 169)'27,
Thiophene has been shown to require two methyl groups in order to participate in the
Paterno-Buchi oxetane cycloaddition'?8,

Ph
Ph
@ + PhCOPh % / o (169)
S6 Me Se Me
(293) (294)

D. Insertion Reactions

Diazomethane (295) reacts with dibenzyl diselenide (1) in sunlight to give quantitatively
the insertion product 296 (equation 170)' 2. The corresponding ditelluride 53 undergoes
the same insertion reaction in the dark.

PhCH,SeSeCH,Ph + CH,N, TolihT’ (PhCH,Se),CH, (170)
120, 0°
(1 (295) (296)

A plausible reaction pathway involves light-induced homolytic cleavage of the Se—Se
bond of 1 (Section I1.A.2), forming benzyl selenide radicals, which react with diazometh-
ane to give a labile diazo radical. Loss of nitrogen and recombination with a benzylselenyl
radical affords the observed product (equation 171). Other mechanistic pathways, such as
the initial formation of carbene cannot be entirely ruled out.

CH2Ny

(PhCH,Se), —~» PhCH,Se’ —=2, PhCH,SeCH,N,"

PhCHSe’

~™ PhCH,SeCH,” —=2%, (PhCH,S¢),CH,  (171)
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In the gas phase, atomic selenium was monitored in flashed CSe, and COSe
(Section IL.B.1) by kinetic absorption spectroscopy, and its rate of reaction with alkanes
and alkenes was measured in the temperature range 302-412K?2?%72¢, The excited
Se(4'D,) atoms insert into the C—H bond of saturated hydrocarbons such as propane,
cyclopropane, cyclobutane, ethane and isobutane, and also possibly into the Si—H bonds
of methylsilane?®. When mixtures of COSe and propane were flashed, no hexane was
formed, although small amounts of HSe were detected. This indicates that selenomercap-
tan formation in these reactions is a single-stage process (equation 172). Had it been a two-
step hydrogen abstraction followed by combination of HSe and C;H -, hexane formation
would have been expected.

RH + COSe —— RSeH + CO + Se, (172)

Generation of excited selenium atoms in the presence of olefins resulted in the formation
of adducts which are probably the corresponding episelenides (297) (equation 173)3%:23,
The activation energies were shown to correlate with the olefin ionization potentials. All
the episelenides were found to be unstable at room temperature but could be trapped at
77 K in a fast flow system. They decay at room temperature with half-lives between 30 ms
and a few seconds. Decomposition of the episelenides, if it occurs in the gas phase, is
probably bimolecular, giving Se, and two olefin molecules.

R R3
R2 RY
R'RZc=CR®R* + se (4'D,) —» (173)
Se
(297)
R R3
R'RZc=CR®R?* + Te (®p,) ———» RZ R4 (174)
Te
(298)

Similarly, flashing dimethyl telluride produced excited Te (*P,) atoms (Section I1.B.1),
which in the presence of olefins give unstable adducts. These adducts have lifetimes of
several milliseconds, and have been assigned as the corresponding epiteliurides 298
(equation 174)26-27. The formation of the transient epitelluride molecules has been
confirmed by kinetic mass spectrometry, and has been shown to be slower and more
selective than the addition of O,S or Se atoms to olefins. It is interesting that the rate
constants for the addition of Te(*P,) to tetramethylethylene 3.9 x 10° Imol~'s ™! (25°C)
and 2.6 x 10°Imol~!s™! (80°C) correspond to an activation energy E,= —1.6
+ 1.4 kcal mol ™', which is the first reported case of a negative temperature coefficient for
an addition reaction in its second-order region?”.

IV. PHOTOREARRANGEMENTS AND PHOTOISOMERIZATIONS

A. Rearrangements

There are in principle two groups of rearrangement reactions, those in which a bond
between a chalcogen and another atom is cleaved during the reaction, and others in which
the bonds to selenium or tellurium remain intact and rearrangement occurs at a different
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molecular site. It is often observed that primary rearrangement products in which an Se—
C bond was cleaved are air sensitive and can be isolated only as oxidation products. In
other cases further photochemical (or thermal) transformations occur.

Photolysis of 2-phenylselenophene (78) in dilute ethereal solutions gave a 15% yield of
the isomeric 3-phenylselenophene (80) together with deselenation products
(equation 175)38. The corresponding 2-phenyltellurophene, however, gave only fragment-
ation products (Section TI.B.1). 3-Phenylselenophene (80) proved to be stable and could
not be rearranged back to 78 under the reaction conditions. It is assumed that the
rearrangement occurs in a manner analogous to that suggested for thiophene rearrange-
ments (equation 176)'3°. This involves cleavage of the Se—C bond to form the
intermsediate cyclopropenyl selone 299, which rearranges by a formal {, 3-sigmatropic shift
to 8038,

78 —gi5—> 80 (175)

Q—Ph — I:@Ph -—> @Ph]

e
(78)

— A — [X i .

(80)
(299)

The photoinduced electrocyclic ring opening of selenochromene 300 was examined as a
potential photochromic system in relation to the oxygen and sulfur analogs
(equation 177)'3!, Trradiation of 300 (R=H) (c=10"* moll™!) in glass solutions
(isopentene—isopropanol, 5:2) at 313nm resulted in color formation. The UV spectrum
displayed characteristic features (Ap,,355 and 660 nm) of the conjugated system 301
observed for the lower chalcogen chromenes. However, unlike these chromenes no
fluorescence of 300 was detected and the reaction could neither be sensitized nor quenched
by triplet donors or acceptors. Further, unlike the lower analogs the characteristic
bleaching of the solutions by thermal recyclization of 301 could only be effected at
temperatures above 150 K. It was concluded that the selenochromenes 300 differ in their
photochromic properties, and perhaps also in their photocoloring mechanism, from the
corresponding chromenes and thiochromenes.

R
x ) ~
? 177
[ \Se
(300) (301)

The photorearrangement of alkyl phenyl selenides 302 led via a formal 1, 3-alkyl shift to
ortho-substituted phenyl selenols 303. These selenols oxidize during workup, and were
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isolated as the corresponding diselenides 304 (equation 178)!32. By application of this
reaction to phenyl ribosyl selenide derivatives (302b and c¢), pseudonucleosides (C-
nucleosides) of potential biological interest were obtained as mixtures of a- and f-
anomers.

hvlquartz)
PhSeR —fopon—» 2—RCgHgSeH —— 2-RCgH4SeSeCeHaR—2
(302) (303) (304)
(@) R=CH,Ph
AcOCH»
(b)R= (178)
OAc  OAc
HOCH
2 o
(¢)R=
0

><

A useful photochemical route to substituted benzyl 306 and 1-naphthyl isoselenocya-
nate 308 from the easily accessible selenocyanates 305 and 307 has been reported
(equations 179 and 180)'33, The photochemical transformation is carried out by irradi-
ation through quartz of 0.1-1.0mu solutions of the selenocyanates in dry acetic acid with
a high-pressure mercury lamp. A photoequilibrium is reached in which the isoselenocya-
nates predoininate. This formal sigmatropic 1, 3-benzyl shift may occur by a concerted
pathway or via homolytic Se—C bond cleavage to benzyl and selenocyanate radicals,
which then recombine at either carbon or nitrogen.

RS RS
R% CH,SeC=N LN CHN=C=$
= LN=C=Se
o
Rs R1 R3 R‘
RrRZ R2

(305%) (306)
R1/2:3,4,5 _ (179)
RY2:45 =y 3=
RY2:45 = e, R3=8r
R"2:35 =me, R4=C]
R':3:5=pMe,RZ*=H

R12:3,4.5 _ e
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CH,SeCN CHZNCS
Me 0 Me
~ReoR (180)
Me Me
Me Me
(307) (308)

Aromatic selenoesters undergo an efficient photo-Fries rearrangement’ ** to ketones. In
the first published example of a seleno-photo-Fries reaction'!, Se-p-tolyl selenobenzoate
(309, R = H) was irradiated in benzene at room temperature, affording a complex mixture
containing the substituted benzophenone 310 (R = H) together with p-selenocresol (311, R
= H), benzaldehyde (312, R = H) and the two diselenides 313 and 7 obtained by oxidative
dimerization of the corresponding selenols (equation 181). Similarly, the selenophthalic
ester 309 (R = COOMe) rearranges photochemically to the benzophenone 310 (R
= COOMe), which was isolated as the diselenide 313 (R = COOMe)'3%. When the ortho-
position of the selenoester is substituted by appropriate leaving groups, such as halogens,
the reaction could not be stopped at the rearrangement step but instead selenoxanthones
derived from further intramolecular substitution were obtained (see Section ITL.A.1.c). If
the ortho-position was substituted by an aromatic selenide or telluride group, photo-
Friedel-Crafts reaction occurred without rearrangement (see Section IL.A.1).

[o] SeH
hv{quartz) ~TolSeH + 2-RCgH,CHO
2-RCgH,COSeTol-p —— = + p-TolSe oHa
(309) R (311) (312)
(310)
R=H,COOMe
(o] [0

0 Se—"'-
2

© @ (p-Tol)ySe, (181)
R

(7)
(313)

These results suggest that the primary photoreaction involves a homolytic cleavage of
the CO—Se bond of the ester 314 to form the acyl (315) and selenyl (316) radicals, which
recombine to give the benzophenone 317 (equation 182). Hydrogen abstraction from the
solvent by the selenyl radical 316 gives 311, and that by the acyl radical 315 gives 312.

Photo-Fries rearrangement is also observed with the telluroesters 14, albeit in low yields
compared with the competitive fragmentation reactions (see Section IL.A.1)!5-16, These
reactions follow essentially the same route as those of selenoesters 309 with perhaps one
exception, namely the isolation of small amounts of the mixed monotelluride 320 from the
reaction mixture. This is presumably obtained by combination of the telluride fragment
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radical 16 with the rearranged telluroketone radical 318, forming 319, which loses one
tellurium atom photochemically to form 320 (equation 183).

SeH
COAr
ArCOSeTol-p —————»  [ArCO" + p-TolSe’] ———»
(314) (318) (316)
(317)
(182)
Te*
ArCO
ArCOTeTol-p —2 1 Arco® + p-TolTe" +
(14)
15) (16) (318)
ArCoQ COAr
p-Tol-TeTe p-Tol—Te
— s
(319) (320)
(183)

Irradiation of selenofenchone (321) into its S, (r, 7*) excited state(4,,,, 272 nm) results in
the formation of the three products, 323, 324 and 325, in approximately a 1:1:0.1 ratio*3®.
On the basis of the analogous thiofenchone photochemistry, it was suggested that
selenofenchone gives as a primary irradiation product the rearranged cyclopropylselenol
322, which on further reaction apparently yields the observed diselenides. In none of the
experiments, however, could any 322 be detected (equation 184).

While irradiation of 321 at 268nm gave a quantum yield of disappearance of ¢, =
5x 1073, no conversion was observed on irradiation at 620nm. This implies that the
quantum yield of disappearance following excitation into the S, state of 321 is less than
¢ =6 x 10™%, Fenchone itself does not undergo this type of rearrangement reaction,
presumably because the S, (n, n*) state is too short-lived and the S, (n, n*) state possesses
the wrong geometry for ff-hydrogen abstraction to occur'?®. In selenofenchone (and
thiofenchone!?®7), if the S, state is n,#* in nature, the partially filled, and hence
electrophilic, 7 orbital is of the correct geometry to insert into the §C—H bond.

A new method of preparing alkenes from alkanoic acids has been described recently
utilizing a Hunsdiecker- type photodecarboxylative rearrangement of carboxylic esters of
2-selenopyridine N-oxide (326) to 2-pyridylselenides (327) (equation 185). This decar-
boxylative rearrangement was shown to proceed efficiently with simple saturated aliphatic
acid derivatives (e.g. 328 — 329) (equation 186), steroidal acid derivatives (e.g. 330
— 331) (equation 187) and amino acid derivatives (e.g. 332 — 333) (equation 188), and

138
3
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hv

—_— _—
Se SeH
(321) (322)
Z& ; je‘&w é&
Se .;%
(324) 2
(323) (3285)

(184)

is of particular importance for chiral molecules since the configuration of the allylic carbon
of the olelinic product is retained. Since decarboxylation can also be effected thermally in
refluxing benzene, the mechanism is assumed to involve a free-radical pathway. However,
unlike the radicals obtained from esters of the thio derivatives! 3, the radicals derived from
the selenoesters could not be intercepted.

Se

4 N—OH —
RCH,CH,COOH ————# RCH,CH,COCI —————® RCH,CH,C00-N /

(326) >°
—”c‘;. RCHZCHZSe@ %""_ﬁi’"_. RCH=CH,
N
(327)
(185)
_ v
Me(CH,),,C00—N / —Smin Me(CH2)14Se—<©> (186)
PhH N
Se
(328) (329)

Irradiation (1> 390nm) of 2,1,3-benzoselenadiazole 1-oxide (85) produced benzofu-
razan (87) (see Section I1.B.1)3°140, Flash photolysis of 85 in both aerated and degassed
solutions (96% ethanol and cyclohexane) using Pyrex-filtered light (4 > 300 nm) gave rise
to absorptions due to the transient 86 obtained by 6-electron cycloreversion, which
decayed in a first-order reaction. From the UV spectra it was concluded that the same
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AcO"
(330)
O
N
(187)
COOR! COOR!
R2NH H — 5 g2y H
TaF » RONH (188)
CH,CH,CO0—N / CH,CH,Se —@
N
(332) e (333)

R'=Me, RZ=PhCH,0
R'=CH,Ph, R?= #-Bu

transient is formed at low and room temperatures. Transient 86 extrudes selenium and
cyclizes to give the isolable furazan 87°* (equation 189).

N NSe N
=\ AV A =N\

¢ —chc. ~ E— 0 + Se
~+/ CH,Cl, NO \N/

(85) (86) (87)
(189)

Selenophene dicarboxaldehydes 334 and 337 undergo an intramolecular photo-
Cannizaro disproportionation, analogous to the photochemical transformation of
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phthalaldehyde'#!, to the corresponding y-lactones 335-338 as shown in equation 190

and 191142,
CHO
i —a- . (Qf 0
Se CHO

(334) (33%5) (336)
0
CHO CHO o
hv
[\ e [N (o0
Se
(337) (338)

The phenyl selenide substituted acetylacetone 2 undergoes an acid-catalysed photocy-
clization to the dihydro benzoselenophene 341, which dehydrates under the reaction
conditions to give 2-acetyl-3-methylbenzo[b]selenophene (342) in 60% yield!®. The
mechanism for this transformation presumably involves a photoinduced electrocyclic
reaction of the enol 339 to the selenocarbonyl ylid 340, which undergoes a further 1,4-
hydrogen shift to the dihydroselenophene 341 (equation 192). Analogous cyclizations with
divinyl systems having heteroatoms other than selenium, such as oxygen'*3, sulfur!*4 and
nitrogen'#3, have also been reported.

OH
PhH Y
@\ Ir @\ I( \s*e &
(339) (340)
OH
(0]
e, @i{ __=H0 N
Se Se
(341) (342)
(192)

In a search for dibenzoheteroazepines having pharmacodynamic activity, a series of
9-azido-9-arylselenoxanthenes (343) and their oxygen and sulfur analogs were photo-
lysed'#6-147 (equation 193). Irradiation of 9-azido-9-phenylselenoxanthene (343, X = Se,
Ar = Ph) gave a 70% yield of a mixture containing 60%, of the dibenzoselenoazepine 344
(X=Se, Ar=Ph) and 40% of the isomeric anil 345!“%, When 9-azido-9-
(4-pyridyl)selenoxanthene (343, X =Se, Ar=4-pyridyl) was irradiated, 32% of the
selenoazepine 344 (X = Se, Ar = 4-pyridyl) was obtained together with 25%; of the isomeric
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anil 345'*7. The best results were obtained when 1-methylnaphthalene was added to the
irradiated reaction mixture. It is considered to serve as both a singlet sensitizer and triplet
quencher, and as such it serves as a protector for the reaction products'*’. The mechanism
of these rearrangements probably involves a photoelimination of nitrogen to give a nitrene
(or nitrenoid) followed by either a ring enlargement to the azepine 344 or aryl 1,2-
migration to the anil 345. The fact that the migration aptitude of the aryl group (4-pyridyl)
remains constant, regardless of the nature of the heterocycle, appears to support a
concerted mechanism!47-148,

PhH

(343) (344) (345)

X=0,5,Se
Ar=Ph,4-pyridyl
(193)

Irradiation (4> 220nm) of propadieneselone (346) matrix isolated in argon at 12K
gives propyneselenal (347) (selenal C=Se stretching band at 1058 cm ~ !)*4. The formation
of 347 may involve either a 1, 3-hydrogen shift, or loss of selenium giving allenylidene (348),
which rearranges to propargylene (349) and recombines with selenium (equation 194).
The starting material (346) was obtained by flash vacuum thermolysis of cyclopenteno-
1,2, 3-selenadiazole (Section I1.B.2).

hv (12 K)

CH,=C=C=8S¢e — HC=CCH==Se
~1.3-H
(346) (347)
l—Se Tm (194)
CHp=C=C$ —H = CH=CCH}
(348) (349)

B. Cis—Trans lsomerization

The photoisomerization of selenoindigo (350) was studied as a potential photochromic
indigoid'#°. Typical of the majority of photoisomerizable indigoids, trans-selenoindigo
shows a red fluorescence at about 620 nm on irradiation at its principal visible absorption
band. By irradiation of 350 in toluene at 562nm a photostationary state (350=2351) was
achieved (equation 195). The solution contained 57% of the trans isomer 350, compared
with 41% of the trans thio-analog at photoequilibrium (542nm). The photoequilibrium
mixture is solvent dependent, containing more of the cis isomer in chloroform than in
toluene. This has been attributed to the lowering of the quantum yield for cis—trans
photoisomerization on changing the solvent to chloroform.
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[o] o) 0
Se "
— toluene —
Se Se Se'
[0}

(350) (351) (195)

The quantum yields for the trans—cis (¢, = 0.025 at 562 nm) and cis—trans (¢, = 0.275
at 485 nm) photoisomerizations, respectively, coincide with the values obtained for ¢, and
¢, of the thio analogs. However they differ considerably from the quantum yield of
isomerization of the oxoindigoid (¢, = 0.63 at 413nm, ¢, = 0.35 at 396nm). The quantum
yields for cis—trans photoisomerizations over spectral regions which include long—
wavelength absorption remained constant.

