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Foreword

The present volume in ‘The Chemistry of Functional Groups’ series deals with organic
compounds containing selenium or tellurium atoms. This material falls outside the scope
of the set of four volumes in the same series, entitled ‘The Chemistry of the Metal-Carbon
Bond’ now in the process of publication.

The authors have been requested, whenever possible, to make comparisons between
analogous compounds containing the three chalcogen atoms sulphur, selenium and
tellurium.

Originally we intended to publish all chapters of the present volume simultaneously.
However, various technical problems forced us to change this plan and to publish eighteen
chapters separately and with separate author and subject indices for this volume. The
literature coverage of most chapters is up to the end of 1983, with occasional references
from 1984.

A second volume (edited by one of us, S.P.) is now already under active preparation and
will hopefully be published towards the end of 1986. The chapters it contains include: PES,
Mossbauer, UV, visible and Raman spectroscopy; synthetic methods; preparative uses;
seleno and telluro carbonyl derivatives; photochemistry; electrochemistry; H-bonding,
acidity and complex formation; biochemistry and pharmacology; insertion and extrusion
reactions; organo Se/Te halides; Se—N and Te—N bonds; Se—P, Se—As, Te—P and
Te— As bonds; semiconductors, metals and superconductors; Se/Te analogues of ethers;
SeCN and TeCN derivatives and Se/Te free radicals. Thus we hope that these two volumes
will cover all important aspects of the organic chemistry of the derivatives of selenium and
tellurium.

We will be very grateful to readers who would communicate to us mistakes, omissions
and proposals relating to this volume as well as to other volumes in the Functional Groups
series.

Jerusalem SAUL PATAI
July 1985 ZV1 RAPPOPORT
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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 empbhasis 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—QO—C group on the reactions of alkyl or ary]
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 authors is 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)



Preface to the series xi

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, Hydroxyl 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 (three volumes)

The Chemistry of Peroxides

The Chemistry of Organic Se and Te Compounds Vol. |

Titles in press:

The Chemistry of Cyclopropanes

The Chemistry of Organic Se and Te Compounds Vol. 2

Adpvice or 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 staff-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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Organic derivatives of
sulphur, selenium and
tellurium—an overview
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1. INTRODUCTION

The chalcogens, constituting Group VI in the Periodic Table, exhibit differences in their
chemical properties that run parallel to those observed in other non-metals within Groups
IV-VII (Table 1). Thus, O, like other second period members of the family, has unique
characteristics rooted in its high electronegativity and lack of d orbitals whereas S and Se
share with pairs of third and fourth period elements from other Groups a striking similarity
in their chemical properties. By passing on to the fifth period, i.e. Te within Group VI, we
note another jump in properties. This overall pattern reflects the increase in atomic radii,
and hence in coordination numbers, as clearly brought out by considering the oxo anions
derived from the various elements in their highest oxidation states (Table 2): S and Se are
comparable, but distinctly different from Te. In their divalent states, however, the Group
VI elements exhibit a more gradual change, moving towards lower electronegativity with
increase in atomic weight. Consequently, hydride stability decreases. On substitution of H
with organic radicals more stable molecules are formed so that R, Pb, R;Bi and R, Po are
still species of reasonable stability.

In the present context our attention will be limited to organic derivatives of the
chalcogens. Based on common knowledge, set out in Tables 1 and 2, we shall enquire into
the degree of similarity existing within the organic chemistry of S, Se and Te. By necessity,
such a venture must be selective and inevitably biased by the personal interests of the
authors. We shall draw on numerous sources including established monographic treatises
on organoselenium!'? and organotellurium® chemistry, assorted reviews on more
restricted topics, original articles, and the useful, current awareness publication, Organic
Compounds of Sulphur, Selenium and Tellurium, issued within the Specialist Periodical
Report series by The Royal Society of Chemistry and thus far covering the literature
published until March 1980. With a view to ordering the discussion we shall briefly dwell
on both historical aspects and nomenclature rules before proceeding to discuss various
classes of compound according to functionality, as well as certain aspects of interest to
synthetic chemistry. No attention will be given in the present ‘overview’ to biological
aspects which will be discussed in a different chapter of this volume.

TABLE 1. Periodic Table of Group
IV-VII elements

Group
Period Iv v VI VII

C N O F
Si P S Cl
Ge As Se Br
Sn Sb Te 1
Pb Bi Po At

[« NV BN NIt ]
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TABLE 2. Oxo-anions of Group IV-VII elements in their highest
oxidation state

Coordination Group

number v v VI vII

3 CO,2- NO,"

4 SiO " PO~ S0,2- Clo,-
4 GeO,* AsQ,3" Se0,? BrO,”
6 Sn(OH)s2~ Sb(OH),~  TeOg*~ 104"
6 Pb(OH)s2~

The present chapter has as its chief objective to introduce the general subject of this
volume, to place it in a broader context, but above all to whet the appetite for additional
and more detailed information,

il. NOMENCLATURE

Since organoselenium compounds were as a rule discovered later than the corresponding
sulphur compounds they have frequently been named by adding the prefix seleno- to the
name of the corresponding sulphur compound, e.g. selenocystine, selenoglutathione,
selenouracil, selenoxanthate, selenomercaptan. Similarly, a Te analogue of methionine
has been called telluromethionine. In the rules formulated by the Commission on
Nomenclature of Organic Chemistry of the International Union of Pure and Applied
Chemistry (IUPAC)* this practice is not accepted. Nevertheless, it is being widely followed
in the literature when the sulphur compound is a natural product with an accepted trivial
name, as for example selenocysteine. In other cases systematic names should be used.
According to the IUPAC rules a ‘selenoxanthate’ is an O-alkyl diselenocarbonate, and a
‘selenomercaptan’ is a selenol. The use of the seleno- prefix to indicate replacement of S by
Se in new compounds is to be strongly discouraged, inter alia because the Chemical
Abstracts indexes enter systematically correct terms without cross-references to new
trivial names,

The prefix seleno- has, however, traditionally also been used to indicate replacement of
O by Se. The IUPAC Commissions of both organic* and inorganic® chemistry have
adopted this rule if the corresponding oxygen compound has an accepted functional class
ending or if an oxygen-containing radical has an accepted prefix. Consequently,
selenocyanate, selenourea, selenosemicarbazide, selenoketones, selenobenzamide, etc.,
and the prefixes selenocyanato- and selenocarbonyl-, are all recommended [UPAC names.

In analogy with the suffix name-thione for —=C=yS§, the name -selenone has repeatedly
been used in the literature to designate —=Se—0. This is, however, confusing since
-selenone is the suffix also for anisologue of a sulphone, R,SeQ,. In sulphur chemistry we
have at our disposal the prefixes sulph- and thio-, derived from Latin and Greek, to
distinguish, for example, between disulphane, H,S,, and the heterocyclic compound
dithiane. An analogous opportunity to use Latin luna and tellus along with Greek selene
and gea was neglected long ago and is now unrealistic. The JIUPAC nomenclature
commissions therefore decided to introduce the prefixes sel- and tell- to be used along with
selen- and tellur-. In this way, diselane, H,Se,, and ditellane, H,Te,, can be distinguished
from the heterocyclic species diselenane and ditellurane, and the suffix for —=C=Se
becomes -selone (cyclohexaneselone, 4-thiazoline-2-selone, etc.), and for —=C==Te,
-tellone.

The last edition of Nomenclature of Organic Chemistry* contains detailed rules for
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naming characteristic groups containing Se or Te (Rules C-10.1, C-10.42, C-22.1, C-
82.1, C-701, C-833, C-974, C-985 and D-1.54) and guidelines for naming heterocyclic
rings with Se or Te (Rules B-1, B-3, B-4 and Appendix, Table IV). A comprehensive
discussion of the nomenclature of organoselenium compounds is also available®.

In Table 3 a list is presented of suffixes and prefixes recommended by IUPAC. A few
comments are made as footnotes to the table.

Throughout the present chapter the following abbreviations have been used:
X =halogen, Y = chalcogen, R = organyl radical.

lll. HISTORY

The organic chemistry of sulphur dates from the discovery by W. C. Zeise of the xanthates
in 1822 and ‘mercaptan’ (ethanethiol) in 1831. His work initiated extensive studies in
organic sulphur chemistry with the result that most of the characteristic sulphur-
containing organic groups were known by about 18657,

Without much delay organic compounds of Se and Te also became known. Berzelius,
the discoverer of Se (1818), found that alkali metal selenides and tellurides resemble
sulphides, and in 1840 F. Wohler® prepared the first organic Te compound, diethyl
telluride, in a similar way to the sulphide. Léwig® had already prepared diethyl selenide,
mixed with the diselenide, in 1836, but the pure compounds were not isolated until 1869'°.
Several other organic Se and Te compounds were synthesized about the same time, most
of them in Wohler’s laboratory!’: ethaneselenol (1847), diethyl telluroxide (1851),
dimethy! telluride, dimethyl diselenide (1856), and others. Selenonium and telluronium
salts!2 were discovered in 1865, but selenoxides!® not until 1893. From SeQ,, inorganic
selenocyanate, selenourea (discovered'® in 1884), and some heterocyclic compounds,
containing N and Se in the same ring, were prepared in 1889-90!5~17. 2, 5-Dimethyl-
selenophene!® was synthesized in 1885, selenophene itself not until 1927, and tellurophene
only in 1972,

After the pioneering period organic Se and Te chemistry developed only slowly. The
investigations were hampered by the compounds often being evil-smelling, toxic and
sensitive to air and light. Many of the compounds prepared were of low purity and several
reports on the isolation of new compounds were unwarranted.

Since about 1950, modern methods and equipment have made it possible to prepare
organic Se and Te compounds in higher yields and purity and to isolate compounds of
low stability. The development has been catalysed by technical and biological interest
in Se and Te compounds, and the study of their chemical reactions has resulted in
important new methods in organic synthesis.

IV. ANALOGUES OF ALCOHOLS AND ETHERS

A. Aicohol Analogues

Thiols (1), selenols (2) and tellurols (3) are synthetically accessible from salts of hydrogen
sulphide (4), hydrogen selenide (5) and hydrogen telluride (6). The acidity of the hydrides
increases dramatically from 4 to 6, the respective pK,, values being 7.0, 3.8 and 2.6.

RYH H,Y R!YR?
1) Y=S 4 Y=S MHY=S
(2) Y=Se (5) Y=Se 8) Y=Se
(3)Y=Te (6) Y=Te ©9) Y =Te

In analogy with alcohols normally being weaker acids than water, 1, 2 and 3 may be
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expected to be weaker acids than 4, 5 and 6, respectively, with acidity constants increasing
inthe order 1, 2, 3. Consequently, the corresponding bases, RS, RSe ~ and RTe ™, must be
weaker bases than RO ™, with the basicity decreasing in the order given. Mainly due to
their high polarizability, however, the anions of 2 and 3 are better nucleophiles than the
anion derived from 1, and much better than the RO~ ion.

Selenols (2) undergo oxidation to diselenides even more easily than do thiols (1) to
disulphides. Tellurols (3) are so sensitive to oxidation, leading to elemental Te and other
products, that ditellurides have not been isolated from this process. Tellurols as such are
poorly known; older reports on the characterization of simple alkanetellurols appear
highly dubious. Lately, however, arenetellurolates have become available in solution by
subjecting diaryl ditellurides to reduction (with NaBH,, or Na in liq. NH,), or by base-
induced disproportionation, yielding tellurinates as the oxidized products*®. Insertion of
metallic Te into the carbon—-metal bond of various organolithium compounds, notably of
the heteroaromatic series, provides a convenient route to lithium arenetellurolates2°,

Weaker hydrogen bonding accounts for the lower boiling points of the lower members
of the classes 1, 2 and 3 when compared with the analogous alcohols.

Chemically, 1, 2 and 3 possess reducing properties increasing in that order; thus,
arenetellurolates have lately proven useful in the reduction of vic-dibromides to alkenes?!,
and of a-halocarbonyl compounds to the reduced halogen-free counterparts?2. Similarly,
sodium hydrogen telluride serves as an efficient, selective reagent for reducing «,f-
unsaturated carbonyl compounds (aldehydes, ketones and esters) to the saturated
analogues?3,

B. Ether Analogues

Organic sulphides (7), selenides (8) and tellurides (9) are generally more stable than the
corresponding hydrides, (1), (2) and (3). Numerous diorganyl chalcogenides are known,
varying widely in the nature of the radicals R' and R?; thus, besides the more common
alkyl and aryl radicals, R' and R? may also represent, for example, metalorganic radicals
(R,Sn, R,Ge, etc.). Several selena compounds, in which one or more methylene groups
have been substituted by Se, have been synthesized, notably in connection with biological
studies.

Generally, selenides (8) are light-sensitive, colourless compounds with an obnoxious
odour, prepared by methods analogous to those used for making sulphides (7). The
selenides exhibit great stability towards alkali and reducing reagents but can be oxidized
to the synthetically important selenoxides (cf. Section VII of this chapter). Other features
of interest in the present context are the ability to undergo alkylation to selenonium salts,
and to lose an a-proton to give Se-stabilized carbanions. The C—Se bond is readily
cleaved with alkyllithium reagents or by lithium dissolved in amines. These features
provide the background for a rapidly expanding synthetic chemistry utilizing Se-
containing intermediates??.

Contrary to the generally inaccessible tellurols, the diorganyl tellurides (9) have been
the subject of rather detailed studies involving crystal structure determination, spectros-
copical characterization, dipole moment measurements, etc. Tellurides share with
selenides the ability to form diorganyl chalcogen dihalides on treatment with halogens,
and chalcogenonium salts on alkylation, but differ from the selenides in undergoing C—
Te fission on oxidation. The yellow or red diorganyl tellurides are stable compounds when
aromatic, but far less so in the aliphatic series. Sulphide reduction of organyltellurium
trihalides provides an easy entrance into the series of organic ditellurides. In all of the
Groups IV-VI, the heaviest element forms a weak bond to carbon. Thus, extensive studies
within the class of tetraalkylleads, containing different radicals, have revealed that
redistribution reactions easily occur?3. This seems also to be the case with diorganyl
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tellurides?®. Hence, reported syntheses of homogeneous, non-symmetrical diorganyl
tellurides must be regarded with scepticism.

Only a few triselenides, and no tritellurides, are known, though unstable species have
been recognized containing arrangements such as —SeSSe—, —STeS—, etc. All of
these are, as expected, highly sensitive to nucleophilic reagents such as hydroxide ions. Ter-
tiary phosphines have been used to abstract Se or Te from diorganyl dichalcogenides.

All compounds of the types RYH, R,Y and R,Y, (Y =S,Se, Te) have a pronounced
ability to combine with transition metals thus producing a large number of coordination
compounds?”.

In summary, the overall chemistry of selenides and tellurides is strongly reminiscent of
that of sulphides, with the proviso that the Se, and more notably the Te, analogues are of
lower stability and often of greater complexity in their chemical behaviour.

V. ONIUM SALTS AND YLIDES

A. Onium Salts

Triorganylsulphonium ions (10) and the isologous selenonium (11) and telluronium (12)
ions were discovered in 1865'2. Since then a considerable number of their salts have been
prepared, either by the classical method (dialkyl chalcogenide and alkyl halide) or by
various other methods which have made it possible to prepare also onium salts with
different radicals, aromatic radicals, etc. Salts with anions other than those derived from
halogens can be prepared by anion exchange or by precipitation with complex anions
which often form sparingly soluble salts.

R!
RE—y* R Rl YCHR2
R3/ R ‘2\\R3
R
(10) Y = 8 (13) 14) Y = §
(11) Y = Se (18) Y = Se
(12) Y = Te (16) Y = Te

Little is known about the Se and Te analogues of the many heterosulphonium salts (10)
in which one or more of the radicals R!, R? and R3 represent O, N, S or halogen.
Protonated selenols, RSeH;, and tellurides, R,TeH*, have been observed by NMR
spectroscopy in superacid solutions of selenols and tellurides but not been isolated?®.

The chalcogenium ions 10-12 form salts which are solid, salt-like compounds, usually
insoluble in non-polar solvents but soluble in water. Their aqueous solutions exhibit
electrolytic conductivity and give the qualitative reactions of the anions. With silver oxide
in water the halides form strongly alkaline solutions. The hydroxides thus formed cannot
usually be isolated but their aqueous solutions can be neutralized with HX to form new
salts. On heating, the onium salts decompose, usually into R,Y and RX. Their
thermal stability increases from S to Te and generally with the size of the anion.

Sulphonium and selenonium ions adopt the geometry of stable trigonal pyramids (13)
as evident from their chirality, documented through resolution into enantiomers (for
R #R?+# R?) which was achieved for 10in 19002%°° and for 11 in 19023'. The reported
resolution of a telluronium salt32 could not be confirmed??.
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According to their properties the onium salts would be expected to be strong
electrolytes. Recent investigations indicate, however, that this is an oversimplification. In
the solid state onium salts of ‘hard’, complex anions have the expected ionic structure with
non-coordinating anions. This has been proved by an X-ray structure analysis of the
telluronium salt [Me;Te] [BPh,]. Onium salts of the ‘soft’ halide and pseudohalide
anions tend to possess a more complicated structure, the tendency increasing from S to Te,
and from Cl to I Therefore, deviations from a purely ionic structure are especially
prominent among telluronium halides*. Distances are here often less than the sum of the
respective van der Waals’ radii, which may be characterized as secondary bonding, The
intermolecular interactions appear to be the result of directed forces rather than of
electrostatic or van der Waals’ forces. As a consequence the crystal units may be described
as oligomeric, resulting in a distorted octahedral geometry.

Te also forms compounds of the type R, Te. The most stable representatives contain two
2,2'-biphenyldiyl radicals. An analogous but very unstable Se compound has also been
obtained3’. Attempts to prepare analogous S compounds of the type R,S were
unsuccessful. These compounds are possibly oligomeric in the solid state but no structure
determinations have been reported.

B. Ylides

Onium ions may be deprotonated to form ylides, i.e. zwitterions or chalcogen-stabilized
carbanions. Stable ylides, 14, 15 and 16, e.g. cyclopentadienides, have been prepared from
both sulphonium, selenonium and telluronium ions.

More attention has lately been accorded to moderately stable and unstable ylides3®
which undergo reaction with non-enolizable carbonyl compounds to give oxirans in both
the Se®” and the Te3® series (path a, equation 1).

3
R RR*c=0 R
RY—CRR —_— 0 + RY
o R4
b | R*°R%C=0 1
R' R2

ROR*C=CHCO,Et

If R' =CO,Et,R?=H and Y =Te, however, the reaction proceeds differently, the
stabilized tellurium ylide giving an «, f-unsaturated ester® (path b, equation 1) in a
reaction unprecedented in the sulphur and selenium ylide series. It provides another
illustration of qualitatively different reaction paths operating with S/Se compounds on the
one hand, and Te compounds on the other.

VI. INSERTION COMPOUNDS

In a characteristic reaction the chalcogens, both as elemental substances (Sg, Se,, Te,) and
as reactive derivatives, can be inserted into chains, rings and clusters of other atoms, even
under mild conditions. A few examples shall serve to illustrate that S, Se and Te behave
similarly in such reactions.

S and Se have been found to insert into the Si—Si bond of decamethylcyclopentasilane
with the formation of the six-membered ring selenapentasilacyclohexane®*®. Similarly, Te
inserts into the Si—P bond of the phosphine Me,SiPBu), rather than producing a phos-
phine telluride (cf. Section XT), to give a product containing the — SiTeP group*'. Other
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examples comprise insertion of selenium dioxide into stannoxanes, R,SnOSnR;, to give
distannyl selenites, R;SnOSe(0)OSnR,*? and of sulphur dioxide, selenium dioxide or
tellurium dioxide into the Mo—C bond of the cycloheptatrienylmolybdenum compounds
n-C,H;Mo(CO),CH,, to give products of the type n-C,H,Mo(CO),Y(0O,)CH,*3. Often,
however, reduction takes place at the same time. Thus, SeO,reacts with ditellurides to
form tellurenyl tellurinyl selenides, RTeSeTe(O)R 44,

Insertion reactions are quite common with organometallic cyclopentadienyl and
carbonyl compounds. As an example, elemental S, Se or Te insert into the Co—Co bond
of (n-C4H;),(Me,P),Co, to give products containing a CoYCo structure*®, Often,
however, reactions with carbonyl compounds are complicated by replacement of CO and
reduction.

More related to organic chemistry is the reaction of carbon diselenide with
tetraalkylmethylenediamines, R,NCH,NR,, to give diselenocarbamate esters,
R,NCH ,SeC(Se)NR ,*.

VII. ANALOGUES OF SULPHOXIDES, SULPHONES AND RELATED COMPOUNDS

The pyramidal sulphoxides (17) and the tetrahedral sulphones (20) have their counter-
parts in the selenoxides (18) or telluroxides (19) and the selenones (21) or tellurones (22).
Double bonds are used throughout the present discussion subject to the proviso that
varying degrees of polarization and d orbital participation may be involved, as evident
from dipole moment measurements and spectroscopic data*’.

Ny—o \Y/o
e N

0
N y=3 (200 Y = S
(18) Y = Se (21) Y = Se
19) Y = Te @2 Y=Te

A. Selenoxides and Telluroxides

Although stable, optically active sulphoxides have been known for more than 50 years,
the first report on the synthesis of structurally simple, monochiral, optically active
selenoxides (18) reached the literature only quite recently*®. Enantiomerically enriched
telluroxides (19) are unknown?2. The basic properties of the diorganyl chalcogen oxides
increase from 17 to 19 as does the ability to form tetravalent, symmetrical hydrates. With
acids, both 18 and 19 form salts of the type R, Y(OH)Z (Z = halogen, carboxylate, nitrate,
etc.), and selenoxides (18) form coordination compounds with many metal salts.

Selenoxides (18) are reasonably stable species provided that they do not contain g-
positioned hydrogen atoms. If so, they undergo a remarkably facile, stereospecific E
elimination, often at temperatures well below 20 °C (equation 2).

R! R3

P
%, 2,
Y

2,
%,
0y,

2 R4 A R! R
R ’HU Ry > %< + ROSeOH )
2 4

Se R
{8/ \R5

-~/
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This reaction, discovered less than a decade ago, has rapidly been put to good use in
modern organic synthesis?4. Selenoxides (18) are generally prepared by oxidation of
selenides, or by hydrolysis of the mostly easily accessible selenide dihalides.

Telluroxides (19), accessible through the same routes*®-*° are more basic compounds
exhibiting distinctive alkaline reaction in aqueous solution. They share with the
selenoxides (18) the ability to undergo thermal elimination to olefins though more drastic
conditions are occasionally required®!. In recent years aromatic telluroxides have
attracted interest as mild oxidizing reagents2,

B. Selenones and Tellurones

Selenones (21), like sulphones (20), are stable compounds of moderate reactivity,
accessible through appropriate oxidation of selenides or selenoxides. An interesting
variant of the 1,4-Grob-type elimination, induced by base treatment of vinylic phenylse-
lenones, utilizes the PhSeO, group as an efficient nucleofuge’3. The properties and
chemistry of selenones deserve further exploration.

The first, fully characterized tellurone, 23, was described only in 198234, It was prepared
by oxidation of the corresponding telluroxide. Previously reported representatives of 22
were obviously assigned erroneous structures. The aromatic tellurone 23 has mildly

oxidizing properties of potential synthetic interest>*.
o}
a
(4-MeOC.H, ),TeO Ar,Y ==NSO,R ArSe
6 a’2¢02 2 2 2 \Nsoz Ar
(23) (24) ¥ = Se (28)
25 Y = Te

The tri- and tetra-coordinate isologues of N-sulphonylated sulphimides and sulpho-
ximides, 24, 25 and 26, are known compounds, readily prepared by methods well known
from the chemistry of sulphur (cf. Section XI).

Se and Te analogues of the sulphines and sulphenes, 27 and 28, have yet to be produced
and characterized.

N v ~._ 20
/C Y=0 /C_Y\o
(2 Y = S,S¢e,Te (28) Y = S,Se,Te

In general, the chemistry of selenoxides and telluroxides is similar to that of the
sulphoxides, though with minor, but synthetically useful, differences. On closer inspection,
however, we note once again a greater similarity in chemistry between members of the S
and Se series on one hand, and the Te isologues on the other, the latter standing apart
notably by their marked ability to attain higher coordination numbers as evident from X-
ray structure analyses of compounds such as Ph,TeO and Ph,Te(OH)NO;%.

VIll. ANALOGUES OF CARBONYL COMPOUNDS

Within the series 29-32 of carbonyl compounds and their analogues, a diminishing
stability is to be expected in the order given, mainly because of the decreasing
electronegativity of the chalcogen element (the electronegativity of Te is almost the same
as that of C).
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N A Na N
/C—O /C—-S /C—Se /C—Te

(29) (30) (31 (32)

A. Analogues of Aldehydes and Ketones

A great variety of thials and thiones can be found in the literature’5, many of them
stabilized by charge dislocation or tautomerism. Until recently, simpler aliphatic thials,
thiones and their Se analogues were known only as polymers. When it was recognized
some years ago that the polymers dissociate by pyrolysis, it became feasible to study the
microwave spectra of the monomers in a flow system at low temperature. Thus,
monomeric thioformaldehyde®’, thioacetaldehyde’®, thioacetone’®, thioketene®® and
selenoacetaldehyde®® were identified but none of these species had half-lives long enough
to permit their isolation. Since 1976, however, it has become evident that bulky
substituents or hindered structures may provide enough protection against polymeri-
zation to allow the preparation of monomeric species of much higher stability. Moreover,
the recognition that the instability of the Se and Te compounds is due both to their high
electrophilic reactivity and susceptibility to catalytic influence has made it possible to
design methods and equipment suitable for the isolation of these sensitive compounds. A
selection of compound types, all formally containing doubly bonded chalcogen atoms,
shall serve to illustrate these trends.

The counterparts of the perfectly stable carbonyl sulphide (33) and carbon disulphide
(35), viz. carbonyl selenide (34), thiocarbonyl selenide (36) and carbon diselenide (38), are
known compounds, though less stable and more cumbersome to prepare than 33 and 35.
Their general reactivity does not differ significantly from that of the S isologues. As for the
Te analogues, thiocarbonyl telluride (37) decomposes at temperatures above its melting
point, — 54 °C, and carbon ditelluride (39) is as yet unknown. A similar trend is noted in
the halogen-substituted series: thiocarbonyl chloride (40) is a perfectly stable red liquid
and selenocarbonyl chloride (41) a blue compound only recently prepared by pyrolysis of
2,2,4,4-tetrachloro-1,3-diselenetane (42) and decomposing at temperatures above
—130°C*!,

o=C=Y S=C=Y Se=—=C==Se Te=C=Te
(33) Y=3S (35) Y = S (38) (39)
(34) Y = Se (38) Y = Se
B7Y =T
Cl\ Cl><5e><Cl
/C=Y

Cl Cl Se Cl

@0) Y = s (42)

41 Y = Se

Thials (43) and thiones (46) no longer constitute chemical curiosities. The recent
synthesis of 2,2-dimethylpropanethial (48) as a distillable pink monomeric compound®?
raises doubt as to the validity of regarding the non-stabilized thials as species of only
transient existence. Monomeric selenals (44) and tellurals (45), on the other hand, have so
far eluded isolation.
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R 1
\C=Y " \C=Y ME3C\C=S
H/ Rz/ H/
(43) Y = S 46) Y = S (48)
(44) Y = Se (47) ¥ = Se
48) Y = Te
Me,C
3
>C=Se
Me3C
(49) Se
(30)

Aromatic thiones have been known for more than 60 years whereas stable monomeric
aliphatic species are of more recent date and notably encountered within the class of
polycyclic structures (cf. Ref. 56). Dipole moment measurements reveal a much smaller,
perhaps even reversed, polarity when compared with the ketones. Until recently,
monomeric authentic selones (47) had eluded isolation, but the preparation a few years
ago of the blue selones 49 and 50 altered the situation, although the method employed for
their synthesis is not of general utility®3. Convincing evidence for the existence of non-
stabilized tellones seems to be lacking.

Stable thioketenes (51), known since 1966, became available after 1975, including the
parent compound 51 (R! = R? = H), through the remarkably general and efficient flash
thermolysis of 1,2,3-thiadiazoles®*. An analogous approach resulted in the synthesis and
characterization of the first selenoketenes (52), including the parent compound 52 (R! =
R? = H)®. In both series, the nature of the substituents, R! and R?, defines the stability.
With bulky radicals, selenoketenes can be isolated and stored in the cold®®. Telluro-
ketenes have not yet been prepared.

RIRZC=C=S R!R*C=C=Se
(1) (52)

B. Carboxylic and Carbonic Acid Analogues

Whereas selenocarboxylic and selenocarbonic acids are very unstable species, several
esters derived from them are known compounds. Those containing doubly bonded Se, i.e.
53 and 54, are intensely coloured species, very sensitive to O, and light. Se shares with Te
the ability to form derivatives of dithioic and diselenoic acids with a central Se or Te atom
bound in a planar arrangement to four S or Se atoms, e.g. 5557.

/Se\ /Se\\

R'CSR? R'CSeR? RNCZ Se “SCNR,
! I Nse” Mg
e
(53) (54) (58)
RICTeR? RICOR? PhﬁNHz
0 Te Te

(56) (87) (58)
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I
Ph(ﬂ‘N(Me)NMez N RTeCN
Te [ >=Te (81)
N
1
Me
(59) (60)

Derivatives of tellurocarboxylic acids are of a more recent data. Tellurol esters (56) have
been prepared by acylation of tellurols®®, and the first species with double-bonded Te (57)
were prepared from steroid alcohols, t-butyl(chloromethylene)dimethylammonium
chloride and sodium hydrogen telluride®®.

Selenoamides, selenosemicarbazides and selenoureas, as well as several heterocyclic
derivatives of these (selenouracil etc.) are fairly stable compounds. Recently, also
telluroamides (58)7%7!, tellurohydrazides (59)7° and a derivative of tellurourea (60)72 have
become synthetically available.

Attempts to prepare organic tellurocyanates (61) only became successful when it was
recognized that the tellurocyanate ion is decomposed instantaneously by water”. In
solvents like dimethylformamide or acetonitrile, however, Te readily reacts with onium
cyanates to form onium tellurocyanates, unsuited for alkylation, Organic tellurocyanates
have been prepared, however, by alkylation of potassium tellurocyanate, formed in situ in
dimethyl sulphoxide. The crystal structure of the very stable 4-nitrobenzyl tellurocyanate
has recently been determined’*. The lability of the tellurocyanate ion is attributable to the
weak C=Te bond. Association of the nitrogen end of the ion with protic solvents or hard
Lewis acids results in further bond weakening, Together, the above observations call for a
judicious choice of solvents and cations in the synthesis of tellurocyanates.

The combined experience from the syntheses of tellurocyanates, telluroamides and
telluro esters reveals no fundamental difference between selenocarbonyl and tellurocar-
bonyl derivatives; with due precautions in synthetic methodology the preparation of
many additional tellurocarbonyl compounds seems feasible and hence to be expected.

IX. OXO ACIDS OF SULPHUR, SELENIUM AND TELLURIUM

Oxygen-containing isologous acids, with the chalcogens in the valency states 2,4 and 6 (62,
63 and 64), are known for Y = §, Se, Te, yet not without exceptions. Dramatic changes are
encountered, however, within the formally analogous series, both with regard to
properties and stability. We shall elaborate on this in the following.

o o

l I
RYOH RYOH RYOH
Il

(0]
(62) (63) (64)

A. Valency State Six

In the highest valency state, sulphuric and selenic acid, H,YO,(Y =S, Se), are very
similar strong acids whereas telluric acid, T{(OH),, is a very weak acid forming salts either
with the formal composition M,TeO,, or, in the case of certain cations, M TeO; (e.g.
AgsTeO;). However, the TeO,?~ ion is a polymer, containing hexacoordinate Te with
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oxygen bridges. The only known organic derivative of telluric acid appears to be the ester
Te(OMe)g. No derivative of the hypothetical telluronic acid (64; Y = Te) is known and
probably never will be, because any potential candidate most likely would prove to be an
amphoteric polymer and not a true analogue of the well-authenticated sulphonic and
selenonic acids (64; Y =S, Se); these resemble sulphuric acid in being strong acids. As
selenic acid, the selenonic acids possess oxidizing properties, to the extent of becoming
explosive (like, for example, organic nitrates). Care must be exercised, however, in
accepting structures previously reported or assigned to new selenonic acids; thus, early
reports of the preparation of benzeneselenonic acid by selenation of benzene was later
revised, the reaction product being a salt formed between protonated benzeneseleninic
acid and the benzeneselenonate anion. A few authentic areneselenonic acids are known
whereas only salts of the aliphatic counterparts seem stable.

B. Valency State Four

In the tetravalent series, selenious acid differs from sulphurous acid in being weaker but
also in exhibiting predominantly oxidizing properties. Selenium dioxide, the anhydride of
selenious acid, is a well-established, specific oxidation reagent in synthetic organic
chemistry. Again, seleninic acids (63; Y = Se) are weaker not only than selenonic acids (64;
Y = Se) but also than sulphinic acids (63; Y =S); they may, in fact, behave as bases
forming cations of the type RSe(OH),*. Unlike sulphinic acids, selininic acids are
moderately oxidizing species existing in aqueous solution as hydrates with the structure
RSe(OH),. A great variety of seleninic acid derivatives is known including chlorides,
amides, esters and anhydrides. Benzeneseleninic acid anhydride has lately drawn interest
as a mild and remarkably specific reagent in organic chemistry’*~ 78, Organic derivatives
of tetravalent Te behave rather differently. Although TeQO,, like SeO,, is an oxidizing
amphoteric compound, its basic properties are more pronounced; thus, it readily affords
Te(1v) salts with strong acids. Organyltellurium trihalides, RTeX, are hydrolysed to what
formally are tellurinic acids. However, the insolubility in water and organic solvents of the
latter, as well as their very high and often ill-defined melting points, strongly suggest that
one is here dealing with polymers containing oxygen bridges, derived from RTe(OH),.
Apart from a few halogenated derivatives, such as RTeX; and RTe(O)X, no authentic
tellurinic acid seems to have been prepared.

C. Valency State Two

Divalent S and Se compounds containing the radicals RY — are numerous and several
of them important. They encompass halides, pseudohalides, acetates, amides, etc. For
systematic reasons, the hydroxides, RYOH, are named sulphenic acids, selenenic acids
and tellurenic acids. They are amphoteric in nature and only a few are known as stable
compounds because they easily disproportionate into compounds of lower and higher
oxidation states. Characteristic for several derivatives of 62, the chalcogen atom behaves
as the electrophile towards nucleophilic attack, with displacement of X~. Thus, species
such as RSeSR, RSeCN, RSeSCN and RSeSeCN can be efficiently prepared from
selenenyl halides, RSeX, and the appropriate nucleophiles. Though far less well explored,
the aromatic tellurenyl halides behave similarly. Thus, 2-formylbenzenetellurenyl bro-
mide reacted with AgCN to form the first organic tellurocyanate’. The first known
tellurenyl compound, 4-methoxybenzenetellurenyl methanesulphonate, reacted with O-
methyl dithiocarbonate to form the corresponding tellurenyl derivatived®. In certain
respects, however, tellurenyl halides react differently from selenenyl halides (cf. Section X
of this chapter). Of considerable interest in a synthetic context is the application of
selenenyl halides for a-arylselenenation of enolizable carbonyl compounds and for the
stereospecific trans addition to alkenes (cf,, for example, Ref. 81).
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X. HALOGEN COMPOUNDS

From the many types of known organic compounds containing one or more chalcogen—
halogen bonds, three major classes are here singled out for a brief discussion, viz. the
monohalides (65), the dihalides (66) and the trihalides (67).

Hal
| R

RYX RYX RYX R—Tel
2' "2 3 E \.‘

Hol

(68) (66) (67) (68)

A. Monohalides

Within group 65, sulphenyl (Y =S) and selenenyl (Y = Se) halides are well-known
species, generally available on halogenolysis of disulphides or diselenides. Several, notably
aromatic derivatives, are rather stable compounds often serving as important reagents in
modern synthetic chemistry. In view of the known stability of other types of organic
compounds with Te—halogen bonds, it seems surprising that 2-naphthalenetellurenyl
iodide until recently remained the sole well-characterized tellurenyl halide. Additional,
though rather unstable, aromatic analogues were prepared in 197582, They combine with
halide ions to ions of the type RTeBrCl~ (isolated as for example, tetraphenylarsonium
salts). X-ray studies have revealed a T-shaped geometry, with a nearly linear arrangement
of the X—Te—X’ group for such ions®>. S and Se do not form analogous compounds.

B. Dihalides

As known from the beginning of this century, diorganyl chalcogenides, R,Y, react with
halogens to give compounds of type 66. The stability of these increases from S to Te, and
from 1 to F; thus, the least stable species, such as R,SI,, behave as charge-transfer
complexes. In general, the bromides and iodides dissociate into the components on
heating or dissolution. Non-aqueous solutions exhibit no signs of dissociation whereas
the observed conductivity in aqueous solution is attributable to aqua ions, RYX(H,0)",
and hydrolysis to R, YX(OH). Diorganyltellurium dihalides (66; Y = Te) are reasonably
stable, crystalline compounds possessing, according to X-ray analysis, the geometry of
trigonal bipyramids (68); they are frequently used as intermediates in preparing pure
tellurides. Fluorides (66 ; X = F) have been prepared by metathesis with Ag,F or Na,F and
by direct fluorination at low temperature®®. On fluorination, Ph,S forms Ph,SF,;
analogous Se and Te compounds have not been encountered.

C. Trihalides

The organyl chalcogen trihalides 67 constitute a large and well-studied class of
compounds. They may be prepared by halogenation of diselenides or ditellurides; in the
aromatic series by electrophilic substitution in activated nuclei by means of selenium and
tellurium tetrachloride. The stability of type 67 compounds is fair to good, highest in the
Te series in keeping with the tendency of Te to attain tetravalency. The trihalides (67) are
widely used in the synthesis of other types of products; thus, 67 (X = S, Se) on hydrolysis
affords sulphinic or seleninic acids, whereas the Te analogue (67; X = Te) gives a formal
tellurinyl chloride, RTe(O)CL. which, however, behaves more like an inorganic oxide
chloride. The structure of PhTeCl, is polymeric with bridging Cl atoms so that each Te
atom is surrounded by four Cl atoms®®. On the other hand, 8-ethoxy-4-
cyclooctenyltellurium trichloride has been established as monomeric®®, undoubtedly
because the bulky organic radical shields the TeCl, group.
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Once again, the halogen compounds of S and Se display obvious similarities in their
properties and reactivities whereas the more ‘metallic’ character of Te is reflected in a
somewhat deviating behaviour of its organic derivatives.

Xl. CHALCOGEN DERIVATIVES OF GROUP V ELEMENTS

A. Nitrogen Compounds

The sulphenamides (69; Y =S) constitute a large and well-examined class of com-
pounds, whereas only a limited number of selenenyl amides (selenenamides) (69; Y = Se),
or other compounds with a Se—N bond, have been prepared thus far, mostly by reaction
of selenenyl halides or alkoxides (selenenic esters) with ammonia or amines. They seem to
be less stable than the sulphenamides, a conclusion which may well require revision,
however, when additional members of the class become known.

RYNH, RN =Se=NR R,PY
(69)° (70) (M)

Trifluromethylselenyl bromide reacts with ammonia to form CF;SeNH,, (CF,Se),NH
and (CF,Se);N®’, all distillable liquids resembling ordinary amines in their reactions.
Thus, CF,SeNH,, on reaction with an isocyanate, yields a CF;Se-substituted urea.

Tellurenamides (69; Y = Te) have apparently not yet been reported.

The selenenyl amides react with nucleophiles in the same way as selenenyl halides. Thus,
N-phenylselenenylphthalimide, prepared from potassium phthalimide and phenylsele-
nenyl chloride®8-89, is a useful substitute for selenenyl halides in a great variety of reactions
(cf. the reactions of similar N-sulphenylphthalimides®°).

Other chalcogen—-nitrogen compounds are known, such as N-4-methylbenzenesulpho-
nylated selenimides and tellurimides, 24 and 25, both stable compound types which have
recently been subjected to spectroscopy and X-ray diffraction studies?!-?2. The known
selenoximides (26) are stable analogues of the extensively studied sulphoximides®?.

The easily prepared selenium diimides (70; R =¢-Bu, 4-MeC4H,SO;) have been
utilized as efficient reagents for allylic amination of alkenes®*.

B. Phosphorus and Arsenic Compounds

Tertiary phosphines react with elemental S or Se to form phosphine sulphides (71;
Y =S) and phosphine selenides (71; Y = Se). Tertiary arsines and stibines form similar
compounds. More recently, elemental Te has been found to react similarly to give
phosphine tellurides (71; Y = Te)°>.

Diphosphanes react with ditellurides to yield telluradiphosphanes, R,PTePR,, by
insertion of Te abstracted from the ditelluride*'. The analogous reaction in the Se series
takes a different course, giving a substituted 3-membered ring compound, derived from
selenadiphosphirane®®.

Phosphorus trichloride and arsenic trichloride react with (CF;Se),Hg to form the
substituted phosphines and arsines, (CF,Se),P and (CF,Se);As®”.

Numerous derivatives of Se isologues of phosphorus acids are known®’, whereas very
few analogous Te compounds have been investigated, probably because of their extreme
sensitivity to air. Several decades ago, an alkaline solution of a dialkyl phosphite was
shown to react smoothly with S, Se or Te to form a chalcogenophosphate (phosphorochal-
cogenate)®®. The Te compound (EtO),P(O)TeNa has recently been utilized as an efficient
reagent for the deoxygenation of epoxides®®.
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XIt. HETEROCYCLIC COMPOUNDS

Thiophene (72) represents the classical sulphur analogue of benzene. By the same token,
selenophene (73) and tellurophene (74) assume similar key compound roles in the
heterocyclic chalcogen chemistry.

D0 <Ly

(T2 Y = S
(73) Y = Se (78) (76) an
(74) Y = Te

Derivatives of selenophene have been known for about 100 years whereas the parent
compound (73) was only synthesized, from acetylene and Se, in 1927. Detailed studies of its
properties and chemistry have all confirmed its striking similarity to thiophene (72)!°°.

Tellurophenes are less well explored, and tellurophene (74) itself remained unknown
until 1972 when its rather straightforward synthesis disproved the suspected instability of
74. In fact, its properties are surprisingly similar to those of 72 and 73 with the notable
exception that 74, contrary to 72 and 73, produces a stable 1,1-dichloro compound, (75),
on reaction with Cl,. Otherwise, the similarity persists into numerous other Te-containing
heterocyclic systems!°?,

Much interest has recently been accorded to heterocyclic Se compounds, analogous to
the S-containing 1,2-dithioles and 1,3-dithioles, as well as the derived systems, tri-
thiapentalene and tetrathiafulvalene, in connection with the studies of organic com-
pounds with metallic conductivity, Thus tetramethyl tetraselenafulvalene (TMTSF) (76)
forms a charge-transfer complex with 2, 5-dimethyl-7,7,8,8-tetracyano-p-quinodimethane
(77) possessing a conductivity that surpasses that of a closely related sulphur-analogue by
a factor of ten' °2. More recently, several salts of the type TMTSF,X, where X represents
various inorganic anions, have been found to exhibit superconductivity!°3. Only recently
has the synthesis of an analogous Te compound been reported! 4.

Saturated Te heterocycles such as 1,4-oxatellurane, 1,4-selenatellurane, tellurolane and
others, seem to be very similar to their Se analogues. Many Se-containing nitrogen
heterocycles are known, e.g. selenazoles, selenadiazoles, and condensed ring systems
derived from these. Surprisingly, analogous Te compounds are rare. Benzo[d]-1,2-
tellurazole exhibits abnormal physical properties, attributed to very short intermolecular
Te—N bonds'®3. To what extent the shortage of such compounds is caused by their
properties or rather by the lack of appropriate synthetic methods remains to be
established.
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1. INTRODUCTION

Even before Mendeleev introduced the concept of periodicity of the chemical elements,
certain atoms and their compounds were studied in refation to one another. One of these
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TABLE 1. A comparison of experimental first ionization potentials
(eV) of Group VI elements and their dihydrides

Species X=0 S Se Te
X! 13.614 10.357 9.750 9.01
H, X7 12.61 1047 9.881 9.138

families of elements was O, S and Se, which is now augmented by the inclusion of Te. It is
now well known that the basis for the chemical similarities of a family is electronic, that is,
the valence electron shells of these elements (O to Te) are all of ns?np* configuration, where
n is the principal quantum number. Therefore the four atoms O to Te all have *P atomic
ground electronic states. The trends one finds for the physical and chemical properties of
these elements and their compounds truly justify the original notion that they indeed
represent a family and therefore may be studied comparatively. For example, the first
ionization potentials (I1P) of the atoms (X),

X(ns?np*)— X*(ns®np?) + e~
and the first IP of their dihydrides,
H,X - H,X* +e"

which is normally associated with the removal of an electron from one of the higher
occupied orbitals (lone pair), underline the above notion as seen from Table 1.
However, as well as similarities, the differences that exist between these elements also
need to be examined. Considering the theoretical aspects only, a number of theoretical
computable components of the total electronic energies of these elements can be
compared, such as the Hartree—Fock energy (Ey), the correlation energy (E,,,) and the
relativistic energies (E, ;). Two points should be made concerning the energy values quoted
in Table 2. Firstly, the energies are quoted in Hartree atomic units (I hartree =
2625.5kJmol ™! = 627.51 kcalmol ™! = 27.232eV particle™!). Secondly, it should be
noted that E_,, and E_ are increasing rapidly as one goes from O to Te. The consequence
or implication of this is that experimental quantities such as IP are insignificant with
respect to E. and E_,,. The ionization potentials of H,Se and H, Te for example, are 0.36
and 0.34 hartree, respectively, which compared to their respective relativistic energies of
—26.92and — 165.63 hartree® are certainly insignificant. However, it should be noted that
the relativistic effects will be much more important for the core electrons than for the
valence electrons and therefore, the relativistic contribution to the first I P is not expected
to increase significantly from O to Te. Consequently, certain atomic and molecular

TABLE 2. Total experimental electronic energies of Group VI ele-
ments and their theoretical computable components®*®

Energy (hartree)

Component O S Se Te
Eur —~ 748095 —397.5050 -—2399.8669 —6611.785

cor — 02575 —0.6400 — —
—0.0490 —1.0335 —269247 —165.6293

rel

- 75.1160  —399.1785 — —

total
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quantities cannot be determined theoretically to any desired level of accuracy with the
theoretical methods available at the present time. However, it should be pointed out that
for certain non-energy-related properties the correlation and relativistic contributions are
very small and that for certain energy related properties (A Es), the correlation (AE_,) and
relativistic (AE,,,) contributions effectively cancel, that is, AE_,, ~0 and AE,, =0.

cor

Il. THEORETICAL BACKGROUND

In any exact science, experiment and theory play an equally important, but com-
plementary, role. This dynamic interaction is illustrated in Figure 1. From this point of
view it is necessary to briefly elaborate on some of the important aspects of theoretical
chemistry and its application to the Group VI elements, in particular to Se and Te, as well
as to their chemistry. In considering the theoretical background necessary for such
applications, we shall focus our attention on two factors, namely the atomic orbitals (basis
sets) used in the theory and the theoretical method or level of sophistication adopted for
the computations. The interdependence of these two components is illustrated in Figure 2.
Therefore, two sections covering these methodological aspects will be given followed by a
separate section concerning the applications of these methods to the study of organic
compounds containing Se and Te.

Chemical problem

4 i

Experiment |=-—-——c—————mm e - Theory
Y Y
Spectroscopic observations: Semiempirical MO, CNDO,
uv, IR, ESR, Raman, MINDO, efc.
NMR, etc.
Mechanistic observations: | | mstrument | Ab nitio MO, HF, VB,
kinetics, etc CI, etc.

Y

Observables

FIGURE 1. An illustration of the dynamic interaction between experiment and theory
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Chemical
problem

AO basis set - Ab initio method

A

Density
matrix

[

Observables
PA

Energies < P
~AE

Geometries

Dipoie moments
Quadrupote moments
Charges, efc.

FIGURE 2. An illustration of the factors to be considered for the application of
theoretical methods, namely the basis set or atomic orbital (AO) and the ab initio
method or level of sophistication (e.g. SCF, MC-SCF, CI)

A. Atomic Orbital Basis Sets

In molecular orbital theory!'®, molecular orbitals (MO), ¢, are expressed as a linear
combination of a set of functions, 5, or atomic orbitals (LCAQ),

¢ i= Ztcij'h
Therefore a fundamental question involved in these types of calculations is choosing the
type of functions for #. Two types of functions are widely used, depending on the size of the
system: firstly, the exponential-type functions (ETF), frequently called Slater-type orbitals
(STO) and which are closely related to the hydrogen orbitals,

STO: n(§) = Nor"~ Ve~ %S, (6, ¢)
and secondly the Gaussian-type orbitals (GTO or GTF),
GTO: ?1(1) - Narz(n—l)e—arzsl,m(o’ ¢)

where only the lowest angular functions are usually used, that is, 1s, 2p, 3d, 4f,... and no
2s,3s,... or 3p,4p,... are used explicitly.

Although nowadays the GTO are more popular for molecular computations, due to the
tremendous simplification in the integral evaluations, we cannot, however, ignore Slater-
type orbitals altogether for two important reasons. One of the reasons is the conceptual
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ease in analysing results in terms of STOs, in particular for minimal basis set size (see
below). The second reason is due to the fact that in some cases, a linear combination of
GTO (contraction) is tailored to fit the shape of STOs (STO-NG basis sets).

In general basis sets can be characterized within one of the categories of these three
groups: (i) minimal, double-zeta, triple-zeta,...basis sets, (ii) split valence (which are
minimal in core and can be double-zeta, or triple-zeta...in valence) or (iii} general
contracted basis sets which do not clearly fall into any of the (i) or (ii) schemes. These are
specified in the following way:

Minimal basis

H Is

C,N,O,F 1s2s2p
Si,P,S,Cl Is...3s3p
Ge,As,Se,Br  1s...3d4s4p
Sn,Sb, Te,I Is...4dSsSp

Double-zeta basis

H Isls’

CN,O,F 1s1s'2s2s"2p2p’
Si,P,S,Cl Isls’...3p3p’
Ge,As,Se,Br  1sls’...3d3d'4sds'4pdp’
Sn,Sb, Te,I Isls’...4d4d’5s5s'Sp5p’

Split Valence (double-zeta in valence)

H Isls’
CN,O,F 1s2s2s"2p2p’
Si,P,S,Cl 1s2s2p3s3s'3p3p’

Ge, As, Se, Br Is...3s3p3d4s4s'4p4p’
Sn, Sb, Te, I  1s...4s4p4d5s5s'5pSp’

where the notation 2p, 3p,...stand collectively for 2p,, 2p,, 2p, and 3p,, 3p,, 3p, ...and
3d...stand collectively, in the case of GTOs, for 3d,,, 3d,, 3d,_, 3d,, 3d,,, 3d,,....

Among these basis sets just described, certain basis set exponents are optimized with the
constraint that the 2s exponent is equal to the 2p exponent (2s = 2p), and similarly for 3s,
3pand 3d exponents (3s = 3p = 3d) and so0 on. In these cases the functions are refered to as
2sp and 3spd, respectively.

Finding a set of suitable orbital exponents via careful optimization methods is an
elaborate, but now routine, process. In the early days of quantum chemistry, in the absence
of such sophisticated methods, theoreticians relied on simple rules to obtain acceptable
orbital exponents for an AO basis set. The rules are commonly known as Slater’s Rules!!,
and were originally proposed by Slater and subsequently have been elaborated on by
others!213, Several basis sets, many more for the lighter elements and fewer for the heavier
elements, exist for most of the elements of the periodic table!4. Table 3 summarizes the
available STO basis sets (single-zeta and double-zeta) for Se and Te. Whenever possible,
the compatible O and S basis sets were included. Table 4 gives the corresponding total
energies computed at the RHF level. The Hartree—Fock Limit (HFL) of the atoms are also
included for the sake of comparison®,

In the case of GTO-type basis sets, which have been tabulated elsewhere!?, it must be
recognized that there are a great many GTO basis sets for 029731, a relatively large
number for §2+:31.41.42.:45.52=64 and only a few for Se®*~%? and Te’°"72. However, the
GTO basis sets which have been used in the present study for Se and Te are reproduced
here in Tables 5 and 6. These basis sets will be discussed further in the results section.
Descriptions and atomic energies for the basis sets of Tables 5 and 6, along with those of
other available Se and Te basis sets are given in Table 7.
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TABLE 3. STO basis sets for elements of Group V1

Orbital (e S Se Te
Single-zeta basis sets

Is 7.6579 15.5253 33.2068

2s 2.2458 5.2721 12.3157

3s 1.5309* 4.7764°

4s 1.4041°

Ss

2p 2.2266 5.9719 14.8916

3p 1.2655° 4.4567°

4p 1.1248°

3d 6.1697

Ref. 12 15 15

Is 7.6579 15.5409 33.2622

2s 2.2458 5.3144 12.4442

3s 2.1223 6.4678

4s 2.4394

2p 2.2266 5.9885 15.0326

3p 1.8273 6.2350

4p 2.0718

3d 6.1590

Ref. 12 12 12

Is 33.255

2s 12.448

3s 6.466

4s 2.569°

4s 2.589¢

2p 15.033

3p 6.235

4p 2.280°

4p 2.221¢

3d 6.159

Ref. 16

Double-zeta basis sets

Is 9.46635 17.07720 35.03650 53.41410
Is’ 6.83768 12.69440 24.36140 36.66320
2s 2.68801 6.72875 16.58670 27.70620
2s' 1.67543 5.24284 13.73710 23.28810
3s 266221 7.95809 17.29340
3s 1.68771 5.66700 11.83340
4s 3.13870 6.98359
4s’ 1.88996 5.10844
Ss 3.14692
Ss’ 1.90779
2p 3.69445 9.51251 22.43360 33.70530
2p’ 1.65864 5.12050 13.83180 22.38020
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TABLE 3. (Contd.)

Orbital (o] S Se Te
3p 2.33793 727814 12.65670
3p’ 1.33331 4.68101 11.13750
4p 2.71504 6.95455
4p’ 1.51140 4.73195
5p 2.73670
5p’ 1.56177
3d 9.29756 18.76030
3d’ 453759 10.90960
ad 6.33002
ad’ 3.68881
Ref. 19 19 19 19

Is 10.1085 17.6913 35.0365

Is’ 7.0623 13.7174 243614

2s 26216 5.7486 16.5867

2’ 1.6271 3.0757 13.7371

3s 3.1596 7.95809

3’ 1.8151 5.66700

4s 3.188

4s’ 1918

2p 3.6813 8.9026 224336

2p’ 1.6537 49073 13.8318

3p 2.3336 727814

3p’ 1.3217 468101

4p 2.699

4p’ 1.503

3d 12.018

ad’ 6.611

ad 3.658

4d’ 2.440°

Ref. 17 17 16

Is 9.55070 17.0249

Is’ 6.87575 12.6622

2s 2.67094 6.28905

2’ 1.66028 4.88212

3s 2.74325

3s' 1.71063

2p 3.68560 9.50066

2p’ 1.65546 5.11766

3p 2.33450

3p’ 1.33110

Ref. 18 18

*These are for 2s-type STOs
These are for 2p-type STOs.

°Optimized for the C,, structure of SeH; .
Optimized for the Dy, structure of SeH;.
°Inner core from Ref. 19,

27
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TABLE 4. Total energies for the STO basis sets of Table 3

Basis (0] S Se Te
Single-zeta -~ 74.5404 —396.6411 —2392.4892 —
— 74.5404 —396.6276 —2392.7274 —
Double-zeta — 74,8043 —397.5023 —2399.756 —6611.762
- 74.8042 —~397.4990 — —
— 74.8043 —397.5023 — —
HF8 — 74.8095 — 397.5049 —2399.867 —6611.785
TABLE 5. GTO basis sets for Se and Te
Contraction coefficients
Function Exponents s-coefl. p-coeff. d-coefl.
Extended [5s4p2d]®’
S1 1.10166( + 5)° 1.66( — 3)
1.6454( + 4) 1.280( - 2)
3.7725(+ 3) 6.176( — 2)
1.0960( + 3) 20702(-1)
3.69448( + 2) 4.2560( - 1)
1.35783(+2) 3.9446( - 1)
S2 3.447(+1) 4.0930(-1)
1.51604( + 1) 6.7456(— 1)
S3 4.40667 4.8930(-1)
1.92114 7.5122(-1)
S4 3.8505(—1) 1.0
S5 1L.5(=-1) 1.0
PI 7.872(+2) 2310(-2)
1.86702( + 2) 1.5197(- 1)
5.93369(+ 1) 44110(-1)
2.13502(+ 1) 4.8726(— 1)
P2 6.61516 4.5975(-1)
2.31882 6.5091(— 1)
P3 3.86413(—1) 1.0
P4 1.2(~-1) 1.0
Dl 4.9208(+1) 7.258(-2)
1.37737(+ 1) 3.1279(-1)
445 5.2895(—1)
1.4 3.6502( — 1)
D2 33(-1 1.0
Minimal [4s3p1d]%¢
S1 5.7153831(+3) 6.291(—2)
8.6651303(+ 2) 3.7333(=-1)
1.9030059( + 2) 6.8429( - 1)
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Contraction coefficients

Function Exponents s-coeff. p-coeff. d-coefl.
S2 2.5523194( +2) —1.0632( - 1)
2411743(+ 1) 7.1498(— 1)
9.81016 3.5219(~- 1)
S3 2.057072(+ 1) —2.3096( — 1)
3.26003 7.6658( — 1)
1.34144 3.6426( — 1)
S4 1.99401 —2.1281(—1)
34561(-1) 6.5746( - 1)
1.3017( - 1) 4.7783(-1)
P1 3.3471076( + 2) 9.028( - 2)
7.757597(+ 1) 44372(—1)
2.261235(+ 1) 6.184(— 1)
P2 5.864604( + 1) —2.808(—2)
6.58902 4693(—1)
2.20366 6.1892(— 1)
P3 4.50393 —4.306(—2)
4.1935(—1) 5.1696(— 1)
1.2751(~ 1) 58734(—1)
D1 3.033647(+ 1) 1.5381(-1)
7.90696 5.1289(—1)
2.12105 5.7605( = 1)
Minimal STO-3G fits
15?7 2.22766 1.54329( - 1)
405771(-1) 5.35328(—1)
1.09818(— 1) 4.44635(— 1)
2sp?7 9.94203(— 1) —9.99672( - 2) 1.55916(— 1)
2.31031(— 1) 3.99513(— 1) 6.07684( — 1)
7.51386( —2) 7.00115(-1) 391957(—1)
3spd®® 4.55950( ~ 1) —227764( - 1) 495151(—3) 2.19768(— 1)
1.39079( — 1) 2.17544( - 1) 5.77766(— 1) 6.55547( -1
5.36612(—2) 9.16677( - 1) 4.84646(— 1) 2.86573(-1)
45p%® 2.46458(— 1) —3.08844(— 1) - 1.21547(-1)
9.09586( — 2) 1.96064( — 2) 5.71523(—-1)
4.01683(—2) 1.13103 5.49895(~ 1)
4spd”! 2.33486(— 1) —3.30610(—1) —1.28393(-1) 1.25066( — 1)
9.09182(—2) 5.76110(—2) 5.85205(—1) 6.68679( — 1)
4.00224( - 2) 1.11558 5.43944(— 1) 3.05247(—1)
5sp’! 1.34901(— 1) —3.84264( - 1) —348169(— 1)
7.26361(—2) —1.97257(=-1) 6.29032( - 1)
3.20846( — 2) 1.37550 6.66283(— 1)

“This paper contained a printing error: the basis set is listed as [Ssd4p2d], but the table showed only 4s, the
contraction was therefore assumed to be (6,2,2,1,1/4,2,1,1/4,1) instead of the (6,4,1,1/4,2,1,1/4,1).
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TABLE 6. Exponents (scale factors) for the Se and
Te STO-3G fits of Table 587!