The photoelectron spectra of several aryl alkyl selenides have been measu-
red'*°. Some show evidence of the existence of two predominant rotamers, one with a
maximum p—= overlap and one with minimal overlap. It has been shown that steric factors
affect the rotamer population while the detection of rotamers by the photoelectron
technique is dependent on electronic factors.

The photoelectron spectra of simple selenium-substituted olefins has been studied'®’
and compared with other push-pull olefins containing electron-donor (e.g. thio and
amino) and -acceptor (e.g. cyano, carbonyl and carboxyl) groups. In olefins with electron-
donating groups ionization potentials (IPs) decrease with the IPs of the corresponding
atoms, namely in the order S < Se < N. Similarly, the IPs and electron affinities of
chalcogen cyanates and isocyanates'>? and also those of non-isomerizable chalcogen
heterocyclic olefins!*3:!5* have been determined by UV photoelectron spectroscopy.

A useful photoinduced diphenyl diselenide-catalysed isomerization of the AS-double
bond of ergocalciferol (352) to S5,6-trans-ergocalciferol (353)'%° was reported
(equation 196). This reaction probably proceeds via the addition of phenylselenyl radical
to C,, ), isomerization of the derived allylic radical and loss of the phenylselenyl radical.
An analogous double-bond isomerization of { — )-caryophyllene to ( — )-isocaryophyllene
was reported using diphenyl disulfide'3®.

0
S
o
N
o

\

hv

(PhSe),
CeHi2

(352) (353)

V. PHOTOOXIDATIONS

Although oxidative decompositions of organoselenium compounds by UV light were
reported as early as 197428, only a few quantitative studies have been made since then
which contain a mechanistic analysis of the results.
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While the irradiation of dibenzyl diselenide (1) in the absence of oxygen leads only to the
formation of dibenzyl selenide (Section IL.B.1), photolysis of dilute aerated solutions of 1in
benzene at 350 nm resulted in the formation of benzaldehyde and elemental selenium in
high yields (equation 197)%-28. It has been established?® that the benzaldehyde oxygen
arises from atmospheric oxygen and not from traces of water in the solution.

hy (350nm). O,

PhCH,Se,CH,Ph

(1

When the diselenide 1 or the ditelluride 53 was photolysed in CDCI; under limited
amounts of oxygen, complex mixtures of products were obtained containing benzyl
alcohol, toluene and 1, 2-diphenylethylene in addition to benzaldehyde (equation 198)3°.
These were all presumably derived from incomplete oxidation of intermediate benzyl
radicals formed by homolytic deselenation.

PhCHO + Se (197)

PhCH,EECH,Ph —cr:'%) PhCHO + PhCH,OH + PhMe + PhCH,CH,Ph  (198)
E =Se, Te
In the absence of oxygen, benzyl tellurocyanate (354) is photochemically stable.
However, irradiation of 354 under atmospheric oxygen gave a black precipitate of
elemental tellurium and the solution contained a mixture of 60% benzaldehyde and 40%,
benzyl alcohol (equation 199)'*7. The speculative mechanism proposed included a singlet
oxygen attack on tellurium to form the 1, 3-dipolar peroxide 355 followed by rearrange-
ment to the unstable benzylperoxytellurocyanate 356. Peroxide 356 in turn decomposes to
benzyloxy radicals 357, which disproportionate to the observed products.

PhCH,TeCN 29, Oz & PhCHO + PhCH,OH

CHCijy
(354)

(199)

+

PhCHy—TeCN ——— Ph(sz TeCN —— PhCH,0°

| |
~0-0 0—0

(358) (356) (357)

It is interesting that monoselenides are stable to photooxidation under conditions
where monosulfides and monotellurides decompose. Thus, benzyl phenyl! selenide (358) is
reported to be stable to singlet oxygen generated by irradiation of aerated aqueous
micellar solutions containing 10-methylphenothiazine sensitizer. Under these conditions
benzyl sulfides are readily photooxidized to sulfoxides'>8. Dibenzyl telluride (55), the sole
product of the photolysis of 53 in degassed solutions, completely photodecomposes in the
presence of oxygen to give the oxidation mixture of products obtained from 53
(equation 198)3°,

PhCH,SePh PhCH,TeCH,Ph
(358) (55)

The tellurophenopyridazine 359 is photooxidized in chloroform solutions to give a 40%,
yield of 4,5-dibenzoylpyridazine (361). The peroxide 360 arising from a Diels—Alder
reaction of singlet oxygen'®® with the tellurophene ring is suggested as the probable
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intermediate, which readily decomposes thermally by loss of elemental tellurium to 361
(equation 200)%°. Analogously, 4, 5-dibenzoyl-2, 7-diphenyltropone (363) was formed in
43% yield by visible light photooxidative detelluration of the tellurophene 362
(equation 201). When a high-pressure UV mercury lamp was used, only polymers and
unidentified decomposition products were observed!®°.

Ph Ph
X PhCO
= N 9,00 0 Nl _—Te N
Te —_——— [ Te 1 | —_— |
LN CHCl, 0 N N
PhCO
Ph Ph
(359) (360) (361)
(200)
e Ph Ph
S PhCO
9,0
fo oy 0 (201)
PhCO
Ph Ph Ph
(362) (363)

VI. PHOTOREDUCTIONS

A. Hydrogen Abstraction

In contrast to the rich literature on the photoreduction of carbonyl compounds'-? and
the well documented photochemistry of thioketones (thiones)?, reports on the photochemi-
cal behavior of selones are scarce!3%16!, Di-tert-butyl selone (364), first prepared in
1976'¢!, was found to be stable when irradiated with visible light under nitrogen.
However, under UV irradiation in a variety of hydrogen-donating solvents such as
hexane, dioxane and benzene, 364 was smoothly reduced to the diselenide 365
(equation 202). In solvents other than benzene, substantial amounts of unidentified
compounds together with selenium metal deposition were observed 3¢, The presence of a
better hydrogen donor such as the selenol 366 improved the yields of 365 up to 85%.

(t-Bu),C = Se %{—» (t-Bu),CHSeSeCH(t-Bu), (202)

(364) (365)

The quantum yield of disappearance of 364 in hexane increases from ¢ = 5.5 x 10™% in
the absence of the selenol 366 to ¢ =8 x 10~ 2 in the presence of 9 x 1072 M 366. The
photoreduction is dependent on the wavelength. Excitation into the S, state (1 = 689nm)
is extremely inefficient, ¢, = 1.2 x 1072 compared with ¢, = 3.2 x 10~ 2 from the higher S,
(A=266nm) excited state under the same conditions. The 266nm band tails to
wavelengths beyond 300 nm and consequently irradiation of 364 in Pyrex using a medium-
pressure lamp allows excitation into both S, and S, states in the same experiment. This
suggests that, like the photoreduction of thiones*, the reaction occurred from the relatively
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longlived 7, a* transition state and unlike ketones for which the lower n, n* state is reactive
in hydrogen abstraction reactions'€2,

When 364 was irradiated in pentane at — 110°C under conditions such that the
diselenide 365 is formed, ESR signals are observed ' 3¢ which correspond to the presence of
radical 368 in the solution. The intensity of the ESR signals increases 60-fold when 364 is
irradiated in the S, excitation band compared with the S, band and 20-fold when 366 is
present. The kinetic data are consistent with the chain mechanism shown in equation 203,
in which excited 364 abstracts a hydrogen from either the solvent (route a) or the selenol
(route b) to attain an equilibrium with selenyl radical 367. This radical traps a ground-
state selone molecule to give radical 368, which abstracts hydrogen from the solvent to
give 365. If selenol 366 is added to the photolysis mixture, a chain sequence may be
expected since selenyl radical is regenerated in this step.

AV, RH . .
(f—Bu)2C=Se —_—— [(f-Bu)ZCHSe + R°]
(a)
(364) (367)
()|} A {(1-Bu),C=S
(#-Bu),CHSeH
(366)
364 .
2(1-Bu),CHSe* ————— (#-Bu),CHSe-SeC(/-Bu), (203)
(367) (368)
(0)RH
(b)(366)

[(r-Bu)yCHSe],
(365)

Quenching experiments with biacetyl gave Stern—Volmer plots for the quantum yields
of formation of 365 and disappearance of the selone 364 as a function of the quencher
concentration. Assuming k,= 10" I mol ™! s~' (hexane), the lifetime of the S, excited
state is of the order of 107'%s, which is close to the lifetime of the reactive S, state
of thioketones*.

Irradiation of 364 into both the S, and S, states in the presence of olefins such as
acrylonitrile, ethyl vinyl ether, fumaronitrile and dimethyl maleate failed to produce
detectable amounts of adducts. This is in contrast to the analogous di-tert-butylthione'¢3
and other thioketones' %4, The inertness of 364 has been attributed to steric hindrance' 3¢,

Unlike di-tert-butyl selone (364), the photochemistry of the bicyclic selenofenchone
(321) did not lead to reduction by intermolecular hydrogen abstraction, even in reasonably
good hydrogen atom-donating solvents such as pentane. Instead, excitation of 321 into the
S, (n, n*) state gave a mixture of diselenides (see Section IV.A).

Esters of steroidal carboselenoic acids (369-371) undergo photoinduced reduction with
tributyltin hydride to the corresponding aldehydes (372-374) and alkanes (375, 376)
which are shorter by one side-chain carbon (equations 204—-206)'¢3. Since these reactions
may also be initiated thermally with azobis(isobutyronitrile), a radical-chain mechanism is
suggested, involving either hydrogen atom abstraction from the stannane by the acyl
radical (377) intermediate to give aldehyde, or alternatively, decarbonylation of the acyl
radical followed by hydrogen abstraction to give the alkane (equation 207).
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COSePh CHO
hv +
BuySnH,
PhH
83°% 3%
372) (378)
(3689)
(204)
C0OSePh CHO
hv +
BugSnH,
PhH
18°% 79%
AcO
(370) (373) (376)
(205)
Bu,SnH, (206)
PhH
PhSeCO CHO
(371) 924
{mixture of epimers)
(379)
RCOSePh —=22" 1 RCO* + BugSnSePh
(377)
Bt o RCHO + Bu,Sn* (207)
—-Co Bu,SnH

-————» R* RH + BuSSn'
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Similarly, selenocarbonates (378 and 379) undergo photoinduced reduction with
tributyltin hydride to give a mixture containing the corresponding formates (380 and 381),
alcohols (382 and 383) and alkanes (384) (equations 208 and 209)!%°. The series of radical-
chain processes which take place in this reaction include three alternative pathways for the
intermediate radical 385: hydrogen abstraction, decarbonylation and decarboxylation,
leading to the formates, alcohols and alkanes, respectively (equation 210).

0COSePh

AcO
(378)
OCHO OH
hv
BuySnH
—l »
PhH + +
B87°%% 1% 9%
(380) (382) (364)
(208)
0COSePh OCHO OH
BuaSnn
hv, +
Phn
<i 81% 19%
o (381) (383)
(379)
(209)
Bu,Sn®
ROCOSePh —————— ROCO®* + Bu3SnSePh
(388)

BuySnH :
% ROCHO + Bu3$n'

(210)

—CO BuySnH
[————% RO*——— ROH + Bu3Sn'

—CO, BuySnH
-—¥% R* ———» RH + Bu3Sn'
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B. Oxygen Transfer

Diaryl selenoxides are photochemically reduced by sulfides to selenides and the
corresponding sulfoxides. Thus, when a 3:1 mixture of dibenzoselenophene oxide (386)
and the sulfide 387 in methanol (or dichloromethane) was irradiated under argon
through a Pyrex filter with a high-pressure mercury lamp, dibenzoselenophene (388) was
obtained in high yields together with the sulfoxide 389 (equation 211)'%5, Similarly,
diphenyl selenoxide (390) is reduced by phenyl methyl sulfide to diphenyl selenide (36) in
moderate yields. The mechanistic pathway for the photochemical transfer of oxygen in
these reactions has been suggested to involve a bimolecular intermediate between the
excited selenoxide and sulfide, which collapses to the products. Other possibilities, such as
the involvement of atomic oxygen, were excluded.

© + RSRR ————» + RSOR
S S

Me OH

e or CH,Cly e

0]
(386) (387) (388) (389)

R=Ph,R’'= Me
R=R'=n-Bu Q11)
R=R'=(CH,)g

Ph,Se = O + PhSMe ﬁ Ph,Se + PhSOMe (212)
(390) (36)

Deoxygenation has also been noted'®’ when 4-methyl-2'-nitrodiphenyl selenoxide
(391) was irradiated in benzene solution through quartz to give the selenide 392
(equation 213). The oxygen acceptor in this reaction was not indicated. In contrast, the
analogous nitrosulfoxide 393, on irradiation into the singlet excited state, is reported! 8 to
undergo an intramolecular oxygen transfer from nitrogen to sulfur, forming the
nitrososulfone 394 (equation 214). However, in the presence of triphenylamine as a triplet
sensitizer, 393 is reduced to the corresponding sulfide in low yields (1-4%,).

0
2-N02C6H4£e-Tol-p "‘—:hH‘—)» 2-NO,C¢H,Se-Tol-p (213)
(391) (392)
(”) 6]
v i
2-NO,CH,S-Tol-p ——s 2-NOC6H4ﬁ-Tol-p (214)
0
(393) (394)

Photochemical deoxygenation was observed when 2,1,3-benzoselenadiazole
1-oxide (85) was irradiated (4 > 390nm) in isopropanol to give a 5% isolated yield of 2, 1, 3-
benzoselenadiazole (395)°3. The major product in the photolysis was benzofurazan (87)
(equation 215) (Section I1.B.1). Irradiation (410nm) of 85 at 100K in methanol-ethanol
glass (2:5) showed the development of both 395 and 87 in a 40:30 ratio. Interestingly, the
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thermal reaction gives higher yields of 395'“°. The oxygen is probably transferred to the
solvent by an analogous mechanism to that suggested for the photo-deoxygenation of

amine N-oxides

169

+

N N N
— e —
56— s Nse + % 215)
— / 2v'2 \N/ \N/
40 : 30

o—2z

(83) (393) (87)
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I. INTRODUCTION

This chapter is primarily concerned with association phenomena in the organic and
organometallic chemistry of selenium and tellurium. Since the classical example of self-
association involves hydrogen bonding, the review begins with this topic. However, more
important examples of self-association occur in more delocalized systems and in the

coordination chemistry of organotellurium compounds.

Il. ACIDITY AND HYDROGEN BONDING IN SELENOLS AND TELLUROLS

The chemistry of compounds containing SeH and particularly TeH functionalities is so
limited in itself that there is only meager information about their physical and structural
properties. It is useful to refer to the data on the inorganic hydrides; the first acid

339
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dissociation constants of H,S, H,Se and H,Te! are 1 x 1077,2 x 10™* and 2.3 x 1073,
These values indicate that selenols and tellurols should be substantially stronger acids
than the corresponding thiols.

Few pK, measurements have been made on selenols and no such measurements have
been made for tellurols?. The simplest alkyltellurols® and the organometallic anions
M(CO)s(TeH)~ (M =Cr, Mo, W) and [M(CO),],(u-TeH)™ ¢, are the only TeH-
containing compounds known to be stable at room temperature. It is generally accepted
that selenols are more acidic than the corresponding thiols by 2-3 pK, units.
Unfortunately, direct pK, measurements of simple aryl- or alkyl-selenols have not
been described although '*C NMR measurements show that tertiary amines such as
(i-Pr),EtN are >90% protonated by one equivalent of PhSeH in CDCl; solution’.
The pK, of (i-Pr),EtNH™ is estimated to be 10.5.

The solution behaviour of 8-quinolineselenol indicates a pK, of 4.94 for the non-
zwitterionic form; the corresponding pK, values for 8-quinolinethiol and 8-quinolinol are
7.68 and 9.72, respectively®. An equally revealing effect is also seen in the tautomeric
constants shown in equation 1.

HX
H
N . T
O =— 00 o

Ky

O 0.04

) 38

Se 1740

These and related measurements on selenols are hampered by their facile aerial
oxidation to diselenides’.

2-Aminoethylselenol has been studied in solution in part because of its potential as an
antioxidant in nuclear medicine. Like 8-quinolineselenol, the selenium analog of
cysteamine exists almost exclusively as a zwitterion at neutral pH®. The pK, of
selenacysteamine is 5.01 and that of cysteamine 1s 8.27. The pK, of HSeCH,CH,NH, has
been confirmed by 7’Se NMR spectroscopy, where the 7’Se chemical shift moves almost
200 ppm upfield as the pH of its aqueous solution changes from 3.5 to 6°. The pK, values of
MeO,CCH,SeH and MeO,CCH,SH have been determined to be 4.7 and 8.1,
respectively'.

There is little information available concerning hydrogen bonding in selenols and
tellurols. Given that the strength of the RSH ---SR(H) hydrogen bond!"' is only 1.5-2.0
kcalmol ™!, the corresponding selenol-selenol interaction is expected to be smaller since
the strength of the hydrogen bond decreases as one descends a column in the Periodic
Table. An early infrared measurement showed that vg,,, in simple alkylselenols occurs in
the range 2300-2380cm ™! and exhibits no solvent or concentration dependence’2. On the
other hand, the poor correlation of 5(*’Se) vs. Hammett ¢ constants for arylselenols has
been attributed to hydrogen bonding effects! 3. Hydrogen bonding involving Se---H---N
is well documented through crystallographic studies on selenourea, 1-benzoyl-3-phenyl-2-
selenourea and diselenouracil. These materials are all expected to contain very polarized
C==Se bonds which should stabilize hydrogen bonding!®.



6. Self-association in organic and organometallic compounds 341

lll. SELF-ASSOCIATION OF DIORGANO-SELENIUM AND -TELLURIUM
COMPOUNDS

There is considerable crystallographic evidence for intermolecular Se---Se and Te---Te
interactions in organo-Se and -Te compounds. This topic has assumed great
importance because of its bearing on the electrical properties of the Se- and Te-based
organic metals'3, In general it appears that Te-.-Te interactions are structurally more
important than Se --- Se interactions as judged by the overlap of van der Waals radii. Most
examples of this structural effect contain the chalcogen in the divalent state.