Exponents®
Orbital Se Te
Is 33.37 51.07
2sp 14.40 22.71
3spd 6.22 12.03
4sp 222 —
4spd — 5.36
Ssp — 228

"The valence exponents are averages of exponents optimized
on a small number of molecules. The atom values are Se:
4sp = 2.19 and Te: 5sp=2.25.

TABLE 7. Total energies for the Se and Te GTO basis sets

(s/p/d) [s/p/d] Contraction scheme Energy (Ref.)
Se

(14/11/5) — — — 2399.786915(61)*
(14/11/5) — — —2399.7717(62)*
(13/9/5) — — —2399.703348(61)*
(12/8/5) [5/4/2] (62211/4211/41) —2395.9455(63)"
(12/9/3) {4/3/1] (3333/333/3) — 2390.0932(65)°
(12/9/3) [(4/3/11 (3333/333/3) —2373.52734(64)¢
Te

(18/14/8) [16/12/8] (B111.../3111.../111..) — 6611.6648(66)
(15/12/3) [5/4/2] (33333/3333/33) — 6547.12236(67)°
(15/11/6) [10/8/4] S2111.../4111.../3111..) - 6611.0593(68)*¢

*Energy for uncontracted basis set.

®First basis set in Table 5.

°Second basis set in Table 5.

9STO-3G basis set, see Tables 5 and 6.

*Other contraction schemes were also considered in Ref. 72.

Although no comparative studies are available on the quality of these Se and Te basis
sets (Tables 5-7), earlier studies do exist*7-#8:62:73~73 op the quality of basis sets for first-
row*748.73 and second-row®2: 7475 elements. These studies reveal that care must be taken
in choosing a basis set, since poorly balanced basis sets can give drastically different results
even when compared with basis sets of similar sizes.

E. Ab Initio Computational Methods

All theories of molecular quantum chemistry aim to obtain a solution for the
Schrédinger equation, HY = E, of the molecule in question. There are two broad
categories, the semiempirical and non-empirical or ab initio methods. The semiempirical
methods neglect a great many details of the calculations, but try to compensate for this
with the use of experimental parameters. In contrast to these, the ab initio methods carry
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out all computations rigorously, without any mathematical neglect. However, even in ab
initio methods, the explicit form of the wave function ¥ has to be assumed initially!°. The
simplest rigorous wave function that can be used in an ab initio calculation is a single Slater
determinant (an antisymmetrized spin-orbital product), which will lead to the com-
putation, in a limiting sense, of an energy value normally referred to as the Hartree—Fock
Limit (HFL). However, the more general the wave function used in the computation, the
more accurate is the resulting energy (E) along with the computed molecular properties
which are also expected to improve, but not necessarily monotonically.

The most general wave function that can be used is a linear combination of a very large
number of Slater determinants, where the use of such a wave function will lead, in the
limiting sense, to an energy value that is normally referred to as the Non-Relativistic Limit
(NRL). Traditionally, the molecular Hamiltonian is formulated within the non-relativistic
quantum theory. This means that even the most general wave function can only lead to the
non-relativistic energy limit. In order to be able to compute the total energy of the atomic

(0] o 4}
e 4r Y
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NRL |-
Y ot
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FIGURE 3. The theoretical components of the total experimental
energy; Eyp at the Hartree-Fock Limit (HFL), Ey e + E.,, at the
Non-Relativistic Limit (NRL) and E,,, = Eyp + Eco; + Ers
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or molecular system a relativistic Hamiltonian is necessary, so that the relativistic
correction can be included in the total non-relativistic energy (Figure 3).

For relatively large chemical systems, and that could mean a medium-size organic
molecule containing only H, C, N and O or systems containing one heavy atom with an
appropriate number of small ligands (e.g. CH;), one may hope to use the non-relativistic
Hamiltonian with only the simplest possible rigorous wave function. These single
determinantal or SCF calculations always yield energies that are above the HFL,
sometimes by a substantial amount. Consequently, all the results that are summarized in
the next chapter are of this latter level of sophistication. It is perhaps not unreasonable to
assume that in the forseeable future, more sophisticated calculations will be performed on
organic compounds containing Se and Te. These more sophisticated calculations could
include methods such as: Multi Configuration-Self Consistent Field (MC-SCF).theory,
Generalized Valence Bond (GVB) theory, Configuration Interaction (CI) theory and the
like for which programs exist’®.

In addition to the computation of the total energy with the previous explicitly assumed
form of the wave function, that traditionally underline the overall theoretical problem, we
also need nowadays the gradients of the energy or forces’” (i.e. the first partial derivatives
of the energy with respect to the geometrical parameters, q;). For a molecule with N atoms,
the energy will be multidimensional function of 3N — 6 independent internal coordinates:

E= (qhqla 43y q3N-6)
with 3N — 6 partial derivatives:
0E/0q = (0E/0q,, OE/0q,,..., OE/0qsy_¢)

These gradients are necessary for the efficient search for geometries of stable molecular
structures and for transition states, both of which correspond to critical points on the
energy hypersurface, where the gradient of E with respect to each and every internal
coordinate is zero:

(aE/aqu aE/a‘h, .oy aE‘/aqSN--6) = (Oa 07- XX} 0)

Stable molecules (minima) and transition states (first-order saddle-points) are distin-
guished by their Hessian matrix A:

[9E/0q? 0Ef0q,0q, ... 0%E/0g,9qx o]

6ZE/6q26q1 32E/5q§ 62E/6q26q3N_6
H=

_(725/6q3~_66q1 . ... 0®E/0qiy_e ]

For example, for a minimum, all the eigenvalues of H are positive (Oth order) and for a first-
order saddle-point, one eigenvalue is negative. Other critical points are also possible, but
these are the two types of critical points which are chemically significant. Examples of three
efficient gradient optimization methods’®-8° used by the authors are, two variable-
metric methods, one developed by Broyden, Fletcher, Goldfarb and Shanno (BFGS)'®
and the other is the Optimally Conditioned method of Davidon (OC)?°. The third method
is a minimization of sum of squares (gradients) technique®® referred to as VAOSAD. The
gradient method of optimization has not been used in the results we found in the literature
on organic compounds containing Se and Te. However, we do include some of our own
calculations in which the OC’° gradient method of geometry optimization has been used
for a selected few compounds.
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Il. RESULTS

Relatively few organic molecules containing Se or Te have been investigated until now.
Even those that have been reported in the literature were studied with basis sets of different
quality which would not lend themselves to easy comparison. Furthermore, the majority
of the studies involved fixed geometries. Results for compounds of Se and Te that have
been studied using ab initio methods and GTO-type basis sets are summarized in Table 8.
We have recently undertaken the computation of a number of organic compounds
containing Se®3. These provide some energy differences as well as molecular properties
other than energies. The basis sets used in these calculations are of two types: minimal and
‘split valence’. Two minimal basis sets were used; an STO-3G?7:49-68.71 basis set which is

TABLE 8. Previous calculations on organic Se and Te compounds

Energy
Species/Geometry® (hartree) Basis set Ref.
H,Se (Cy,)
H—Se 1454 (1258p5d) — [Ss4p2d] 67
HSeH 93.8 (LWD)
H—Se 1.52 Pseudopotential 81
HSeH 92.0 calculations .
H—Se 1.42 —2097.403 FSGO 82
HSeH 929
H—Se 1439  —2374.69243 STO-3G 68
HSeH 924
CH,SeH (C)
C—Se 1931  —2413.27744 STO-3G 68
C—H 1.085
H—Se 1.441
CSeH 94.9
HCH 109.0°
Se=C=0 (C,,,)
Se—C 1.662  —2484.79450 STO-3G 68
C—0 1.168
H,;Te (Cy,)
H—Te 1.624  —6548.26782 STO-3G 71
HTeH 924
Te=C=§(C,)
Te—C 1.859  —6977.67673 STO-3G 71
C—S 1.517
TeBr,(C,,)
Te—Br 2.512 —11636.51567 STO-3G 71
BrTeBr 98.0

*Bond lengths in A, bond angles in deg.
®Average value.
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FIGURE 4. The structures which have been studied; X =0, S,
Se or Te

available for O, S, Se and Te, and MINI-14751.69 which is available only for O, S and Se.
The ‘split valence’ basis set used for Se is due to Lehn, Wip{f and Demuynck (LWD)%7 and
a 3-21G*#49:92 hasis set of similar size was used for O and S. The corresponding STO-3G,
MINI-1 or 3-21G C and H basis sets were used for the calculations. Therefore the three
basis sets which will be referred to here are STO-3G, MINI-1 and 3-21G/LWD basis sets.
The total molecular energies for the compounds that have been studied (Figure 4) with the
STO-3G, MINI-1 and 3-21G/LWD basis sets are summarized in Tables 9, 10 and 11,
respectively. The corresponding geometries for these three basis sets are given in Tables
12, 13 and 14, respectively. Some of the energies given in Tables 9, 10 and 11 (due to the
similarities of the basis sets used) can be taken as components in calculating energy
differences. The most obvious energy difference is that associated with the protonation
and deprotonation process. These differences are in fact the measure of gas-phase basicity
and acidity, respectively. One may construct isodesmic (same number of bonds) reactions
and with the aid of the total energies summarized in Tables 9, 10 and 11 and of the
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TABLE9. Total STO-3G energies (hartree) of organic Se compounds and
their O and S analogues

Molecule X=0 S Se
1 — 74.065017 —393.505782 —2373.971037
2 — 74965901 — 394311630 —2374.692428
3a — 75.330440 —394.666717 —2375.027599
3b — 75.328392 — 394610381 — 2374976386
4 — 112.706365 —432.105884 —2412.558568
S5a — 113.549190 —432.896073 —2413.277422
5b — 113.545983 —432.893752 —2413.275780
6a —113.929589 —433.272428 —2413.635563
6b —113.927448 —433.270066 —2413.633824
6¢c — 113926562 —433.220118 —2413.587693
7 —112.354347 —431.671367 —2412.053568
8 — 149.726105 —469.047854 —2449.431475
9a —152.133873 —471.482795 —2451.863997
9b —152.125018 — 471476644 —2451.859916
9c —152.129285 —471.479771 —2451.861986
10 — 150928501 —470.276760 —2450.659590
11 — 225.751253 — 545.092313 —2525.464839

other molecules involved, calculate the energies of the reactions. The energies of
isodesmic reactions may in fact be used as measure of relative stabilities of analogous
compounds containing O, S, Se and Te. An example is the energy of hydrogenation, in
which the O, S and Se compounds are hydrogenated to methane and their corresponding
dihydrides (H,X).

With the aid of Koopman’s theorem®* we can also estimate the ionization potentials
(IP) of the closed-shell molecules shown in Figure 4, where the various IPs are associated
with the removal of an electron from one of the high-lying occupied molecular orbitals and
the I Pis taken as being equal to the negative of the orbital energy. This model has basically
two defects in that it does not allow for relaxation of the remaining electrons and does not
incorporate correlation effects.

Finally, from these energies conformational and isomeric stabilities of a given
compound may be obtained by taking energy differences of different conformations and
isomers, respectively. Table 15-19 summarize these four properties based on energy
differences for the compounds containing O, S and Se.

Other than the energy-related properties just described, non-energy-related properties
can also be calculated; these include geometries and one-electron properties, which are
simple expectation values of various one-electron operators. These properties are also of
interest and help in making chemical conclusions. One of the key questions is the
polarization of the charge distribution that a molecule may have. The most popular way to
look at charge distribution is by using Mulliken Population Analysis®®. However, care
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TABLE 15. Proton affinities (kJmol ™' x 10~?) of organic Se compounds and their O and S
analogues calculated with the results given in Tables 8, 9 and 10

X=0 X=S8 X =8¢
Molecule A® B* (5 A B C A B C
1 237 20.9 18.8 21.2 155 14.6 18.9 149 14.8
2 9.57 791° 8.01° 932 5.82 6.50 8.80 5.87 7.29
4 22.1 19.3 17.7 20.7 15.5 149 18.9 150 15.1
Sa 9.99 8.32 8.58 9.88 6.61 7.26 9.40 6.62 797
Deviation® 3.1 1.0 — 45 0.7 -— 27 +0.7 —

*A = STO-3G, B = MINI-1, C= 3-21G/LWD.
®Calculated using structure 3b.
“Mean absolute deviation from the 3-21G/LWD basis set.

TABLE 16. Energies of hydrogenation (kJ mol 1) for a series of isodesmic reactions of organic Se
compounds and their O and S analogues

Energies of hydrogenation®

Reaction® X A B C
CH,XH + H,—CH, + H,X O —684  —120 —110
S —654 —85.1 —84.8
Se — 640 —78.7 —85.8
H,C=X+2H,-CH,+ H,X o =27 — 318 - 250
S — 347 —302 — 261
Se —343 —291 —299
CH,XCH, + 2H, —2CH, + H,X o -133 —235 212
S —125 —167 — 168
Se —124 —~ 155 -175
H,C=C=X+4H,->2CH, + H,X O 587 — 593 — 450
S — 650 — 588 — 503
Se —642 —-572 - 540
C,H X+ 3H,—2CH, + H,X O -—364 —475 — 447
S - 357 ~372 — 348
Se —352 —351 —
C,H X+ 7H,—4CH, + H,X o 787 - 816 —742
S — 799 — 802 — 1730
Se —820 — — 728
Mean absolute deviation (¢] +67.8 +57.7 —
S +622 +37.2 —
Se +62.2 + 16.8 —

"Energies (hartree) for H, and CH, are: — 1.117506 and — 39.726864 for STO-3G, — 1.122073 and — 39.928559 for
MINI-1 and - 1.122960 and — 39.976878 for 3-21G/LWD, respectively.
°A = STO-3G, B = MINI-1, C = 3-21G/LWD.
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TABLE 17. First ionization potentials (¢V) (Koopman’s theorem) for organic Se compounds and
their O and S analogues

X=0 X=S X=S8e .
Molecule A? B* c A B C A B C
1 — — — — — 1.76 — 0.31 1.74
2 10.68 12.64 1299 1.57 10.76  10.68 759  10.04 9.84
3a 24.65 — — 2037 2140 2097 1906 2050 2028
3b 2421 2536 2522 1788 1969 1920 1685 1839 17.85
4 — — 1.16 — 0.25 1.57 — 042 1.50
Sa 9.78 11.74 1182 7.08 10.07 9.91 7.07 942 9.17
5b 970 1166 11.74 7.06 10.05 9.88 7.05 9.40 9.16
6a 2082 2145 2134 1866  19.63 19.25 1766  18.91 18.73
6b 20.66 — — 1859 1957 19.18 176l 1886  18.68
6c 2040 2137 2132 1640 1804 1755 1553 1688 16.53
7 964 11.89 11.78 6.59 9.79 9.65 6.60 9.07 9.03
8 7.56  10.19 9.78 6.10 949 9.07 6.29 892 8.65
9a 924 1122 1115 6.70 9.53 9.30 6.64 891 7.41
9b 893 1094 1088 6.60 9.46 9.22 6.57 8.87 8.57
9¢ 907 11.06 1099 6.65 9.49 9.25 6.60 — 8.59
10 9.99 1210 1212 6.94 9.73 9.51 6.79 9.00 7.89
11 139 9.64 9.01 722 1007 9.30 7.14 — 8.98

*A = STO-3G, B = MINI-1, C=3-21G/LWD.

TABLE 18. Experimental ionization potentials (€V) and per-
centage errors of the calculated first ionization potentials

% Error?

Molecular X Exp.? A B C
2 o] 1261 —15 +02  +30
S 1047 28 +28 +20
Se 9881 —-23 +1.6 ~04
5a o} 10.85 -99 +82 +8.9
S 943 25 +6.8 +5.1
7 (0] 1088 —11 +93 +83
8 (0] 960 ~21 +6.1 +19
9a (0] 9.96 -72 +13 +12
S 8.7 -23 +95 +6.9
10 (0] 10.56 -05 +14 +14
11 Se 886> —19 — +14
Average ~-17 +47 +3.6

*A = STO-3G, B = MINI-I, C = 3-21G/LWD.
®Average of the two reported values in Refs. 86 and 87.
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TABLE 19. Conformational stabilities AE (kJ mol ™) for organic Se compounds and their O and §
analogues

X=0 X=8S X=Se
Conformers A* B* ct A B C A B C
3b—3a 5.38 — — 148 739 81.6 134 117 157
5b-5a 8.42 6.30 6.19 6.09 400 4.54 431 343 445
6b—6a 5.62 — 292 620 3.89 5.01 4.57 357 6.08
6c—6a 795 0.76 0.21 137 65.8 75.8 126 103 144
9b—9a 23.2 17.6 17.5 16.1 10.4 129 10.7 850 —1551°
9¢—-9a 12.0 9.38 11.0 794 503 — 5.28 — —1557°

*A = STO-3G, B=MINI-1, C=3-21G/LWD.
°This reflects the instability of 9a.

should be exercised in using this method as the results of Mulliken Population Analysis are
somewhat arbitrary and basis-set-dependent to a large degree. Thus only trends may have
any significance. A more rigorous measure of the charge distribution, although not so easy
to interpret, is the molecular dipole moment. The reason it is rigorous is due to the fact that
the dipole moment is a proper observable in the Dirac sense, implying that it is the
expectation value of a bonafide quantum-mechanical operator. The reason it is more
difficult to interpret a dipole moment is that it is a single vector that is the resultant of the
detailed charge distribution. The net charges calculated with the STO-3G, MINI-1 and 3-
21G basis sets are given in Tables 20, 21 and 22, respectively. The magnitude of the dipole
moments and related results are tabulated in Tables 23 and 24.

IV. DISCUSSION

As far as the applicability of the theory to organic compounds containing Se and Te is
concerned, two factors can be considered at this time. First, given the existing comparable
basis sets, it is possible to produce as many interesting chemical conclusions as the data
will permit. This approach is chemically the most pleasing but has the shortcoming that
the reliability of the chemical conclusions cannot be ascertained. Therefore, the second
factor addresses itself to this question of basis set reliability. Ultimately it would be
desirable to attach a yardstick to each basis set as far as its numerical reliability is
concerned in calculation of a given molecular property.

Each property calculated for the selected organoselenium compounds will be discussed
in the following sections with special attention being paid to the point concerning basis set
reliability.

A. Energy-related Properties

1. Proton affinities

Proton affinities (PA) have been calculated for HX~, H,X, CH,X~ and CH,XH for
X = 0O, Sand Se and are tabulated in Table 15. A plot of PA4 as a function of atomic number
is shown in Figure 5. The STO-3G basis set consistently gives results of PAs greater than
the MINI-1 and 3-21G basis set values. The MINI-1 basis set predicts PAs which are
generally in good agreement with the 3-21G results. Therefore the STO-3G gives the larger
mean absolute deviation from the 3-21G basis set, 3.1, 4.5 and 2.7 for O, S and Se
respectively, whereas the MINI-1 mean absolute deviations are 1.0,0.7 and 0.7 for O, S and
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TABLE 23. Dipole moments (D)* for organic Se compounds and their O and S analogues
calculated with the STO-3G, MINI-1 and 3-21G/LWD basis sets

X=0 X=S X =Se
Molecule A® B® C® A B C A B C
2 1.71 2.04 2.39 1.03 2.00 1.83 1.47 1.66 1.19
S5a 1.51 1.81 2.12 0.96 2.14 2.12 1.53 1.89 1.81
5b 1.58 1.87 223 1.04 2.20 2.19 1.60 1.94 1.86
7 1.54 2.06 2.66 0.82 249 242 1.69 227 2.13
8 0.84 1.48 1.82 0.30 247 246 1.44 2.28 1.97
9a 1.33 1.64 1.85 0.87 2,11 2.07 1.49 1.88 3.82
9% 1.43 1.70 1.97 1.05 220 221 1.64 1.98 2.04
9¢ 1.39 1.69 193 097 217 2.16 1.57 — 200
10 1.46 1.83 2.78 0.75 2.54 2.81 1.67 2.39 4.66
11 0.53 0.73 1.10 0.11 1.48 1.35 0.57 — 096

*1 Hartree/angstrom? = 2,5417655 D.
°A = STO-3G, B = MINI-1, C = 3-21G/LWD.

TABLE 24. Experimental dipole moments (D) and percentage errors of the calculated dipole
moments

% Error*®
Molecule X Exp. Ref. A B C
2 o 1.85 88 -76 +10 +29
S 0.97 88 +6.2 + 106 +89
Se 0.62 89 +137 + 168 +92
Sa (0] 1.70 88 —-11.2 +6.5 +25
S 1.52 88 -37 +41 +39
7 o 233 88 -34 -12 +14
8 o 1414 90 —41] +4.7 +29
9a o 1.30 91 +23 +26 +42
11 (0] 0.67 94a -21 +90 +64
S 0.55 94a —80 + 169 + 145
Se 0.398 94a +43 — + 141
MAD? o — — 0.31 0.17 045
S — — 0.35 0.86 0.75
Se — — 0.51 1.04 0.57

*A = STO-3G, B = MINI-I, C=3-21G/LWD.
®MAD = Mean absolute deviation.
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STO-3G values, x : MINI-1 values and A: 3-21G/LWD values

Se, respectively. Where the STO-3G basis set has the largest deviation for the S
compounds, the MINI-1 basis set has the largest deviation for the O compounds.

The trend on going from O to Se varies slightly with basis set. However, the overall trend
is that the P As decrease on going from O to Se compounds with PA(O) < PA(S) < PA(Se)
and the PAs of S and Se are similar. The 3-21G actually consistently predicts an increase in
PA on going from S to Se.

2. Energies of hydrogenation

Energies of hydrogenation for isodesmic reactions of the type in which the compounds
are hydrogenated to CH, and H,X have been calculated (Table 16). The energies of
hydrogenations have also been plotted against the atomic number in Figure 6. Mean
absolute deviations from the 3-21G energies of hydrogenation are given at the bottom of
Table 16 for the STO-3G and MINI-1 basis sets. The MINI-1 results are in better
agreement with the 3-21G results than are the STO-3G results. Both the STO-3G and
MINI-1 basis sets do progressively better overall in going from O compounds to Se
compounds. Generally the STO-3G basis set is known to do poorly at predicting energies
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of hydrogenation, giving a mean absolute deviation of 93kJmol~! for first-row
compounds*®. The 3-21G basis sets are known to be better at predicting energies of
hydrogenation, giving a mean absolute deviation of 41 kJmol~! for the same set of 18
comparisons*8. Therefore the results of Table 16 should in general be in similar agreement
with the experimental energies of hydrogenation.

3. lonization potentials

First ionization potentials (/ Ps) have been obtained using Koopman’s theorem for most
of the compounds and are tabulated in Table 17. These can be compared directly with the
available experimental values?6-87 Jonization potentials are available for the series of O,
S, Se and Te dihydrides (H,X), for which experimental values are given in Table 1. These
are also included in Table 18 along with other available experimental IPs and with
percentage errors of the IP predicted by each basis set. The 3-21G and MINI-{ basis sets
are both in excellent agreement with the experimental values, with the 3-21G basis set
giving slightly better results overall. The larger difference between STO-3G and the other
two basis sets is not that surprising. Both MINI-1 and the 3-21G basis set have been
carefully optimized. The 3-21G basis set was optimized for good valence-shell de-
scription*®:62, while the minimal MINI-1 basis set was optimized for good orbital
energies*”-%1-% thus explaining the excellent values predicted for the IPs. In general the
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FIGURE 7. First ionization potentials (¢V) as a function of atomic number; ® :
STO-3G values. x : MINI-1 values and A: 3-21 G/LWD values
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calculated values using the 3-21G and MINI-1 basis sets are larger than the experimental
values by about 4%, whereas the STO-3G results are lower by about 17%. A modified
STO-NG basis set®? gave a better IP for H,Se, 9.12 eV compared to 7.59eV with the
current standard STO-3G basis set. Normally good-quality orbital energies predict IPs
which are too high compared to the true values. A systematic study using the DZ basis set
gives values which are 8% too high®3.

The IPs for the lowest energy conformations of the neutral molecules are plotted as a
function of atomic number in Figure 7. The trends of the IPs from O to Se are generally
consistent for all three basis sets. However, three problems show up in Figure 7. The
change in I P in going from O to S for both the STO-3G and MINI-1 and from S to Se for
the 3-21G basis set do not follow the trends.

4. Relative stabilities of conformers

For structures 3, §, 6 and 9, a number of conformations were calculated. The relative
stabilities of these conformations are given in Table 19.

The first energy difference in Table 19 (3b—3a) represents the inversion barriers for the
protonated dihydrides. These inversion barriers are predicted to generally increase in
going from O to Se, indicating a preference for pyramidality in going from O to Se. Only
the STO-3G basis set predicts a non-planar C,, structure for H;O*, where the other two
basis sets predict only the planar D;, structures.

The stability of conformer Sb relative to 5a increases in going from O to Se at all three
basis set levels. This is expected since the H-H repulsion in 5b should decrease due to the
increase in C—X distance in going from O to Se.

The relative stabilities of 6a and 6b would also be expected to decrease in going from O to
Se due to the decreased repulsion between the hydrogen atoms on the C and X atoms.
However, the predicted trends are not consistent with this expectation. In the case of 6c—
6a, this is again a measure of the increased preference for pyramidality in going from O to
Se, whereas the stability of 6¢ increases with respect to 6a in going from O to Se.

For structure 9, the results indicated a general increase in stability of 9b and 9c relative
to 9a. However, the 3-21G basis set predicts 9b and 9¢ to be much more stable than 9a for
the Se compound, indicating that structure 9a for Se is probably not a minimum (perhaps a
saddle-point).

In general the results indicate the large changes in preferred conformation for the O, S
and Se compounds. The results are also very sensitive to the basis set.

B. Non-energy-related Properties

1. Charge distribution

Net charges calculated using Mulliken Population Analysis are tabulated in Tables 20,
21 and 22 for the STO-3G, MINI-1 and 3-21G/LWD basis sets, respectively. The dipole
moments are tabulated in Table 23. Net charges at O, S and Se are plotted as a function of
atomic number in Figure 8 and dipole moment are plotted as a function of atomic number
in Figure 9.

As can be seen from Figure 8, the net charge at S and Se is in general more positive than
at O and the net charge at Se is predicted to be in some cases more positive and in other
cases more negative'(in some cases substantially so) than at S (e.g. + 0.09 for S and — 0.24
for Se in structure 10).

For the dipole moments it is evident that the trends predicted by STO-3G and the other
two basis sets are different. The major difference appears to be for the sulphur compounds.
From some of the available experimental values the trend, as is expected, is that the
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FIGURE 8. Netcharges at X(X = O, S and Se) calculated from Mulliken Population
Analysis as a function of atomic number; ® : STO-3G values, x : MINI-1 values and
A: 3-21G/LWD values

magnitude of the dipole moment decreases from O to Se, eg, H,O (p=185),
H,S(x=0.97) and H,Se (u = 0.62) and similarly for CH,XH and C,H,X (Table 24). The
calculated trends as seen from Figure 9 do not follow the expected or experimentally
observed trends. The problems appear to be mainly in going from O to S for the MINI-1
and 3-21G basis sets and from S to Se for the STO-3G basis set. This may be due to the lack
of d-polarization functions on S. Table 24 contains the percentage errors for the three basis
sets compared to experimental values. Normally, predicted dipole moments are too large
except for STO-3G which frequently underestimates the magnitude*®-8, This is consistent
with the calculated errors in Table 24. The MINI-1 minimal basis set, unlike the STO-3G
basis set, gives values which are generally too large and are more similar to the 3-21G basis
set. Mean absolute deviations are also included in Table 24 for the O, S and Se
compounds. These indicate that the STO-3G results are better than the MINI-1 and 3-
21G results overall and that MINI-1 does poorly for the S and Se compounds.

2. Geometries

The gradient optimized geometries are given in Tables 12, 13 and 14 for the STO-3G,
MINI-1 and 3-21G/LWD basis sets, respectively. Some of the available experimental
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geometries®* are given in Table 25. The deviations from experiment of some of these
geometrical parameters and mean absolute deviations for bond lengths and bond angles
are given in Table 26. Overall, there is no clear preference. MINI-1 does poorly on bond
lengths for the S compounds but very well on the bond angles of compounds containing O,
The largest error being for the C—S bonds, which are predicted to be too long by about
1 A. Previous studies*® give a mean absolute deviation from experiment for AB bond
lengths of 0.028 A and 0.01 A (45 comparisons) and mean absolute deviations from
experiment for AH bond lengths of 0.035 A and 0016 A (6 comparisons) for the STO-3G
and 3-21G basis sets, respectively.

V. CONCLUSIONS

Ab initio MO computations on Se compounds are well within the realms of possibility, but
similar computations on Te compounds are more difficult to come by at this time.

The comparison of the available results tend to suggest that there is a general trend on
going through a series of analogous compounds containing O, S, Se and Te. The trends
indicate a gradual quantitative change rather than a quantum jump that could manifest
itself in qualitative differences as one compares S with Se or, in the few cases available, Se
with Te. The fundamental cause for the observed trends is most likely related to the change
in size of these elements. Since the trends in some cases are rather subitle, this increases the
difficulty of predicting these trends reliably at these low-level calculations.
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TABLE 25. Experimental geometries® of organic Se and Te compounds
and their O and S analogues®*

Molecule/
parameter X=0 S Se Te
2 H—X 0.959 1.336 1.460 1.653
HXH 103.9 92.1 o1 902
Sa C—H 1.093 1.091 — —
C—H’ 1.093 1.091 — —
CcC—X 1.421 1.819 — —
H—X 0.963 1.336 — —
XCH 129.8 — — —
XCH’ 107.0 — — —
CXH 108.0 96.5 — —
HCH 108.5 109.8 — —
7 C—H 1.101 1.093 — —
C—X 1.203 1.611 — —
XCH 127.0 126.2 — —
8 C-—H 1.071 — — —
CcC—C 1.329 — — —
CcC—X 1.150 — — —
CCH 118.35 — — —
9a C—H 1.096 1.091 1.096 —
C—H’ 1.096 1.091 1.088 —
C—X 1.410 1.802 1.945 —
CXC 1117 98.9 96.3 —
XCH — — 110.3 —
XCH’ — — 105.0 —
HCH 109.5 109.6 109.9 —
10 C—H 1.082 — — —
C-—-C 1.472 — — —
C—X 1.436 — — —
CCH — — — —
CCX — — — —
CXC 61.4 — — —
HCH 116.7 — — —
11 C—H 1.077 1.081 1.081 —
C—H’ 1.075 1.078 1.078 —
Cc—-C 1.431 1.423 1.423 —
Cc=C 1.361 1.370 1.370 —
C—X 1.362 1.714 1.863 —
CCH 127.94 124.27 122.54 —
XCH' 11592 119.85 124.39 —
C—C=C 106.06 112.45 114.92 —
C=C—X 110.68 112.47 111.22 —
CXC 106.55 92.17 87.72 —

*Bond lengths in A, bond angles in deg.



TABLE 26. Deviation from experiment of some calculated
geometrical parameters®

Molecule/
parameter X A B C

Bond lengths

2 H-X O +0030 +0.046 +0.008
S +0018 +0.076 + 0015
Se +0014 +0.059 - 0.004
Te —0029 — —

S5a H—X O +0028 +0.043 +0.003

S =0.005 +0.075 + 0016
Cc—X O +0012 +0.056 +0.019
S  —-0022 +0.103 + 0075
7 C—X O +00I14 +0.065 +0.004
S —-0037 + 0.086 +0.027
8§ C—-X O +0.033 +0.078 +0.012
92 C—X O  +0023 +0.065 +0.023
S —0.006 +0.115 +0.083
Se —0.017 +0.083 +0.103
10 C—X O -0.004 + 0.066 +0.034
11 C—X O +0014 +0.053 +0.018
S +0018 +0.136 +0.083
Se +0.001 — +0.013
MAD®* O 0.02 0.06 0.02
S 0.02 0.10 0.05
Se 0.01 0.07 0.04
Bond angles
2 HXH o -39 -05 +38
S +04 +2.5 +3.7
Se +1.5 +21 +1.6
Te +22 — -
Sa CXH 0O -41 -16 +24
S -11 +0.7 +14
9a CXC o -22 -1.0 +23
S -07 -0.1 +0.2
Se +0.5 +05 +36
10 CXC o +09 +0.2 —-1.2
11 CXC 0O -1 -05 +04
S -18 -32 -30
Se -1 — -09
MAD O 24 0.8 20
S 1.0 1.6 21
Se 1.1 1.3 20

*A = STO-3G, B=MINI-I, C = 3-21G/LWD.
®MAD = Mean absolute deviation.
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Of the three basis sets studied, the split valence 3-21G/LWD basis set is the most
reasonable basis set for studying Se compounds. The minimal MINI-1 basis set, however,
gives results which are comparable to the 3-21G/LWD basis set. For this reason, the other
MINI-N (N = 2-4) or MIDI-N (N = 1-4) basis sets®® are expected to give results which
are better than the basis sets compared in the present study. However, comparable studies
on Te compounds must wait for the development of such basis sets. At present the only
economical basis set available for Te is the STO-3G.
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I. INTRODUCTION

The structural chemistry of selenium and tellurium is somewhat in the shadow of the
structural chemistry of sulphur, With the development of the chemistry of these elements,
progress in their structural chemistry is inevitable. This progress is expected primarily in
experimental studies where their position in the periodic system is not a disadvantage,
whereas for theoretical calculations it may be.

The present review is concerned with the metrical aspects of the structural chemistry of
Se and Te. Although a comprehensive literature search preceded writing, completeness is
not aimed at, except perhaps for gas-phase studies which are not numerous anyway but
usually deal with the most fundamental molecules.
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64 Istvan Hargittai and Béla Rozsondai

The criterion for a structure to be included in this review is that at least one of the Se or
Te bonds is to carbon. As earlier periods have been at least partially covered in other works
(e.g. References 1 and 2) our attention has focused on the past decade.

A convenient guiding principle in systematizing the structure is the coordination
number of Se or Te. Further subdivision is applied only to the two-coordinated selenides
and tellurides.

Although gas-phase and crystal-phase structures are discussed together, the available
material does not as yet allow a meaningful discussion of gas/crystal structural differences.

Attempts have been made to systematize the collected structural information and to
search for regularities in the structural variations. Substituent effects and characteristic
differences as compared with sulphur have been looked for. For possible interpretation of
such observations only qualitative considerations have been employed. Electron-pair
repulsions and non-bonded interactions are useful in discussing sulphur stereochemistry?.
Of these two the relative importance of the non-bonded interactions diminishes for Se and
Te as compared with S due to the longer bonds of the former two elements.

Very little attention is devoted in our review to the consequences of molecular
vibrations and librations. The well-defined physical meaning of the parameters is
important especially in discussing subtle structural effects and those structural variations
which are on the borderline of the observed differences. Furthermore, in the case of large-
amplitude vibrations, the determined structures may differ considerably from what they
would be in the equilibrium structure (cf. Reference 4). As neither subtle structural
differences nor large-amplitude motion have special importance in the accumulated
structural chemical information for Se or Te for the time being, a detailed discussion of the
physical meaning of the determined parameters has been avoided. The different
representations of the molecular geometry and the meaning of the parameters r,, ro, r,, 7.,
Tg» T» T, €LC. are summarized and references are given in the review* cited above.

The experimental errors and uncertainties have been cited as communicated in the
original reports; in some cases, though, they have been rounded to one digit. Generally
they correspond to the usual requirements of the respective techniques used at the time of
the particular studies. Throughout this review, the uncertainties are given in parentheses
following the parameter value and they refer to the last digit of the parameter. The most
common experimental techniques are denoted as follows: MW, microwave spectroscopy;
ED, gas electron diffraction; XD, X-ray diffraction crystallography.

Ii. ONE-COORDINATED SELENIUM AND TELLURIUM

The only structure belonging here and involving tellurium is S—C=Te. It was
determined three decades ago by means of microwave spectroscopy (M W)>. The length of
the C—Te bond is 1.904 A. The carbon atom is formally in sp hybridization. Our
discussion will first deal with C=—Se bonds with sp carbon, and then with C—Se bonds
with sp? carbon. All the available geometrical data for the C(sp)=Se bond refer to the
vapour phase and mostly originate from MW.

Table 1 presents the bond distances in the analogues of CO, and CO. The selenium—

TABLE 1. C—X bond distances(A)* with X = O, S or Se

X ocx sCx SeCX cX

o) 1.15986 1.1543(3)" LI535(1)8  1.12834(1)°
S 1.5628(4)" 1.55261° 1.553(2)1" 1.53496(3)°
Se 1.7098(1) 1.695(2)! 1.6917(15)'2  1.67620(7)°

“All distances are r, except those for SCSe.
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TABLE 2. Bond lengths and bond angles of isocyanic acid, isothiocyanic
acid and isoselenocyanic acids, HN=—=C=X, from MW

X= 016 Sl7 SCI s

H—N (A) 0.986 0989 0.99 (assumed)
/ H—N=C(deg.) 128.0 135.0 143

N =C(A) 1.209 1.216 1.195
C=X(A) 1.166 1.560 1.717

carbon bond distance is 1.73(1) A in crystalline (1-6-n-methylbenzoate)dicarbonylseleno-
carbonylchromium?3, [Cr(PhCOOMe)(CO),(CSe)]. The Cr—C(Se) bond is 1.786(11) A,
shorter than the Cr—C(O) bonds, 1.862A (average). This is in accord with the
observation, based on spectroscopic, structural and theoretical evidence, that the strength
of the linkages to CSe, CS and CO groups decreases in this order!3:!4,

A new molecular species, isoselenocyanic acid, HN=—C=—=Se, was detected in the
microwave spectrum!® as HBr gas was passed through dry AgNCSe. The molecular
parameters are given in Table 2 together with those of isocyanic acid'® and isothiocyanic
acid'’.

Selenoketene, H,C=C=Se, was obtained by pyrolysis of 1,2,3-selenadiazole!®'°. Bak
and coworkers'® suggested the reaction path shown in Scheme 1. MW allowed the
elucidation of a complete substitution geometry (r,)!°. It is presented in Table 3 together
with the structural parameters of ketene?® and thioketene??.

H\ H H H H Se'
c—N . 2 / N\
13C// \\N N + C C==0C C
v \S S 2 13” D \Se/ D 13”-
e /C\ /c

H Se’ H
1

HpC=""c=S$e Ha'®C=C==S8e¢
SCHEME 1

TABLE 3. The molecular geometries of ketene, thioketene and selenoketene, H,C=C=X,
from MW*

X = 020 s21 Set?
C=X(A) 1.1614 (r) 1.554 (r)) 1.698 (r)
C=C(A) 1.3142 (r) 1.314 (r) 1.311 (r)
C—H(A) 1.0768 (ro) 1.090 (r) 1.090 (r))
£ H—C—H(deg) 12224 (ry) 1203 (r) 119.7 (r)

°ry is an effective parameter derived directly from ground-state rotational constants; r, is the substitution
parameter obtained from an appropriate set of isotopically substituted species.



66 Istvan Hargittai and Béla Rozsondai

/ FIGURE 1. The molecular model* of difluoro(isoseleno-
F cyanato)phosphine (after Reference 22)

The molecular structure of difluoro(isoselenocyanato)phosphine, F,PNCSe, has been
determined by electron diffraction (ED)*? (Figure 1). The effects of perpendicular
vibrations on the molecular configurations of isothiocyanates and analogues have been
discussed in detail*. Due to the low-frequency bending modes, the effective bond angle P—
N=C as determined from ED (r, parameter) may be considerably smaller than that which
would correspond to the average structure (r,). The average structure may be obtained
from the effective parameters by applying harmonic corrections based on the vibrational
spectra and normal coordinate analysis. In the ED investigation of F,PNCSe the
correction procedure was part of the structure refinement and both r, and r, parameters
have been directly obtained from the analysis. The results are shown in Table 4 together
with those for F,PNCS and F,PNCO. Noteworthy is the gradual increase in the P—N—
C bond angles from O to Se.

The consequences of the low-frequency, large-amplitude bending vibrations are
particularly striking for the bond angles Si—N=—C of isoselenocyanatosilane?*,
H,SiNCSe, and isothiocyanatosilane®’, H,SiNCS. Unfortunately the strong correlation
among the parameters prevented the determination of an unambiguous structure for the
selenium derivative from the ED data?*". Two somewhat differing parameter sets have
been obtained and their mean values are presented for orientation in Table 5 together with
the parameters of H;SiNCS.

The selenium—carbon bond in selenocarbonyl difluoride, F,C—Se, involves an sp?
carbon.atom. The structure of this molecule has been determined by ED in the vapour
phase?8. The geometrical parameters are presented in Table 6 together with those of

TABLE 4. Bond lengths and bond angles of F,PNCX from ED

X=0 23 S 23 Se 22
r{P—N) (A) 1.683(6) 1.686(6) 1.670(12)
r{P—F) (A) 1.563(3) 1.566(3) 1.547(4)
r{(N=C) (A) 1.256(6) 1.221(6) 1.220(8)
r{C=X) (A) 1.165(6) 1.553 1.700(10)
/ P—N=C(r Xdeg.) 134.8(8) 144.0(7) 149.0(15)
/ P—N=C(r,)deg) 130.6(8) 140.5(7) 143.9(13)

TABLE 5. Bond lengths and bond angles of H,SiNCX,
isothiocyanatosilane and isoselenocyanatosilane, from ED

x = SZS seu
r(Si—N) (A) 1.704(6) 1.716
r{dN=C) (A) 1.197(7) 1.183
r(C=X) (A) 1.563(6) 1.754
/ Si—N=C(r,Xdeg.) 180 180

/£ Si—N=C(r,Xdeg.) 163.8(26) 159.5

*This figure and many others are simplified projections of three-dimensional structures. Bonds that
make an angle with the plane of the drawing are shown as wedges, in order to illustrate them in an
exaggerated perspective. The broader end of the wedge is considered nearer to the observer.
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TABLE 6. The molecular geometries of F,C—=X

67

X = 0° Sb Se¢
C=X(A) 1.170(3) 1.589(2) 1.743(3)
C—F (&) 1.317(2) 1.316(2) 1.314(2)
/ F—C—F (deg) 107.6(2) 107.1(2) 107.5(4)

“MW?27, 7 parameters.
*ED + MW?25, r, parameters.
‘ED?¢, r® parameters.

thiocarbonyl difluoride?® and carbonyl difluoride?”. A characteristic feature of these
structures is that the F—C—F bond angle is smaller than 120°, and accordingly, the F —
C==X angles are invariably larger than 120°. This is in complete agreement with the
valence-shell electron-pair repulsion (VSEPR) model?® according to which multiple
bonds exercise greater repulsions towards the neighbouring electron pairs than do single

The molecular structure of selenoacetaldehyde, CH,CH=—Se, has been determined by
microwave spectroscopy?®. The geometry of the CH,CH fragment was assumed to be the
same as in thioacetaldehyde®®, CH,CH=S. The parameters for the thio and seleno
derivatives are as follows:

CH,CH=S CH,CH=Se

C=Ss 1.6109)A C=Se
/ C—C=S§ 1253(11y / C—C=Se

D

D)

Reference 33

1.758(10) A
125.7(3)°

FIGURE 2. A chain of selenourea molecules in the crystal,
linked by N—H---Se hydrogen bonds. Reproduced by permis-
sion of the Akademische Verlagsgesellschaft, Wiesbaden from
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These bond angles, as well as the comparison of F,C—=S and F,C=—Se geometries,
clearly indicate that, in accord with the above assumption, the S/Se substitution has no
appreciable effect on the structure of the rest of the molecule.

On the other hand, Anthoni and coworkers®', based on CNDQ/2 calculations, have
‘recently suggested that ‘selenation’ may involve considerable changes in the electronic
structure. The termselenation3? is used to compare the spectra of compounds containing a
thioamide group with the corresponding selenium analogues. It has been stated that the
method works ‘almost like an isotopic substitution’!. Anthoni and coworkers®! have
examined in detail the foundation and limitations of this method.

The crystal and molecular structure of selenourea, (H,N),C=—Se (1), and several of its
derivatives has been determined by X-ray diffraction (XD). The crystal structure of
selenourea3? contains N—H---Se hydrogen bonds similar to the N—H--O and N—
H---S hydrogen bonds of urea and thiourea, respectively. There are hydrogen bonds
forming chains of molecules (Figure 2), which are then also connected to each other by
N—H"--Se hydrogen bonds. Rutherford and Calvo3? found the crystal structure of
selenourea to be very similar to that of urea and thiourea when they form inclusion
compounds with certain hydrocarbons, rather than to the crystal structure of urea and
thiourea themselves. In the inclusion compounds the urea or thiourea molecules form a
honeycomb structure and the hydrocarbon molecules form the honey. Analogues of the
inclusion compounds have not been observed for selenourea in which both the
honeycomb frame and the honey in it consist of selenourea molecules (Figure 3). The unit
cell contains 27 molecules, of which 18 molecules are involved in building the frame and
the remaining 9 are distributed in the channels, three to each. The 27 molecules of the unit
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SeC(NH>),

B , FIGURE 3.(a) Part of a honeycomb to illustrate the
c Dw 0.6 A selenourea crystal structure. Photograph reproduced
! by courtesy of Professor P4l Zoltdn Orési. (b) The
(b) crystal structure of selenourea projected onto the x,y
plane. Displacements of molecules along the zaxis are
indicated below. Reproduced by permission of the
Akademische Verlagsgesellschaft, Wiesbaden from
Reference 33

cell indeed form nine spiral chains one of which is represented by Figure 2. The dimensions
of the selenourea molecule are reported from a low-temperature study ( — 100 °C). The
weighted averages of the bond lengths referring to nine molecules per asymmetric unit are
HC=Se) = 1.86(3) A and (C—N) = 1.37(2) A. The C=Se bond is much longer than in
selenoacetaldehyde?®. The average Se=C—N bond angle is barely larger than 120°, viz.
120.5°. In fact it was reported to be 120°. One would expect the Se—C-—N bond angle to
be larger than the N—C—N bond angle. However, the Se==C—N bond angles in
other derivatives have also been seen to only slightly exceed 120°. In
tris(acetylacetonato)cobalt(m)-selenourea(1/2)*4, Co(acac);'2 SeC(NH,),, for example,
the Se=N—C angle is 120.8(4)°. The other molecular parameters for the selenourea
moiety are: C=Se = 1.853(5)A, C—N =1.320(12) A and / N—C—N =118.3(4)°. The

2-pyr — CH=N-—NH NH
™~ 2

"HoN NH—N==CH—pyr-2
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selenourea moieties are brought into chains by N—H - Se intermolecular hydrogen
bonds of 349A length. The selenourea moiety of the selenourea solvate of
tris(selenourea)sulphate—selenourea—water(1/1/2)%%, [SeC(NH,),13S0,SeC(NH,),-
2H,0 (2) has the following geometrical parameters: C—Se =1.867(4) A, C—
N=1316(5A4, /Se=C—N=120.6(3° and / N—C—N =1188(4)°. The bonding
arrangement in the N,CSe part of 2-formylpyridine selenosemicarbazone3$ (3) is
somewhat asymmetric, with two different Se—C—N bond angles, 122.9(24) and
119.8(23)°, whose difference is not however significant. The C—Se and C—N bonds
are 1.83(2) and 1.37(2) A long, respectively, and the N—C—N angle is 117.2(28)°. There
are weak N—H ---Se intermolecular hydrogen bonds forming dimer-like molecules,
which in turn, are linked into a three-dimensional network by strong intermolecular
N—H---N hydrogen bonds. Other selenosemicarbazones have also been investigated.

Nl. TWO-COORDINATED SELENIUM AND TELLURIUM

A. Acyclic Selenides and Tellurides

The carbon—selenium bond lengths and the selenium bond angles of free organose-
lenide molecules are listed in Table 7 for quick reference.

The molecular geometry of dimethyl selenide, Me,Se, (Figure 4) was determined by
MW37:28_ Both Me groups are staggered with respect to the other Se—C bond. The
rotational axes (axes of quasi-C,, symmetry) of the Me groups do not coincide with the
Se—C bonds but are tilted by 2.6° toward the lone electron pairs of the Se atom. The
substitution structure shows a slight asymmetry in the structure of the Me group
characterized by the parameters given in Figure 4. The structure is similar to that of
Me,S*%%!, The C—Se—C skeleton is highly bent (cf. Table 7). A suggestion that it is

TABLE 7. C—S8e bond lengths and Se bond angles in acyclic organoselenides from MW and ED

C—Se (A) £ C—S8e—X
Molecule (deg.) Reference
Me,Se r, 1945(0.4) 96.3(1) 37
r, 1.943(1) 96.2(2) 38
(CF,),Se r, 1.980(9)° 94.1(20)° 39
r, 19759 97.0(20)
MeSeH r, 1.959(10) 95.45(174) 40
EtSeH, anti r, 1.962(2) 93.5(6)
gauche r, 1.957(4) 93.1(3) 41
anti ro 1.958(5) 93.3(10) 42
gauche 1.958¢ 93.9(10)
MeSeCN r, 1.956¢ r,1.837¢ 96.1 43
ro 1950025y 1.851¢ 95.6 44
F;CSeCN r, 1984(20)*¢ 1.854(16)"¢ 92.2(20)° 45
r, 1.984(20y>¢ 1.851(20)>° 103.0(25)®
PhSeMe r, 1.957(19) 1.912(13) 99.6(25) 46
PhSeBr r, 1.899(6) 99.8(12) 47
(F;CSe);N r, 1.973(5) 104.3(9) 48
(MeSe),B r. 1.954(4) 102.5(5) 49

**Two possible solutions: model A and B (see text).

‘Assumed parameter.
“C(sp*)—Se bond.
*C(sp)—Se bond.
fC(sp?)—Se bond.



3. Structural chemistry 71

C-Hs 1.088(13) A

C-Hag 1096(4) A
Se-C-Hg  1050(7)° Hag-C-Has 109.9(5)°
Se-C-Hgs 110.3(3° Hgg-C-Hg  110.6(5)°

FIGURE 4. The molecular model of dimethg'l selenide and the
geometrical parameters (r) of the Me group’’

linear’? has been strongly criticized>® on the basis of extended spectroscopic evidence in
addition to the unambiguous MW structure determination. Spectroscopically calculated
mean amplitudes of vibration of Me,Se have been reported 3* together with those of Me,S
and Me,0.

Two solutions (A and B forms in Figure 5) have been reported as to the conformational
properties of bis(trifluoromethyl) selenide, (CF;),Se from an ED investigation®. Both
forms have C, symmetry although form A has essentially C,, symmetry. On the basis of
ED data it was not decided whether both forms were present in the vapour or whether one
was merely a mathematically possible solution, This uncertainty did not hinder the
determination of the geometry of the SeCF, part of the molecule. However, the result for
the bond angle C—Se—C was sensitive to the choice of the conformational model:
94.1(20)° and 97.0(20)° were determined for models A and B, respectively. It is in fact this
sensitivity that may facilitate our preferring one of the two conformational models on the
basis of observed geometrical variations in analogous molecules. The C—S—C bond
angle decreases from 98.9(2)°in Me, S5 to 97.3(8)° in (CF,),S*5. This change isin complete
agreement with the valence-shell electron-pair repulsion (VSEPR) model?®8. According to
this model, increasing ligand electronegativity results in increasing electron-withdrawing

F
F F

N
56°
F
C
F

\C—_F
AN
F F 270
F
F

A B

FIGURE 5. The two models of bis(tri-
fluoromethyl) selenide®® viewed along the C—
Se bond

r
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TABLE 8. Bond angles and non-bonded distances in X,S and X,Se

X,Y X,8 X,Se
/ X—S—X XX Ref. /£ X—Se—X XX Ref.

(deg) @A) (deg.) &)
H,Y 92.12 1923 56 90.57 2075° 59
Me,Y 99.05 2.746° 51 96.3 2.898° 37
(CF,),Y 97.3 2.731° 55 94.1 2.90 39
(SiH,),Y 974 3210 57 96.6 3.396 60
(GeH,),Y 98.9 3.358 58 94.6 3.445 61

“Calculated from the bond distance and bond angle given in the reference.

ability, which in turn lessens the electron-pair repulsion in the vicinity of the central atom.
Thus the respective bond angles may close somewhat. Atom—-atom non-bonded
interactions might be expected to cause an opening of the C—S—C bond angle upon
CH,/CF, substitution. That the reverse occurs is witness to the prevailing importance of
the electron-pair repulsions in these structures. The relative importance of the atom—-atom
interactions is certainly smaller in the Se analogues as compared with the S derivatives.
Accordingly, the C—Se—C bond angle in (CF;),Se is predicted to be smaller than that in
Me;Se. This favours model A for (CF;),Se. Marsden and Sheldrick noted?? that model B
may be fortuitous as it involves a very short F---F distance (2.51 A) between the two
different trifluoromethyl groups.

Comparison of the analogous X,S and X,Se molecules shows increasing non-bonded
distances and slightly decreasing bond angles from S to Se (Table 8). All the cited non-
bonded distances are greater than twice the postulated 1,3 non-bonded radii, viz. r; ,
(H)=0.92, r, 5(C) =1.25, r, 5(Si) = 1.55 and r, 4(Ge) =1.58 A62.63 H,S and H,Se are
included in Table 8 for comparison. The angle H—Te—H is 90.25° in H,Te%* with a
2.350 A H--- H distance. A recent ED investigation of dimethyl telluride, Me, Te yielded
Te—C=2.142(5)A, C---C=13.14A, / C—Te—C =94(2)° . The analogous O bond
angles are considerably greater with smaller non-bonded distances: Me,O 111.7°,
2.334 A%S; (SiH;),0 144.1°, 3.107A%7; and (GeH,),0 126.5°, 3.154 A%

The diminishing bond angles in the series of analogous O, S and Se derivatives have
been noted also by Thomas*®. He pointed out the importance of this geometrical variation
in relation to the changes in the methyl rotational barrier, This barrier is 4.2(2) kJ mol ™! in
methaneselenol, MeSeH, as determined by MW*°. The conformation (viewed along the
Se—C bond in 4) is staggered and the Me group is tilted by 1.5(10)° towards the lone
electron pairs of the Se atom. The Me tilt in the Se derivatives occurs in the same direction
and is similar in magnitude to those in the analogous S compounds, viz. Me,S 2.8°%® and
MeSH 2.2°68,
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FIGURE 6. The potential energy (E) of ethaneselenol as a
function of the dihedral angle w(CCSeH), the angle of rotation
about the C—Se bond. Above: projections of the gauche and anti
forms along the C—Se bond. Drawn after Reference 42

Both gauche and anti conformers, with respect to rotation about the C—Se bond, were
found in the vapour of ethaneselenol, EtSeH, by MW*!+#2, The potential energy curve
describing internal rotation about the C—Se bond is shown in Figure 6 after Durig and
Bucy*?. The Et group is assumed to have a staggered conformation. The complete
structures of both forms have been determined from the rotational spectra®!. The dihedral
angle CCSeH of the gauche form is 61.6(8)°*!. Notable differences between the two
conformers occur in the bond angles of the methylene carbon. This was attributed to a tilt §
of the axis of internal rotation from the C—Se bond (Figure 7). The bond angles around
the methylene carbon were then used in both studies*!+4? to calculate the tilt angle and the
angle f between the rotation axis and the C—C bond. Values obtained for ethaneselenol,
B=1119° and § =3.2°%!, are very similar to those for ethanethiol4!+5%,

The MW of methyl selenocyanate, MeSeCN, has been analysed*3-*4. The available data
allowed an unambiguous determination of the Se—CH, bond length. A tentative
refinement based on several assumed parameters yielded Se —CN) and the bond angle
C—Se—C (Table 7). The observed difference between the two types of selenium—carbon
bond length is 0.12 A (0.14 A is given in the original paper*?), nearly the same as found
between the analogous sulphur—carbon bond lengths in MeSCN°. The barrier to internal
rotation of the Me group was determined from MW to be 5.2(2)kJmol ! in methyl
selenocyanate*-#* and 6.6 kJ mol ~* in methyl thiocyanate’*. The rotational barrier and
the Me tilt in MeSeCN are similar to those in MeSeH.
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antr gauche

FIGURE 7. Tilt (§) of the rotational axis (dashed line) from the
C—Se bond in ethaneselenol. It is assumed that the axis of
rotation lies in the C—Se-—H plane. § is the angle of the axis
with the C—C bond

Trifluoromethyl selenocyanate, F,CSeCN, has been studied by ED*5. Again two
conformational models approximated well to the experimental data (Figure 8). Model A
may be considered as an effective structure arising from a staggered equilibrium
conformation performing torsional vibrations about the F,C—Se bond. The bond angle
/ C—Se—CN = 92.2(20)° seems to be more plausible than the much larger one obtained
for model B (103°). Fortunately, the other geometrical parameters are unaffected by the
choice of the conformational model (cf. Table 7).

Vibrational spectroscopic studies indicated the variability of conformational properties
of organic selenide molecules. Two or more conformers may be present in the liquid state
and solutions of CH,—CHSePh and CH,—=CHSeC,H,NO,-p according to their
infrared spectra’?. For diisopropy! selenide the solid state spectra were interpreted by a
single conformer (C, symmetry), while three forms were detected in the liquid state
(presumably C,, C, and C,) with the C, form being the most stable’>.

The presence of a single conformation was assumed in the ED structure analysis of
selenoanisole, PhSeMe*¢. The Se—CH, bond is rotated from the plane of the benzene
ring by about 40°. A similar conformation has been reported for thioanisole’ (Figure 9).

N
Vo
C
440 ¢
F F F £
150
F £
A B
L CSeC 92.220)° 1030(25)°

FIGURE 8. The two models of trifluoromethyl
selenocyanate*’ projected along the F,C—Se
bond
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FIGURE 9. Conformation of selenoanisole*S,
thioanisole’*, benzeneselenenyl bromide*’ and
benzenesulphenyl chloride’®. Projections along
the Se—C(phenyl) or S—C(phenyl) bond. The
horizontal line represents the plane of the Ph ring

The structure of benzeneselenenyl bromide, PhSeBr, has also been determined by ED*7. It
has a greater deviation from planarity than selenoanisole. A similar change is observed in
benzenesulphenyl chloride”® as compared with thioanisole (cf. Figure 9).

It is especially interesting to compare the gas-phase structure of benzeneselenenyl
bromide with the crystal XD molecular structure of 2-formylbenzeneselenenyl bromide’®
(Figure 10). The crystals are orthorhombic, Pc2,n. The molecule has a planar syn
conformation (5) similar to the analogous Te derivative’’; the Br—Se--- O and Br—
Te--- O chains are roughly linear. The planarity of the crystal molecular conformation is
strikingly different from the non-planar structure of free benzeneselenenyl bromide. The
coplanarity may be a consequence of the presence of the aldehyde group in the ortho
position and/or the intermolecular forces in the crystal. Generally speaking, the most
common of the possible gas/crystal structural differences are the conformational changes.
Thus it is tempting to ascribe this change to crystal field effects. On the other hand,
similarly drastic conformational change is observed in the free molecules of benzene-
sulphenyl chloride’® and 2-nitrobenzenesulphenyl chloride’®®, both studied by ED. The
flattening here may be a consequence of interaction between the substituents in the ortho
positions (Figure 11). The S—Cl bond lengths are the same in the two molecules and much
larger than in free sulphur dichloride itself viz. 2.015 A7°. The considerable lengthening of

C\1848(33) A

/2.305(19) A
1899(6) A
99802)° ¢ 187609) & /* [se
2.325(2) A 4036y A
Br 4
Gas Crystal

FIGURE 10. Geometrical parameters of benzeneselenenyl bro-
mide*” and 2-formylbenzeneselenenyl bromide’®
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l
C
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(5)
syn

the S—CI bond thus appears to be a consequence of Ph/Cl substitution, and no
appreciable change is observed that could be ascribed to the presence of the nitro group in
the ortho position. This is in contrast with the situation of the Se—Br bond as seen in
Figure 10. Unfortunately, there is no reliable information on the structure of selenium
dibromide (cf. References 3 and 80). If, however, the presence of the ortho aldehyde group
were assumed to produce no change in the Se—Br bond length, the considerable
lengthening of the Se—Br bond in 2-formylbenzeneselenenyl bromide as compared with
benzeneselenenyl bromide should be ascribed to the crystal field effect. This situation
could be clarified by information on structural changes induced by aldehyde versus nitro
groups in the ortho position, and from gas/crystal structure determinations of the same
molecules. According to a recent ED study of 2-nitrobenzeneselenenyl bromide, this
molecule is practically planar, and the Se bond configuration is characterized by C—Se
1.917(11) Se—Br 2.354(3) A, £ C—Se—Br 98.5(7)° and Se---O 236 A7,

The most interesting structural feature of the ortho-substituted benzeneselenenyl and
benzenesulphenyl halides is undoubtedly the interaction between the O and the Se (or S)
atom. The relatively short Se - O distance indicates partial bonding. A similar situation
was observed in 2-formylbenzenetellurenyl bromide by XD”". The Se---O and Te---O
interaction has been discussed by Baiwir and coworkers’® in relation to C=O bond
lengths and vibrational frequencies and proton magnetic resonance data in analogous
molecules. Table 9 contains further available structural data on such bonding situations.
The Se---O and Te--- O distances invariably fall between the sums of the covalent radii
and 1,3 intramolecular non-bonded radii®2®° (Table 10).