Bis(2-naphthyl) ditelluride has been obtained in two crystalline modifications which
show substantial structural differences. Polymorph A consists of a transoid Ar,Te, moiety
whose closest Te--- Te contact is > 4.1 A. The Ar,Te, moieties are cisoid in the lattice of
polymorph B and the intermolecular Te---Te contacts are 3.71 and 4.00 A6, Similarly,
short Te---Te contacts of 3.70 and 3.63A are observed in monoclinic 5,6:11,12-
tetratelluro(tetracene)!® and trans-2,4-dibenzylidene-1,3-ditelluretane, (PhCHC),Te,'”,
respectively. The latter is a poorly soluble compound formed in low yield from the reaction
of sodium phenylacetylide and elemental Te. Although not discussed in the literature,
a striking structural feature of this material is the intramolecular Te-..-Te
contact of 3.23 A,

0000 -

The shortest intermolecular Te---Te contact is 3.58 A, observed in hexamethy-
lenetetratellurafulvalene'®. This distance is comparable to the two intramolecular Te - Te
contacts of 3.65 and 3.52A calculated on the basis of the published data!®®. In other
words, the solid-state structure of this tetratellurafulvalene may be viewed as a Te
superlattice into which are fitted organic substituents. The nearly square array of the Te
atoms in this compound is reminiscent of Te,2* (see Section V).

Ha

Bis(dimethylthieno)tetratellurafulvalene features Te---Te contacts of 3.66 and
3.76 A18® These intermolecular interactions may be responsible for the striking non-
planarity of this molecule in the lattice where the two Me,SC,Te, planes are bent by 47
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and 16° from the plane defined by the central C,Te, core.

e — 10, Te =
S >=< S
== ~14 Te

Stereochemically significant intermolecular Te--- Te contacts have also been observed
in 1, 3-ditellurole. The intramolecular Te--- Te interaction has been discussed in light of
J(12°Te, '2°Te) values!®.

IV. COMPLEX FORMATION

A. Selenium(ll) and Tellurium(ll) Compounds

The Lewis acidity of organotellurium(II) halides has been known for many years and
has been briefly reviewed by Gysling2®. Whereas many simple aryltellurium(II) halides are
reported to be thermally unstable?!, derivatives containing donor substituents in the ortho
position are robust. Examples of this type of compound are shown below [X =Cl,
Br;D =CHO??, NO,?3, N,Ph?*, CONH,, C(O)R?*]. The X-ray structure of
2-C4H,(CHO)TeBr shows a Te--- O distance of 2.31 A28,

In the same way that ortho donor substituents stabilize aryltellurenyl halides, this class
of compound has been extended to include adducts with soft donor ligands. In fact, the
instability of simple organotellurenyl halides may be due to associative decomposition
pathways which are suppressed by the presence of donor ligands?”. Treatment of Ph,Te,
with halogens in the presence of soft Lewis bases gives the compounds PhTeLX and
[PhTeL,]X. In most studies thioureas and selenoureas have been employed as the Lewis
bases. The structures of the adducts feature T-shaped complexes with a ligand vacancy
trans to the phenyl group (equation 2). These compounds are also formed from the
reduction of ArTeCl; by thioureas in methanol2®. This class of compound has been the
subject of several crystallographic investigations but there are few surprises and few
corroborative solution studies have been described.

X L+
| |

Ph,Te, + Br, — Ph—Te + Ph—Te )
I |
L L

The addition of tetraorganophosphonium iodides to solutions prepared from Ar,Te,
and I, affords crystals of (R,P)ArTel,?°, which also has the T-geometry about Te.
Catenation of simple organotellurium compounds does not seem to have been studied
although Ph,Te; ™ should be stable. Ph,;Te™ has not been observed although it would be
an electronic relative of PhTel,” and Ph,Te;~ (Evidence has been presented for
Ph,1" 39, Related salts of PhSeBr,~ have been isolated from the reaction of thioureas
with PhSeBr;3!.
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B. Selenium(lV) and Tellurium(lV) Compounds

Monoorganotellurium(l1V) halides are generally prepared via one of the routes shown
below32734;

RoTep + X2 cl
ArHgX + TeCl 4 R I
\b Ty, Te
ArOR + TeCly—" clo@”
RCH=CH,+ TeCl4 ¢l

These compounds probably aggregate in solution and exist as dimers and polymers in the
solid state. The majority of the most definitive work has involved the aryl derivatives.

In the solid state, the compounds RTeCl, (R = 2-CICH,CH,**, Ph3%, 4-EtOPh33) are
polymers involving square-pyramidal Te centers interconnected by single chloride
bridges. As in the aryltellurenyl systems, the coordination site trans to the organic
substituent is vacant. The compounds ArTeBr, and ArTel, form molecular dimers in the
solid state and two isomers of PhTel, have been characterized crystallographically?®,
although it is not known if such species have significant stability in solution.

& e, \‘\\\\I Il;,,"l “\\\\\ 1 l,,ll" \‘\\\\\ 1

e, ‘ o 4, l W ,, | W , S
7y, 1 W 4, K (LR thp . W

I /Te\I /'Te\I 1. /Te\ x /T,e \I

The structural differences between the trichlorides vs. the heavier trihalides have
been attributed to the large size of tellurium which prectudes the formation of Te,(u-Ch),
rings. PhTeCl, is ionic in solution presumably due to the equilibrium shown in
equation 339,

ArTeCly — ArTeCl, " + CI~ (3)

In a related way, the organotransition metal ditelluride
[(CsH)Mo(CO),][Fe(CO);](Te,)SbF, is a good Lewis acid and forms adducts with
pseudohalides®’ (Scheme 1). Most of the reactivity of this cation is Te-localized. The Lewis
base adducts feature 4-coordinate, hypervalent Te centers.

PhTeCl; forms stable pentacoordinate adducts with thioureas?®®, but reduction of the
tellurium(I'V) occurs when this reaction is conducted in methanolic solution?”. Attempted
complexation of (Me,N),CS with PhSeBr, gave [ {(Me,N),CS},][PhSeBr,],%5.

The thermochromic compound PhTe(S,CNR,);*® can be prepared via two routes
(equation 4). In the lattice, PhTe(S,CNR,), adopts a pentagonal pyramidal structure.

PhTeCl, + 3NaS,CNR,
PhTe(S,CNR,), (4)
Ph,Te, + 3[R,NCCS, ],

Many diorganotellurium halides have been prepared via the routes shown below>3-36,
Ar,Te, + RCHBrCHBrR — Ar,TeBr, + RCH=CHR + Te
ArTeCl; + Ar,Te,— Ar,TeCl, + Te
TeCl, + Ar,Hg — Ar,TeCl, + Hg
R,Te + X, — R,TeX,
Ar,TeO + 2HI — Ar, Tel,
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wTe T P NCZ
|)<| n SRS
Fe\Te /Te]+ /\Te

M \/Te Mg ' Me ,
< — K — 1K
e—Te Te Te

Mo=(RCgH4)Mo(CO),; Fe=Fe (CO)3

Simplest of all is Me,TeCl,, which, in the lattice, contains cis-Me groups, trans-Cl
groups and long intermolecular Te---Cl interactions. The crystallographic results for
Ph,TeCl, show that a Cl ligand from another molecule approaches the equatorial plane
but this secondary Te---Cl distance is 3.67 A35.

Cl

Phe,,
A
Ph/ ’

Cl

It should be noted that while the aforementioned Me,TeCl, structure is general for
other tellurium halides as well as Me,SeBr,, Me,Sel, adopts a different geometry?°.

Treatment of TeCl, with acetophenones*® and 1,3-diketones*! gives functionalized
dialkyltellurium(IV) dihalides (equations 5 and 6).

2ArC(O)Me + TeCl, — [ArC(O)CH,],TeCl, + 2HCI (5)
MeC(O)CH,C(O)Me + TeCl, — Cl, TeCH,C(O)CH,C(O)CH, + 2HCI  (6)

In contrast, certain functionalized ketones when treated with TeCl, give monoalkyl
derivatives*? (equation 7).

e J175.5°

ci
, e
o] [o] o

+ ToClg—— o U]
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The remarkable [Ph,Te][BPh,] has been prepared via two routes (equation 8). In the
lattice, this salt consists of well isolated Ph,Te* ions of approximate C,, symmetry*3.

Ph,Te + BPh,
\Ph3Te*BPh4‘ ®)

Ph,TeCl + BPh,~

V. Se---Se AND Te---Te INTERACTIONS IN ORGANOTRANSITION
METAL CHEMISTRY

The presence of short intramolecular Te-Te contacts has been demonstrated cry-
stallographically for a number of organometallic derivatives of tellurtum. Such interac-
tions may be classified as association since, on the basis of the Te—Te distance (ry.r.) they
are weaker than simple two-center two-electron bonds of the type found in diph-
enylditelluride (rrere =2.72A)**. The variability of rp.q. in related compounds is
highlighted by the structural results on a series of iron—molybdenum clusters, shown

belOW37'45'46.
HC\/%“?:\F,(CO) (c0)2§%(}°\ (co)zﬁ%\/ e
chém‘\\// ’ \/g\re(cm31 . ! \
cp e (CO)z(r\:d:A_lre/ (CO)3 e-—/e
Br
Frore=3.80 A Frqte=314 A " roTe=2.81 A

In such cases, the concept of oxidation state becomes useless and the materials must be
viewed as highly delocalized systems*>. Recall that intermolecular TeTe distances of 3.8 A
are considered short in simpler organotellurium compounds. The results for the
organotransition metal tellurides lead one to examine the corresponding intramolecular
Te-Te contacts in organotellurium compounds. As mentioned in Section I1I, hexa-
methylenetetratellurafulvalene!® is an interesting standard in this regard; the four Te
atoms form a rectangle with edges of 3.52 and 3.65A. [Te,]?* is a square ion with Te --- Te
distances of 2.66A%”.

T92.66 A

Short Te-Te contacts may be the basis of two effects in organotransition metal-Te
cluster chemistry. The easily prepared compound Fe;Te,(CO), forms stable adducts with
a variety of Lewis bases such as phosphines, amines, isocyanides and carbon monoxide*®.
In contrast, Fe;S,(CO), and Fe;Se,(CO),, which are nearly isostructural with the
ditelluride, show no Lewis acidity although they do undergo CO substitution*®. It has
been hypothesized that the facility of the adduct forming reaction of Fe,Te,(CO), derives
in part from an attractive Te---Te interaction*® (equation 9).

Even more striking is the conversion of octahedral Co,Te,(CO), o (rrere = 3.3 A) into
Co,Te)(CO);, (Frere=3.06A)%% in the latter the ry., is elongated by only 10%
relative to elemental tellurium3!.

Te

o
©
©
N

Te Te



346 Thomas B. Rauchfuss

Te

Te

N Fe

/B L SO
v N2

Te
Fe=Fe(CO)y
Bye=1123 61" —8687,-938
Frore™ 3-36 A TreTe= 313 A

The '?°Te chemical shifts for clusters of the type M, Te, L, (L = ligand) vary in a highly
systematic way over a 2000 ppm range>2. Those clusters with short Te---Te distances
(3.15-2.8 A) exhibit 8, 1000 + 100 ppm upfield of neat Me, Te, whereas those clusters with
Te--- Te distances in the range 3.3-3.8 A have d, of 1000 + 100 ppm downfield of Me, Te.
The large upfield shifts apparently arise because of magnetic anisotropy due to the short
Te—Te distances.

Associative phenomena are prevalent in the chemistry of the polychalcogen cations*”.
Because of their very high reactivity®?, this chemistry has only recently been extended to
the organometallic realm. The ion [W,(CO),,Se,]**, prepared from W(CO);THF and
[Se,]**, may be considered as a dimer of two [ W(CO)sSe,]* radical cations®*. In support
ofthE view, rg.s, for the coordinated Se, moieties is 2.21 A and the ‘intermolecular’ rgg, is
3.02A.
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I. SELENIUM AMINO ACIDS AND SELENOENZYMES

A. Introduction

Selenium is recognized as an essential micronutrient for mammals, birds, fish and
several bacteria. The physiological functions of selenium in mammals and birds can be
attributed mostly to the action of glutathione peroxidase, which contains the essential
selenocysteine residue in the polypeptide chain. Several microbial enzymes have also been
demonstrated to contain in their polypeptide chains selenocysteine residues which play an

349
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integral role in catalysis. Various other natural selenium amino acids occur in the free state
and have been reported to give protection to mammals from radiation injury and
carcinogenesis, as described in Masukawa’s chapter in this volume.

In this section we describe enzymological aspects of selenium-containing enzymes and
the metabolism of selenium amino acids. The mechanism of the enzymatic synthesis of
selenium amino acids is also described here.

B. Selenium Enzymes

Enzymes that contain selenium as an essential component are called selenoenzymes.
Table 1 summarizes the selenoenzymes so far studied.

Glutathione peroxidase (E.C. 1.11.1.9) catalyses the decomposition of hydrogen per-
oxide or organic peroxides by reduction with glutathione as shown in the equation

2GSH + H,0, (or ROOH) - GSSG + H,O (or ROH + H,0) (1)

The enzyme is distributed widely in mammalian tissues, and is responsible for the
protection of erythrocyte membrane and other tissues from oxidation damage. The
crystalline enzyme has been prepared from bovine erythrocytes to study its three-
dimensional structure by X-ray analysis at 2.0A resolution'. The partial amino acid
sequence of rat liver enzyme determined by Edman degradation coincides with the
corresponding part of the bovine erythrocyte enzyme deduced by X-ray analysis'.
Several molecular weights (76000-92000) have been reported for the native enzyme
from various sources. The enzyme is composed of four identical subunits (M, 19000-
23000), each of which contains a selenocysteine residue. The selenol group of selenocy-
steine has lower redox potential and higher nucleophilicity than the thiol group of
cysteine. The high reactivity of selenol substantially contributes to the specific catalytic
function of glutathione peroxidase. The selenium-containing moiety of xanthine dehydro-
genase and nicotinic acid hydroxylase has not been elucidated. Recently, Sliwkowski and

TABLE 1. Selenium enzymes

Enzyme Chemical form Other Molecular Source
of selenium components weight
Glutathione Selenocysteine - 76000-92000  Rat liver
peroxidase Bovine
erythrocytes
Glycine Selenocysteine Fe 462000 Clostridium
reductase sticklandii
Formate Selenocysteine Mo, Fe/S 500000 Methanococcus
dehydrogenase vannielii
Selenocysteine W, Mo, 300000 Clostridium
Fe/S thermoaceticum
N.d“ Mo, Fe/S, 590000 E. coli
haeme
Hydrogenase Selenocysteine Ni 340000 Methanococcus
vannielii
Nicotinate N.d.* Fe/S 300000 Clostridium
hydroxylase barkeri
Xanthine N.d.¢ Fe, Mo N.d.“ Clostridium
dehydrogenase cylindrosporum

“Not determined



7. Biochemistry of physiologically active selenium compounds 351

Stadtman® showed that selenomethionine residues are distributed throughout the
primary structure of thiolase; methionine is replaced by selenomethionine non-
specifically. Therefore, they suggested that no specific function of selenomethionine is
required for the enzyme. All the other selenoenzymes contain a selenocysteine residue. The
properties and catalyti¢ functions of these selenoenzymes have been reviewed in detail by
Stadtman?.

C. Enzymological Aspects of Selenium Amino Acid Metabolism

Selenium amino acids are thought to be synthesized through an analogous pathway to
the sulphur counterparts. Various enzymes acting on sulphur amino acids (e.g. mam-
malian cystathionine y-lyase and bacterial methionine y-lyase) work on the selenium
analogues, although enzymes that act specifically on selenium compounds have been
considered®. The indiscriminate catalytic action of enzymes on sulphur and selenium
compounds is probably involved at least partly in the toxicity of selenium compounds.
Provided that the selenium compounds are present at high concentrations, indiscriminate
substitution of selenium for sulphur in proteins, nucleic acids and complex carbohydrates
could occur and cause various toxic effects on organisms. The metabolism of selenium
amino acids was discussed in detail in earlier reviews by Stadtman* and Shrift*, and is not
treated here. We shall discuss mainly the metabolism of selenocysteine recently elucidated
in our laboratory.

1. Synthesis of selenocysteine

Selenomethionine has been shown to occur in wheat and some other grains, but there
are few reports of the occurrence of selenocysteine and selenocystine®. In mammalian
tissues, selenocysteine synthesis was assumed to be analogous to that of cysteine.
Selenomethionine serves as a better substrate than methionine for ATP:L-methionine
S-adenosyltransferase of rabbit liver and other sources’-8, Se-Adenosylselenomethionine
was shown to be an efficient methyl donor in various methylation systems®. Evidence for
the enzymatic synthesis of selenocysteine has been reported!®. Cystathionine $-synthase
of rat liver catalyses the formation of selenocystathionine (equation 2) in addition to the
cystathionine synthesis (equation 3), as summarized in Table 2.

L-serine + L-selenohomocysteine — L-selenocystathionine + H,O (2)
L-serine + L-homocysteine — L-cystathionine + H,O 3)

Selenohomocysteine is as susceptible as homocysteine; the relative V,,,, value is about
0.7. L-Homocysteine inhibits the selenocystathionine synthesis in the presence of 5mm L-
serine as a competitive inhibitor for L-selenohomocysteine, and L-selenohomocysteine
also inhibits the cystathionine synthesis in the same manner. The K; values are
substantially consistent with the K, values (Table 2), indicating that both reactions 2
and 3 are carried out at the same active site.

Cystathionine y-lyase can catalyse a, f-elimination of L-cystine in addition to a,
y-glimination of L-cystathionine, as described by Cavallini et al''. Esaki et al'®
have found that the «, f-elimination of L-cystathionine (equation 4) proceeds much more
slowly (> 3%) than the a, y-elimination (equation 5).

L-cystathionine + H,O — pyruvate + L-homocysteine + NH, 4
L-cystathionine + H,O — a-ketobutyrate + L-cysteine + NH, ®)]
L-selenocystathionine + H,O — pyruvate + L-selenohomocysteine + NH, 6)

L-selenocystathionine + H,0 — a-ketobutyrate + L-selenocysteine + NH,  (7)
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TABLE 2. Kinetic parameters for cystathionine -synthase

Vmax (pmol Kn K;
mg 'min~!)  (mM) (mm)
Selenocystathionine synthesis
(reaction 2) 0.11
L-Serine 0.3
L-Selenohomocysteine 2.5 34
Cystathionine synthesis
(reaction 3) 0.16
L-Serine 1.2
L-Homocysteine 1.2 0.85

TABLE 3. Kinetic parameters for cystathionine y-lyase

Kn  Vi(pmol
Type of reaction (mM) mg~! min~?!)
L-Selenocystathionine a, y-Elimination 1.7 19
(reaction 7)
a, f-Elimination 9.5
(reaction 6)
L-Cystathionine a, y-Elimination 1.3 6.2
(reaction 5)
a, f-Elimination 0.18
(reaction 4)
L-Selenohomocysteine a, y-elimination 1.4 0.62
L-Homocysteine o, y-Elimination 29 0.25
pL-Selenocysteine a, f-Elimination 1.2 0.51
L-Cysteine a, f-Elimination 1.1 0.17

However, the a, f-elimination of selenocystathionine proceeds at a comparable rate to the
o, y-elimination of the same substrate (Table 3). Cystathionine y-lyase can eliminate further
both the amino acids formed from selenocystathionine and cystathionine by elimination
reactions, although slowly. All the selenium amino acids are decomposed 2.5-3 times more
rapidly than the corresponding sulphur analogues (Table 3). Braunstein et al.'? reported
that cystathionine f-synthase of chicken liver catalyses synthesis of cysteine from serine
and H,S (equation 8). The rat liver enzyme also catalyses the reaction at a rate of 129 of
cystathionine synthesis (equation 3), but selenocysteine cannot be synthesized directly
from L-serine and H,Se (equation 9)'°. This is probably due to the low reactivity of
selenide as a substituting agent in the replacement reaction.

L-serine + H,S — L-cysteine + H,O (8)
L-serine + H,Se — L-selenocysteine + H,O 9)

2. Occurrence of selenocysteine B-lyase and its enzymological
properties

Selenocysteine is synthesized by the coupled reactions with cystathionine B-synthase
(E.C. 4.2.1.22) and cystathionine y-lyase (E.C. 4.4.1.1) purified from rat liver, and also by
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reaction with a rat liver homogenate!?, with which the synthesis proceeds far less
efficiently. This is due to the presence of a novel enzyme in the homogenate that
decomposes selenocysteine specifically into alanine and H,Se!3. The enzyme catalyses the
removal of elemental selenium from L-selenocysteine; the formation of H,Se is due to
reduction of the elemental selenium by the unreacted selenocysteine. Thus, the enzyme has
been termed selenocysteine f-lyase, or systematically selenocysteine selenium-lyase
(alanine-forming)'3.

Selenocysteine f-lyase is distributed widely in mammalian tissues (Table 4)'3. The
enzyme activities of livers and kidneys are higher than those of other tissues in several
animals. Significant activity is found in pancreas and adrenal, but none in blood and fat.
The enzyme has also been demonstrated in various bacterial strains such as Citrobacter
freundii, Alcaligenes viscolactis and Pseudomonas alkanolytica. However, no significant
activity was found in yeasts and fungi (Table 5)'*.

Selenocysteine f-lyase has been purified to homogeneity from pig liver and Citrobacter
freundii and characterized!3-13. The bacterial enzyme is remarkably different from the
mammalian enzyme in its physicochemical properties (Table 6) and amino acid compo-
sition (Table 7). In contrast, both the enzymes are very similar in their enzymological
properties: both contain pyridoxal 5'-phosphate (pyridoxal-P) as a coenzyme, exhibit
strict specificity for L-selenocysteine and have similar K, values for the substrates. L-
Cysteine behaves as a competitive inhibitor against L-selenocysteine for both the enzymes.
Based on the K, value for L-selenocysteine and the K; value for L-cysteine, the enzyme
probably acts on selenocysteine very slowly invivo, because the concentration of
selenocysteine in the tissues is lower than the K., value. However, the total activity of
enzyme is probably sufficient to metabolize a small amount of selenocysteine in the tissues
(Table4). The localization and compartmentation of the enzyme, the substrate and the
inhibitors probably affect the enzyme activity in vivo.

Selenomethionine and selenocysteine are toxic to animals, and H,Se is the most toxic
selenium compound studied so far'®. Selenocysteine can be synthesized from selenometh-
ionine derived from a diet® as described above. H,Se is produced from selenomethionine
through selenocysteine by catalysis of selenocysteine f-lyase. The lack of specificity of the
enzymes acting on the biosynthetic pathway of cysteine from methionine (e.g. cysta-

TABLE 4. Distribution of selenocysteine f-lyase in tissues

Tissue Specific activity ( x 10%)
Rat Dog Mouse Guinea Pig Cat Rabbit Bovine Monkey

pig

Liver 5.5 10 9.7 15 82 16 17 35 9.9

Kidney 49 4.5 8.9 14 3.6 1.9 17

Pancreas 8.0 3.0 0.21 0.34

Adrenal 35

Heart 0.90 0.81

Lung 2.0 1.2

Testis 0.83

Brain 0.93 0.96

Thymus 1.7 6.0

Spleen 1.4 1.8

Muscle 0.57

Fat 0

Blood 0
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TABLE 5. Distribution of selenocysteine -lyase in microorganisms

Microorganism Activity (nmol min~! mg~ ') determined by

H,Se Alanine  Selenocysteine
formed formed consumed

Alcaligenes viscolactis 320 28.5 339
Citrobacter freundii 17.5 20.5 313
Corynebacterium 15.0 19.5 12.8
pseudodiphtheriticum
Pseudomonas atkanolytica 16.7 17.9 17.2
Brevibacterium leucinophagum 225 28.3 29.2
Escherichia coli 1.90 1.31
Erwinia carotovora 2.80 2.10
Serratia marcescens 2.70 1.54
Alcaligenes bookeri 5.40 5.24
Aspergillus ficuum 3.80 1.33
Aspergillus sojae 0.70 0.00
Absidia corymbifera 1.40 0.94
Neurospora crassa 0.56 0.26
Penicillium expansum 1.00 0.48
Saccharomyces cerevisiae 2.60 1.30
Kluyveromyces fragilis 5.60 2.52
Candida albicans 8.10 113
Hansenula beckii 0.70 0.55
Schwanniomyces occidentalis 2.90 1.62

TABLE 6. Properties of selenocysteine f-lyase

Pig liver Citrobacter freundii
Property enzyme enzyme
Molecular weight 93000 63000
Subunit structure Dimer Monomer
Isoelectric point 59 6.6
Absorption maxima 280,420 280,420
Pyridoxal-P content 1 1
{mol per mol of enzyme)
Optimum pH 8.4 7.0
Substrate (K ) L-Seleno- L-Selenocysteine
cysteine (0.95 mm)
(0.8 mm)
Competitive inhibitor (K)) L-Cysteine L-Cysteine
(1.0 mm) (0.65 mm)
Inactivation by abortive Yes Yes
transamination
Irreversible inactivation Yes Yes

by B-chloroalanine
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TABLE 7. Amino acid composition of selenocysteine f-lyase

Amino acid Citrobacter freundii Pig liver
enzyme enzyme
mol-%, mol per mol of mol-% mol per mol of
subunit subunit
Aspartic acid 14.12 82 8.15 36
Threonine 7.53 43 5.55 25
Serine 12.44 72 545 24
Glutamic acid 6.30 36 11.84 52
Proline 382 22 5.68 25
Glycine 9.99 58 9.06 40
Alanine 593 34 10.66 47
Cysteine 1.05 6 0.84 4
Valine 247 14 7.58 33
Methionine 1.63 9 2.26 10
[soleucine 2.03 12 3.30 15
Leucine 4.05 23 9.48 42
Tyrosine 4.53 26 1.72 8
Phenylalanine 2.69 16 2.82 13
Lysine 7.30 42 3.20 14
Histidine 4.51 26 295 13
Arginine 7.89 46 7.19 32
Tryptophan 1.73 10 2.98 7

thionine y-lyase and cystathionine S-synthase) and the presence of selenocysteine B-lyase
may contribute in part to the selenium toxicity.

The mechanism of incorporation of selenium into the enzymes that contain selenocy-
steine residues has been studied. Sunde and Hoekstra'” suggested that serine or cysteine
residues in polypeptide chains are converted, for example, into dehydroalanine residues,
and then H,Se is added to the «, S-unsaturated bond to give the selenocysteine residues. In
contrast, Hawkes et al.'® proposed a direct incorporation mechanism, according to which
a tRNA and a codon specific for selenocysteine are present, and selenocysteine is directly
incorporated into the protein in the stage of translation. According to the post-
translational selenium incorporation hypothesis®’, selenocysteine S-lyase can function to
give the direct selenium precursor that is incorporated into the proenzyme to form the
selenocysteine residue. Alternatively, according to the direct incorporation hypothesis,
selenocysteine f-lyase functions to decompose an excess of selenocysteine to give H,Se,
which can be detoxified through methylation or some other reactions!®,

3. Reaction mechanism of selenocysteine f-lyase

The selenocysteine B-lyase reaction is exceptional among those of the pyridoxal-P
enzymes studied so far. The enzyme resembles bacterial aspartate S-decarboxylase
(E.C. 4.1.1.12)'° and kynureninase (E.C. 3.7.1.3)2% in the reaction mechanism where a
moiety binding to C, of the substrate is cleaved to produce alanine. Esaki et al.?! and
Chocat et al.!® have proposed mechanisms for the reactions catalysed by selenocysteine
B-lyase. The selenohydryl group of selenocysteine is substantially in an anionic form
under physiological conditions because its pK, is 5.2822. Cysteine is not a substrate of
selenocysteine f-lyase, but it inhibits the enzyme reaction competitively with selenocy-
steine between pH 7.0 and 9.0. In this pH range, a thiol group of cysteine is dissociated at
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least partially since its pK, is about 8.8, Thus, the difference in the enzymatic reactivities of
selenol and thiol is not derived from differences in their dissociation states. The deuterium
isotope effect at the a position determined by Esaki et al.?! and Chocat et al.'® indicates
that an a-hydrogen release occurs in the enzyme reaction and is rate limiting. The
a-hydrogen of selenocysteine is abstracted by a base at the enzyme active site, and then
selenium is removed in an elemental form. L-Cysteine can bind the enzyme active site, but
elemental sulphur is not removed from a cysteine—pyridoxal-P aldimine complex owing to
the strong bond between the f-carbon and the sulphur of cysteine, which is stronger than
that between the -carbon and selenium of selenocysteine (the dissociation energies are
272 kJ mol ™! for C—S and 243 kJ mol ~ ! for C—Se)?3. The situation is similar in various
organic reactions, such as the reactions of episulphides and episelenides*.

The selenocysteine f-lyase reactions have been studied in deuterium oxide by Esaki
et al.2! and Chocat et al.'3 to show deuterium incorporation into alanine. The 'H and
13C NMR spectra of the alanine produced indicate the formation of [$-'H,]- and [f-
'H,]-alanines. Therefore, in addition to the incorporation of one deuterium atom into the
B-position of alanine after removal of elemental selenium, one of the two f-hydrogen
atoms of selenocysteine is exchanged with a solvent deuterium atom at a frequency of 0.5.
The enzyme catalyses no hydrogen exchange at the a- and f-positions of alanine with a
solvent deuterium atom, and the a-hydrogen of selenocysteine is fully retained at the a-
position of alanine. Thus, a two-base mechanism has been proposed for the enzyme
reaction: the a-protonation and deprotonation are performed by one base, and the other
base mediates the f-protonation. A similar mechanism has been proposed by Chang
et al.?® for the reactions catalysed by aspartate f-decarboxylase.

Selenocysteine f-lyase is inactivated through transamination between selenocysteine
and the bound pyridoxal-P to produce pyridoxamine 5'-phosphate (pyridoxamine-P)
and a keto analogue of selenocysteine when the enzyme is incubated with L-selenocysteine
in the absence of added pyridoxal-P, as reported by Esaki et al.?! and Chocat et al.'®.
Analogous transaminations catalysed by pyridoxal-P enzymes have been reported
involving serine hydroxymethyltransferase?®, arginine racemase?’, tryptophan
synthase?®, aspartate f-decarboxylase?® and kynureninase2®. All three enzymes
catalysing S-elimination (kynureninase, aspartate f-decarboxylase and selenocysteine f-
lyase) also catalyse the transamination, although very slowly.

Chocat et al.!> reported that selenocysteine f-lyase catalyses the a, f-elimination of
B-chloro-L-alanine to form NH,, pyruvate and Cl~, and is irreversibly inactivated during
the reaction in a suicide fashion. The relatively low partition ratio (825) of the «, -
elimination to the inactivation is similar to that reported for alanine racemase?® and
amino acid racemase with low substrate specificity®®, and indicates highly efficient
inactivation.

D. Enzymatic Synthesis of Selenium Amino Acids

The biological role of optically active selenium amino acids has received considerable
attention, but studies of their metabolism have been hampered by difficulties in their
synthesis. Recently, facile synthetic procedures giving optically active Se-substituted
selenocysteines and Se-substituted selenohomocysteines were developed by Soda and
coworkers®!733:3974! by means of the microbial pyridoxal-P enzymes methionine y-lyase,
tryptophan synthase and O-acetylhomoserine sulphydrylase.

1. Methionine y-lyase

L-Methionine y-lyase (E.C.4.4.1.11) is a pyridoxal-P enzyme catalysing the conversion
of L-methionine into a-ketobutyrate, methanethiol and ammonia, and plays an impor-
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tant role in the bacterial metabolism of methionine. The enzyme is widely distributed
in psuedomonads. The enzyme is inducibly produced by addition of L-methionine to the
medium, and was purified to homogeneity from the crude extract of Pseudomonas putida
ICR 3460, the best producer of the enzyme®!. Recently, Aeromonas sp. isolated from a lake
was also found to produce L-methionine y-lyase abundantly, and the Aeromonas enzyme
was purified to homogeneity by a similar procedure to that for the Pseudomonas enzyme32,
Table 8 summarizes the physicochemical properties of the enzyme purified from both
strains. The enzyme has multiple catalytic functions: it catalyses a, y-elimination and y-
replacement reactions of L-methionine and its analogues and «, f-elimination and S-
replacement reactions of L-cysteine and its analogues. The enzyme also catalyses the «, y-
elimination of selenomethionine to yield a-ketobutyrate, ammonia and methaneselenol,
and also y-replacement reactions with various thiols to produce S-substituted homocy-
steines**. Selenomethionine is a better substrate than methionine for a,y-elimination
based on the V,,, and K,, values, but is less effective for y-replacement. In addition, L-
methionine and its derivatives, which are substrates for the «, y-elimination, react with
selenols to form the corresponding Se-substituted selenohomocysteines, although selenols
are less efficient substituent donors than thiols. The enzymatic f-replacement reaction
also occurs between S-substituted cysteines or O-substituted serines and selenols.
Davis and Metzler®* have proposed that a ketimine intermediate of pyridoxal-P and
vinylglycine (2-amino-3-butenoate) is the key intermediate of «,y-elimination and y-
replacement reactions catalysed by pyridoxal-P enzymes. Vinylglycine has been reported
to inactivate several transaminases as a suicide substrate33. This is not the case with
methionine y-lyase. It catalyzes the deamination reaction of vinylglycine to produce a-
ketobutyrate and ammonia (equation 10), but is not inactivated by vinylglycine3®. The
enzyme also catalyses the y-addition reaction of various thiols or selenols to yield the
corresponding S- or Se-substituted homocysteines (equation 11). The relative activities of
the enzyme for a variety of thiols and selenols in the y-addition reaction of vinylglycine are
close to those in the y-replacement reaction of methionine. Incubation of the enzyme with
vinylglycine results in the appearance of a new absorption band at 480 nm, which is also
observed with substrates such as methionine, O-acetylhomoserine and selenomethionine

TABLE 8. Properties of methionine y-lyase

Source

Property Pseudomonas putida Aeromonas sp.

5% 0w 8.3S -
Molecular weight:
Sedimentation

equilibrium 165000 -
Gel permeation

chromatography - 149000
Low-angle light

scattering 174000 159000

Absorption maxima

Number of subunits

Molecular weight of
subunits

Pyridoxal-P content

278nm (g = 134000)
420nm (¢ = 38900)
4

43000

(mol per mol of enzyme) 4

278nm (¢ = 159000)
423nm (e = 31300)
4

41000

4
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for «,y-elimination, but not with a, f-elimination substrates. These findings support the
mechanism through a vinylglycine—pyridoxal-P quinonoid intermediate proposed by
Davis and Metzler*®,

CH, = CHCH(NH,)COOH + H,0 — EtCOCOOH + NH, (10)
CH, = CHCH(NH,)COOH + RXH — RXCH,CH,CH(NH,)COOH (11)
(X=S or Se)

2. Tryptophan synthase

Tryptophan synthase (E.C. 4.2.1.20) is a pyridoxal-P enzyme with a variety of catalytic
functions (Table 9, reactions 12—17), among which reaction 12, the synthesis of trypto-
phan from indole glycerol phosphate, is of physiological importance. Reactions 13 and 14
are regarded as partial reactions of reaction 12 (Table 9). Tryptophan synthase is found
widely in various bacteria, yeasts, moulds and plants. The enzyme of E. coli is composed of
two kinds of proteins, &« (M,29000) and 8 (M,44200). Pyridoxal-P is bound to the f-sub-
unit through a Schiff base. Two a-subunits combine with one f,-dimer to form an
a,f,-complex (M,147000) that catalyses the physiological reaction. Each of the subunits
also catalyses its own specific reaction (Table 9). The crystalline a,f8,-complex is obtained
after a six-fold purification from E. colitrp R~ AtrpED102/F’AtrpED102. About 16, of
the intracellular soluble protein of this mutant is the tryptophan synthase complex.
Goldberg and Baldwin®’ and Miles et al.’® have shown that methanethiol and §-
mercaptoethanol serve as S-substituent donors to serine to yield S-methyl-L-cysteine and
S-(B-hydroxyethyl)-L-cysteine, respectively, by the o,f,- and f,-complexes (Table 9,
reaction 16).