Zaripov and coworkers*S discussed the conformational properties of the anisole
analogues PhXMe with X =0, S, Se and Te. Of the many effects influencing internal
rotation two were singled out for closer examination, viz. the p, = conjugation tending to

1764(12) A
1026016 (S
2051(6) A
ct

Gas Gas

FIGURE 11. Geometrical parameters of benzenesulphenyl chloride’® and 2-nitro-
benzenesulpheny! chloride’®®
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TABLE 9. Seand Te bond configurations in ortho-substituted benzeneselenenyl and benzenetellu-
renyl derivatives from XD

Bond lengths Angle Distance
Molecule (A (deg.) (A) Reference
NO, SCN~™
Y C—Se Se—S C—Se—S Se:--O
CeHgq . 1.939(8) 2.189(3) 98.9(3) 2.505(8) 81
N\sesC (NH,),
N
CgHg C—Se Se—S C—Se—S Se:--O
sals 1918(8) 2.202(2) 102.0(3) 2.574(8) 82
e
2
P C—Se Se—Br C—Se—Br  Se-O
CeHa 1.876(9) 2.403(4) 98.0(6) 2.305(19) 76
\SeBr
(o}
/ cH C—Te Te—Br C—Te—Br  Te-O
CeHa 208121) 2.618(3) 94.2(6) 231 77
TeBr
C(OINHMe
’ / C—Te Te—Cl C—Te—Cl  Te--O
CeHa. 2.133(10) 2.516(3) 92.7(3) 2250(7) 83
TeCl
C(OINH
c H/ 2 C—Te Te—Br C—Te—Br Te:--O
AN 2.105(9) 2.646(1) 95.1(2) 2.237(8) 83
TeBre Mezso
C(O)OEL
o / C—Te Te—Se C—Te—Se Te--O
sHa 2.123(8) 2.536(1) 97.9(2) 2.658(6) 84
N\ Te Se
2
CHO
Te C—Te Te—C C—Te—C Te---O
2076 2.0550 94.2 25752 85
x

“Average from two crystatlographically independent molecules.
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TABLE 10. Atomic radii (A) and calculated in-
ternuclear distances (A): covalent, non-bonded 1,3
and van der Waals’

87 62.86 88,89

Teov ri3 Tvaw

C 0.767 1.25 1.70
(o] 0.745 1.12 1.40
S 1.020 1.45 1.85
Se 1.163 1.60 2.00
Te 1.356 1.75 2.20
Zrey Zris Zrosw

SC 1.787 270 355
SeC 1.930 2.85 3.70
TeC 2.123 3.00 3.90
SO 1.765 2.57 3.25
SeO 1.908 272 340
TeO 2,101 2.87 3.60

stabilize the planar form, and the Me/Pl; hydrogen—hydrogen interaction tending to
displace the system from coplanarity. Tschmutowa and Bock®® concluded from photo-
electron spectra that the p, 7 conjugation diminishes in the order of O » S > Se > Te and
accordingly the probability of planar conformation should also decrease in the same
order. The non-planarity of the structures may be the consequence of d, = or o, =
interaction as well as that of steric hindrance*®. All this refers to the intramolecular
interactions governing the conformational choice of the free molecules. In the crystalline
phase, effects from intermolecular interaction have to be considered in addition.

Some results of X-ray crystallographic studies will be cited here for comparison with the
gas-phase data of Table 7.

The C-—Se—C bond angle in crystalline acetylselenocholme iodide,
MeC(0)SeCH,CH,NMe, I~ (6), is 97(1)°°!, the same as in Me,Se (Table 7). In
analogous molecules ot; biological interest the N-—C-—C—O chain prefers the gauche
conformation while N—C—C—S and N—C—C—Se adopt the anti confor-
mation®'*2. The anti form has been found in 6 and in (2{dimethylaminoethyl)
selenobenzoate hydrochloride, PhC(0)SeCH,CH,NHMe,Cl~ (7). The C—Se—C
angle in 7 is 96.4(2)°, and both C—Se bond lengths have been determined as 1.945(5)A%2.
In the Se analogue of a tetrapeptide derivative, S-benzyl—L-Cys—L-Pro—L-Leu—
Gly—amide, the Se—C bonds are 1.92(4)-1.99(2) A long and the C—Se—C angles are
100(1) and 102(1)° in two crystallographically independent molecules®*. In the crystal of 8,

0

HO
0 SePh

C)]
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disorder in the position of the Ph ring hinders the accurate determination of the
parameters, viz. Se—C(sp®) = 1.97(1) A, and for the two positions of the Ph ring,
Se—C(sp?) = 1.97(2) and 1.83(2)A. and / C—Se—C =97.0(7) and 99.7(7)°%*.

The structures of crystalline bis(6-hydroxy-4,4-dimethyl-2-oxo-6-cyclohexenyl) se-
lenide (9)°® and bis(2-hydroxy-4,4,6,6-tetramethyl-3-oxo-1-cyclohexenyl) selenide (10)°°

0 HO
s
OH 0]

(9)
SR
0 OH HO 0

(10}

are different in that 9 is intramolecularly hydrogen-bonded while 10 is intermolecularly
hydrogen-bonded. The molecular packing of 10 is illustrated in Figure 12 after Kivekas
and Laitalainen®®. The Se—C bonds are of the same length (1.916 A) in the two molecules
whereas the Se bond angle opens somewhat in 10 as compared with 9, viz. 103.9(2) vs.
100.9(4)°. The Se bond configurations show no unusual features. The conjugated bond

NIl—

FIGURE 12. Molecular packing in the crystal of 10. Reproduced (simplified) by
permission of Acta Chemica Scandinavica from Reference 95
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FIGURE 13. Molecular packing in the crystal of p-diselenocyanato-
benzene (11): projection along the b axis. Reproduced by permission of the
Royal Society of Chemistry from Reference 97

system in 10 is coplanar and the rings are in half-chair conformation. The rings of 9 take a
half-boat form.

The crystal structure of p-diselenocyanatobenzene, p-NCSeCH,SeCN (11), has been
determined by XD*?. The two types of selenium—carbon bonds, Se—CN = 1.837(23) A
and Se—C H, = 1.916(19) A, are similar in length to the corresponding single bonds to
sp- and sp2-hybridized carbon in free molecules of methyl selenocyanate and selenoanisole
(see Table 7). The C—Se—C angle in 11 is 94°, and the selenium obviously has
intermolecular contacts as seen in Figure13,

The last two molecules listed in Table 7 possess practically planar Se,;X skeletons.
Both structures have been elucidated by ED. The overall structure of
tris(trifluoromethylselenojamine, (F,CSe);N, is shown in Figure 14. The C—Se—N
planes are nearly perpendicular to the Se;N plane*®; the deviations have been reported to
be 10-14°. The CF, groups are staggered with respect to the adjacent Se—N bonds. The

CFy CF3

Se—N

Se

FIGURE 14. The molecular model of tris(trifluoromethyl-
CF3  selenojamine
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FIGURE 16. The lengths of Se—C and S—C single bonds with sp, sp?
(non-aromatic and aromatic) and sp® carbon atoms. The abscissa
represents the carbon-carbon bond distance in acetylene, ethylene,
benzene and ethane. Se compounds. 1:(CF,),Se,, 2:F,CSeCN,
3:(CF,),Se (mean of two models??), 4:(F,CSe);N, 5: MeSeH, 6: EtSeH
(mean of anti and gauche forms*'), 7: PhSeMe, 8: MeSeCN (a: Reference
44, b: Reference 43), 9:(MeSe),B, 10: Me,Se,, 11: Me,Se, 12: PhSeBr.
See Tables 7 and 11 for references. S compounds. 1, 3-11: see the Se
analogues,  13:Pyr,S, 14:Ph,S, 15:PhSCl, 16:HC(O)SH,
17:CH,=CH—8Me, 18:CH,=C=CH-—SMe. 19:EtS—CN.
20:HC=C—SMe, 21:MeS—C=C—SMe. See References 3,20 and
100

/Se FIGURE 15. The planar skeleton of tris(methylselenc)borane with C,
H3C symmetry
o A r(Se-C), A
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2.0
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most interesting feature of this structure is that two of the CF, groups are situated above
the Se;N plane and the third CF, group below this plane. Thus there is a striking absence
of threefold symmetry. The structure is very much the same as that of the corresponding S
compound, tris(trifluoromethylthio)amine, (F;CS), N, as also determined from ED?3, The
barrier to internal rotation about the S—N bond was estimated from NMR data to be
25(4) kJmol ™! °8 which is probably greater than the as yet unestimated barrier about
the longer Se—N bond.

An essentially planar heavy-atom skeleton characterizes the geometry of
tris(methylseleno)borane, (MeSe),B*® (Figure 15). Tris(methylthio)borane has a similar
structure®®.

In concluding this section it is of interest to examine the variation in lengths of Se—C
single bonds in different environments. A characteristic sample from the available
data is presented in Figure 16. There is an appreciable change in the Se—C bond lengths
upon changing carbon hybridization. The variation nicely parallels the tendency observed
for the S—C bond lengths in sulphides®!°°, which are also presented in Figure 16 for
comparison.

B. Acyclic Diselenides and Ditellurides

The structure and conformation of dimethyl diselenide, Me,Se,!®! and
bis(trifluoromethyl) diselenide, (CF,),Se,'°2 have been determined by ED. The experim-
ental data are consistent with C, overall symmetry, which has been assumed in both
studies. The spatial geometry is illustrated in Figure 17 while the conformational
properties are depicted in Figure 18 for both molecules. The geometrical data of the
CSeSeC skeleton are given in Table 11, and are compared with those of the analogous S
compounds. The angle of rotation about the C—Se bonds (Figure 18)is primarily deduced
from the scattering contribution of atomic pairs involving the ligands of carbon and the
other Se atom. This angle is better determined in the F than in the H derivative. The
deviation from the ideal staggered form is not surprising in view of the asymmetric
environment of the SeCX, moiety. Thus this deviation is believed not to be entirely an
apparent one as a consequence of averaging over intramolecular torsional vibrations
about the C—Se bonds. On the other hand, these vibrations certainly influence the

FIGURE 17. The molecular model of di-
methyl diselenide (X =H) and bis{trifluoro-
methyl) diselenide (X =F) (after Reference
101 b)
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FIGURE 18. Conformation of dimethyl diselenide!®!

(above) and bis(trifluoromethyl) diselenide'°? (below): pro-
jections along the Se—Se (left) and the C—Se (right) bonds

effective angle of rotation as determined from ED. This may be of importance, especially
for the methyl derivative, as relatively large-amplitude, low-barrier torsional vibrations
are anticipated.

For a series of XSSX disulphanes it has been observed that the central bond
considerably shortens with increasing ligand electronegativity®. The Se—Se bond
shortening in the diselenides upon CH,/CF, substitution is consistent with this

TABLE 11. Parameters of Me,S,, Me,Se, and perfluoro
derivatives from gas electron diffraction

Me,Y,
Me,Si%? Me,Se;"!
Y—Y(A) 2.029(3) 2.326(4)
Y—C(A) 1.816(3) 1.954(5)
£LY—Y—C (deg) 103.22) 98.9(2)
® (CYYC) (deg) 85.3(37) 87.5(40)
(CF4).Y,
(CF,);S;D‘ (CF3)ZSe;°2
Y—Y (A) 2.030(5) 2.292(10)
Y—C @A) 1.835(5) 2.018(20)
£ Y—Y—C (deg)) 101.6(6) 98.0(5)
o(CYYC) (deg.) 104.4(40) 84.5(30)
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FIGURE 19. Variation of the S—S8 and Se—
Se bond lengths in disulphanes XSSX and
diselenides XSeSeX with the electronegativity
(x) of the substituent X. Data from Reference 3

observation as can be seen in Figure 19. From this point of view the structure of (CF,),S,
seems somewhat anomalous as it has a longer S—S bond, 2.030(5) A 1°4, than would be
expected according to the above mentioned trend. Noteworthy is the greater CSSC
dihedral angle (104 + 4°) determined for this molecule as compared with the rest of the
disulphaane series—except for Me,BSSBMe, —or the diselenide molecules, for that
matter3.

Two examples from among crystalline organic diselenides are cited here. Cyclic
molecules with a Se—Se fragment will be discussed in Section IIL.C.

The structure of a,a’-diselenobis(formamidinium) dichloride, [SeC(NH,),],Cl,, has
been determined by XD'%%, The planes of the two selenourea groups in the bis(selenourea)
cation, [SeC(NH,),],2* (12), are nearly perpendicular to the Se-—Se bond. The heavy-
atom skeleton is shown in Figure 20. On the other hand, the orientation of the thiourea
groups in two salts of the S analogue of 12 has been found to be essentially parallel to the
S—S bond !¢ (Figure 20). It has been argued!®* that the conformational differences are
due to intramolecular spatial interactions rather than packing requirements. Some of the
parameters of the S and Se derivatives are listed in Table 12. The Se—Se bond is longer
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FIGURE 20. Conformation of the

[SC(NH,),},2* and [SeCNH,),],*>* cation
after Reference 105)
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than in Me,Se, (Table 11). The Se—C bond of 12 in its diiodide salt has been determined

as 1.943(4) A 198,

The other example is bis(pentafluorophenyl) diselenide, (C,F;),Se, and its S anal-

oguel®’

, which are isostructural in the crystal, orthorhombic P2,2,2,. Their main

parameters are also given in Table 12. An unexpected finding was'®’ that the crystal

TABLE 12. Parameters of diselenides and analogous disulphides from X-ray

crystallographic studies

[YC(NH,),1,X,

[SC(NH,),],X,-H,01¢

X =Br X=1 [SeC(NH,),],Cl.%*
Y—Y (A) 2,044(10) 2.044(20) 2.380(6)
Y—C(A) 1.78(3) 1.75(4) 1.94(1)
2 Y—Y—C (deg) 104.0 98.9 95.5(6)
o(CYYC) (deg.) 89.2 104.8 89.5
(CGFS)ZYZ

(C6Fs),53%7 (C4F5),8¢3%7
Y—Y(A) 2.059(4) 2.319(4)
Y—C(A) 1.770(7) 1.910°
Y—Y—C (deg.) 101.2¢ 98.87
o(CYYC) (deg.) 76.5 75.3
¢° (deg.) 39.3 34.0
“Mean value,

b$ is the dihedral angle between the planes of the rings.
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Se 102.97(6)

2.334311)
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1.852ﬂ/ 176.9(7)

FIGURE 21. The molecular model, bond
lengths (A) and bond angles (deg) of se-
lenium diselenocyanate!2!. Drawn from the
atomic coordinates given in Reference 121

packing and conformation of these molecules proved to be different from those of the
corresponding unsubstituted Ph derivatives. Also the chalcogen bond angles seem to be
significantly larger in the latter, viz. about 106°, both in Ph,S,'°® and Ph,Se,'*°.

The Se—Se bond lengths in these molecules (Tables 11 and 12) can be compared with
those in dimorpholino-di-, -tri- and -tetra-selane and dipiperidinotetraselane!'!, where
they lie in the range 2.327(2)-2.356(2) A, and in the cyclic Seg; molecule of y-selenium
(monoclinic), 2.326(3)-2.344(3) A 112,

The Te—Te bond length is 2.712(2) A in crystalline diphenyl ditelluride, Ph,Te,, from
XD!!3. The mean of the observed Te—C bond lengths is 2.115 A. In a subsequent study
the crystal and molecular structure of p,p’-ditolyl ditelluride has also been determined!!*:
Te—Te =2.697(3) A and Te—C =2.13(1) A. The authors!!* noted a great dissimilarity
between the molecular conformation in the crystals of Ph,Te,!3, (p-MeC,H,),Te,'1*
and (p-CIC H,),Te,'!5. It has been suggested that these differences are due to steric
hindrances arising from packing peculiarities!!*

Conformational properties and dynamic behaviour of organic dichalcogenide mo-
lecules and, among them, diaryl dichalcogenides, have been studied by experimental and
theoretical methods (see, for example, References 116-120 and references therein). Apart
from intermolecular interactions, the adopted conformation of diaryl dichalcogenides is a
result of steric effects on the one hand, and interaction of chalcogen lone pairs with the
electrons of the aromatic rings on the other! 8, The steric effects predominate in the case of
ditellurides!!®.

The crystal and molecular structures of selenium diselenocyanate, Se(SeCN),, and also
of the isomorphous selenium dithiocyanate, Se(SCN),, have been redetermined’?!, based
on XD data, since they were discussed in another volume of this series*. Bond lengths and
angles of Se(SeCN), (Figure 21) are in agreement with the data in Tables 7,11 and 12 and
the parameters of p-diselenocyanatobenzene (11)°”. Notable deviations from the results of
the earlier investigations have been found in the geometry of the —SeCN group. The
molecule lies on a crystallographic symmetry plane and has a syn conformation. The
SeSeSeC torsional angle is 93.2° (cf. the data on diselenides in Tables 11 and 12). The
coordination around each Se atom is completed by N atoms of neighbouring molecules to
a roughly square planar arrangement, which, at the same time, gives rise to a network of
nearly linear N -- Se(C)-Se- -+ N and C-Se - - N sequences with intermolecular contacts
of 3.253(6), 3.142(6) and 3.085(6) A, respectively!?! (cf. the stereoscopic view of crystal
packing in Reference4).

C. Heterocycles

Structural data on free non-aromatic ring molecules with Se are scarce. Selene-
tane, (CH,);Se, has been studied by microwave spectroscopy!?2. The geometry has not
been determined except for the ring puckering. It is found to be essentially the same as
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FIGURE 22. Ring puckering in thietane!?® an
selenetane!?2

TABLE 13. Puckering angles and inversion barriers of four-membered rings (CH,);X

Puckering

angle Barrier
X CXC/CCC (deg) (kJ mol~ ") Technique Reference
CH, 35 6.02(2) ED 124

26(3) ED 125
NH 33.1(29) 5.27 ED 126
o) 0 0.1856(6) MW 127
SiH, 33.6(21) 5.26 ED 128
S 26(2) 3.28(2) ED 123
Se 29.5(10) 4.58(4) MW 122

that in thietane shown in Figure 22. The puckering angle and barrier to inversion of
some simple four-membered rings are collected in Table 13.

The four-membered ring of tetrafluoro-1,3-diselenetane, (F,CSe),, is planar with D,,
symmetry2° (Figure 23) similar to that of tetrafluoro-1,3-dithietane, (F ,CS),!3% 3!, Both
structures have been determined by ED. Ring planarity in (F ,CSe), has been confirmed by
CNDOY/2 calculations, which indicated some degree of bonding interaction between the
two Se atoms* 2. As two parallel ED studies of (F,CS),!3% 13! showed some discrepancy,
the information on the Se derivative proved to be helpful in resolving the controversy. The
two sets of ED results on (F,CS), were in agreement concerning the shape of the molecule.
The discrepancy occurred as regards its size. The final arguments in deciding between the
two parameter sets were based on the geminal F - - - F distances. This distance was reported
to be 2.15(1) A in (F,CSe), 1 2°. Further, the mean value of F - - - F distances calculated from
C—F bond lengths and F—C—F bond angles of 40(!) molecules containing the CF,
groupis 2.162 A with a standard deviation of 0.008 A ! The F - -- F distance was never found
to be smaller than 2.14 A in those 40 molecules®- 32, The striking stability of the F---F
distances points to the importance of the non-bonded interactions between F ligands
separated by one bond angle. The mean F - - F distance is in excellent agreement with the
1,3 non-bonded radius of F, viz. 1.08 A postulated a long time ago®2. On this basis one of
the two sets of results!*® for (F,CS), could be preferred®:!32, The most important feature
of (F,CSe), and (F,CS), is the planar four-membered ring. In this they are markedly
different from selenetane and thietane, or from cyclobutane itself. A matrix isolation

F F
1.353 A 2981A

!
|
|
106.3° c@ 1215 A
1
\i
F F

1968A

FIGURE 23. Model and geometrical para-
meters of tetrafluoro-1,3-diselenetane! *°
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TABLE 14. The ring geometry of tetrahydroselenophene (C,
symmetry) from ED'3* and MW!?3 studies

ED (r,) MW (r)

Bond lengths (A)
Se—C 1.975(3) 1.963(2)
C@2)—C3 .

(2)—C(3) 15384 1.549(3)
C(3)—C@4) 1.527(2)
Bond angles (deg.)
C—Se—C 89.1(5) 90.73(12)
Se—C—C 105.8(3) 104.97(17)
c—Cc—-C 106.0(7) 106.87(20)
Dihedral angles (deg.)
CSeCC 15.4(5)
SeCCC —42.7(14)
ccec 56.9(17)
& 29.73(23)

“Mean C—C bond distance.

Relative sign of the dihedral angle according to the convention by
Klyne and Prelog!®®.

g is the angle between the projections of the bonds Se—C and C(3)—C(4)
on a plane perpendicular to the C, symmetry axis.

vibrational spectroscopic investigation of 1,3-dithietane'*? concluded C,, symmetry for
this molecule with a considerably puckered ring. On the other hand, this molecule was
found to have D,, symmetry in the solid state!*>. 1,3-Dithietane may in fact have a quasi-
planar ring with low-frequency, large-amplitude deformation motion governed by a
double-minimum potential.

Table 14 presents the geometrical parameters of tetrahydroselenophene from both
ED"3** and MW!3%, The rotational spectroscopic information permitted distinction
between the two different carbon—carbon bond lengths. Tetrahydroselenophene has a
well-defined conformation, viz. the one with C, symmetry as shown in Figure 24, in accord
with spectroscopic results*37-138. The experimental findings were in complete agreement
with the results of molecular mechanics calculations'?*. Tetrahydrothiophene has the
same well-defined C, conformation as determined by ED!?° and molecular mechanics

FIGURE 24. The twisted C, ring of tetrahydroselen-
ophene with C—H bonds indicated
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TABLE 15. Geometries of the planar rings of furan!#®, thiophene!*”, selenophene!*® and
tellurophene!*s from MW

q 3
O,
X
X=0° S Se? Te

Bond lengths (A)
X—C 1.3621(10) 1.7140(14) 1.8547(9) 2.055
Cc)—Co) 1.3609(10) 1.3696(17) 1.3695(12) 1375
C(3)—C(4) 1.4309(20) 1.4232(23) 1.4332(30) 1.423%
Bond angles (deg.)
C—X—C 106.55(7) 92.17(10) 87.77(7) 82.53
X—C—C 110.68(7) 112.47(23) 111.57(13) 110,81
c—C—C 106.05(7) 112.45(18) 114.55(10) 117.93

“Substitution structure (r,).
bAssumed parameters.

calculations!®®. On the other hand, the structures of cyclopentane'*? and tetrahydro-
furan'#'-'#2 are characterized by pseudorotation. An interesting feature of tetrahydrose-
lenophene is that its Se—C bond is longer than that of open-chain Me,Se (cf. Table 7).

The complete molecular geometry of selenophene has been derived**® from MW stud-
ies' #3144 In a study of tellurophene'*® some parameters had to be assumed from related
molecules. Ring bond lengths and bond angles are shown in Table 15. The most important
structural feature of these molecules and their O and S analogues is their planarity. Their
aromatic character has been studied and discussed widely. In the chemist’s shorthand they
are depicted in essentially two forms:

Qo - O

X X

representing either the delocalized system of six 7 electrons or the two double bonds. The
nice geometric and electronic symmetry of benzene is of course disturbed when a
heteroatom with lone electron pairs replaces the —CH=—CH— grouping. The middle
carbon—carbon bond in selenophene is longer than the others and they are very similar in
length to the corresponding bonds in furan'#® and thiophene'#”—a justification for the
assumption made in the study of tellurophene. This bond pattern resembles the
conjugated system in 1,3-butadiene??:

C C C C
1345 (2) 1.345(2) A

1.465 (3)

The bond length in benzene!*®, 1.399(1) A, lies just between these values.

The bond angle of the heteroatom decreases from furan to tellurophene (Table 16).
However, due to the bond lengthening, the C(2)--- C(5) distance increases in this order.
The ring accommodates itself to this change first of all by opening the angles at C(3) and
C(4) (see Table 15). The bond angles of O, S, Se and Te in the ring are smaller and their
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TABLE 16. Parameters of dimethyl chalcogenides and non-aromatic and aromatic five-membered
heterocycles

X=0 S Se . Te

Me, X
C—XA) 1.410 1.805 1.945 2,142
C--C*(A) 2.334 2.746 2.898 3.14
C—X —C (deg) 117 99.05 96.3 94
Reference 66 51 37 65
5[ ]2

X
C—X (A) 1.428 1.839 1975
C(2)---C(5F (A) 2.3 2,677 2,771
C—X—C (deg.) 106-111* 934 89.1
Reference 142 139 134
O,

X
C—X (A) 1.362 1.714 1.855 2,055
C(2)---C(5r(A) 2,184 2470 2572 2.710
C—X—C (deg) 106.6 922 87.8 82.5
Reference 146 147 143 145
A° (deg.) 5.1 6.8 8.5 12

°Calculated from the other parameters.
*The ring cannot be characterized by constant values because of pseudorotation.
“The difference between angle C—X—C in Me,X and C,H, X.

bonds are shorter than in the corresponding dimethyl chalcogenides, and the difference in
bond angles (A) increases from O to Te (Table 16). The angles C—S—C and C—Se—Cin
thiophene and selenophene are even smaller than in the corresponding saturated
heterocycles.

Microwave studies of 1,3,4-selenadiazole (13)'*° and 1,2,5-selenadiazole (14
confirmed the planarity and C,, symmetry of these molecules and with many assumptions
yielded C—Se =1.868 A and the surprisingly small C—Se—C = 81.8° for 13 and
N—Se=1.80 A and N—Se—N =94.3° for 14.

)150

N—N

OJ O]
Se Nee”
13) 14)

The crystal and molecular structures of diphenyl-substituted!3! and ring-fused
derivatives'32 of 14 have been determined by XD and are discussed in relation to the
structures of their O and S analogues.

In a A* —1,4,22%-selenazaphospholine derivative (15) the two rings occupy axial-
equatorial positions at the distorted trigonal bipyramidal phosphorus atom!®3,
The selenazaphospholine ring is nearly planar with single bonds P—Se =2.273(2) A,
Se—C =1972 A and angle P—Se—C =89.9°.
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The different crystal structures of 1, 2-benzisoselenazole (16) and 1, 2-benzisotellurazole
(17) explain why the latter compound has an unexpectedly high meltlng point and low
solubility'*4. There are only van der Waals’ intermolecular contacts in the crystals of 16,
whereas short (2.5 A) Te--- N interactions link the molecules of 17 into chains. Mean bond
lengths and angles from crystallographically different molecules are C—Se = 1.86 A, Se —
N=186A, C—Se—N =88°, C—Te=2.08A, Te—N =211 A and C—Te—N = 80°.

N

%
(16) X = Se
a7 X=Te

In a 3-substituted derivative of 16 (18) C—Se = 1.845(11) A, Se—N = 1.833(7) A and
C—Se—N =91.0(4)° were determined?33.

(18)

5-Acetoxy-6,7-dichloro-3,4-benzobicyclo[ 3.2.0]-2-selenaheptene (19) is a photo-
addition product!3®. The bond angle of the Se atom, 87.4(4)°, is equal to that in
selenophene (Table 15). Its bond lengths are the normal values for single bonds, Se—
C(sp®) = 1.949(9) and Se—C(sp?) = 1.905(9) A 156,

OC(O)CH,

.\\\‘“‘\C‘

Se Cl

19}

The molecular structure and conformation of some Se compounds, which are formed in
the oxidation of diketones by SeO,, have been elucidated recently by XD. Two structures,
9 and 10, have been treated in Section IIL.A. 5,6-Dihydro-4,4,4',4',6,6,6',6'-
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octamethylspiro[1,3-benzoxaselenole-2, 1’-cyclohexane]-2',3’,7(4 H)-trione (20)1%7
and 6, 7-dihydro-4',4',6, 6-tetramethylspiro[ 1, 3-benzoxaselenole-2, 1 '-cyclohexane]-
2',4,6'(SH)-trione (21)'°®, as well as 1,5,5-trimethyl-7-selenabicyclo{2.2.1Jheptane-2,3-
dione (22)'*?, contain the Se atom in five-membered rings. The bond angles of Se are
83.6(2), 82.5 and 78.6(3)° in 20,21 and 22, respectively, and therefore very small in the Se-
bridged compound 22. The selenium-carbon bonds are, in part, longer than in acyclic
selenides (cf. Table 7): Se—C(sp?) = 1.885(5) and 1.903 A, Se—C(spiro) = 2.012(5) and
2,007 A in 20 and 21, respectively (values for 21 are averages from two crystallographically
independent molecules), while in 22 the bond to the quaternary carbon is 2.021(7) .{ and to
the other bridgehead atom 1.977(7) A.

0 0 Se
Se Se 0
0 ; % o 0
0 (0] 0 0
(20) 2n (22)

Dibenzoselenophene (23)¢° and dibenzotellurophene (24)' ! have been studied by XD.
The molecules are practically planar, with only small dihedral angles between the best
planes of the individual rings. Bond lengths and bond angles within the five-membered
rings are given in Table 17, together with those in dibenzofuran (X = O) and dibenzo-
thiophene (X = S). McCullough'®! has discussed the structural changes in this series of
molecules and compared chalcogen bond angles with those in dimethyl chalcogenides.
The angle pattern is very similar to that found in the respective isolated five-membered
rings (Table 15). The bond angle of the heteroatom is somewhat smaller in the fused ring
system. Bonds seem to lengthen by ring fusion. Caution is called for, however, in
comparing bond distances from MW and XD.

X

(23) X = Se
@24) X = Te

The bond lengths and bond angles of heteroatoms in selenolo[2,3-b] benzothiophene
(25)'%¢ are: Se—C(2)=1.896(17), Se—C(8a)=1.859(13), S—C(7a)=1741(15),
S—C(8a) = 1.687(15)A, /C—Se—C=8777), /C—S—C=914(7°; and in

28) ocis 26) tons
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TABLE 17. Geometries of the planar five-membered rings of dibenzo-furan'%2, -thiophene'%3 -
selenophene!®? and -tellurophene!%* from XD?
I: 8 9 I:
X 8o
X=0 S Se Te
Bond lengths (A)
X—C 1.418(6) 1.740(8) 1.899(5) 2.087(5)
C(5a)—C(9a) 1.382(7) 1.409(11) 1.398(7) 1.394(6)
C(92)—C(9b) 1.480(6) 1.441(1) 1.453(7) 1.460(7)
Bond angles (deg.)
C—X—C 104.4(4) 91.5(4) 86.7(2) 81.7(2)
X—C(5a)—C(9a) 112.9(4) 112.3(6) 112.3(4) 112.1(4)
C(52)—C(9a)—C(9b) 105.6(4) 111.9(7) 114.3(5) 117.1(5)

“Mean values from chemically equivalent distances and angles as well as their standard deviations are presented
after McCullough?s*.

selenolo [3,2-b] benzothiophene (26)!%¢: Se—C(2) = 1.861(10), Se—C(8b) = 1.863(9),
S—C(3a) = 1.751(8), S—C(da)=1.734(8)A, / C—Se—C =87.0(4), / C—S—C =
91.0(4)°. The shapes of the heterocyclic rings are similar to the corresponding ones in
other molecules.

Tetrathiafulvalene (TTF, A%?-bis-1, 3-dithiole) (27) derivatives and Se analogues have

Bl

@7

been widely studied because of their ability to form charge-transfer salts with electron
acceptors like TCNQ (28). The structures of a few Se compounds of this type will be

R
NC CN
NC CN
R
(28) R = H
(29) R = Me

touched on here. The pure electron donor 4,4',5,5-tetramethyl-A%%'-bis-1,3-diselenole
(tetramethyltetraselenafulvalene, TMTSF) (30) crystallizes in the triclinic space group P1
with one molecule in the unit cell! ¢°. The molecule has thus a centre of symmetry (C;). The
rings are slightly puckered at the Se- - Se lines, taking envelope forms with 6.1° dihedral
angle. The inner Se—C bonds are 1.892(7), the outer ones 1.906(7) A on the average, while
the C—Se—C angles are 93.9°. The molecular packing is determined essentially by van
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der Waals’ contacts. The crystal of the 1:1 salt of 30 with 2,5-dimethyl-7,7,8,8-tetracyano-
p-quinodimethane (29) consists of separate stacks of the radical anions of 29 and of the
radical cations of 30'%°. The rings of 30 are puckered by only 2.3° and the centrosymmetric
molecule has an overall chair conformation. The two kinds of Se—C bonds, 1.879(5) and
1.896(5) A, are somewhat shorter than in the neutral compound, and the C—Se—C angle
is 94.1°.

Me Me
Se Se—

>=<

Se Se—
Me Me

(30)

The salt of TMTSF with TCNQ has two crystalline forms with interesting properties.
One is a highly conducting crystal (black form) built of segregated columns of the donor
and acceptor molecules”. The other is a semiconducting modification (red form) which
consists of mixed stacks of alternating donor and acceptor molecules' ®®. The overlap of
molecules within a stack is shown in Figure 25. The distance between molecular planes is
3.6 A in the stack of cations (black form)and 3.5 A within the mixed stack (red form), about
the same as in the TCNQ crystal itself'®?, The stacks of TCNQ anions in the black form of
the salt are characterized, on the other hand, by interplanar spacings of 3.26 A 167, The Se
bond lenFths and angles are (in the above order) 1.88(1), 1 90(12A and 94.5° in the black
form*®71%® and 1.908(4), 1.900(4) A and 94.3° in the red form!®®, It is noteworthy that S
has the same bond angle, 94.4°, in pure crystalline TTF (27)!7°, and the S—C bonds to the
bridgehead carbons and longer than the other S—C bonds, viz. 1.757(2) and 1.730(2) A.
This is in accord with calculated electron populations!”®,

ﬁ/\|/ / / <
L C===( " (@)
A A /\/ N

N\\ ) //N

C

FIGURE 25. Overlap of molecules, as seen along the normal to the
mean molecular plane, (a) in the stack of cations in the black form of
TMTSF -TCNQ (after Reference 167) and (b) in the mixed stack of
cations and anions in the red form of TMTSF-TCNQ (after
Reference 168)
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. _</——Se

S

(31

5-Phenyl-1,3-thiaselenole-2-thione (31) is the donor in a charge-transfer complex with
TCNQ. 31 is planar in the complex and has bond lengths Se —C(=C) = 1.858 A, Se—
C(=S) = 1.878 A and angle C—Se—C =92.0°!"",

X—-X

X X
32) X =S
(33) X = Se
349 X = Te

Chalcogen—chalcogen bonds are present in the planar fused ring system of tetrathiotet-
racene (TTT)(32) and its derivatives and analogues, which also form charge-transfer salts
with different anionic species. The crystal structures of 2:1 complexes of tetraselenotet-
racene (33) with chloride!”® and thiocyanate!’® ions have been determined. In both
crystals the molecules of 33 lie in centres of symmetry and are nearly planar: the atoms of
the Se—Se group are on opposite sides of the mean plane of carbons, destroying complete
planarity. The molecules form columns along the ¢ axis and the anions reside in the canals
between these stacks. The stacks, the interstack spaces and the positions of the anions
explain why the chloride salt behaves as a metal and has an electric conductivity about a
hundred times higher than has the thiocyanate complex! 72, The geometry of the diselenide
group in cation 33 is characterized by the following mean parameters:

Anion Se—Se(A) Se—C(A) C—Se—Se(deg)
Cl- 2.323(1) 1.901(6) 916
SCN-  2.320(7) 1.86 90

The molecules form stacks in the crystals of neutral tetratellurotetracene (34)'7* and
tetrathiotetracene (32)!75. The corresponding structural data are:

Molecule X—X(A) X—C(A) C—X—X(deg)
34(X=Te) 2.680(7) 2.135(15) 87.7(8)
32((X=S) 2.1003) 1.781 959

Chalcogen—chalcogen bond distances are comparable with those in acyclic dichalco-
genides (Section II1.B). Chalcogen—carbon bond lengths are normal for single bonds to an
aromatic carbon. Bond angles in these rings are smaller than in acyclic molecules (Tables 7
and 9) and larger than in the rings listed in Table 16. The increasing X —X distance from S
to Te gives rise to an opening of carbon bond angles in the five-membered rings of 32—34.
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The structures of six-membered rings with alternating carbon and chalcogen atoms
have been determined from three-dimensional XD photographic microdensitometer data.
(Figure 26). All these rings have the chair conformation in the crystal, and the Me
substituents are in equatorial positions. The intraring bond angles of carbon exceed the
regular tetrahedral value (see Figure 26 for references). The ring shapes in (a), (b), {c) and (d)
of Figure 26 seem to be very similar. The Se and S atoms have practically the same bond
angles. The introduction of O atoms in the ring, however, causes appreciable changes. The
sum of the bond angles which is 720° in a planar hexagon and may be a measure for the
non-plana.nty of the ring, is 641-645° in the trithiane and triselenane rings of (a), (b),(c) and
(d), 647° in (e) and 633° in(f) of Figure 26, while it is 660° in free 1,3, 5-trioxane, with angle
C—0—C 108.9(8)°, from an ED study”’2 The average Se—C bond distances in (c), (d),
(e) and (f), 1.94-1.95 A, agree with single-bond lengths in non-cyclic compounds (Table 7).

3
(Q) (b)
CHy
o T145° Se 5e4"L5e
ggo /k’mJ\
Se H3C Se CH3
(c) (d)
CHs
Se@Se /”L\O
I )\_gio .106.5°
1142 4160 110° 88°
~ CH;
(e) f)

FIGURE 26. Mean endocyclic bond angles in
chair-form six-membered rings: (a) [,3,5-tri-
thiane'7S, (b)cis-2, 4, 6-trimethyl-1, 3, 5-trithiane'””,
(c) 1,3, 5-triselenane'”®, (d)cis-2,4, 6-trimethyl-1, 3,
S-triselenane!”, (e) 1, 3, S-oxadiselenane!®?, (f) cis-
2,4, 6-trimethyl-1, 3, 5-dioxaselenane!®!
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TABLE 18. Structural data of 1-telluracyclohexane-3,5-dione derivatives from

XD

Molecule Te—C (A) C—Te—C (deg.) Reference

35 2.15(1), 2.18(1)° 89.5(4) 186
2.17(1), 2.15(1)° 90.8(4) 183

36 2.202(8Y, 2.157(8)° 88.4(3) 184

w7 2.184(6), 2.206(7)° 89.703) 187

38 2.168(5) 86.4(2) 185

39 2.18(1), 2.18(1)° 89.3(6) 188

“The two Te—C bonds are crystallographically different.
*The Te—C(Me) bond.
‘The Te—CH, bond.

Cyclic complexes of Se(11) or Te(11) are formed in the reaction of selenium or tellurium
tetrachloride with 1,3-diketones. Acetylacetone or its derivatives function in these
complexes as bivalent bidentate ligands, bonded to the chalcogen atom through the
carbon atoms next to the carbonyl group. This type of bonding is completely different from
the bonding of acetylacetone with other central atoms (see References 183-185 for
references). The crystal and molecular structures of some 1-telluracyclohexane-3,5-dione
derivatives 35-39 (Table 18) were determined in the 1970s. In some of these studies by
Dewan and Silver, some museum pieces of crystals obtained about fifty years before were
used (see Table 18 for references).

R  R?
0 0
H H
R4 Te Rs

(35 R!=R2=R®=R*=H

(36) R!=R*=H;R?2=R3=Me
(37) R'=R?’=H:R*=R*=Me
(38) R!=R?2=Me;R¥*=R*=H
(39) R'=H;R*=R3*=R*=Me

The telluracyclohexane rings have a chair form and the Me groups occupy equatorial
positions —except in 4,4-dimethyl-1-telluracyclohexane-3,5-dione (38) where this is not
possible. The parent compound, 1-telluracyclohexane-3, 5-dione (35) itself has been the
subject of three XD studies!®3186:18% The molecules are aligned in piles along axis a
(Figure 27). Weak association is formed '3 between four of these piles via Te lone pairs at
Te--- Te distances of 3.95(1), 3.95(1), 3.97(1), 3.97(1) and 4.18(1) A. Each Te atom has five
contacts to two molecules each in neighbouring piles shifted by + a/2 and to one molecule
in the diagonally opposite stack 183, The above listed distances are all shorter than twice
the Te van der Waals’ distance (Table 10). Crystals of 37 and 39 are isomorphous,
monoclinic, P2, ;36 is also monoclinic, B2, /c (see Table 18 for references). There are zig-
zag Te---Te---Te chains in these structures along axis b with Te---Te distances of
4.068(7) A (37), 4.138(7) A (39) and 4.042(5) A (36). In crystalline 38, which is orthorhombic,
Pmnb, the shortest Te- - - Te distances are 5.05 A, much longer than in the other crystals,
probably due to the space requirement of the axial methyl group in 38. The schematic
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projection of this structure in Figure 28 demonstrates how the lone pairs of tetrahedrally
sp3-hybridized Te(11) atoms are oriented into available space in the structure'®’. Another
possible hybridization of Te(n) would be the planar trigonal sp? hybrid with the
remaining lone pair on a p orbital perpendicular to the plane'®318% Some physical
properties of these crystals such as Mdssbauer spectra'®®, colour, crystal growth and
variations of the C—Te—C bond angle have been correlated with the existence of one-
dimensional chains of molecules in the crystal and with geometric and electronic
characteristics of intermolecular Te-- - Te interactions (see References 183185, 187, 188
and 190 and references therein). The relatively small angle in 38 has been related*%5 to
weaker intermolecular Te - - Te interactions in this crystal (see above).

0
4 O\\

A

0 N
\———Te ............... Te \/ 0

o]
| \\ j i
\\O 0/

FIGURE 27. Molecular packing in the crystal of
1-telluracyclohexane-3, 5-dione (35): projection of
four piles of molecules along the a axis (after
References 183 and 186)

idj
Teo/

FIGURE 28. Projection of two molecules along the a axis in the
crystal of 4,4-dimethyl-1-telluracyclohexane-3, 5-dione (38) (after
Reference 185)
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The non-planar heterocyclic ring of 3-formyl-5,8-dimethyl-1,2-benzothiaselenin-1, 1-
dioxide (40) has bond lengths Se—C = 1.888(7) and S—Se = 2.205(1) A and bond angle
S—Se—C =92.8(2)° 'L,

0. O M
\/ )
s&”

oHC” X

Me
(40)

9,10-Dihydroanthracene!®2* and its heterocyclic analogues are folded at atoms 9 and
10, having a boat-form central ring, and are referred to epithetically as ‘butterfly’ molecules
(Figure 29). An exception is dibenzo-p-dioxin (41), which is, at least in the crystal phase,
practically planar!®?®, Geometrical parameters of such molecules containing Se or Te
atoms are listed in Table 19, together with those of O and S analogues for comparison,

F F
X F X F
::x: F X F
F F

41 X =0 44 X =0
42 X =8 4% X =S
43 X = Te 46) X = Se
47) X = Te
@@@@@ o
0 Se 0 Te
48) 49)

NH

R Se R
(80) R = H
81 R = ¢l
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FIGURE 29. The shape of a ‘butterfly’ molecule

mainly from XD investigations. Thianthrene (42) has been studied in the gas phase by
ED'94, Chalcogen—carbon bond distances are normal for single bonds to sp3-hybridized
carbon (cf. Table 7 and diphenyl ditellurides in Section III.B), Bond angles show the usual
trend down the chalcogen group. The bond lengths in the perfluoro derivatives 4447 are
practically the same as in the other molecules; chalcogen bond angles in 44,45 and 47 are
smaller than in the corresponding non-fluorinated molecules 41,42 and 43 (Table 19). It is
instructive to follow the changes?°! in the dihedral angle 8, of the two phenylene planes
and the fold angle @, of the central ring in the perfluoro compounds (Figure 30). Both
angles diminish as the size of the chalcogen atom increases and thus the repulsion of the
tetrafluorophenylene rings gets smaller. This is seen for example, from the 1,3 C---C
distancesin the central rings of the four molecules 44-47:2.31,2.69, 2.85 and 3.06 A. At the
same time, the usual chalcogen bond angles are approached only by stronger folding of the
central ring, without substantially distorting the carbon bond angles from 120°. The latter
anglesin the central ring are, nevertheless, systematically larger’®° than 120°, viz. O —C—
C 122.8(2), S—C—C 121.3(2), Se—C—C 121.7(9) and Te—C—C 122.5(3)°. Another
interesting observation2°! is that, except for perfluorotelluranthrene (47), 8, > 6, is valid
in these and similar molecules. This is demonstrated by the data in Figure 30 as well as by
6,,0, 124.0, 120.1° in telluranthrene (43), and 145, 138° in phenoxatellurin (49), while
8, = 6, was found to be 131.4° in thianthrene (42), 150° in phenoselenazine (50) and 146° in
3,7-dichlorophenoselenazine (51) (see Table 19 for references). Repulsion and attraction
between the phenylene ‘wings’ may give an explanation for this phenomenon?2°?,

The eight-membered ring of 1,3,5,7-tetraselenocane, (CH,Se),, has an asymmetric
twist-chair conformation in the crystal (Figure 31) with Se—C bond distances of 1.91—
1.98 A and C—Se—C angles of 98.0-101.5° 293, The relatively large Se—C—Se angles
between 114 and 119°, accompanied by Se---Se distances of 3.26-3.38 A, may be a
consequence of the size of the Se atoms23.

The crystal molecular structure of a dimer (52) of 1H,4H-naphtho[1,8-d,e] [1,2]-
diselenepin has been determined?®*. The molecule possesses C, symmetry; the angle
between the two naphthalene planes is 87.6°. The CSeSeC dihedral angle is 88.1°, similar to
this angle in acyclic diselenides. The Se—Se bond is 2.315(2) A long and the mean Se—C
distance and Se—Se—C bond angle are 1.991(11) A and 101.8°.

O~ 0O
O~ O

Se—Se

(52)
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TABLE 19. Chalcogen bond lengths and bond angles in 9,10-
diheteroanthracene molecules 41-51

Bond length Bond angle Reference

Molecule (A (deg.)
o—C C—0—-C
41 1.383(8) 116.4(5) 192b
44 1.374(2) 114.3(2) 193
$—C C—S§—C
42 1.770(3) 104.1(1) 194
45 1.765(2) 99.3(1) 195
Se—C C—Se—C
46 1.910(8) 96.5(10) 196
48 1.920(8) 98.2(4) 197
50 1.89(2) 97(1) 198
51 1.921(5) 95.42) 199
Te—C C—Te—C
43 2.112(4) 95.6(3) 200
47 2.114 92.9(1) 201
9 2.098 89.4(3) 202

0 -~ 180° 180°

132° 126.3°

126° 1230

111.5° 118.4°

FIGURE 30. Schematic projections of the ring pla-
nes, along the chalcogen - chalcogen line, in
perfluoro-dibenzo-p-dioxin (44) -thianthrene (45),
-selenanthrene (46) and -telluranthrene (47).
Deviations are slightly exaggerated in the drawing.
0, is the dihedral angle between the mean planes of
the phenylene rings, 8, is the fold angle of the central
ring. See Table 19 for references
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A

FIGURE 31. The ring conformation in crystalline 1, 3,5, 7-
tetraselenocane. Drawn from the atomic coordinates given in

Reference 203

TABLE 20. Bond configuration of Se and Te in organometallic complexes

Molecule M Se—C(A) M—Se (A) M—Se—C (deg) Reference
53 Cu 1.86 243 84 205
59 Cu 1.82 2.50 81.2 206
54 Zn 1.88 248 77-95 205
60 Hg 1.89(3) 2477(3) 104.4(8) 207
57 Se {1 902 2.462 89.1 208
1.839 2816 80.1
58 Se {1.896 2450 89.5 209
1.849 2.867 78.5}
61 Te {1.897(7) 2.7229(16) 101.1(2) 210
1.893(7) 2.8895(17) 99.8(2)}
62 Te 1.884 2812 {91 27 211
98,0(8)}
63 Mo 1.86(1) 2.492(2) 105.1(4) 212
64 Co 1.952(3) 2.378(1) 92.1(1) 213
65 Co 1.949(10) 2.355(1) 92.7(3) -214
55 Ni 1.88 2.317 85.2 205
56 Ni 1.86 2.31 85.2 215
66 Ni 1.906(10) 2.280(3) 102.8(3) 216
67 Ni 1.86(1) 2.387(1) 87.3¢ 217
68 Ni 1.78(3) 2.391(5) 857 218
69 Rh 1.926(7) 2.527 106.3 219
70 Pt 1.89(2) 2.462(4) .,} 220
1.86(3) 2.491(3) b
Te—C (A) M—Te (A) M—Te—C (deg)
71 Cr 2.122) 2.765(4) 96.1(15) 221
72 Hg 2.10(1.2) 2.697(10) 99.9(16) 222

“Calculated from the atomic coordinates given in the original paper; mean value.

*Not given.



3. Structural chemistry 103

D. Organometallic Complexes

Bond lengths and bond angles of Se and Te in some organometallic complexes with a
two-coordinated chalcogen atom directly bonded to a carbon and a metal atom (53-72)
are summarized in Table 20. Included are some compounds where the central atom is also
Se or Te. Complexes with pseudohalide ligands have not been considered. The
selenocyanate ligand may be coordinated to metals through the Se or N atom or both, it
may form a bridge between two metal atoms, and the choice of binding mode depends
rather on steric than on electronic factors?23,

The diselenocarbamate complexes of Cu(11), Zn(11) and Ni(11) (53—56) are isomorphous
with the corresponding dithiocarbamate compounds. Average differences of Se—C and
S—C (0.152 A) and Se-metal and S—metal bond lengths (0.113 A), compared with the
difference (0.14 A) of Se and S covalent radii (Table 10) may indicate that Se—metal bonds
are of higher order than S—metal bonds?®5. The diselenocarbamate complexes (53—
58,68,70) all contain practically planar Se,CNC, skeletons in their ligands but the
environment of the Se atoms and the coordination of the central atom is different in their
crystals. The Ni atom has a distorted square planar coordination and monomeric
molecules are present in the crystals of 552°% and $6'* while a pair of centrosymmetrically
related molecules is linked by a pair of Se-metal bonds in 53 and 542°5. In 53 and 54 the Cu
and Zn atoms obtain five close neighbours in different ways (Figure 32) so that the
geometry is a distorted tetragonal pyramid around Cu and something between this and a
trigonal bipyramid around Zn?2°%, Two diselenocarbamate ligands are coordinated to a Se
atom in bis(N, N-diethyldiselenocarbamato)selenium(u) (57)2°® and selenium bis(1-
pyrrolidinecarbodiselenoate) (58)2°°, forming two approximately linear three-centre four-
electron (3c~4e) bonding systems in a nearly planar trapezoid SeSe, structure. There are
two shorter Se—Se-bonds and, in trans positions to them, two longer ones (Table 20) and
they are all longer than the Se—Se bond in acyclic or cyclic diselenides (Sections III.B and
IIL.C). The adjacent Se—C bonds are, in the same order, longer and shorter and the
corresponding Se—Se—C bond angles are also systematically different (see Table 20).

Se Se‘.
R2NC < N M - \CN
'Se/ \Se'/

(53) M=Cu, R =Et

(54 M=Zn, R=Et

(55 M=Nij,R=Ft

(56) M =NiR =n-Bu

(57 M=Se,R=EFEt

(58) M =Se,—NR, = —N(CH,),

The selenium-carbon bond lengths in the selenocarbamate (53—59,68,70) and se-
lenourea (60-62) complexes are intermediate between the expected length of a single
(194A) and a double bond (1.73 A)2°? (see also data in Sections II and IILA for
comparison), and are comparable with the bond length in crystalline selenourea and
related systems (see Section II). The Se—C bonds are remarkably short in the cation of 68,
which is an octahedrally coordinated Ni(1v) complex. The Se bond angles in the bidentate
ligands are influenced by strain in the four-membered ring.

The central metal atom is octahedrally coordinated in 63—65, 6769 and 71. In the
cobalt complexes (64, 65) a lengthening of the Co—N bond trans to the Se atom has been
observed?'3:?'* and compared to the ‘trans effect’ in analogous ethanethiolamine
complexes. The Se bond configuration in the selenol complexes (64—66,69) is similar to
that found in acyclic selenides (cf. Table 7).

Rz
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/‘se\ /S'R [MeHgSeC(NH,),]* NO;
Et NC:.. Cu s CNEt, *(60)
T % N
S Se PhTe[SeC(NH,),],* CI~
(59) (61)
Te[SeC(NH,),],2* 2 CI-
(62)
\Fsc Se
Mo
FyC se”7,
(63)
H NH
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\p/ .
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7\
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L\ NC Se’/3
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(n-Bu)zNC{;. Ni Br~
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3. Structural chemistry

PhSeT F
~
B
o// o
/ /

N N
PR
h
N
N/

~

SePh

(69)

Et 0
C
/ co

[N | -
>=Te-—-Cr—CO
N o |

et &

(71)

C/Se

Se

—5Se

291 AT Ngush

S C
—X .A.Se/ h

~

_tu
Se T Se

€ N

(a)

Ph3P—/Pl—- Se”
cH,

(70)

(b)

105

Ser.-:—_.;CNEtz

FIGURE 32. Schematic projection of the dimeric molecule in the crystal of (a)
bis(N, N-diethyldiselenocarbamato)copper () (53) and (b) bis(N,N-diethyl-
diselenocarbamato)zinc (1) (34) (after Reference 205). The diethylamino groups are

not shown
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The molecule of the tellurourea complex (71) lies on a crystallographic mirror plane,
which bisects the five-membered ring?2’. The tris(tellurophenolato)mercurate(i) anion
(72) has a distorted planar trigonal HgTe, core, which holds the propeller-like
arrangement of the phenyl rings??2. The Hg atom lies 0.09 A from the plane of the Te
atoms, and the distances of ipso carbon atoms of the rings from the same plane are — 0.59,
—0.21 and 0.12A. The Ph rings form dihedral angles of 34.6,71.2 and 11.3° with that
plane222, The Te—C bond lengths in both compounds (71, 72) are comparable with the
sum of the covalent radii (Table 10).

IV. THREE-COORDINATED SELENIUM AND TELLURIUM

Molecular geometry data are relatively scarce for organic Se and Te compounds in which
the chalcogen atom is three-coordinate. The structure of no such organic Se or Te
compound has been determined in the vapour phase. There are though a few inorganic
“compounds whose vapour-phase molecular geometry has been elucidated by
ED:SeOF,2%4, SeQCl,%**, ethylene selenite (73)22¢ and trimethylene selenite (74)227.

’(‘:‘2
H,C <|:H2 H2<':/ \THZ
0 o 0 0
\Se/ ~ Se/
I [
o) o)
(73) (74)

XD has been used to elucidate the molecular structure of several organic Se and Te
compounds in the crystalline phase. The Ph group often occurs as ligand both for Se and
Te. Especially noteworthy is the interest in structures in which the organic Se moiety is
linked to a transition metal. The fluxional behaviour of some of these structures has also
attracted interest.

Crystalline triphenylselenonium isothiocyanate, Ph;Se(NCS), consists of discrete
Ph,Se* and NCS~ ion pairs separated from other ion pairs by van der Waals’
distances?2®. Within the ion pairs (Figure 33), the Se--- N contact of 3.197(4)A and the
Se--- C(NCS) contact of 3.260(5) A are considerably shorter than the respective van der
Waals’ distances. The Se bond configuration has a trigonal pyramidal shape with the Se
atom lying 0.87 A out of the plane of the three adjacent carbon atoms. This configuration

s
o

FIGURE 33. An ion pair in the crystal of triphenylselenonium
isothiocyanate (after Reference 228)
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N=C=5 cl

©

FIGURE 34. Schematic Se coordination in Ph;Se(NCS) and
Ph,SeCl-2H,0

may also be considered to be distorted tetrahedral with a lone pair of electrons occupying
the fourth position.

The Se bond configurations are the same in Ph;Se(NCS) and in Ph,SeCl-2H,0%%°.
The mean values of the Se—C bond lengths and C—Se—C bond angles are as follows:

rSe—C)(A) C—Se—C(deg.)
Ph,Se(NCS) 1.923(8) 100.9(3)
Ph,SeCl-2H,0 1.93(1) 100(1)

The Se bond angles are slightly larger than the corresponding mean Te bond anglesin the
Ph,Te*ion, viz. 95.7(8)° in Ph,;Te(NCO)-1CHCI, 23¢ and 97.3(6)° in Ph,Te(NCS)?3".
The mean Te—C bond distance in both crystals is2, 13(2) A 23%-231 The mean C—Te—C
bond angle and Te—C bond length in triphenyltelluronium chloride, Ph,TeCl, is 95.6°
and 2.130(4) A 232,

In the two above-mentioned Se compounds the coordination of the Se atoms s different
in spite of the structural similarity of the two cations. The Se is actually four-coordinated in
Ph,Se(NCS) and six-coordinated in Ph;SeCl-2H,O. Considering the magnitude of the Se
bond angles, viz. N---Se—C and C—Se—C, the Se coordination even in Ph,Se(NCS)
can be visualized as octahedral with three bonds, one coordination linkage and two vacant
sites?28. In Ph,SeCl-2 H,O the octahedral coordination of Se comprises three bonds and
three coordination linkages. The two different Se coordinations are depicted schematically
in Figure 34. The differences between the structures of Ph,Se(NCS) and its Te analogue are
more marked according to Ash and coworkers??® They are neither isomorphous, nor
isostructural?3!-233, Dimers and polycyclic tetramers coexist in the unit cell of
Ph,Te(NCS)?*!. There are tetramers in Ph,Te(NCO)-1CHCI, 2*°. The thiocyanate and
cyanate anions occur both in end-to-end and terminally bridging positions in these
structures. Te is present in both crystals as five- and six-coordinated atoms in distorted
square-pyramidal and octahedral environments, respectively. Ph,TeCl is dimeric in the
crystal, with five-coordinated Te atoms?32,

It is of interest to examine the effect of Se substitution on the benzene ring deformation.
In Ph,Se(NCS) the mean value of the ipso endocyclic C—C—C bond angles from the
three independently determined Ph geometries is 121.4° (see Table 22). This indicates an
appreciable amount of ring deformation in the direction usually characteristic for
markedly electronegative substituents.

The ylide resonance structures (75) of diacetylmethylenediphenylselenurane gained
support from the XD determination of its molecular structure in the crystal>**, The Se
bond configuration is pyramidal with the Se atom lying 0.78 A out of the plane of the three
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Ph S{/ \O Ph—— S{" \\O
\Ph \ Ph
(78a) (75b)

adjacent carbon atoms. The mean value of the three C—Se—C bond angles is 104.4°, but
the three angles are considerably different. The smallest is the Ph—Se—Ph angle, viz.
100.8(3)°, not far from the C—Se—C bond angle in Me,S (cf. Table 7). Noteworthy is the
Se—Cf(alkyl) bond length, 1.906(8) A, which is the same as the mean of the two Se—
C(phenyl) bond lengths (1.912 A). This is indeed the main indication that there is a large
contribution from the ylide resonance structure 75b. Similarly, and even more so, in 76 the
Se—C bonds are longer and the Se atom lies further out of the adjacent CCC plane (by
091A). This structure was determined by X-ray crystallography by Saatsazov and
coworkers?*3. Incidentally, the five-membered ring is non-planar and its geometrical
parameters are consistent with those of the free tetrahydroselenophene molecule
determined by ED (see Table 14).

o)
\. 7/ N/
R NVAN
CH,—CH, C—CH, Me
(78

C
QV\CM“
\

CO)CHy D
7

FIGURE 35. Conformation of molecule
75, viewed along the Se-—C(C(O)CH,),
bond (after Reference 234)
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The molecule 75 does not have exact C, symmetry in the crystal234, The orientation of
the two Ph groups is markedly different with respect to what would be the symmetry plane
containing the Se atom and the acetyl acetonate moiety. Even the rotational form of the
C,Se—CC, skeleton about the Se—C bond is asymmetrical (Figure 35).