Esaki et al.>® have studied the enzymatic synthesis of various S-substituted-L-cysteines
from L-serine and its derivatives (e.g. f-chloro-L-alanine and O-methyl-L-serine) with the
a,B,-complex. Thiols such as a-toluenethiol, 1-propanethiol and 1-butanethiol are
efficient S-substituent donors. When L-threonine and L-vinylglycine are used as S-
substituent acceptors of thiols, the corresponding S-substituted f-methyl-L-cysteines are
synthesized®®. The enzyme also catalyses the f-replacement reactions of L-serine with
selenols to produce the corresponding Se-substituted L-selenocysteines*®. Se-Benzyl-L-
selenocysteine and Se-methyl-L-selenocysteine are synthesized from L-serine and o-
tolueneselenol and methaneselenol in a similar way with yields of 44 and 16%, respectively,

TABLE 9. Reactions catalysed by tryptophan synthase

No. Reaction Catalysed by
12 Indole-3-glycerol phosphate + L-serine — L-tryptophan o, 8,
+ D-glyceraldehyde 3-phosphate + H,O
13 Indole-3-glycerol phosphate — indole o a,0,
+ D-glyceraldehyde 3-phosphate
14 Indole + L-serine — L-tryptophan + H,O B 0,8,
15 L-Serine — pyruvate + ammonia 2
16 B-Mercaptoethanol + L-serine — S-(f-hydroxyethyl- By a2,
L-cysteine + H,O
17 f-Mercaptoethanol + L-serine + pyridoxal-P B,

— S-pyruvylmercaptoethano!l + pyridoxamine-P + H,O
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based on L-serine. The relative activity of indole to methanethiol (100) is appro-
ximately 150. Those of methaneselenol and a-tolueneselenol are 24 and 309, respectively.
The production of Se-methyl- and Se-benzyl-L-selenocysteines proceeds much more
rapidly than tryptophan synthesis, the inherent reaction of the enzyme. L-Serine can be
replaced with a variety of f-substituted L-alanines such as f-chloroalanine and O-
acetylserine in the reaction system containing these selenols.

According to the general mechanism for the f-replacement reaction catalysed by
pyridoxal-P enzymes**, nucleophilic addition of selenols occurs in an intermediate
derived from the substrate. Although selenols are more nucleophilic than thiols, selenols
are less reactive substituent donors than thiols in the enzymatic fi-replacement reactions
catalysed by tryptophan synthase. This is compatible with the reactivities of -
tolueneselenol and a-toluenethiol, although methaneselenol is a slightly more efficient
substituent donor than methanethiol. Some physicochemical properties of methaneselenol
and methanethiol, such as volatility and solubility, may affect their reactivity in the
enzyme reaction.

3. O-Acetylhomoserine sulphydrylase

0-Acetylhomoserine sulphydrylase [0-acetylhomoserine (thiol)-lyase, E.C. 4.2.99.10] is
a pyridoxal-P enzyme that catalyses the synthesis of cysteine and homocysteine from H,S
with O-acetyl-L-serine (OAS) and O-acetyl-L-homoserine (OAH), respectively. The
enzyme of baker’s yeast has been purified and characterized. It is involved in the synthesis
in vivo of cysteine.

Chocat et al.*! have shown that OAH sulphydrylase catalyses the §- and y-replacement
reactions between the O-acetyl groups of OAS and OAH and Na,Se,. Serine O-sulphate
also serves as a substrate of the f-replacement reaction, although its reactivity is lower
than that of OAS (Table 10). The selenium amino acids produced have been isolated and
identified as L-selenocystine and L-selenohomocystine, but this does not necessarily mean
that the primary enzymatic product is the diselenide. The initial products of the enzyme
reaction are probably Se-(selenohydryl) derivatives, i.e. ~SeSeCH,CH(NH,;)COOH
and ~SeSeCH,CH,CH(NH,)COOH, which are non-enzymatically oxidized to the
corresponding diselenides.

TABLE 10. Kinetic parameters of reactions catalysed by O-acetylhomoserine
sulphydrylase

Substituent Substituent Relative K, (mm)
acceptor donor Vinax substituent
Acceptor Donor

O-Acetylhomoserine NaHS 100 4.1 0.52
O-Acetylhomoserine Na,Se, 17 5.3 8.9
O-Acetylserine NaHS 14 2.5 0.70
O-Acetylserine Na,Se, 8.4 5.0 N.d“
Serine O-sulphate NaHS 5.1 40 0.70
Serine O-sulphate Na,Se, 1.4 4.0 10
Serine O-sulphate NaHSe 1.3 N.d.* 1.2

“Not determined
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4. Comparison between pyridoxal-P enzymes catalysing sulphur and selenium
amino acid synthesis

Methionine y-lyase is useful for the production of various sulphur and selenium amino
acids. However, the enzyme catalyses not only replacements but also eliminations; the
yield depends mainly on the concentrations of the substrates, thiols or selenols. The amino
acids produced may be decomposed by the elimination reactions, which constitutes a
weak point of the enzyme from the point of view of amino acid production. Therefore, an
excess of thiols or selenols have to be added to prevent the elimination reaction.

Tryptophan synthase surpasses methionine y-lyase with regard to reaction specificity: it
does not catalyse the elimination reaction that leads to a decrease in a yield of sulphur and
selenium amino acids. However, tryptophan synthase is inferior to methionine y-lyase in
substrate specificity: it does not catalyse the synthesis of S-substituted homocysteines and
Se-substituted selenohomocysteines by the y-replacement reactions.

O-Acetylhomoserine (thiol)-lyase catalyses both the f- and y-replacement reactions
between O-acetylhomoserine or O-acetylserine and various thiols or selenols, but does not
catalyse the elimination reactions. Therefore, the enzyme is also useful for the synthesis of
optically active sulphur and selenium amino acids. However, O-acetylhomoserine (thiol)-
lyase is poorly produced by yeasts, and shows a high substrate specificity with respect to
substituent acceptors. Hence we have to use expensive substrates such as O-
acetylhomoserine and O-acetylserine for the desired amino acid syntheses.

. SELENIUM NUCLEIC ACIDS

A. Introduction

Amino acid transfer ribonucleic acids ({RNAs) undergo a variety of modifications after
transcription from deoxyribonucleic acid. More than 50 modified nucleosides including
sulphur-containing derivatives of uridine, cytidine and adenosine have been identified in
tRNA to date. Recently, it was discovered that certain tRNAs also contain selenium
nucleosides as a specific constituent. The selenium is incorporated through a highly
specific process. Selenium tRNAs are the second groups of biologically active selenium-
containing macromolecules, selenium enzymes described in Section I being the first. The
selenium nucleic acids have been studied mainly by Stadtman and coworkers. In the
following we describe the occurrence, structure and function of the selenium tRNAs,

B. Natural Occurrence of Selenium-containing tRNA

In 1972, Saelinger et al.*? reported that growth of Escherichia coli in a medium
containing [ 73Se]selenite results in incorporation of 7*Se into tRNA bases. One of the
nucleosides isolated by enzymatic digestion of 73Se-labelled tRNAs was identified as 4-
selenouridine. The authors assumed that selenium incorporation results from the non-
specific substitution through the pathway of sulphur transfer to a uracil residue of E. coli
tRNA. However, incorporation of selenium into the tRNA of E.coli B grown in the
presence of 0.08 uM selenite was not affected by the addition of 1 mm sulphate*?®. Chen and
Stadtman found that in Clostridium sticklandii, selenium is incorporated into tRNAs and
also into selenoprotein A, one of the components of glycine reductase, in the presence of a
large excess of sulphate**. Selenium incorporation was shown to be specific for selenium;
no dilution effects of varying ratios of the concentrations of sulphur to that of selenium in
the medium were observed. Selenium occurs in at least four different tRNA species. The
lability of the incorporated selenium in these species towards CNBr, KBH, and
iodoacetate and its stability under conditions in which aminoacylated tRNA is de-
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esterified indicate that the selenium is located in the polynucleotide portion of the
molecules, but not in esterified amino acids. The most prominent seleno-tRNA
corresponding to 80%, of the total seleno-tRNAs is the major glutamate-accepting species,
which contains one selenium atom per tRNA molecule®®. The seleno-tRNAC"™ has been
purified in its acylated form by repeated reversed-phase chromatography from an enriched
sample prepared with an organomercurial affinity column®S. A proline isoacceptor** and
a valine isoacceptor®” are also seleno-tRNAs.

Synthesis of seleno-tRNA by a highly specific process, which is distinct from the
mechanism of sulphur incorporation, was also found in bacteria such as E. coli*® and
Methanococcus vannielii*®, in cultured mammalian cells’ and in plants®!. In E. coli, the
amount of selenium incorporated is unchanged by 10-20-fold variations in selenium or
sulphate concentrations or by the addition of excess of cysteine, sulphide and sulphite.
Further E. coli mutants that do not synthesize an abundant sulphur-modified base, 4-
thiouracil, produce normal levels of selenium-modified tRNAs. Two major E. coli tRNA
species modified with selenium (over 50 of the total seleno-tRNAs) have been identified
as a lysyl-tRNA and a glutamyl-tRNA, but they are minor isoacceptors for lysine and
glutamate*®. In M. vannielii, 13-20% of the total tRNA population is modified with
selenium*®. The amount of seleno-tRNA in M. vannielli, a strict anaerobe, is higher than
thosein C. sticklandii (5-8%,), a less strictly anaerobic bacterium and in E. coli(up to 6%),a
facultative anaerobe*®. No seleno-tRNA is detected in Bacillus subtilis, a strict aerobe®?,
Hence the biosynthesis of seleno-tRNA may be associated with the concentration of
oxygen. The amino acid-accepting activities of M. vannielii seleno-tRNA have not been
determined exactly, although the possibility of a glutamyl-tRNA is presumed.

The tRNA of mouse leukaemia cells has a low concentration of selenium, and the
chemical properties of the seleno-tRNA are different from those of the bacterial species
described above°. In plants, the occurrence of seleno-tRNA in Astragalus bisulcatus, a
selenium accumulator plant*®, and wild carrot cells, Daucus carota L.5}, has been
demonstrated.

C. Structure of Selenium Nucleosides

The most abundant selenium nucleoside found in cells of three bacterial species has been
identified as 5-[(methylamino)methyl]-2-selenouridine (mnm®se?U), and was compared
with the authentic compound (Fig. 1). The latter was chemically synthesized from
selenourea and characterized by its UV and 'H NMR spectral properties®2. The authentic

(0]
+
HN NHMe
)\ | "
Se N
o)
HO
HO OH

FIGURE 1. Structure of 5-methylamino-
methyl-2-selenouridine (mnm?se?U).
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and natural compounds show identical UV spectra and chromatographic behaviour, and
are decomposed by anaerobic treatment with HCI to the same products2. All the 73Se
label in the bulk tRNA in E. coli and about half of the 73Se found in [7°Se]JtRNA from C.
sticklandii and M. vannielii are present as mnm3se2U*%-%2. Each of the latter two bacterial
species contains an additional uncharacterized 2-selenouridine derivative. 4-Sele-
nouridine, which was initially reported to be a constituent of E. coli tRNAs*33%%% has
not been detected in the tRNA populations of E. coli, C. sticklandii or M. vannielii, which
produce about the same amount of 4-thiouridine®2. 4-Selenouridine may be synthesized
only when ratio of the concentration of selenium to that of sulphur in the growth medium
is abnormally high.

The structure of the selenonucleoside of the major seleno-tRNA found in cultured
mouse leukaemia cells has not been determined. It exhibits strong hydrophobic character,
and resembles chromatographically highly modified thioadenosine derivatives such as 2-
methyl-N®-isopentyladenosine, 2-methylthioribosylzeatin and N-[(9-8-D-ribofuranosyl-
2-methylthiopurine-6-yl)carbamoyl}threonine®. Therefore, selenium analogues of these
or related thioadenosines are probably found in mammalian cells.

The mechanism of the incorporation of selenium into tRNA and the biosynthesis of the
5-methylaminomethy! side-chain of mnm3se?U residue on seleno-tRNA®"™ described
above are unknown. Presumably, the nucleoside of the precursor tRNA is modified post-
transcriptionally by enzymes.

D. Biological Function of seleno-tRNA

Modified tRNA bases have been shown to play an important role in codon recognition,
and some show a regulatory function. Removal of selenium from seleno-tRNAS™ of
C. sticklandii by exposure to alkali*® or by treatment with CNBr*® results in a loss of
glutamate-accepting activity. The glutamate-accepting activity of a partially purifited M.
vannielii tRNA preparation also disappears on release of the selenium®®. These results
suggest that the presence of selenium in tRNAS™ species is essential for aminoacylation by
its cognate glutamyl-tRNA synthetase. Similar findings have been reported for the
removal of sulphur from E.coli sulphur modified tRNA,%™ which contains 5-
methylaminomethyl-2-thiouridine (mnm?®s?U) in the first position of the anticodon®®,
Nucleoside sequence analysis of the seleno-tRNAS"™ from C. sticklandii indicates that the
mnm?®se?U residue is also located at this site (the ‘wobble position’)*®. The sequence
containing the anticodon (25 bases long) is homologous with that of E. coli sulphur-
modified tRNA,%" from residues 27 to 50, except that mnm®se*U replaces mnm°s2U in
the first position of the anticodon (Fig. 2)°°. Similar results have been shown for the
relationship between seleno-tRNAL** and non-seleno-tRNALYS37,

The codon recognition by seleno-tRNAS™ from C. sticklandii was studied with the
standard trinucleotide-ribosome assay*®. The seleno-tRNA®"™ recognizes both gluta-
mate codons (GAA and GAG) equally well, and does not interact with the termination
codons (UAA and UAG) at a non-physiological high Mg?* concentration (20 mm).
However, at a near-physiological Mg?* concentration (10 mM), the GAA codon is only
slightly favored over GAG (ca. 15%). In contrast, E. coli sulphur-modified tRNA,S"
shows a four-fold preference for GAA®S. Several reports have shown that sulphur-
modified tRNAs such as tRNA®" and tRNAL**, which contain 5-alkyl-2-thiouridine at the
wobble position, recognize preferentially codons ending in A (i.e. glutamate GAA and
lysine AAA) rather than those ending in G (GAG and AAG)>®. This codon preference has
been explained on the basis of the weaker hydrogen bond between the 2-thio group and G
compared with the standard U-A base pair; in U-A pairing, the C 4, oxygen and N3,
nitrogen of U participate, whereas, according to the wobble hypothests, the C,, oxygen
and N, nitrogen of U participate in U—-G pairing®®. This explanation, however, conflicts
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AOH

FIGURE 2. Comparison of E. coli tRNA,%™ se-
quence with the sequence of seleno-tRNA®™ from
C. sticklandii. Total sequence of E. coli tRNA,™ is
shown in a cloverleaf structure. Bold line indicates
region of homology between the two bacterial
tRNAs. N represents mnm3s2U in E. coli tRNA,"
and mnm®se?U in C. sticklandii seleno-trRNAS™ 3¢,

with the results of the nearly equal recognition of GAA and GAG by seleno-tRNAS™
described above, because the hydrogen bond involving a seleno group is expected to be
even weaker than that with a thio group (i.e. mnm*se?U should show a stronger preference
of GAA over GAG). Ching*® have shown that the mnm®se?U residue is significantly
ionized at neutral pH, whereas the sulphur analogue is not ionized under the same
conditions*®. However, it has also been found that the ionization of the mnm?se?U
residue is not relevant to the difference in codon preference between the seleno-tRNAC!"
and sulphur-containing tRNASY!4¢, Some other factors such as the interaction of the 5-
methylaminomethyl side-chain with the ribosome site and the different atomic radii of
selenium and sulphur may cause the difference*®

[*H]Glutamylseleno-tRNA®"™ from C. sticklandii is effectively utilized for protein
synthesis in a wheat germ extract in vitro translation system*¢
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I. INTRODUCTION

Within the context of biologically oriented research on Group VI elements, tellurium can
be regarded as the biological Cinderella of the group. The position of oxygen and sulphur
is, of course, incontestable with respect to their biological importance, and the last few
years have seen the emergence of selenium as a major factor in biochemistry, playing a
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specific role as a key component in certain vitally important enzymes and being regarded,
therefore, as an essential trace element. In comparison, no similar functions have yet been
discovered in the case of tellurium. However, the available facts point to a so far unexp-
lored territory in tellurium research, involving its biological interactions with livings sys-
tems, which may require a different approach to its problems compared with sulphur
and selenium. The underlying reasons can be sought in the specificity of its chemical
interactions, which differ in many ways from those of sulphur and selenium. The causes can
be found in the more metallic properties of the tellurium, which are expressed by a distinct
weakenting of its covalent bonds with hydrogen and carbon in comparison with sulphur
and selenium. Also, the larger covalent, electrovalent and coordination sphere radii of
tellurium must be considered in its chemical interactions, and will inevitably influence its
biochemical behaviour.

Tellurium has an extensive organic chemistry with distinctive reaction patterns?, but its
biochemistry lags behind that of selenium and can be regarded as having reached a state
of development comparable to that of selenium 30 years ago. However, the toxicology of
tellurium has been the subject of investigations which might lend themselves as a suitable
starting point for more fundamental biochemical research. The very fact that tellurium
compounds are toxic points to their biological interactions with metabolic processes of
major importance to cell life and indicates the involvement of tellurium-containing
molecular species with vital cell components, possibly enzymes, in a so far unknown
manner. Whereas selenium can be found incorporated into numerous kinds of bio-
molecules, the list of such tellurium compounds is very short. This does not necessarily
prove that none are formed in living systems; very possibly the methods applied for their
isolation were not adequate and did not take sufficient account of their great sensitivity to
air and light.

Il. TE COMPOUNDS IN BIOLOGY AND BIOCHEMISTRY

We shall divide the discussion of tellurium in biological and biochemical research into
three sections: (a) toxicity of tellurium; (b) biological interactions of tellurium, including
those with other elements encountered in the environment; and (¢) the occurrence of
tellurium and its compounds in nature and tellurium-containing analogues of naturally
occurring compounds.

A. Toxicology

The toxicology of tellurium has received less attention than that of selenium, partly
because contact between tellurium compounds and humans or animals in industry or
agriculture is less frequent, leading to fewer accidental poisonings. Possibly the toxicity of
tellurium in general may be lower than that of selenium. One of the reasons for the smaller
potential hazards from tellurium compounds may be their lower solubility at physiological
pH. For instance, elemental tellurium is less oxidizable than elemental selenium, and the
tellurium dioxide formed is almost insoluble in water at physiological pH. Also, hydrogen
telluride, a potential industrial pollutant, is even more easily decomposed than hydrogen
selenide by light and oxygen, yielding relatively harmless elemental tellurium, before the
H,Te can do any damage. The toxicology of tellurium has been reviewed?, experimental
toxicity studies have been conducted®™® and accidental tellurium poisoning has been
described”-8, but it may safely be stated that the danger from occupational or
environmental tellurium poisoning does not constitute one of the major hazards of human
existence®.
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B. Biological Interactions

Clearly, tellurium and its compounds are not biologically inert; they interact with living
systems in specific ways. Toxicity is caused only if the detoxification mechanism available
to living organisms is overwhelmed by excessive amounts of tellurium compounds. Living
organisms have various methods of ridding themselves of unrequired tellurium com-
pounds. Bacteria, for instance, deal with them by a reductive pathway leading to elemental
black tellurium, which is biologically inert'®, and which forms a black precipitate within
the bacterial cell. The capability for tellurite reduction varies with different kinds of
microorganisms and can be employed for their identification'!, such as for Vibrio
species'?. Fungi and animals can carry the reduction of tellurites and tellurates further.
The tellurium is reduced to the telluride stage, Te? ~, and subsequently methylated!-13713,
The dimethyl telluride produced is volatile and is thus removed from the organisms. The
production of methylated compounds from Group V and V; elements and also from
certain metals in other groups has been well documented'#!%, Not only fungi, but also
mammals, including humans, are able to methylate tellurium compounds and to produce
dimethyl telluride'S, which imparts a characteristic smell to persons who come into
contact with inorganic tellurium compounds®. The biological interaction of microorgan-
isms with tellurium is not confined to biological methylation.

Certain microorganisms are able to decompose metallic ores oxidatively and liberate
anionic Group VI elements, including tellurium, as water-soluble salts'7~!9, It seems that
sulphur bacteria are implicated in these oxidative reactions, leading to mineral breakdown
and solubilization. However, it was found that the sulphur bacterium Thiobacillus
thiooxidans is sensitive to relatively moderate tellurium concentrations2®. In its interac-
tions with higher animals, it was found that tellurium acts as an antagonist to selenium,
and is able to cause the symptoms of selenium deficiency?!. The animals undergoing these
tests were fed tellurium compounds and subsequently showed the characteristic lesions of
the internal organs associated with selenium deficiency. In the case of pigs fed tellurium, a
marked decrease in glutathione peroxidase activity of the blood was noted?2. This can be
taken as an indication that tellurium interferes in an unknown manner with the selenium-
incorporating mechanism of mammalian protein synthesis.

In living systems, tellurium tends to become attached to proteins in a manner yet to be
established??, and has a special affinity for nervous tissue. Prolonged treatment with
tellurium will cause degeneration of the nervous system and demyelinization of nerve
strands?*,

An effect typical of tellurium was found in rats. In animals fed tellurium for prolonged
periods, lipofuscin pigment developed in their brains in the form of granules, interspersed
with elemental tellurium particles?®. Tellurium has been found to affect adversely the
learning ability of rats?¢. If administered to pregnant animals, it acts as a teratogen?’ and
in particular may cause hydrocephalus of foetuses. It acts in the same manner towards
embryos in birds’ eggs?®.

Additional biological effects of tellurium have been noted. Tellurium salts administered
to rats influence the development of experimental caries, which in turn can be manipulated
by administration of additional chemicals, such as glutathione?®, cysteine, ascorbic acid,
thioctic acid®*® and dimercaptosuccinic acid®!. Also, a change in the oral streptococcal
flora was observed on administration of tellurite32,

Continuing with the evaluation of the interaction of tellurium salts with rat tissues, or
rat tissue components, the influence of tellurite and related chemicals on the respiration
and oxidative phosphorylation of rat liver mitochondria was investigated33. At relatively
high concentrations, tellurite was found to be an inhibitor of substrate oxidation, whereas
at lower concentrations it proved to be an uncoupler for oxidative phosphorylation. Rats
exposed to drinking water contaminated with tellurium tetrachloride showed that
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tellurium is a cumulative contaminant, but that typical tellurium neurochemical effect was
revealed only after a threshold concentration in the brain was exceeded®*. By employing
radioactive '27™Te, Duckett®® was able to demonstrate a physiological difference in the
penetration rate of blood vessels by tellurium in rats which had been exposed previously to
tellurium, in comparison with rats not previously exposed to tellurium?>. Blood vessels
of rats to whom tellurium had been administered previously permitted a more rapid
penetration of radiotellurium into the sciatic nerve than in rats without prior exposure.

The specific damage to the nervous tissue of rats fed tellurium was also demonstrated3®,
Tellurium tetrachloride fed to ducklings caused the symptoms of selenium-—vitamin
E deficiency, which became evident as myocardial ultrastructural alterations. However,
some kind of repair mechanism for the damaged heart muscle seems to come into play
also?®’. Bacteria have also been the subject of studies concerning tellurium. Resistance to
tellurium poisoning in Salmonella®® and certain strains of Escherichia coli®® is carried by
IncH plasmids, which also confer resistance to other toxic agents. In other bacterial
strains, resistance to tellurite is carried in IncP plasmids*C. Reistance to heavy metals and
drugs, colicin production and the biochemical characteristics of selected bovine and
porcine strains of E. coli all seem to depend on belonging to certain O serogroups, with
corresponding resistance to tellurium toxicity*!. Autotrophic, photosynthetic cyanobac-
teria species also show patterns of resistance to groups of toxic substances, including
tellurium*2. This also seems to indicate genetic control of these properties.

Aspects of environmental pollution seemed to be the reason for investigating the
binding of tellurium and heavy metals by the proteins contained in isolated gill
preparations of certain mussels*?. Likewise, the determination of tellurium in cereal
crops** could conceivably have a bearing on the problem of Keshan desease*®, since
tellurium is known to act as an antagonist to selenium, and can cause the symptoms of
selenium deficiency?2.

Tellurium can show certain heavy metal binding properties resembling those of
selenium if administered to various animal species. For instance, tellurium administered to
mice will cause enhanced accumulation of inhaled mercury, particularly in living tissue*®,

Some physiological effects of tellurium have been discovered that point to potentially
significant functions in relation to the chemistry of cell membranes. Tellurite and also
selenite caused the haemolysis of sheep erythrocytes*”. This haemolysis seems to depend
on an interaction with reduced glutathione, since sheep erythrocytes depleted of reduced
glutathione showed increased resistance to haemolysis. This effect was independent of
biochemical lesions responsible for reduced glutathione deficiency. Another approach to
the problem of the causes of the interaction of tellurium compounds with erythrocyte cell
membranes was made by De Meio and Doughty*®, who also found a dependence of
erythrocyte haemolysis on reduced glutathione concentration. This reduced glutathione-
induced haemolysis was inhibited by disodium 4-acetamido-4"-isothiocyanatostilbene
2,2'-disulphonate. The inhibition could be abolished by excess of reduced glutathione.
Anaerobic incubation of tellurite with reduced glutathione produced a haemolytic agent,
but air prevented its formation. Mercury-containing haemolytic agents, such as p-
hydroxymercuribenzoate or p-hydroxymercuriphenyl sulphonate, caused haemolysis
which did not involve reduced glutathione.

An effect of considerable significance involving tellurite was discovered recently.
Tellurite prevents sickling of erythrocytes, and it was found to be a potent membrane-
acting agent invitro*®. Tellurite is effective in low doses, and the anti-sickling effect
depends on the incubation time. Tellurite causes swelling of erythrocytes and the anti-
sickling effect can be attributed to a decreased mean cell haemoglobin concentration*®.
The problem which remains to be solved is the mechanism of this interesting effect, and to
establish what can be learned from it in relation to blood diseases such as sickle-cell
anaemia.



8. Biological and biochemical aspects of tellurium derivatives 371

An invitro effect of tellurite which closely resembles that of selenite is represented by its
catalytic action on the reduction of methaemoglobin by glutathione (GSH). The catalytic
action is explained by the possible formation of selenol groups attached to sulphur if excess
of GSH acts on selenite. It must therefore be postulated, if indeed the explanation is
correct, that excess of GSH would form tellurol groups attached to sulphur if acting
on tellurite®®3*, Support for this suggestion can be inferred from the fact that heavy metals
and other sulphydryl inhibitors are able to block this catalytic reaction by both selenite
and tellurite.

C. Organotellurium Compounds in Nature and Their Synthetic Analogues

Unlike organosulphur and organoselenium compounds, no organotellurium deriva-
tives more complicated than dimethyl telluride seem to have been isolated so far from
natural sources. This does not necessarily indicate that they are not produced by various
organisms that have to deal with tellurium absorbed from the environment, but rather that
suitable isolation methods have not been employed so far. Every chemist who has worked
with organotellurium compounds, particularly of the aliphatic kind, has experienced their
sensitivity towards light and air. Isolation procedures for organotellurium species in
materials derived from living matter must take account of these factors and be adapted
accordingly. Analogously, it took many years for techniques to be developed sufficiently to
enable organoselenium compounds to be isolated from natural sources. However,
synthetic tellurium analogues of naturally occurring compounds have been prepared, and
are described below.

1. Carbohydrate derivatives

Sugar complexes with hexavalent telluric acid have been described®2. It could well be
that the primary reaction of hexavalent tellurium freshly absorbed by plants, microorgan-
isms or animals could be with carbohydrate derivatives, such as glucose. These complexes
might well be an intermediate stage of tellurium metabolism, before the element undergoes
further biochemical reactions and incorporation into compounds with carbon—tellurium
bonds. True telluro-carbohydrates have also been synthesized recently®?. The compounds
concerned are essentially 1-8-D-telluroglucosides made from acetobromoglucose.

The synthesis of the telluroglucoside described involves a novel method of introducing
the tellurium atom by means of 2-tellurido-2-oxo-1,3,2-dioxaphosphorinane. This
method might be applied with advantage also to other syntheses with tellurium not
involving carbohydrate chemistry. The sensitivity of the telluroglucosides described
towards oxygen and moisture, and presumably towards light, show again the necessity to
take this into account when attempting to isolate tellurium-containing natural products
from living systems fed tellurium salts. It should be noted in passing that naturally
occurring carbohydrates containing selenium have been found and identified®*.

2. Fatty acid analogues

A group of organotellurium compounds which have found use in biomedical research
are tellura-fatty acids. These are long-chain fatty acid analogues in which a methylene
group has been replaced with a bivalent tellurium atom, which thus forms a telluro-ether
linkage between two carbon chains constituting the molecule®>.

Tellura-fatty acids have been synthesized with y-ray-emitting tellurium isotopes for
organ-imaging purposes in nuclear medicine, and have been designed specifically for the
investigation of cardiac disorders®°~6%,

It was also found that a tellurium atom enhances retention of the fatty acid analogue in
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heart muscle tissue. The reason for this is assumed to be connected with oxidation of the
tellurium atom invivo to a hydrated telluroxide moiety, which interacts with the carboxy
group of the fatty acid molecule to form a cyclic hemiketal ester-like entity, which probably
prevents f-oxidative breakdown of the fatty acid analogue molecule. It could be
demonstrated that the analogous selena-fatty acid analogues do not form a similarly
hydrated selenoxide moiety, and evidently a cyclic hemiketal ester structure cannot be
expected to be formed®2. It seems, therefore, that tellurium as a labelling atom has
potential advantages, because of its specific chemical reactivity, over selenium, and future
work along these lines might well reveal additional features of interest to biomedicine.

The utility of double labelling has been demonstrated®3, the tellurium atom employed
being non-radioactive natural tellurium, with the radioactivity being carried by one of the
y-ray-emitting radioisotopes of bromine®” or iodine®!. The radiohalogens are attached
preferentially to an aromatic®® or vinylic®* moiety forming the end of the carbon chain of
the fatty acid analogue. The reason for this is the superior stability of a halogen atom
bound to an aromatic or vinylic structure to loss by hydrolysis or exchange compared with
a halogen bound to an aliphatic moiety.

3. Tellura-steroids

In addition to fatty acid analogues containing tellurium, other lipids have also been
synthesized with an included tellurium atom337°77% Whereas Wolff and Zanati’®
prepared a telluro-steroid derivative as a potential androgen analogue, Knapp and
coworkers®3 71775 gynthesized their compounds for intended use as adrenal imaging
agents by employing the y-ray-emitting radioisotope '23™Te.

4. Telluro-amino acids

Telluro-a-amino acids including telluro-methionine have been described’>. In the case
of telluro-methionine, the difficulty of working with functionalized aliphatic tellurium
derivatives was again demonstrated. Although the method used to synthesize telluro-
methionine was essentially identical with one of the established methods for preparing
ordinary ‘sulphur’ methionine, the compound failed to crystallize during the final isolation
step, despite various approaches. No such difficulties were encountered during the
crystallization of the analogous selenomethionine’® from its mother liquor. However,
various analytical methods (e.g. NMR, TLC and mass spectometry) confirmed the
presence of telluromethionine. Telluro-a-amino acids with a telluro-ether link between the
aliphatic moiety of the functional part of the amino acid and an aromatic ring were found
to be more stable and could be isolated’”. For some of them, anticarcinogenic and
antileukaemic properties have been claimed’®. Heterocyclic ring-derived a-amino acids
have also been prepared. Thus a benzo[b]tellurophene derivative of glycine, with the a-
carbon of the amino acid linked to one of the carbon atoms of the heterocyclic part of the
benzo[b]tellurophene moiety, has recently been prepared’.

5. Porphyrin analogues

Macro-ring nitrogen-, sulphur- and tellurium-containing heterocycles as analogues of
porphyrins have also been prepared. These compounds show strong interactions between
the internal heteroatoms, in particular between the heterocyclic tellurium and sulphur
atoms situated opposite each other at the apexes of the five-membered rings which form
part of the porphyrin system8°.
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6. Analogues of drugs and antibiotics

Tellurium-containing analogues of drugs and antibiotics have also been prepared.
Examples are tellurium-substituted barbiturates®! and a tellurium-containing analogue of
the antibiotic chloromycetin®2.

Various organotellurium compounds synthesized in the past have been tested for
antimicrobial activity and have been listed by Irgolic®3. More recent work seems to
indicate a renewal of interest in the antibacterial properties of tellurium compounds®+-8%,

Tellurium-containing chelates of organic metal complexes have also been investigated
as potential antimicrobial derivatives. They include tellurium sulphonamide Schiff base
complexes®®, aromatic imine complexes of selenium and tellurium®’, tellurium complexes
with substituted chalcones®® and bimetallic complexes of 2, 4-diketonates®?, in addition to
selenium and tellurium complexes with 2-substituted benzimidazoles®° and thiopicolina-
mide complexes of selenium and tellurium®!.

lii. A LOOK AT THE FUTURE

In the field of bioscience-oriented tellurium work, the following research topics might well
be rewarding.

A. Teratogenicity

Nothing is really known about the mechanism by which simple inorganic tellurium
compounds cause teratogenicity. The reason is the absence of knowledge concerning the
molecular basis of the interaction of tellurium compounds with biological systems. For
instance, the fate of simple inorganic tellurium compounds inside various organisms has
not been adequately investigated. Itis not known whether organisms are able to synthesize
organotellurium compounds more complicated than dimethyl telluride, nor has the
exact manner in which tellurium binds to biopolymers such as proteins, nucleic acids and
polysaccharides been determined.

B. Tellurium and the Nervous System

Tellurium is known to have an affinity for the nervous system and cerebral tissue and
has been found to cause hydrocephalus in foetuses. Here, too, no research in depth has
been carried out to determine the underlying metabolic interactions which might throw
light on the biochemical processes responsible for the influence of tellurium on the nervous
system,

C. Tellurium Bio-organic Chemistry

Whereas with selenium an area of life science-oriented bio-organic chemistry has
evolved, selenium-specific and independent of that of sulphur, little has been achieved yet
in the parallel field of organotellurium chemistry. Much needs to be done in the
identification and synthesis of tellurium containing amino acids, peptides and carbohy-
drates. Whereas selenium compounds in these categories have been found in nature and
have also been synthesized, no such organotellurium analogues have been mentioned in
the literature, with the exception of the few tellura-fatty acids, tellura-steroids, telluro-
amino acids and a lone telluro-carbohydrate, covered in this review. Whereas with
organoselenium compounds numerous selenoanalogues of sulphur derivatives have been
prepared and tested for biological activity, no such efforts seem to have been made to
prepare the corresponding tellurium analogues.
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D. Application of Organotellurium Compounds in Biology and Medicine

Certain specific properties of the tellurium atom of potential usefulness to biomedicine
have already been discovered®2. Further efforts in this direction may lead to new
developments which may lend themselves to possible applications to pharmacology. As
examples, recent developments in selenium pharmacology may be cited, such as that of
ebselen®?7% and the anti-viral drug selenazofurin®6°°,

E. Tellurium as an Essential Trace Element

Selenium has been proved to be an essential trace element, but the possible role played
by tellurium in biological systems has not been evaluated sufficiently. One possible reason
for this might be the difficulty of removing completely the tellurium content from the
nutrients supplied to the living organisms to be tested, because only if nutrients free from
traces of tellurium are available will it be possible to assess its potential role as an
essential trace element.
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I. INTRODUCTION

Since selenium intoxication such as alkali disease and blind staggers and its deficiency
syndromes such as white muscle disease and cardiac myopathy have long been known in
animals, the toxicological and nutritional aspects of selenium in farm animals have
become major subjects of selenium research. During the early period of these investi-
gations, carcinogenic properties of selenium were reported. Later, the opposite effect was
observed and selenium has been demonstrated to exhibit anticarcinogenic activity in
experiments with animals and in epidemiological studies with humans. Even so, confusion
and controversy over the relationship between selenium and cancer has continued for a
long time. On the other hand, selenium deficiency syndrome was recognized in animals
and humans, and selenium was found to be an important element in human nutrition.
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Most of the investigations on the biological activity of selenium have employed
nutritional methods using physiological doses of selenium. One of the possible reasons for
this is the narrow safety margin between an effective and a toxic dose and a lingering doubt
as to the carcinogenicity of selenium. The pharmacological effects of selenium remain
obscure. Recently, considering that selenium exhibits various beneficial effects as
described below, attempts have been made to synthesize organic selenium compounds
with lower toxicity than inorganic selenium compounds and to apply them in human
medication.