The two independently determined Ph geometries differ appreciably. One of them
shows an elongation of the ring usually characteristic of substitution with an elec-
tropositive ligand. Possible Se and Te substituent effects upon the benzene ring
deformation are discussed in the conclusion of this section.

There are two modifications of tetrakis (diphenylseleno) dimercury(i) diperchlorate
(Ph2Se)ZHgHg(Seth)z(ClO“)2 (77), yellow and red. Both have been studied by X-ray
crystallographyz“'23 The structural differences of the two modifications are pro-

FIGURE 36(a)
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FIGURE 36. Packing of molecules in the crystals of 77, viewed along direction (010}): (a) yellow

modification, (b) red modification. Reproduced by permission of the Verlag der Zeitschrift fiir
Naturforschung from Reference 237

nounced in the Hg bond configuration. Although the Se, HgHgSe, skeleton is coplanar in
both, the Hg bond angles and the Hg—Se bond lengths change considerably. The Se bond
configurations may also be somewhat different in the two modifications but large
deviations of crystallographically non-equivalent bonds and angles prevent a meaningful
discussion of the differences. The configurations are peaked pyramidal, the mean Se bond
angles being about 101° in both structures.

The two modifications of 77 have markedly different molecular packing (Figure 36). The
‘red’ modification has nearly spherical molecular units, while the Ph groups are sticking
outin the packing of the ‘yellow’ modification. Thus the most striking differences might be
expected in the structures of the Ph groups. The ring sizes appear to be appreciably
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FIGURE 37. The molecular model of 78 (after Reference

238)

different, although the experimental errors are rather large. There are four independent
pairs of Ph groups in each molecule, and the four mean C—Cring bond lengths have been
reported for both modifications. The mean values of the respective four mean bond lengths
are 1.403 A (yellow) and 1.375 A (red). Although the angular parameters for the benzene
rings were not communicated, it is expected on this basis that considerable differences in
the angular deformation also occur in the two modifications.

The structure of the SeCF, moiety of bis{u[(trifluoromethyl)seleno]-
manganesetetracarbonyl}, [(CF,Se)Mn(CO),], (78), (Figure 37) is of interest
for our discussion. This molecular structure has been determined by XD?3%.
The Se—C bond is 1.97 A long. Noteworthy is that the mean of the F---F dis-

FIGURE 38. Thermal ellipsoids (50% probability le-
vel) of the atoms in the asymmetric unit of 78.
Reproduced by permission of Elsevier Sequoia S.A.
from Reference 238
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FIGURE 39. Crystal structure of 78 projected
along the z axis. Reproduced by permission of
Elsevier Sequoia S.A. from Reference 238

tances, referring to fluorines separated by one bond angle, is only 2.10 A. They are
markedly shorter than the mean value of 2.162 + 0.008 A found from a large series of free
molecules containing CF, groups as was discussed in Section IIL.C. It is not obvious what
may be the origin of this discrepancy. An apparent shortening of the C—F bonds may be a
consequence of the librational motion. Figure 38 illustrates the thermal motion of the
atoms in the asymmetric unit after Marsden and Sheldrick?®®, Packing considerations
may also be of importance. The molecule possesses a crystallographic centre of symmetry,
the asymmetric unit consisting of one half of one molecule. The molecules are arranged in
layers. As for intramolecular interactions, the conformation adopted by the CF; groups
appears to minimize the repulsion from the two CO groups on the same side of the
(MnSe), plane, cf. Figure 37. A fluorine may be almost equidistant from two carbons and
two oxygens, thus non-bonded interactions seem to be of importance. There may also be
non-bonded interactions between molecules. The shortest intermolecular contacts occur
between oxygens and fluorines, viz. 2.84 A within a layer and 3.03 A between layers. The
shortest intermolecular F -+ F non-bonded distances are 3.14 A between layers. Figure 39
shows the crystal structure in projection down the z axis after Marsden and Sheldrick?38.
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The molecular structure of trans-dibromobis(1,4-oxaselenane) platinum(n) (80) has
been determined by XD?3° along with that of trans-dibromobis(l,4-oxathiane)
platinum (11)(79). In addition to the bond length changes, the largest angular change occurs
in the C—S8e—C versus C—S—C endocyclic bond angles. Some of the geometrical
parameters in the two analogous molecules are:

79 80

S—C L8I(1)A Se—C 1.962) A
1.82A 1.86(4) A

C—S—Pt  1132(5° C—Se—Pt 110507
104.0(4)° 107.2(10)°

C—S—C 96.4(7° C—S8e—C 90.8(13)°

The C—S—C bond angle in the thio derivative agrees well with the analogous angle in
Jree 1,4-oxathiane, viz. 97.1(20)° as determined by ED?4°. 1 4-oxaselenane itself has not
been investigated. The most interesting difference between the structures of 79 and 80
occurs in their conformations. Whereas the Pt —S bond is equatorial to the ring, the Pt —
Se bond adopts an axial position (Figure 40). According to Barnes and coworkers?*® the
difference cannot be explained by intermolecular packing considerations. It was also
noted??? that similar conformational differences have been observed.

(CO)y Fe
>

e
\
\\\ (CH,)g
(CO),Fe \_/

81

The hexacarbonyl [u-[1,2-n:2-)-1<cyclooctene-1-selenolato(2-)-Se:Se]]diiron(Fe—Fe)
molecule (81)?4! is interesting in that it contains iron—selenium bonds. The selenoketocar-
bene moiety establishes asymmetric bonding to the diironhexacarbonyl group. The Se

=

C
/Se
FIGURE 40. Axial and equatorial coordination of {,4-

oxaselenane and 1, 4-oxathiane to Pt in complexes 80 and
79, respectively

A

c

C

\/Pt\s//c
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bond configuration is characterized by the following parameters:

rSe—C) 1917(3)A /Fe—Se—Fe 64.1(0),
/ Fe—Se—C  77.1(1) and 57.4(1)°

The lengths of the iron—selenium bonds were determined to be 2.398(1) and 2.364(1) A.
Similarly, unequal iron—selenium bonds were found in another compound containing a
selenaferrole ring?42,

The trimethyltellurium ion, Me,Te*, is a discrete entity in the trimethyltelluronium
tetraphenylborate, Me,TeB Ph,(82), structure as has been determined by X-ray crystallog-
raphy?*3. The Me,Te" ion has a trigonal pyramidal geometry with approximate C,,
symmetry. It was presumed that the fourth tetrahedral site is occupied by the Te lone pair
of electrons, similarly to Me, TeCl, in which the electron density distribution has also been
determined?**. The geometry of the TeC, skeleton in 82 is characterized by the following
mean parameters:

Te—C) 2142A and /C—Te—C 9201y
As there are no appreciable coordination linkages the lone pair of electrons may be
expected to exercise its full stereochemical activity. The absence of secondary interactions
has been ascribed to the non-coordinating character of the BPh, ion. The mean value of
the crystallographically independent Te—C bond lengths corresponds to the calculated
single bond, and agrees well with Te—C bond lengths determined in other substances as
well (for references see Reference 243). The C—Te—C bond angles appear slightly smaller
than generally observed. This may be a consequence of the repulsion effect of the
stereochemically fully active lone pair of electrons of Te. The lone pair may have somewhat
diminished activity in other molecules due to secondary coordination.

Br Br
Me\l - Sele, Me3Pt<B > /PtMe3
t r
Me~” I v\SeMe2 MeSe SeMe
Me
83) e4)

Interesting structures, 83 and 84, are produced when tetrameric bromotrimethylpla-
tinum reacts with Me,Se or Me,Se,, respectively®**. 83 is supposed to have an octahedral
bond configuration about the central Pt atom. It has been investigated by 'H-NMR
spectroscopy. The structure of 84 was determined by XD?*%, The Se—Se bond length is
2.36(1) A, slightly larger than in open-chain diselenides discussed in Section II1.B. The
mean of the C—Se—Se and C—Se—Pt bond angles is 99(2)°. The Pt atoms retain an
approximate octahedral coordination. The Pt,Br, four-membered ring is puckered, the
dihedral angle BrPtBr/BrPtBr is 29°. An 'H-NMR investigation of 84 revealed an atomic
inversion process in which the two Se atoms were exchanged. The activation energy was
determined to be 64.5(62) kJ mol~ 1245,

Abel and coworkers?4® have studied the various structural factors governing the energy
barriers to inversion of three-coordinated Se and S. In a typical investigation, a complex,
[ReIl(CO),{MeSe(CH,),SeMe} ] (85), was prepared, its crystal and molecular structure
(Figure 41) was determined by XD and the energy barrier associated with the pyramidal
inversion at the three-coordinated Se atom was calculated by means of total band-shape
dynamic NMR spectroscopic methods?*S. The geometrical parameters characterizing the
selenium—carbon bonding systems are listed below:
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FIGURE 41. The molecular model of 85 (after Reference 246)

Se—CH;, 1.946(11)A  CH,—Se—CH, 96.8(5)°
1.991(11) A 97.5(5)°

Se—CH, 1.970(9) A Re—Se—CH, 102.303)°
1.989(9) A 100.9(3)°

Re—Se—CH, 107.7(4)°

108.9(4)°

The mean Se—C bond length in the ring is slightly greater than the mean exocyclic Se—C
bond length. Concerning the inversion barriers, the following statements can be made?*:
(1) The inversion barriers at Se are higher than those at analogous S, (2) Changing the
halogen in the cis position to the inverting centre has negligible effect on the overall barrier
height. (3) The nature of the metal-Se (S) bond is of great importance for the barrier
heights. (4) Substituting the aliphatic backbone of the ligand by an unsaturated backbone
lowers the inversion barrier. The lowering is smaller for S inversion than for Se inversion.
This change was ascribed to (p—p)n conjugation between the chalcogen lone pair of
electrons and the ligand backbone during the inversion. It was suggested that the (3p—2p)n
sulphur—carbon conjugation was more effective than the (4p—2p)n selenium—carbon
conjugation,

Three-coordinated Se and Te may have a planar T-shaped bond configuration. Such
cases will be reviewed next.

Structures of crystals containing the tris(selenourea), [SeC(NH,),]52", ion have been
determined from visually estimated photographic?*? and diffractometer®® X-ray data.
Crystals of [SeC(NH,),],Cl,- H,0(86) and [SeC(NH,),],Br,- H,O(87) are isomorphous,
orthorhombic?*’, Pbca; the sulphate, [SeC(NH,),],80, -SeC(NH,), 2H,0 (88), is tri-
clinic3%, PT and contains a solvate selenourea molecule. The cation geometry is similar in
the three salts (Figure 42). All selenourea groups, including the uncomplexed solvate
molecule in 88, are nearly planar. The selenourea planes of the cation are nearly
perpendicular to the approximately linear Se—Se—Se sequence, and are thus nearly
parallel to each other: the central plane makes dihedral angles of 5-18° with the terminal
planes. The two terminal Se—C bonds are nearly coplanar, and the dihedral angle
between the least-squares planes of the atoms

Se—Se—Se and Se—Se—Se

| | I
C C C

respectively, is about 75°. This conformation of the tris(selenourea) cation (Figure 42)
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FIGURE 42, The ‘easel’ shape of the
tris(selenourea) cation. Drawn from the atomic
coordinates given in Reference 35

resembles the ‘easel’ shape of the triselenocyanate, (SeCN), ~ anion, whose dihedral angle is
smaller, viz. 44, 57 and 65° in the crystals of the Cs?4%, K24° and Rb salts23° (see also
Reference 4). As to the Se—Se-—Se moiety, it is only slightly bent in the triselenocyanate
ions with angles of 176—178° while it is more bent in the tris(selenourea) ions, which have
Se—Se —Se angles of 173.8° in the dichloride (86)**7 and dibromide (87)>*” and 168.3°in
the sulphate (88)°. The latter differs from 86 and 87 also in the direction of bending.

The average bond angles (deg.) at the Se atoms of the tris(selenourea) group are as
follows:

86247 87247 8835
Se—Se—C(terminal) 96.4 96.4 98.0
Se—Se—C(central) 89.1 892 86.2

They are similar to those found in the triselenocyanate ion*-248 =230, The crystallographi-
cally different Se—Se bond lengths (A) are the following:

86 87 88
Se—Se  2.597(2)  26242)  2.6336(15)
Se—Se  2717(2)  2712(2)  2.6639(15)

and the lengths (A) of the Se—C bonds in the same order:

Se—C(terminal) 19218)  1921(12)  1.903(5)
Se—C(central) 19408)  1947(12)  1.925@)
Se—C(terminal) 1905(8)  1906(12)  1.903(5)

The central Se—C bond in the tris(selenourea) ion is longer than the terminal Se —C
bonds. A similar observation was made for the chalcogen—carbon bonds in tri-
thiapentalenes and analogues?3! (see below). A comparison with triselenocyanates is not
feasible because of large estimated errors in the parameters of the latter. There is
asymmetry in the Se—Se and terminal Se—C bonds of the tris(selenourea)ion. The longer
Se—C bond belongs to the shorter Se—Se bond, although differences in terminal Se—C
lengths are hardly significant. Selenium-carbon bonds seem to have a certain amount of
double-bond character (cf. Table 7) and are longer than this bond, 1.867(4) A, in the solvate
selenourea molecule in the crystals of 88. The selenium—selenium bonds are longer than
single bonds (see Tables 11 and 12), similarly to those in triselenocyanates*248723% and
triselenapentalenes.

Trithiapentalenes and related systems contain a three-coordinated, formally tetrava-
lent chalcogen atom Y (89a), which is involved in a threecentre four-electron bond in the
roughly linear chain of atoms X—Y —Z. Form 89b reflects the delocalized system of ten
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electrons in the nearly planar bicyclic molecule, while asymmetric forms like 89¢ or 89d
indicate its dynamic properties, Compounds of this type have been extensively studied
since their discovery 25 years ago. (See Reference 252 for references to reviews.) Bond
length data of Se and Te, as well as O and S atoms in such heteropentalene molecules are
compiled in Table 21 from X-ray crystallographic investigations. Some S analogues are
also included for comparison. The molecular structures of two compounds have been
determined in the gas phase: 1,6,6a-trithiapentalene (90) was studied by electron
diffraction?®® and 1,6-dioxa-6a-thiapentalene by microwave spectroscopy?”.
Chalcogen—chalcogen bonds in these systems are longer than normal covalent single
bonds, and the relative lengthening diminishes from S to Te2®3, This is in accord with
observed ESCA line widths?6®-269 and results of CNDOQ/2 calculations*®®; namely, the
total energy of 90 as a function of the displacement of the central S atom (6a) between its
fixed neighbours S(1) and S(6) has a rather flat minimum, roughly 0.3 A wide, about the
symmetric position?°®:27°, This potential well is much narrower?¢® when a Se atom takes

TABLE 21. Bond lengths (A) of chalcogen atoms in trithiapentalenes and analogues from XD

Bond
(56 (3a)-(6a) -
Molecule (6)-(6a) (6a)-~(1) Reference
4 g 3 1.684(3) 1.748(3) 1.684(3)
5 2 (90) 251, 253
m 2.363(1) 2.363(1)
] 60 1
Ph Ph 1.703(6) 1.753(6) 1.712(6)
(3°)m(45°) o1y 254
g2 g——2.g 2.304(3) 2.362(3)
R R 1.66(2) 1.95(2) 1.66(2)
%2 255
O R=H 2.446(5) 2.446(5)
S——Se=-§
1.691(3) 1.917(3) 1.691(3)
93) 256
R=Me
2.414(1) 2.414(1)
Ph Ph 1L71) 1.87(1) L71(1)
(6 m« o O 257
§~=Lsge=g 2419(3) 2.433(3)
Ph 1.69(1) L7I(D) 1.82(1)
Ph 95y 258
(38.5 °)\K©|)ﬁ (38.7°) 249203 2.3333)
S———8—-Se

(Contd.)
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Bond
(5)-(6) (3a)~(6a) (2-(1)
Molecule (6)—(6a) (6a)-(1) Reference
R R 1.86(3) 1.90(2) 1.81(3)
(96 259
R=H 2.586(3) 2.579(3)
Se=="Ge=-Se
97 260
R= Me
2.542(6)
1.78(2) 191(2) 1.82(2)
(98) 261
2.568(3) 2.554(3)
Se ——Se =——Se
Me 1.848(15) 1.881(15) 1.22
M 99) 262
Se>=2ge="0 2.384(3) 2.336
N 1.353(5) 1.683(4) 1.347(5)
I 6\(/\'?' (100) 263
o==x =0 X=S 1.853(3) 1.850(3)
1.32(1) 1.827(8) 1.34(1)
(101) 263
X =Se
1.987(7) 1.997(6)
1.36 1.980 1.39
(102) 263
X=Te 2,094 2.080
Me Me (103) 264
/KKK 1.942(6)
N N
I
(@)(O)
Me Me 1.337(14) 1.802(11) 1.346(14)
(104) 265
2.01709) 2.030(9)

o—Z
o—2

v
@®

“Dihedral angles of the Ph rings with the heterocyclic plane are given.
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the role of the ‘beli-clapper’—as this kind of vibrational motion is called. A double-
minimum potential was used, on the other hand, to interpret the electronic spectrum?”?,
and was also obtained form EHT calculations without using sulphur 3d orbitals?’2,
Inclusion of d orbitals yields, however, a broad single-minimum potential®72.
Unfortunately neither XD272 nor ED could distinguish the two cases of (1) a flat potential
well with a single minimum (symmetric equilibrium structure) and (2) a potential with a
small hump in the middle (asymmetric equilibrium structure). The MW study of 1,6-dioxa-
6a-thiapentalene unambiguously gave a symmetric model?®’.

These weak bonds are of course sensitive to changes in their intra- and inter-molecular
environment. CNDQ/2 calculations have shown that a Me substituent on C(2) causes a
lengthening of the distance S(1)—S(6a) but a shortening arises from a 3-Me sub-
stitution27%-274, The influence of a Ph group depends also on its dihedral angle with the
plane of the heterocyclic rings?7%. These results are in agreement with structural data on
trithiapentalenes?’® and with bond lengths given in Table 21. The scarcity of data and
diversity of heteroatoms in Se- or Te-containing pentalenes (Table 21) make it difficult,
however, to observe clear trends in the geometrical changes in these moiecules. It seems
from a comparison of pairs 90 and 91 versus 92 and 94 that Ph substituents have a smaller
effect on S—Se bonds, in accord with the narrower potential well, than on S—S bonds.
Similar statements cannot be made about other substituents or other sequences of
heteroatoms.

The central carbon—sulphur bonds are longer than the terminal ones in a number of
trithiapentalenes®*!, and this is the case in 90,91,96 and 98 (Table 21). Bond angles of
chalcogen atoms do not seem to be very characteristic and seem to be determined mainly
by the geometry of the rest of the ring, e.g. by the carbon—chalcogen bond distances. Just a
few bond angles at terminal and central chalcogen atoms should be listed here for rough
orientation (mean values when there is asymmetry):

terminal (deg.) central (deg.)

%9 C—S—S§ 920(1) C—S—S§ 89.1(1)
9% C—Se—Se 885 C—Se—Se 880
100 N—O—S 1133 C—8§-0O 85.9
101 N—O—Se 1132 C—8—0O 822
12 N—O—Te 115 C—Te—O 770

It has been noted that the central C—C bonds in trithiapentalenes are longer than the
terminal C—C bonds, a feature that resembles the structure of naphthalene, which is also
a fused ring system with ten = electrons?3!. A few examples of C—C bond lengths are:

terminal (A)  central (A)
90 1.354(3) 1.409(2)
92 1350) 1.41(3)
96 1.37(mean) 1.41(mean)

In 2,5-dimethyl-1-oxa-6, 6a-diselenapentalene (99), on the other hand, C—C bond iengths
alternate as in a conjugated system, viz. 1.36(3), 1.42(3), 1.34(3) and 1.43(3) A, continued
with the C—O bond of 1.22 A length?$2.

The molecular structures of a series of phenyltellurium derivatives with three-
coordinated Te have been determined by Vikane and associates?’’’"28% using XD,
following earlier work by Foss and coworkers?”>, In both phenylbis(thiourea)tellurium
(105) chloride?!® and phenylbis(selenourea)tellurium (106) chloride?!? (cf.61) the Te is
three-coordinated being bonded to a Ph group and two chalcogen atoms. The S(Se)—
Te—S(Se) bonding system is essentially linear and the Te—Ph bond nearly bisects this
three-centre arrangement®’®, There is an important difference in the Te coordination in
the two structures?!®. In the Se derivative the Te is strictly three-coordinated as the



120 Istvan Hargittai and Béla Rozsondai

chloride ion is removed into a position that may be considered independent from it. On the
other hand, in the thio derivative the chloride approaches the fourth coordination site in
what may be considered as a square planar arrangement about Te.

(H,N),CY— {E —YC(NH,),

Ph
(105) Y=8
(106) Y=Se
In ethylenethiourea(iodo)phenyltellurium (107)*"7 and ethyleneselenourea(iodo)-

phenyltellurium (108)?77 each Te atom is strictly three-coordinated with nearly planar
bond configuration.

NH
MG

| =Y—Te—X
HC /

NH
Ph

107) Y=S5, X=I
(108) Y =Se, X=1I
(109) Y=S, X = Br
(110) Y =Se, X =Br
111) Y=§ X=Cl

Crystals with two different space groups may occur when the 1:1 complex of
benzenetellurenyl bromide and ethylenethiourea crystallizes yielding bromo(ethy-
lenethiourea)phenyltellurium (109). The crystal and molecular structures of
both modifications have been determined and a series of interesting differences in packing
and conformation have been noted?’® (Figures 43 and 44). Most of the bond lengths and
bond angles in the two modifications cannot be considered to be significantly different
with the striking exception of the Te—Br bond being 2.8348(10) and 2.9694(10) A in the
two crystals, respectively. :

Bromo(ethyleneselenoureajphenyltellurium (110) has only one (known) crystal modifi-
cation?"? being isomorphous with one (P2, /c) of the two above mentioned forms of its thio
analogue. Incidentally, the Te—Br bond in this compound is considerably longer, viz.
3.0537(16) A, than in either of the two modifications of 109. While this bond shows great
sensitivity, the Te—C(phenyl) bond appears to be remarkably constant (see below), The
structure of 110 is characterized by three-coordinated Te, with the Te—C bond nearly
perpendicular to the Br—Te—Se chain.

The structure of chloro(ethylenethiourea)phenyltellurium (111)27° is analogous in all
essential respects to that of 110.

The crystal molecular structures of tetramethylammonium phenyl(dithio-
cyanatojtellurate (112) and phenyl(diselenocyanato)tellurate (113) have been determined
by Hauge and Vikane?®°. The crystals are isomorphous, monoclinic (space group C2/c).
The Te bond configuration is regarded as square-planar with one position, trans to the Ph
ligand, vacant. The Te—C(phenyl) is perpendicular to the S(Se)—Te—S(Se) chain. The
latter itself is nearly linear. This description quite generally characterizes the above-
described three-coordinated complexes of divalent Te.

NCY—Te—YCN  Me,N*
Ph
(112) Y=S
(113) Y =Se
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FIGURE 43. Molecular models of 109 in the two crystallographic
modilications (a) space group C2/c, (b) space group P2, /c (drawn
after Reference 278)

Among the structures discussed in this section, three Se derivatives and several Te
derivatives contain bonding to a Ph group. The lengths of the Se—Ph and Te —Ph bonds
are collected in Tables 22 and 23, respectively. Parameters characterizing the deformation
of the benzene rings are also given, viz. the ipso endocyclic C—C—C angle (a), the mean
value of the ring C—C bond distances, and the difference of bond lengths, C(2)—C(3)
minus C(1)—C(2), where C(1) is the Ph carbon adjacent to the substituent (Se or Te).
Using the covalent radii of two-coordinated Se and Te given in Table 10, the estimated
single bond lengths are r(Se—C) =193 A and r(Te—C)=2.12A, without using elec-
tronegativity corrections. According to Tables 22 and 23 the experimentally determined
Se —C and Te—C bond lengths are remarkably stable from compound to compound and
stay around the values estimated for the single bonds. Where there are crystallographically
independent Ph groups in the same structure, and this notably occurs in the Se derivatives,
considerable variations are observed. Here again, though, the mean values fall very much
in line, viz. 1.923, 1.927 and 1.912 A for the three Se compounds listed in Table 22. As there
is a relatively large series of Te derivatives, it seems worth mentioning that the mean Te—
C bond length for the nine compounds listed in Table 23 is 2.114 A with a standard
deviation of 0.010A.

Considering all the crystallographically independent Ph groups in the Se derivatives,
there seems to be some indication for a possible correlation between the bond length of the
substituent to the Ph group and the ipso endocyclic C—C—C angles whichis known to be
the most characteristic of all the parameters related to the benzene ring deformation?%!,
Figure 45 shows that with increasing Se—C(phenyl) bond length there may be an increase
in the ipso endocyclic C—C—C bond angle of the Ph group. The sample is too small to
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TABLE 22. Se—C(phenyl) bond lengths and the characterization of the benzene ring
deformation in three-coordinated complexes of divalent Se from XD

Se—C(Ph) o {(CC)H* ACCe
Compound (A) (deg.) &) (A) Reference
Ph,Se(NCS) 1.936(4) 122.5(4) 1.370 0.020 228
1.904(5) 119.8(5) 1.369 —0.005
1.928(4) 121.8(4) 1.377 0.002
Ph,SeCl-2H,0 1.911(10) 121.6(9) 1.386 0.019 229
1936(12)  1216(11) 1378 0.038
1934(11)  1213(10) 1378 0.000
75 1.898(9) 118.5(8) 1.382 —0.002 234
1.926(9) 120.7(8) 1378 0.002

“Endocyclic C—C—C bond angle adjacent to the substituent.

*Mean value of the C—C bond lengths in the Ph group.

“Mean value of the differences of bond lengths C(2)—C(3) minus C(1)—C(2) and ((5)—C(6) minus C(6)—
C(1), where C(1) is the Ph carbon atom adjacent to the substituent.

TABLE 23. Te—C(phenyl) bond lengths and the characterization of the benzene
ring deformation in three-coordinated complexes of divalent Te from XD

Te—C(Ph) - (ccy ACC*

Compound A) (deg) A A Reference
108 2.102(7) 120.2(8) 1.400 0.022 210
106 2.129(6) 122,0(6) 1.397 0.020 210
107 2.124(6)  1224(5) 1398 0.017 277
108 21120)  120.4(6) 1408 —0020 2m
109¢ 2.116(3) 119.6(3) 1.384 0.000 278

2.123(4) 120.0(4) 1.379 0.011 278
110 2.118(7) 119.2(7) 1.382 0018 279
111 2.120(2) 118.6(2) 1.373 -0.001 279
112 21045  119.0(5) 1378 —0020 280
113 2.100(6) 120.2(6) 1.381 0.033 280

.5.¢ee footnotes to Table 22.
Crystallizes in two different space groups.

give much credibility to this correlation, although in a formal sense it is consistent with
expectation: If we have a C;H,—XY,, system, a lengthening of the C—X bond may be
associated with the electron-withdrawing character of the XY, ligand. At the same time,
the presence of a more electronegative ligand is expected to increase the ipso endocyclic
C—C-—Cangle. The available data may not be adequate for examining such subtle effects
as the case is here. On the other hand, due to various circumstances some important
systematic errors may cancel in this series of parameters. The changes depicted in Figure
45 cannot originate from electronic effects, but rather from steric ones as various C;H  Se
moieties occur in different environments, E ven if the correlation is not spurious, in any case
this is as far as we can stretch our desire to find substituent effects upon benzene ring
deformation in these compound series, relying upon the available data. Even that much
indication for correlation cannot be established for the larger sample of the Te derivatives.
This in itself is not surprising as the changes in the Te ligands in the series examined are
expected to influence appreciably the nature of the Te as a benzene substituent.
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FIGURE 45. Variation of the Se—C(phenyl) bond
length and the ipso endocyclic C—C—C angle («) of
the benzene ring. See Table 22 for data and references

V. FOUR-COORDINATED SELENIUM AND TELLURIUM

With four<oordinated Se or Te only crystal-phase molecular structures have been
determined. The typical bond configuration of the metal is trigonal bipyramidal, made up
from four bonds to various ligands and one lone pair of electrons. The systems are of the
AX,E type where A is the central atom, Se or Te, X are ligands and E is a lone pair of
electrons. The lone pair invariably occupies one of the equatorial sites (Figure 46). This
configuration is in complete agreement with the VSEPR model?8. It will be of interest to
examine structural variations from the point of view of the applicability of the VSEPR
model. It has been demonstrated recently?®? that while testing the applicability of the

Axial
X

\/\x Equatorial
Lone pair £ A//
of electrons, _A

X Equatorial

X
Axtal

FIGURE 46. The trigonal bipyramidal configuration
of an AX,E-type molecule
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FIGURE 47. Bond angles of the central S atom in SF,*®* and

(CF3),SF,***

VSEPR model, all angles of all electron pairs about the central atom have to be examined
rather than the bond angles only. Thus, for example in the equatorial plane of the AX,E
bond configuration, there are two E—A—X angles and one bond angle X—A—X.
Obviously the two E—A/A —X lone-pair/bond interactions are more important than the
single A—X/A—X bond/bond interaction. Fortunately, in this system the angles made by
the lone pair can easily be calculated from the bond angles by virtue of symmetry.
Comparison of the SF, and (CF,),SF, structures demonstrates the utility of the approach
suggested above (Figure 47). As the fluorines in the equatorial positions are substituted by
the less electronegative CF, groups, the change in the bond angles in themselves would
indicate incompatibility with the VSEPR model. The decisive factor, however, is the lone-
pair/bonding-pair interactions in the equatorial plane in complete agreement with the
VSEPR model.