This review is mainly concerned with the physiological and pharmacological aspects of
selenium.

il. BIOLOGICAL EFFECTS ON ORGANS

A. Cardiovascular System

The cardiac effects of selenium vary with the amount of selenium administered or
ingested. Heinrich and MacCanon' demonstrated that a decrease in systemic blood
pressure and a rise in pulmonary artery pressure were produced by a toxic dose of selenite
(20mgkg ™' i.v.) in dogs, accompanied by increased heart rate, arrhythmic bradycardia
and occasionally tachycardia and fibrillation. Lower doses produced moderate elevations
of both systemic and pulmonary pressure. However, according to Aviado et al.?, selenite
(0.04-20 mg kg~ ' i.v.) did not elicit any signs of cardiac depression in dogs. Selenite caused
a positive inotropic effect in isolated dog ventricular strip perfused with either blood or a
krebs—hydrogen carbonate solution that was deficient in oxygen. They thought that this
effect may relate to the protective action of selenite against the lethal effects of oxygen
deficiency, ouabain and 2, 4-dinitrophenol in mice. However, in an isolated and perfused
guinea-pig heart, selenite showed a negative inotropic effect, accompanied by mito-
chondrial alterations?®.

In animals fed on a low selenium diet, it has been demonstrated that abnormal
electrocardiograms (ECGs) accompanied by blood pressure changes appear. Histological
changes in the cardiac muscle of rats reveal that the abnormal ECG pattern is related to a
change in the properties of the muscle fibres rather than to electrolyte disturbances or
other changes in plasma constituents®. In lambs, ECG showed the progressive develop-
ment of a characteristic abnormality. Just before death, the ECG pattern became grossly
abnormal in some cases, a rise in the T-wave giving way to an elevated S-T segment,
similar to that seen frequently in myocardial infarction in humans. From a comparison of
the histopathological pictures, entirely different syndromes appear to develop in the rat
and the lamb, but the ECG changes in both species are similar®. These abnormalities can
be prevented by the administration of adequate amounts of selenium. Similar myocardial
disease is frequently seen in other species, e.g. pigs, sheep, calves and ducklings, with
selenium-vitamin E deficiency®.

In humans, associations between selenium intake and cardiovascular diseases have been
suggested from numerous epidemiological studies®. According to Shamberger®, both the
male and female mortalities due to cardiovascular, renal, cerebrovascular, coronary and
hypertensive heart diseases were significantly lower in a high than in a low selenium area.
In another study on the relationship between trace element intakes and cardiovascular
diseases in 25 countries, a significant negative correlation was seen between selenium and
ischemic heart disease, and a positive correlation was observed with cadmium and
ischaemic heart disease. An even more significant correlation existed between the ratio of
cadmium/selenium intake and ischemic heart disease®. An association between mode rate
exposure to cadmium and hypertension in experimental animals has also been reported”’,
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but cadmium-induced hypertension in rats could be alleviated by feeding selenium. The
preventive effect of selenium can be explained by its antagonistic action towards
cadmium?®. Further, prophylactic application of selenite (1.0mgkg™'s.c. per day) was
shown to lower the blood pressure of rats with renal hypertension and to suppress a rise in
blood pressure following infusion of angiotensin I1°.

Another epidemiological study showed that low serum selenium resulting from low
dietary selenium intake is associated with an excess risk of death from acute coronary
heart disease and myocardial infarction. Salonen et al.’® investigated case-control pairs
coming from a population of 11 000 persons in eastern Finland. The subjects were aged
35-59 years and had either died of acute coronary heart disease or other atherosclerotic
cardiovascular diseases or had a non-fatal myocardial infarction during a 7-year follow-
up. Controls were matched for sex, age, tobacco consumption, serum cholesterol, diastolic
blood pressure and history of angina pectoris. The mean serum selenium levels in all cases
and all controls were 51.8 and 55.3 ug 1!, respectively. Since there was no significant
relationship between serum selenium and the risk of death of the diseases studied at Se
levelsabove 45 ug1~ !, this level was used as a reference. The relative risk of death markedly
increased with the decrease of serum selenium. Regarding the relationship between the
development of coronary heart diseases and selenium intake, the following mechanisms of
action were proposed: Firstly, the decrease in glutathione peroxidase activity due to
selenium deficiency may lead to an accumulation of lipid peroxides with subsequent injury
to various tissues including arterial vessels. Secondly, thrombus formation in the coronary
artery may be involved in the development of the diseases. In fact, platelet aggregatability
was enhanced in selenium-deficient animals, as evidenced by the aggravation of
arachidonate-induced respiratory distress in mice and enhanced platelet aggregation by
arachidonate, ADP and collagen in vitro''. Selenium-deficient platelets have been
observed to be associated with a marked alteration in the lipoxygenase metabolism of
arachidonate'?. The platelets of patients with acute myocardial infarction had signifi-
cantly lower activity of glutathione peroxidase!®. Additionally, the formation of PGI,
with a potent antiaggregatory and vasodilating activity was suppressed in the aorta from
selenium-deficient rats'!. These findings suggest that dietary selenium may function in
vascular haemostasis and thrombosis by maintaining the metabolism of arachidonate.

It was recently reported that Keshan disease with cardiomyopathy developed in some
areas of China is a selenium deficiency syndrome'#. Keshan disease could be prevented by
selenium supplementation!®, but its mechanism remains obscure. Other cases
of cardiomyopathy similar to Keshan disease have been observed in patients given long-
term parenteral alimentation without selenium supplementation'®.

Experimental cardiomyopathy related to dietary selenium has also been investigated.
Long-term administration of adriamycin, an antineoplastic agent, resulted in the
development of cardiomyopathy in various animals, including humans. The toxic effect
may be the result of membrane lipid peroxidation. Revis and Marusic!’ demonstrated that
amarked decrease in glutathione peroxidase activity and selenium content occurred in the
hearts of adriamycin-treated rabbits. They suggested that the increase in lipid peroxides in
the heart may be the result of a decrease in glutathione peroxidase activity, in turn caused
by an alteration in the selenium flux in the myocardial cells. The protective effects of
vitamin E and selenium supplementation on cardiomyopathy were reported to be found in
rabbits'® but not in dogs'® and rats?®. Cadmium also caused cardiomyopathy in rats. In
cadmium-treated rats fed a low selenium diet, an increase in heart weight with
histopathological changes was produced, accompanied by a decrease in glutathione
peroxidase activity and a rise in the lipid peroxide level in the heart. Increased dietary
selenium markedly decreased the level of lipid peroxide. Since the cardiotoxic effect of
cadmium was observed without concomitant peroxidative damage to the kidney and liver,
the heart is the most susceptible organ to cadmium-induced damage?'.
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B. Pulmonary System

The injection of selenite (0.1-2.0mgkg~! iv.) to anaesthetized dogs produced
respiratory stimulation, increased minute volume and decreased tidal volume, which
appear to result from reflexes originating in the thorax. The early elevation of oxygen
consumption after selenite may be due to the release of epinephrine. From the results,
Heinrich and MacCanon?? thought that the primary cause of death in acute selenium
poisoning is not respiratory failure.

The lung is directly exposed to oxidizing pollutants in the atmosphere. Inhalation of
oxygen, ozone and nitrogen dioxide causes pulmonary tissue injury in animals, including
humans. These oxidants readily attack unsaturated lipids in cell membranes, and the
resulting lipid peroxidation is an important process in lung injury. After 3 days of
exposure to 80% O,, 35% of selentum-deficient rats died in respiratory distress, but no
respiratory damages were observed in selenium-supplemented rats23. This indicates that
dietary selenium reduces the susceptibility of pulmonary tissue to oxidant-induced
damage as a nutritional factor. Glutathione peroxidase activity in the lung after exposure
to various oxidant gases was shown to increase in selenium-supplemented?3~2% but not in
selenium-deficient animals23-24. According to Elsayed et al.2%, since the selenium content
in the lung increased with exposure to ozone, selenium might be mobilized to the lung from
other body sites under oxidant stress. However, considering that other antioxidative
defence factors such as superoxide dismutase, catalase, non-selenium glutathione
peroxidase(glutathione S-transferases) and vitamin E also play an important role in the
protective effect of oxidant-induced injury, the effect of dietary selenium could not be
explained merely by the alteration of glutathione peroxidase activity alone.

Compounds that undergo redox cycling have been shown to produce the superoxide
anion (O, ") in the process. Injury by paraquat, a herbicide, is thought to be due to the
peroxidative damage of membrane lipids by O, ™" formed during the redox cycling of the
parent compound. Lunginjury developed because paraquat was selectively retained in the
lungs. Both dietary selenium and vitamin E provided protection against the toxicity of
paraquat2¢-27, The acute toxicity of paraquat in the chick was especially highly responsive
to selenium status but not to vitamin E status?®. A similar redox cycling mechanism
underlies the pulmonary injury caused by nitrofuranotoin, a urinary tract antibiotic. In
protecting against the acute toxicity of nitrofurantoin in the chick, selenium status was
shown to be more important than vitamin E status®®. These findings suggest that the
toxicity of redox cycling compounds may be enhanced by selenium deficiency.

C. Liver

The main effects of chronic excess selenium poisoning are depressed growth, decreased
survival and damage to the liver and other organs. Although the detailed mechanism still
remains unknown, perturbations of hepatic glutathione status or resulting impairment of
the redox state of the cells may be involved, since the liver is the main organ involved in the
reduction of excess selenium>°.

The relationship between liver necrosts and lipid peroxidation has been demonstrated
under various experimental conditions. Dietary deficiency of selenium and vitamin E in
growing rats caused massive liver necrosis®'. Rats with nutritional liver necrosis exhaled
large amounts of ethane as an index of in vivo lipid peroxidation, suggesting that liver
necrosis is the result of lipid peroxidation®2. Concerning liver necrosis as a result of drug
toxicity, Gallagher?? first reported that the injection of selenite and also vitamin E and
other antioxidants protects mice from the lethal toxicity of carbon tetrachloride.
According to Hafeman and Hoekstra®*, dietary selenium inhibited carbon tetrachloride-
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induced evolution of ethane from rats. This is also true of paraquat- and diquat-induced
liver necrosis in selenium-deficient animals®3-3. The protective effect of selenium against
liver necrosis is considered to be due to the decomposition of lipid peroxides via
glutathione peroxidase. However, in the case of diquat toxicity, selenium injection
provided significant protection against lipid peroxidation and mortality within 10 h, even
though this treatment did not result in a rise in tissue glutathione peroxidase activity.
Thus, a selenium-dependent factor in addition to glutathione peroxidase is thought to
exist that protects against lipid peroxidation?®.

Lipid peroxidation does not always correlate with liver necrosis. Both iodipamide and
acetaminophen were shown to cause liver necrosis but only minor ethane production. The
hepatic toxicity of these drugs was diminished by selenium deficiency?’. Since the
detoxification of these drugs was carried out either by binding to glutathione S-
transferases or by conjugation with glutathione catalysed by the enzymes, an increased
activity of hepatic glutathione S-transferases in selenium deficiency may result in enhanced
detoxification of these drugs, leading to reduced toxic effects. The hepatotoxicity of
aflatoxin B, was also markedly attenuated in a selenium-deficient status>8. Since aflatoxin
B, is detoxified by glutathione conjugation, a similar mechanism may be involved.
Bromobenzene-induced hepatic damage was prevented by the acute injection of selenite
(12.5, 30 ugkg ™" i.p.), but the mechanism remains obscure?®,

Selenium is known to influence microsomal drug metabolizing systems via alterations of
the haeme metabolism. Pharmacological or toxicological doses of selenite (10-
100 umol kg™ 's.c.) in rats with a normal selenium status caused the induction of J-
aminolevulinate synthase and haeme oxygenase in the liver. The effect of selenium was
rapid; the cellular content of haeme was significantly increased 30 min after injection and
subsequently returned to normal levels. The alteration of the haeme metabolism with
excess of selenium resulted in the marked inhibition of the microsomal drug metabolism*®,
Nutritional doses of selenium play an important role in the maintenance of drug
metabolism. The effect of selenium deficiency on the microsomal drug metabolism was
investigated by Burk and Masters*!. Selenium deficiency impaired the induction of
cytochrome P-450 by phenobarbital, but had no effect on basal levels of the haemoprotein.

Ethylmorphine demethylase activity was affected by selenium deficiency, but NADPH-
cytochrome c reductase activity and biphenyl-4-hydroxylase activity were not. When 3-
methylcholanthrene was used in place of phenobarbital, selenium deficiency had no effect
on the system. In addition, aminopyrine N-demethylation, monocrotane metabolism and
aniline hydroxylation were depressed by selentum deficiency. The depression was greater
in second generation rats with severe selenium deficiency*2.

From a comparison of hepatic haeme metabolisms in selenium-deficient rats and in
control rats, Burk and Correia*® showed that phenobarbital increased the hepatic
microsomal haeme oxygenase activity in selenium-deficient rats. After phenobarbital
administration, the haeme synthesis and catabolism increased strikingly in selenium-
deficient liver, whereas haeme utilization in the formation of cytochrome P-450 was
impaired in selenium deficiency. The resulting abnormal excess of haeme induced
microsomal haeme oxygenase. These findings may be related to the finding that the
induction of cytochrome P-450 system in rats and chicks was accompanied by an
increased requirement for selenium**43, Thus, selenium may play a key role in the
homeostasis of microsomal haeme through normalization of haeme synthesis and/or its
utilization. Concerning the mode of action of selenium involved in haeme metabolism,
injection of selenite corrected the abnormality in haeme metabolism within 12 h, although
there was not detectable recovery of glutathione peroxidase activity in this period.
Therefore, the improvement of the abnormality in haeme metabolism is considered to be
due to an unrecognized function of selenium other than glutathione peroxidase*>.
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D. Gastrointestinal System

Selenoamino acids are thought to be absorbed from the gastrointestinal tract in the same
way as other amino acids*®, and inorganic selenium such as selenite and selenate to be
likewise absorbed from the intestine as are selenoamino acids*’. In the ligated intestinal
segments of rats, the absorption of selenite and selenomethionine occurred from the
duodenum rather than from the jejunum or ileum*’. As a mechanism of absorption,
McConnell and Cho*® demonstrated that selenite is absorbed by diffusion, but not by
active transport. According to Wolffram et al.*®, selenate was absorbed markedly faster
than selenite and its absorption showed a saturable process, indicating that the absorption
of selenate may occur by a carrier-mediated mechanism.

Hadjimarkos>° has reported that dental caries is more prevalent in seleniferous areas
than non-seleniferous areas.

Prevention of the formation and detoxification of lipid peroxides may be especially
important in the gastrointestinal tract because the tissue is frequently exposed to such
substances. Oral administration of hydrogen peroxide in the chick could have a
detrimental effect on the intestinal mucosa, resulting in a decreased rate of selenium
absorption and reduced glutathione peroxidase activity®!. On the other hand, Vilas
et al.>2, observing that dietary peroxides increased glutathione peroxidase activity in the
gastric mucosa, suggested that glutathione peroxidase may be involved in protecting the
gastric mucosa from damage caused by dietary peroxides. Further, according to Negishi
et al.33, when mice were orally given autoxidized methyl linoleate with a low vitamin E
diet, an increase in glutathione peroxidase activity in the gastrointestinal tract occurred in
proportion to the peroxide value of the oil, but the activity in the liver remained
unchanged. With intraperitoneal injection of the oil, an increase in enzyme activity was
observed in the liver, but not in the gastrointestinal tract. From the results, they suggested
that most of the orally administered oil is reduced in the mucosa of the gastrointestinal
tract.

Dietary selenium deficiency produced an increase in glutathione S-transferase activity
in the duodenal mucosa in addition to the liver and kidney>*. The enhanced activity was
restored to the control value 48 h after injection of selenite (1.0 g kg ™! s.c.), but the total
glutathione peroxidase activity, including non-selenium glutathione peroxidase (gluta-
thione S-transferases), remained unchanged owing to an increase in selenium-dependent
glutathione peroxidase activity. This suggests that glutathione S-transferases with non-
selenium glutathione peroxidase activity may function as a substitute for selenium-
dependent glutathione peroxidase in the duodenal mucosa in addition to the liver and
kidney of selenium-deficient rats. Further, selenium deficiency caused a decrease in the
cytochrome P-450 level in the small intestinal mucosa of rats, resulting in profound
decreases in aryl hydrocarbon hydroxylase and ethoxyresorufin O-deethylase activities®®.
These findings indicate that selenium is necessary for the metabolism in the gastrointest-
inal tract of ingested xenobiotics.

E. Haematological System

Anaemia is known to occur in animals as a result of selenium intoxication and also
selenium deficiency. Rats fed a diet containing a high concentration of selenium developed
anaemia, which was attributed to haemolysis rather than to a defect in erythrocyte
synthesis®®. In contrast, in experiments with erythrocytes from selenium-deficient rats,
dietary selenium was shown to reduce ascorbic acid-induced haemolysis, oxidation of
haemoglobin and the proportion of cells with Heinz bodies in the presence of glucose®”.
The effects of dietary selenium were explained by a defect of the antioxidative system due
to a deficiency of glutathione peroxidase®s. In contrast to the above in vitro findings, Hu
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et al.’® reported that haemolytic anaemia or oxidation of haemoglobin does not occur in
rats fed a selenium-deficient diet for 7 months. They thought that the above effect of dietary
selenium may not have an important physiological significance in vivo under normal
conditions. However, an anaemia associated with the presence of Heinz bodies and
selenium deficiency was recently reported to develop in cattle grazing in the Florida
Everglades®®.

On the other hand, according to Iwata et al.5', when injected at high levels with aniline
or phenylhydrazine, pharmacological doses of selenite (0.5, 2.0 mgkg ™! s.c.) was shown to
suppress drug-induced methaemoglobinaemia in rats. The effect of selenite was not
attributed to the activity of glutathione peroxidase but to the selenite-induced catalytic
reduction of methaemoglobin by glutathione®%3, The catalytic action was highly
specific to selenium.

F. Others

A deficient detoxification of peroxides may be associated with the pathogenic
mechanism of neuronal ceroid lipofuscinosis (NCL), characterized by visual failure and
progressive cerebral injury. As a result, ceroid and lipofuscin pigments as an endo-
product of lipid peroxidation were accumulated in the nerve cells and other cells. A
decreased plasma selenium content and erythrocyte glutathione peroxidase activity in
NCL patients in Finland were corrected by prolonged administration of selenite®*¢>. The
symptoms of the disease were also improved by this treatment. In other neurological
degenerative diseases associated with increased oxidative damage, e.g. Down’s syndrome
and geriatric disease, antioxidant therapy with selenium and vitamin E seems to be
effective®®.

The skeletal muscle injury in patients with myotonic dystrophy, Duchenne muscular
dystrophy and long-term parenteral alimentation therapy was also associated with
selenium deficiency®®. The symptoms due to this injury were shown to be alleviated by
selenium supplementation.

Kaschin—Beck disease in China, characterized by a disorder of cartilage development,
was demonstrated to be associated with selenium deficiency and to be prevented by oral
selenite supplementation®7-68,

Selenium is recognized as a constituent of sperm and to be essential for spermatogenesis.
The effect on spermatogenesis was specific to selenium and could not be replaced by
vitamin ES°.

lll. RELATION TO INFLAMMATION AND IMMUNITY

In 1963, an inorganic substance with anti-inflammatory effects was isolated and reported
to be selenium®. The effectiveness of various organic selenium compounds tested varied
with the organic group attached to the selenium atom. Selenite was also shown to exhibit a
stabilizing action against heat-induced protein denaturation’' and lysosomal labiliz-
ation’2, the action of which was correlated with anti-inflammatory activity.
Macrophages and neutrophils involved in the inflammatory process are both capable of
releasing large amounts of reactive oxygen species at sites of inflammation. According to
Parnham et al.”?, reduced glutathione peroxidase activity in macrophages from selenium-
deficient mice was associated with enhanced macrophage hydrogen peroxide release on
zymosan stimulation. Hydrogen peroxide-mediated cell injury may account for the
reduction in lymphocyte mitogenesis and enhancement of adjuvant arthritis in selenium-
deficient animals. Thus, enhancement of glutathione peroxidase activity is thought to be
beneficial in improving inflammatory and immune diseases. Recently, an organic selenium
compound, 2-phenyl-1,2-benzoisoselenazole-3(2H)-one (ebselen), with very low toxicity
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was reported to have anti-inflammatory activity in various inflammatory models, e.g.
cobra venom factor- or carrageenin-induced paw oedema (IDy, 60-100mgkg ™!, oral),
cotton pellet granuloma (ID;, 4 mgkg ™!, oral) and adjuvant arthritis (ID;, 2mgkg ™!,
oral)’*. Ebselen itself exhibited glutathione peroxidase-like activity in vitro and antioxi-
dant activity independent of exogenous glutathione’3-76, Additionally, both the gener-
ation of chemiluminescence by macrophages (an index of reactive oxygen species) and the
formation of leukotriene B, as a potent mediator of chemotaxis and aggregation of
neutrophils were inhibited dose dependently by ebselen’”. Parnham and Kindt” thought
that scavenging of peroxides at inflamed sites by oral ebselen is a possible new approach to
anti-inflammatory therapy. Further, they suggested the possibility of the therapeutic use-
fulness of this type of selenium compounds in treating various diseases associated with
overproduction of hydrogen peroxide or lipid peroxides. Rudzinski and coworkers’8780
synthesized various chelate complexes of selenium with sulphonamide Schiff bases, 2-
substituted benzimidazoles and thiopicolinamide, which exhibited a variety of biological
effects, and examined their pharmacological activities. Some of these complexes exhibited
mild anti-inflammatory activity in addition to antibacterial and hypoglycaemic activities.

Selenium acted as immunoadjuvant when it was fed to animals in amounts in
nutritional excess®' or when administered by injection®2. Dietary selenium at levels above
that generally accepted as nutritionally adequate (0.1 ppm) enhanced the primary immune
response in mice as measured by the plaque-forming cell test and by haemaggulutina-
tion®!. The enhancement of the primary immune response by selenite administration (3,
5 ug of Se) was greatest when selenium was administered prior to or simultaneously with
sheep red blood cells®2, Mice fed selenium (1-3 ppm) supplemented diets showed a
markedly increased formation of IgG and IgM antibody to the sheep red blood cell
antigen®?,

Selenium may possibly be involved in both cellular and humoral immunity. The
involvement of selenium in cellular immunity was supported by impaired microbicidal
activity, increased dinitrochlorobenzene (DNCB) hypersensitivity and the insensitivity of
lymphocytes to selenium depletion. Serfass and Ganther3* reported that phargocytic cells
of selenium-deficient rats, although capable of ingestion of yeast cells in vitro, are unable to
kill them. The finding was supported in other animal species deficient in selenium?®>.
Guinea-pigs fed diets with 1-3 ppm selenium supplements appeared more sensitive than
controls to DNCB, showing that selenium enhances the delayed type hypersensitivity®¢.
The mitogenesis of lymphocytes to various mitogens was suppressed in selenium-deficient
animals’®%7, Recently, it was demonstrated that the supplementation of selenium (0.5,
2.0 ppm) in drinking water enhances the cytotoxic response of rat splenic natural killer
cells, which are considered to play a part in immunosurveillance against tumours®®,

IV. RELATION TO CANCER

In 1943, Nelson et al.®° reported the development of hepatic cell adenoma and low-grade
carcinoma in rat liver, beginning 18 months after the rats had been fed on a seleniferous
diet. Later, several reports supporting the carcinogenicity of selenium appeared®®®!. In
contrast, in 1949, Clayton and Baumann®? presented the first evidence that selenium may
have an anticarcinogenic effect; dietary selenium reduced liver tumours caused by 3-
methyl-4-dimethylaminoazobenzene. Owing to the apparently conflicting reports, confu-
sion and controversy about the relationship between selenium and cancer continued for a
long time.

In the numerous epidemiological studies in humans that have subsequently been
reported, selenium has been demonstrated to exhibit an anticarcinogenic effect. There was
an inverse relationship between human cancer incidence and the selenium content of
plants in the local area and between blood selenium levels and cancer deaths, as
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demonstrated by the studies of Shamberger and coworkers®>°* Further, Schrauzer
et al.®® showed significant inverse correlations between selenium intake, estimated from
food consumption data in 27 countries, and the incidence of cancers of the large intestine,
rectum, prostate, breast, ovary and lung. Similar results were obtained in the relationship
between cancer and selenium®®. However, since there is no higher incidence of cancer in
low-selenium districts such as Finland, New Zealand and China, other factors must be
considered®”-8. In this respect, Schrauzer®® thought that selenium deficiency does not
cause cancer but merely increases the susceptibility to cancer induction.

In recent years, evidence has accumulated that selenium can prevent or retard the
growth of chemically induced, viral-induced and transplantable tumours in experimental
animals®8-100:1%1 Table 1 summarizes the anticarcinogenic effects of selenium in various
cancer models. Selenium is effective against carcinogenesis by a number of chemical
carcinogens. Most of these studies involved the use of inorganic selenium (mainly selenite)
supplemented either in the drinking water or in the diet. Selenium intake was for the entire
duration of the experiments and the doses were subtoxic, ranging from 0.5 to 6 ppm. To
establish the time at which selenium is most effective against chemically induced

TABLE 1. Anticarcinogenic effects of selenium in various cancer models

Tissue of
Carcinogenesis Species tumours Ref.
Chemically induced:
3-Methy!-4-dimethylaminoazobenzene Rat Liver 92
2-Acetylaminofluorene Rat Liver 104
Aflatoxin B, Rat Liver 128
Dimethylnitrosamine Rat Liver 129
3-Methylcholanthrene Mouse Skin 130
Benzopyrene Mouse Skin 130
7,12-Dimethylbenz[a]anthracene Mouse Skin 130
Mouse Mammary
gland 131, 132
Rat Mammary
gland 102, 133, 134
1-Methyl-1-nitrosourea Rat Mammary
gland 135
Estrone, progesterone Mouse Mammary
gland 136
1, 2-Dimethylhydrazine Rat Colon 103, 105
Methylazoxymethanol Rat Colon 137
Bis(2-oxopropyl)nitrosamine Rat Colon 138
Rat Lung 138
Azoxymethane Rat Intestine 139
Virus-induced:
Mouse Mammary
(C3H/SY) gland 106
Mouse Mammary 107
(BALB/cf. C;H) gland
Transplantable:
Ehrlich ascites cells Mouse 108

L1210 leukaemic cells Mouse 109
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carcinogenesis, Ip'®? designed an experiment in which rats were given selenium either
before, during or after various combinations of exposure to 7,12-dimethyl[a]anthracene.
The results indicated that selenium can inhibit both the initiation and promotion phases of
carcinogenesis. The inhibitory effect of selenium in the early promotion phase was
probably reversible, but a continuous intake of selenium was necessary in order to achieve
maximal effect. Similar results were found for the effects of selenium against 1,2-
dimethylhydrazine-induced colon tumour!®?. Since selenium is effective in inhibiting
tumours induced by a variety of carcinogens, the primary action of selenium is probably
not through interference with the carcinogen metabolism. However, in the case of 2-
acetylaminofluorene, increased ring hydroxylation and decreased N-hydroxylation of the
carcinogen may be involved in the protection by selenium against the carcinogen-induced
tumour'%4, With 1,2-dimethylhydrazine-induced tumours, the protection by selenium
may be partly attributed to enhanced detoxification due to an increase in glutathione
S-transferase activity!'?>.

Selenium exhibits an anticarcinogenic effect against spontaneous or virally induced
tumours®®1°!_ Subtoxic amounts of selenium (1-15ppm) were shown to prevent the
genesis of spontaneous mammary tumours in C;H/St mice!?%. Additionally, mammary
carcinogenesis in BALB/cfC,H mice, containing the highly oncogenic exogenic murine
mammary tumour virus, was also prevented by selenium (2,6 ppm) in the drinking
water'®’. Since the tumour models may be related to human breast cancer development,
these results are of considerable interest.

With regard to transplantable tumours, the injection of selenium was reported to
prevent the development of tumours in Ehrlich ascites tumour cell-inoculated mice'?5.
Of various selenium compounds used (0.25-2.0mgkg™!ip.), selenite was the most
effective. Similar results were also obtained with L1210 leukaemic cell-inoculated mice!°°.
These results clearly indicate that selenium may have both preventive and therapeutic
benefits in the etiology of cancer.

When comparing the activities of various selenium compounds, selenomethionine or
selenocystine as organic selenium compounds are exclusively used, whereas their
anticarcinogenic effect was less effective'®®71'%. In general, the degree to which the
biological activity of drugs can be altered by replacing sulphur or other atoms with
selenium has received considerable attention. In developmental research on antitumour
agents, a number of organic selnium compounds have been synthesized with the purpose
of enhancing or improving antitumour activity by modifications to parent compounds.
For example, various selenium analogues of nucleoside- and nucleotide-related com-
pounds'!'~'17, aromatic seleno lactones!''S, retinyl phenyl selenoether''® and the
analogues of amino acids and steroids bearing the —SeAsMe, group'2® have been shown
to possess antitumour activity. In particular, 2-B-p-ribofuranosylselenazole-4-
carboxamide  (selenazofurin),  derived from the corresponding  2-B-D-
ribofuranosylthiazole-4-carboxamide (tiazofurin) synthesized as a novel potential anti-
tumour and antiviral agent'2!, exhibited remarkable effects in doses of 6-24 mg kg™ " i.p.
against Lewis lung carcinoma in mice and was about 10 times more cytotoxic than
tiazofurin towards L-1210 and P-388 cells in culture''!-'22. Selenazofurin was meta-
bolized into ribonucleoside monophosphate and subsequently into an analogue of NAD
in which the nicotinamide portion of the molecule was replaced with selenazofurin. The
resulting NAD analogue stopped the proliferation of tumour cells by depressing
guanosine nucleotide synthesis as a result of the inhibition of IMP dehydrogenase,
similarly to tiazofurin'23:'2%. Further, selenazofurin also possessed a broad-spectrum
antiviral activity against DNA and RNA viruses'2>. Since both activities of selenazofurin
were noticeably better than those of tiazofurin, selenazofurin may be expected to be useful
as a new antitumour and antiviral agent. However, in these studies, the activity of the
organic selenium compounds was exclusively compared with that of the corresponding
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parent compounds, while their mechanism of action may be different from that of
inorganic selenium.

Little information is available on the mode of action of selenium, but there is some
support for its anticarcinogenic properties: exposure to a high concentration of selenium
inhibited DNA synthesis* 2%, and modulation of mitochondria function by selenium was
involved in one of the early effects of growth inhibition'2”. Further, the doses of selenium
required for anticarcinogenic activity agree with the doses for potentiating the immune
response®®.

V. INTERACTION WITH HEAVY METALS

There have been many reports on the biological interaction between selenium and a
number of heavy metals. The first report of such an interaction was presented in 1938,
arsenic counteracting the toxic effects of seleniferous grain'*%-14!, So far, the metals which
alleviate selenium toxicity are known to be arsenic!*®'4! silver!*? tin'*3, copper'*?,
lead'*?, mercury'**, cadmium!*#, thallium'*? and tungsten’*!. Conversely, the toxicities
of mercury!4>7147 cadmium!48, silver'#?, lead '3, tin'*®!, thallium'*? and platinum?33
were suppressed by selenium. The detoxification of heavy metals by selenium is thought to
be one of its important roles.

Inorganic selenium compounds such as selenite may be reduced in the body to selenide
(Se?”), which may subsequently react with heavy metals. Examples of the direct
interaction are the formation of inactive complexes or compounds such as HgSe and CdSe
detected after coadministration of selenium with these metals!>*~!%6 The direct
interactions may result in changes in the distribution of the metals in various organs,
which may be relevant to the mechanisms of the metal detoxification. Heavy metals
administered alone may react with endogenous Se?~ to cause the status of selenium
deficiency, including a decrease in glutathione peroxidase activity, resulting in damage of
physiological functions dependent on selenium'#?:'57, In the case of methylmercury
intoxication, bismethylmercury(Il) selenide(BMS) was formed temporarily soon after
injection of selenite!>®!39, Since BMS is a non-ionic, lipid-soluble substance, it may
function as a diffusible form in the process of selenite-induced redistribution of
methylmercury!%®. However, it remains obscure whether this phenomenon may be
responsible for the protective action of selenium against methylmercury toxicity. The
mechanisms underlying the interaction of selenium with heavy metals are unknown,
although suggestions for the mechanisms have been provided by many investigators.

The side effects of drugs undergoing redox cycling have already been described to be
suppressed by selenium supplementation, and the same is true for the platinum-containing
drug cis-diamminedichloroplatinum (cisplatin). Renal toxicity as a side effect of cisplatin, a
widely used antitumour agent, was markedly prevented by injection of selenite, without
masking its antitumour activity' >, Since the reduction of nephrotoxicity by selenium may
improve the therapeutic value of cisplatin, this action is of considerable interest.

VI. MEDICAL APPLICATIONS

Selenium compounds for human use may be classified into two groups according to their
purpose, one being as antidotes and the other as diagnostic drugs for diseases. At present,
the single drug used as an antidote is selenium disulphide for treating seborrheic dermatitis
and common dandruff. The use of selenium compounds is strictly controlled because of
their high toxicity. If the deleterious effect of selenium could be controlled or alleviated,
selenium compounds might be employed as possible antidotes for various human diseases.
Several attempts at the chemical modification of biologically active compounds by
replacing sulphur or other atoms with selenium have been made in the past to induce
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antagonism or augment the action of the parent compounds!®!~!¢3 Recently, good
results have been achieved in such investigations; the excellent character of ebselen and
selenazofurin as possible candidates in human medicine has already been mentioned.

Concerning the toxicity of organic selenium compounds, if selenium atoms or selenium-
containing fragments are released by the metabolic degradation of the organic com-
pounds, even though the latter seem to be of low toxicity, the effective toxicity of these
selenium species may be expected to become enhanced. In particular, chronic toxicity due
to accumulation in the organs of released selenium may be a major problem in long-term
administration. Thus, in order to introduce organic selenium compounds as human
medicines, extensive metabolic investigations including absorption, metabolism, accumu-
lation and elimination, and also toxicity studies, are especially important. Further, a
comprehensive evaluation of their effective dose:toxicity ratio is necessary.

Another application of selenium compounds is as radiopharmaceuticals for imaging
organs and tumours. Although selenium-75 may not be an ideal radionuclide for
diagnostic use, it offers several advantages, e.g. long half-life (118.5 d), ease of incorpor-
ation of selenium into organic molecules, increased stability in vivo of organic selenium
compounds compared with the corresponding halogenated analogues and the possibility
of preliminary feasibility studies by preparing selenium-73 labelled compounds
(t;2 ="7.1h). Thus, selenium-75 labelled radiopharmaceuticals are of considerable value
in diagnostic nuclear medicine. [7°Se]Selenomethionine has been used for pancreatic
imaging for many years. Additionally, 6-(methyl[7°Se]selenomethyl)-19-norcholest-5(10)-
en-3p-ol (scintadren) is also used clinically as an adrenal imaging agent!®* For the
same purpose, selenium-75 labelled compounds such as 19-selenocholesterol!®3
and 24-(isopropylseleno)chol-5-en-38-01'%¢ as cholesterol analogues and 2[3,4-
dimethoxyphenyl)ethylJdimethylselenonium iodide!¢” as a dopamine analogue have been
synthesized. As a breast tumour-imaging agent, among the seleno derivatives of estrogen
and estradiol examined, 16a-(methyl[73Se]seleno)-17B-estradiol! %8 is considered to be a
good candidate. Selenium-75 labelled tertiary diamines, bis(-morpholinoethyl)selenide
and bis(S-piperidinoethyl)selenide, with high brain uptakes have been investigated as
brain-imaging agents'®®. Further, 23-[73SeJselena-25-homotaurocholate has been
evaluated as a radiopharmaceutical for investigating the enterohepatic circulation!°,
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