It has been suggested®® that the quadruple average angle of the lone pair, «f, be
considered as a measure of its generalized space requirement. This angle is the mean of the
four angles made by the lone pair in the AX,E configuration. It has been observed to be
fairly constant in such structures in spite of the sometimes considerably varying bond
angles. An example is shown by the series of SF,,OSF, and H,C=—=SF, molecules in
Figure 48. The quadruple average angle will be especially useful in our discussion as in
many structures the non-equality of the equatorial ligands will prevent the calculation of
the individual E—A —X angles.

In an ideal trigonal bipyramidal structure the two axial bonds are colinear and the
equatorial bond angles are 120°. Due to the relatively large space requirement of the lone

186.9° F 1952 F 190.07 F
: s@ 0 s/m< H,C 5/97{
F F F
F
@, M4° 110.6° 13.2°

FIGURE 48. Bond angles and the quadruple average angle?®® (a,) of
the lone pair, the O=S and C=S bonds in SF,**?, OSF,?®¢ and
H,C—=SF 287, respectively
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pair of electrons the angle between the two axial bonds is usually smaller than 180° and the
equatorial bond angle is smaller than 120°. For the ideal arrangement the quadruple
average angle of an equatorial bond would be 105°. The lone pair of electrons has usually
considerably larger quadruple average angles.

Relatively low accuracy was achieved in the X-ray diffraction investigation2%® of
dichloro(2-chloropropyl)-p-tolylselenium(iv) (114). The equatorial

Cl

|

p-Tolyl—Se —CH,CH(Cl)CH,
|
Cl

(114)

C—Se—C angle was found to be 102° while the two axial Se —Cl bonds were reported to
be colinear. This does not agree with general experience. The quadruple average angle of
the Se lone pair, a£(Se) is 109.5° according to the reported bond angles, which is much too
low as compared with similar structures where a typical value would be about 112°. This
may indicate that as much as even 10° deviation from linearity might be expected for the
Cl—Se—Cl skeleton.

The crystalline molecular structure of o-carboxyphenyl methyl selenoxide (115) was
studied together with its S analogue (116)2%°. The two compounds show very similar
atomic positions, but there are important differences in their structures as is already
apparent in the structural formulae below. There is a ring closure in the Se derivative (see

OH (¢]
‘ /CHa “
Se\o S\CHS
/ o oM
|| |
0 0
(115) (116)

c
ll
0

FIGURE 49. The Se bond angles in 1152%°
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Figure 49) with an Se—O linkage of 2.378 A length. The selenium—carbon(Me) bond,
1.941(6) A, is only slightly longer than the selenium—carbon(Ph) bond, 1.928(3) A.For the
S analogue the difference in the two analogous bonds is of the opposite sign, but
considering the experimental errors they cannot really be distinguished. The bond
configuration about S in 116 is very much the same as in dimethyl sulphoxide?®°. The
selenium—oxygen bond, 1.774(3) A, is nearer to a single bond than to a double bond. The
calculated single Se—O bond would be 1.82 A whereas the Se==0 bond in SeOCl, is
1.614(5) A22%, The quadruple average angle of the Se lone pair, af(Se), is 112.8°.

The quadruple average angle, «£(Se), is 110.0°, somewhat small, for I-thia-4-
selenacyclohexane 4,4-dibromide (117)2°! with Br—Se—Br 175.1(1)° and C—Se—C
105(1)°.

Br

|

v

Br

17

The Se bond configurations are essentially the same in 4,4’-spirobi(4-selena-4-
butanolide)(118)2%2 and 3,3’-spirobi(3-selenaphthalide)(119)2°3. In both compounds the
two halves of the molecules are related by a two-fold axis. The angles about the Se atom in
118 and 119 are shown in Table 24. The Se—methylene bond in 118 is somewhat longer
than the Se—phenylene bond in 119: Se—C(methylene) = 1.959(3) A, Se—C(phenylene) =
1.930(1) A, whereas the Se—O bonds are the same, viz. 1.974(3) A in 118 and 1.968(7) A
in 119.

H}C\ I e Se i
Hzc\ | ek, 0/
c— AN c
J |
118)
"9

In 1, 1-dichloro-2, 5-bis[ N-(chlorothio)imino]-3, 4-dicyano-1, 1, 2, 5S-tetrahydroselen-
ophene (120)%* the relatively small endocyclic Se bond angle C—Se—C, 86.4(2)°, is the
origin of the relatively large E—Se—C angle and consequently of the large quadruple
average angle «§(Se), 115.0°. In free selenophene?®:!43 the C—Se—C angle is slightly
larger, 87.8(2)°, as determined by MW. The Se—C bond of the four-coordinated
arrangement is much longer, viz. 1.970(3) A, than in selenophene itself, 1.855(2) A. Wudl
and Zellers?>?* noted some unusual features of the molecular packing in the crystal.
Whereas the related 121 forms head-to-tail sheets?® (Figure 50a) the head-to-head
ordering (Figure 50b) of 120 results in rather short intermolecular Cl--- Cl contacts.
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TABLE 24. Angles(deg.) about the Se atom in spiro
compounds 118 and 119 from XD

Angle 118292 119293
E—Se—0 938 93.8
E—Se—C 129.2 129.2
0—Se—0 172.4 172.4
C—Se—C 101.5 101.0
aE(Se) 1L5 1i1.6

“Angles involving the lone pair of electrons (E) have been
calculated from bond angles by virtue of symmetry. The
estimated standard deviations for the bond angles are 0.3°.

Cl NSCI NSCI N
/CN -
Se S
\CN \CN
C1 NSCI NSCI
(120) (121

There is a relative abundance of data on four-coordinated organic Te derivatives. The
Te bonds again show the typical features of the trigonal bipyramidal configuration, taking
also the Te lone pair of electrons into consideration.

Dimethyltellurium tetraiodide, Me,Tel, (122), is in fact dimethyltellurium diiodide—
diiodine(1/1), an adduct of Me, Tel, with 1,, linked by I--+1 bonds??%. One of the I atoms
of a Me, Tel, molecule participates in this bonding and it is connected to two I, molecules
(Figure 51). An I, molecule, on the other hand, forms a linear I ---I—I-- - I bridge between
two Me,Tel, molecules as part of a zig-zag chain of I atoms. There are also two weak
intermolecular Te---1 contacts and, accordingly, the Te coordination may also be
described as distorted octahedral. Figure 52 gives the bond angles about Te and the angles
made by the lone pair of electrons. The distortion from the ideal trigonal bipyramidal
arrangement is very well interpreted by the VSEPR model?®:282:296, An alternative
description of the bonding of Te has also been advanced by Pritzkow?® by considering
only s and p orbitals. Huheey?°? has recently shown the consistency of the VSEPR model
and Bent’s rule involving the p and s character in bonding for simple trigonal bipyramidal
systems, even taking the directional effects?®® into consideration. Incidentally, the
quadruple average angle of the Te lone pair of electrons, «E(Te), is 112.1°, which seems to
bein the region of typical values for well determined structures. The two axial Te—I bonds
have strikingly different lengths in 122. The bond to I that has intermolecular contacts with
other I, molecules (cf. Figure 51) is much longer, 3.082(2) A, than the other bond,
2.809(2) A. Even this latter is considerably longer than what would correspond to the sum
of the covalent radii (2.70 A},

A similar bond configuration was found in an adduct (123) of tellurium tetrachloride
and propylene by Kobelt and Paulus?°° (Figure 53). The Te—Cl bonds are again longer,
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FIGURE 50. Schematic drawings of (a) the head-to-tail ordering of molecules in
the crystal of 121 (after Reference 295) and (b) the head-to-head ordering in 120
(after Reference 294)

FIGURE 51. The molecular geometry
and intermolecular I--I and Te---1 con-
tacts in crystalline dimethyltellurium tet-
raiodide (122) (after Reference 296)
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FIGURE 53. Angles around and bond lengths of the Te atom in
123299

Cl

CH,CH(C)CH, —Te—CH,CH(CCH,
u
cl
(123)

2.525(15) and 2.476(15) A than what would correspond to the sum of the covalent radii
(2.35A), but they are not significantly different.

In dichlorobis(2-chlorocyclohexyljtellurium(1v) (124)3°° the quadruple angle, 25(Te), is
markedly small, 109.5°. It would be tempting to ascribe this effect to the bulkiness of the 2-
chlorocyclohexyl groups. However, even this would not explain why even the E—Te —Cl
angles are smaller (Figure 54) than those in 123. In both cyclohexyl rings the Te—C and
the adjacent C—Cl bonds are equatorial.

Cl Cl

I Cl l Cl
Te p-Tolyl— T

(124) 129

Cl
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FIGURE 54. Angles around the Te atom in 1243°°

The molecular geometry of dichloro(2-chlorocyclohexyl)-p-tolyltellurium(v)(125)3°!
is similar to that of 124. The CI—Te—Cl and C—Te—C bond angles are 176.4(3) and
101.0(6)°, respectively, and af(Te) is 110.6°. The Te—Cl bond lengths are also similar to
those in 124.

Another trigonal bipyramidal Te configuration appears in the crystal of 1,1-dichloro-1-
telluracyclohexane-3,5-dione (126)!#%. The Cl ligands are in axial positions with Te—Cl
2.49 A and C1—Te—Cl 171.8°. The endocyclic C—Te—C angle is somewhat larger, viz.
95.5°, than this angle in 1-telluracyclohexane-3,5-dione (35) itself'®3-186 (cf. Table 18).

H
2
C
N N
H2C\ /CH2
Te

0

(126}

Ph Ph

| |
SCN—Te —O—Te —NCS

Ph Ph
(127)

The molecular configuration of bis(isothiocyanatodiphenyltellurium(iv)) oxide (127)3°2
is shown in Figure 55. The angular arrangement about the Te atom shows no unusual
features, N—Te—O 172.2(3)° and C—Te—C 97.2(4)° with aE(Te) 112.6°. There are
relatively short intermolecular Te---S contacts, viz. 3.416(3)A, serving to link the 127
molecules into molecular chains as shown in Figure 56. Mancinelli and coworkers3?2
suggested that the Te bond configuration may be considered to be square pyramidal.
Notwithstanding this, the angular parameters of the Te bond configuration also indicate
very typical trigonal bipyramidal arrangement.

Smith and coworkers>?? recently determined the crystal and molecular structure of
tetraphenyltellurium—-benzene(8/1), Ph,Te-:CsHg (128). There are four independent
molecules in the unit cell containing altogether eight molecules. The space groupis P1. The
bond configuration about Te is essentially the same in the four independent molecules
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FIGURE 55. The molecular configuration of 127 (after
Reference 302)

FIGURE 56. Chains of molecules along the c axisin the crystal of 127, a stereoscopic view.
Reproduced by permission of Elsevier Sequoia S.A. from Reference 302

which are, however, conformationally different due to differences in the Ph group
orientation (Figure 57). The angles about Te are shown in Figure 58. The af(Te) = 110.7°
quadruple average angle suggests that weaker repulsion interactions are in effect between
the lone pair and the bonding pairs in 128 than «f(Te) = 113.2° in 123. The axial bond
angles Cl—Te—Cl in 123 and C—Te—C in 128 are the same, 169°. Thus the difference
can conveniently be reduced to that in the interactions in the equatorial plane. The
difference in the bond angles C—Te—C of 123 and 128 is 10°! Considering the ligand
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O—Te—qr—_—: O—Te__g

Q“Te ——Eee— 0—-1-9 ——T

FIGURE 57. Conformations of the four independent molecules of Ph,Te
in crystals of 128 (after Reference 303)

FIGURE 58. Angles around the Te atom in 12823

electronegativities, the Ph group would be expected to draw more electron density from
the vicinity of the central atom than would the alkyl group. Thus from a superficial
approach in the application of the VSEPR model, but one which is widely used, the C,,—
Te-—C,, of 128 would be predicted smaller. However, the observed difference in the bond
angles is in complete agreement with the VSEPR model if consideration also includes the
importance of lone-pair/bonding-pair interactions of which there are two, versus the less
important and only one bond/bond interaction. Of course, this model may predict the
direction of the change but not its magnitude. The amount of the angular opening in the
equatorial plane might suggest that steric effects cause at least part of it. On the other hand
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FIGURE 59. The molecular model of 129 (after Reference 304)

the C(phenyl) —Te—C(phenyl) bond angle involving an axial and an equatorial position
may be as small as 85°! Indeed the Ph arrangements in Figure 57 do not indicate strong
steric hindrances. The axial and equatorial Te—C bond lengths are markedly different,
again in agreement with the VSEPR model.

The molecular structure of §-ethoxy-4-cyclooctenyltellurium trichloride (129)*°* has no
unusual features in its Te bond configuration as shown in Figure 59.

OEt

TeCI3

(129)

McCullough and Knobler3®*~2°7 have studied some 2-biphenylyltellurium trihalides
o0-PhC,H,TeBr; o-PhC¢H, Tel,

(130) (131) a-modification
(132) B-modification

(130-132) by XD. For all three structures, again, the trigonal bipyramidal configuration is
characteristic with two halogens in axial positions, and the third halogen and a carbon
atom plus the lone pair of electrons of Te in the equatorial positions. The parameters are
given in Table 25. Important and interesting are the differences in intermolecular contacts
in the three structures. In the Br derivative (130) relatively long Te--- Br interactions
(3.713 A) join pairs of molecules into dimers across the symmetry centre (Figure 60). In the
a-modification of the I derivative (131) two different systems of 1---1 intermolecular

TABLE 25. Angles (deg) about the Te atom in 2-biphenylyitellurium
trihalides from XD

Compound X, —Te—X,, X, ,—Te—C ak(Te)® Reference

130 (X = Br) 178.46(4) 97.13) 111.1 305
131 X=1) 176.54(4) 100.43) 110.8 306
132X=1 176.02(5) 98.1(3) 111.5 307

“Calculated from the bond angles.
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FIGURE 60. A dimer in the crystal of 130 (after
Reference 305)

FIGURE 61. Chains of molecules in the crystal of 131 viewed along
the b axis. Reproduced (simplified) by permission of the American
Chemical Society from Reference 306

linkages (of 3.239 and 3.772 A, respectively) connect the molecules into chains (Figure 61).
Finally, in the g-modification of the I derivative (132), again molecular chains are formed
by intermolecular contacts. Here, however, they are between Te and I atoms. A selected
portion of the structure is shown in Figure 62. McCullough discusses possible correlations
between the colour of 131 and 132 and the peculiarities of molecular packing. He notes a
relatively short intramolecular Te---C distance®®” as shown in Figure 63. As to the
benzene ring angular deformations in 130,131 and 132, the mean values of the endocyclic
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FIGURE 62. Chains of molecules in the crystal of 132
viewed along the b axis. Reproduced (simplified) by
permission of the American Chemical Society from
Reference 307

bond angles are given in Figure 64. The bond angle adjacent to the Te substituent is
markedly larger than 120° and the angle adjacent to the second benzene ring is markedly
smaller. Then the an gular deviations gradually diminish. The mean of the ipso angles of the
second benzene ring in the three structures is 118.8(7)° in agreement with the deformation
observed in biphenyl itself3°8,

2945 A (a)

3.32 l\ (b)
u318 A_ (c)

FIGURE 63. Short intramolecular Te+C contacts®°” in the crys-
tals of (a) 130, (b) 131 and (c) 132, and the molecular model of 132

](
x/i
X (after Reference 307)
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X3Te CG Hs

1230(2)° 116.8(3)°

o '
-\ 12112201 FIGURE 64. Endocyclic bond angles in the phenylene ring of

130%°%, 131396 apd 132°°7. Mean values from the three
structures with standard deviations

The crystal and molecular structures of 1-thia-4-telluracyclohexane 4,4-dibromide
(133)3°°,  l-oxa-4-telluracyclohexane  4,4-diiodide  (134)®'° and  1-thia-4-
telluracyclohexane 4,4-diiodide (135)3'! have been studied by XD. The parameters
characterizing the trigonal bipyramidal configuration about Te are collected in Table 26.
In the crystal of 133 Te forms coordination linkages with one of the Br atoms of a
neighbouring molecule and with the S atom of another neighbouring molecule. An
octahedral Te bond configuration is thus formed. The same situation was observed for the
Se analogue (117)°!. The bond lengths are compared in Figure 65. It is seen that the
analogous intermolecular linkages involving Te and Se are approximately of the same
length. As the covalent radius of Te is considerably larger (1.356 A) than that of Se
(1.163A), these lengths may indicate that the Te linkages are stronger than the
corresponding Se ones.

T
T —
Te \/Y
X
(133) X=Br,Y=S
(134) X=LY=
(135) X=LY=S

The Te atom in 134 may also be considered to have octahedral bond configuration, as
coordination linkages are formed to an iodine of a second molecule and to one more iodine
of a third molecule, at 2.886(1) and 2.938 A, respectively. The Te of 135 again establishes
intermolecular contacts with I atoms of neighbouring molecules.

The ring puckering in the three structures with chair conformation discussed is
demonstrated by the average torsional angles in Figure 66. The puckering is the same in
the three cases and the molecules seem to be somewhat flatter than free 1,4-dioxane or 1,4-

TABLE 26. Angles (deg.) about the Te atom in dihalides 133, 134 and 135

from XD

Compound X—Te—X C—Te—C ok(Te) Reference
133 176.63(6) 99.4(6) 111.0 309
134 177.08(4) 94.14) 112.2 310
135° 174.9(1) 100(1) 1113 3n

178.1(1) 100(1) 110.5

“Calculated from the bond angles.
*There are two molecules in the asymmetric unit.
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FIGURE 65. Bond lengths and intermolecular contacts (A) of Te in 133%°° and
of Se in 117%%}

oxathiane or especially 1,4-dithiane. For comparison, data on trans-2,3-dichlorides of
analogous molecules in the crystal are also presented in Figure 66.

A normal coordinate analysis by Hagen and coworkers®!'3 indicated that the six-
membered rings of 1,4-dioxane, 1,4-dithiane, 1,4-diselenane, 1,4-oxaselenane, 1,4-
oxatellurane and 1,4-thiaselenane are relatively rigid. The relative rigidity of the rings is

0 Br-Te-Br 0 Cl
58¢ El.a 51°
0 S Q Cl
(a) (d) (g)
0 =Te-1 0 Cl
s @ (os
S 0 S Cl
(b (e) (h)

)

S I>Te-l S Cl
65] 54.’7ﬂ [60°
S S S Cl
(c) (f) (i)

FIGURE 66. 1,4-Diheterocyclohexane derivatives: the
mean torsional angles as characterization of ring puckering;
(a)*'2, (by**° and (c)3!, free molecules, (d) 133, () 134310,
{f) 13514 (g), (b) and (i)***, crystals
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well characterized by the relatively small mean parallel vibrational amplitudes (J)>'¢,
referring to the 1,4-interactions between the heteroatoms:

OCH,CH,0OCH,CH, KO-+ 0) 0.071 A
Sméﬂz IS:--S) 0.062 A
WHZ KSe---Se)  0.076A
OCH,CH,SeCH,CH, IO+ Se) 0.078A
OCH,CH,TeCH,CH, KO---Te)  0.080A
SCH,CH,SeCH,CH, IS+~ Se) 0078 A

The calculated effects of the perpendicular vibrations3!® for the same interactions
practically vanish3'®.

The crystal and molecular structure of the a-modification of 1, 1-diiodo-3,4-benzo-144-
telluracyclopentane (136) was determined by XD3!”. The trigonal bipyramidal arrange-
ment about Te is characterized by the axial [—Te —I and equatorial C—Te—C bond
angles of 176.53(4) and 86.0(5)°, respectively. The quadruple average angle of the lone pair
is relatively large, a5(Te) = 114.4°. The Te--- I intermolecular contacts, however, create a
distorted octahedral Te bond configuration (Figure 67).

(136)

Te also forms intermolecular linkages with I atoms in each of the two neighbouring
molecules in the crystal of dibenzotellurophene diiodide (137)*'®. The intermolecular
Te---I links which are 3.717 and 3.696 A long bring the molecules into infinite chains
(Figure 68). The intermolecular contacts make the Te bond configuration distorted
octahedral. The axial [ —Te—1I dnd equatorial C—Te—C bond angles are 178.47(1) and

[

2928 A
653 A
3878 A
" 2.900 A

I

FIGURE 67. The molecular model of 136 with Te—I
bond lengths and intermolecular Te--I contacts (after
Reference 317)
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FIGURE 68. Chains of molecules in the crystal of 137. Reproduced (simplified)
by permission of the American Chemical Society from Reference 318

81.8°, respectively. The a%(Te) is 114.9°. This relatively large quadruple average angle of
the Te lone pair, i.e. about 115°, seems to be characteristic for the distorted octahedral Te
bond configuration; thus it may indicate an increased participation of coordination
bonding for the lone pair of electrons.

a3n

The crystal and molecular structures of several phenoxatellurin derivatives have been
determined, i.e. the 10,10-diiodide (138)%!°, bis(trifluoroacetate) (139)>?° and dinitrate
(140)2! and 10,10"-oxybis [ 10, 10-dihydro-10-(nitrooxy)phenoxatellurin] (141)322, One of
the characteristic features of the phenoxatellurin structures is the fold angle 6, along the
Te -+ O axis where the two planar or nearly planar halves of the molecules meet (Figure
30). These angles are the following: 138 164°; 139 152°; 140 175°; 141 147°, 163°. The
structure of phenoxatellurin (49)2° itself has been discussed in Section III.C dealing with
two-coordinated Te. Mangion, Smith and Meyers32! have interpreted the differences in
the fold angles of phenoxatellurin with Te(i1) and its derivatives with Te{iv) on the basis of
molecular orbital theory. Of the Te(iv) derivatives only the dinitrate (140) has a nearly
planar ring structure.
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X ONO2
Te 0 0 Te
X o]
(138) x = |
(139) X = ~OC(0)CF, 1y X
(140) X = ONO2

O,NO

(141)

Table 27 presents data on the trigonal bipyramidal configuration about Te. Noteworthy
are the relatively large quadruple average angles of the Te lone pair of electrons. In 138
there are again Te--- I intermolecular contacts with two neighbouring molecules at 3.739
and 3.788 A. These contacts bring the molecules into infinite chains, similar to those
depicted for 137 in Figure 68. For 139 the possible intermolecular contacts have not been
discussed. The shortest intermolecular contacts in 140 are O--- O at 3.14A, excluding H
atoms. No noteworthy intermolecular contacts have been observed in 141 either.

In conclusion, the various Te—C bond lengths and C—Te—C bond angles for the
molecules 122 to 141 are summmarized in Table 28. The general tendency for Te—C(alkyl)
to be longer than Te—C(phenyl) seems to be present, although the data scatter and
overlap. Both types, at least in their mean values, appear to be somewhat longer than what
would correspond to the sum of the covalent radii, 2.12 A. The latter occurs as the mean of
the Te—C bond lengths for endocyclic systems involving saturated rings or moieties. The
bond angles referring to these systems are obviously smaller than those occurring in
open moieties.

TABLE 27. Angles (deg.) about the four-coordinated Te atom in phenoxatel-
lurin derivatives

Compound ax—Te—ax C—Te—C af(Te) Reference

138 176.44(6) 91.5(6) 1130 319

139 167.5(2) 91.5(3) 1152 320

140 168.0(2) 93.5(2) 114.6 321

141° 168.6(1) 90.2(2) 115.3 322
171.8(2) 91.3(3) 114.2

2Calculated from the bond angles.
®The two Te atoms are crystallographically different.
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TABLE 28. Te-—C bond lengths (A) and C—Te—C bond angles (deg.) with four-coordinated Te

Compound Te—C(alkyl) Te—C(ring)’ Te—C(phenyl) C—Te—C Reference

122 2.14(1) ' 96.8(5) 296
123 2.148(5) 98.2 299
124 2.18(1) 103.0(5 300
125 2.242) 2.08(2) 101.0(6) 301
127 2.11209) 97.2(4) 302
128 2.13(1)eq® 109(2)° 303
2.29(2)ax®
129 2.172(3) 304
130 2.136(8) 305
131 2.152(12) 306
132 2.153(12) 307
126 2,16 95.5¢ 186
133 2.14(1) 99.4(6) 309
134 2.17(1) 94.1(4) 310
135 2.16¢ 1007 311
136 2.139(12) 86.0(5) 317
2.145(12)

137 2.111(4) 81.8(2) 318
138 2.10(2)* 91.5(6) 319
139 2.066¢ 91.5(3) 320
140 2.068(4) 93.5(2) 321
41 2.091¢ 90.7¢ 322
Mean (o) 2.18(4) 2.12(4) 2.15(6) 96(6)
Mean of

122-125,

127,128 101(4)
Mean of 126,

133-141 92(5)

°Endocyclic Te—C bonds.

®Mean of eight values.

“Mean of four C(eq)-—Te—C(eq) values.
“Mean value.

VI. FIVE- AND HIGHER-COORDINATED SELENIUM AND TELLURIUM

Trifluoromethylselenium trichloride, CF,SeCl,, is the only Se compound belonging to
this section. Its molecular structure was determined in the solid state by Marsden and
coworkers323 using XD. The crystal is orthorhombic, Pbca and built from discrete dimeric
molecules (Figure 69). The Se atoms are five-coordinated and have a distorted octahedral
bond configuration with a Se—C bond and Se lone pair of electrons in the axial positions.
The C—Se—Cl bond angles, at least in their mean, do not deviate from 90° significantly
and this may suggest relatively weak repulsions from the lone pair of electrons. The
reduced stereochemical activity of the lone pair may be related to intermolecular Se--+Cl
contacts. Although the Se—Cl bond lengths scatter, the bridging bonds are distinctly
longer than the terminal ones, viz. 2.51-2.75 vs. 2.13-2.25 A. The Se—C bonds are 2.01(2)
and 2.05(2) A long. The X-ray scattering by the CF, groups was smeared out by the effects
of thermal motion, hence assumed C—F bond lengths and F—C—F bond angles were
used in the structure refinement. The selected values (1.33 A and 108.5°) correspond to
200A F---F non-bonded distances which are much shorter than twice the postulated
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FIGURE 69. The dimeric molecule in the crystal of

CF,8¢Cl,. Drawn from the atomic coordinates given in
Reference 323

fluorine 1,3 intramolecular non-bonded radius, viz. 1.08 A (cf. the discussion of the
structure of tetrafluoro-1,3-diselenetane in Section IIL.C). The four-membered ring is
puckered and the deviation from planarity may be characterized by the ClSeCl/ClSeCl
angle which is about 26°, the same as the analogous feature of the free trimethylene
sulphide structure.

The Te bond configuration in di-u-bromo-u-1,2-cyclohexylenetetrabromoditellurium,
C¢H,,BrTe, (142), is similar to the Se bond configuration of CF,SeCl;. The crystal of
142 is orthorhombic, Pnma or Pn2,a%?*. The Te atoms are somewhat displaced with
respect to the plane of the Br atoms and away from the C atom (Figure 70). This indicates
that the Te lone pair of electrons may have greater influence in determining the bond
configuration here than was the case for Se in CF3SeCl;. The Te—C bond lengths are
2.19(4) and 2.26(5)A. The four-membered ring is considerably puckered and the
BrTeBr/BrTeBr angle is 48°. The molecule has a symmetry plane which contains all its six
C atoms.

Another octahedral Te bond configuration occurs in phenyltellurium trihalide,
PhTeX,, ie. PhTeBr, ;Cl, ,, whose molecular structure was determined by XD?2°
(Figure 71 with X being a mixture of Cl and Br). The PhTeX; units are connected into
infinite chains by halogen bridges. The C—Te—X bond angles do not deviate
significantly from 90° in their mean. The Te—C bond lengths are 2,122(5) and 2.133(5) A.

Br
Br

Br‘Te/Br\Te(
\ / r
Br

FIGURE 70. The molecular model of 142
(alter Reference 324)
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FIGURE 71. A chain molecules in crystalline
PhTeBr, ,Cl, ,, with bridging (X,) and terminal (X,)
halogen atoms (after Reference 325)

The ring deformations in the two independent Ph groups show a characteristic pattern.
The mean values of the endocyclic bond angles are the following, with « being the ipso
angle: « =122.0, #=118.6, y=120.2 and 6 = 120.2°. The error limits of the individual
bond angle values are about 0.5-0.6°.

The product of the reaction of TeBr, with cycloheptene in ethanol was identified by XD
as cis-2-ethoxycycloheptyltribromotellurium(1v) (143)328, There are two molecules in the
asymmetric unit, the crystal is triclinic, P1. The bond configuration about Te is distorted
octahedral with the Te lone pair of electrons occupying one of the ‘equatorial’ positions.
The ‘axial’ Te—Br bonds are considerably longer than the ‘equatorial’ one, viz 2.66 vs.
2.50 A (mean values). The Te—C bonds are 2.29(4) and 2.24(4) A long.

Br3Te

OEt

(143)

Infinite polymeric chains are formed by the adduct TeCl,-C,H, (Figure 72). Its crystal
is orthorhombic, Pcma3®?”. The Te atom is somewhat displaced with respect to the
plane of the Cl atoms and away from the C atoms. The Te—C bond length is
2.164(13)A.

Another new organotellurium(tv) compound is [2-(6-acetyl-2-pyridinyl)-2-
oxoethyl]trichlorotellurium, whose molecular structure was determined by XD?328
(Figure 73). The Te atom is six-coordinated and its bond configuration is distorted
pentagonal bipyramidal with the Te lone pair of electrons occupying one of the equatorial
positions. The Te—C bond length is 2.129(3) A. This is a normal bond whereas the other
Te linkages are appreciably longer than the corresponding sums of the covalent radii.

Esperds and Husebye*?® determined the crystal molecular structure of tris-
(diethyldithiocarbamato)phenyltellurium(1v), (Et ,NCS,), TePh (144), by XD. The crystal
is monoclinic, P2, /c. The Te atom is seven-coordinated with six linkages to S atoms and the
seventh to a Ph group. The bond configuration is distorted pentagonal bipyramidal with
the Te—C bond in an axial position. The structure is depicted in the simplified model of



Istvan Hargittai and Béla Rozsondai

ct
CHy

L
2
R

/l\u

1

CHsy

Cl

FIGURE 72. A chain of molecules in the crystal
of TeCl,-C,H, (after Reference 327)

Cl

FIGURE 73. The molecular model of [2-(6-acetyl-2-
pyridinyl)-2-oxoethyl]trichlorotellurium (after
Reference 328). H atoms on the pyridine ring and double
bonds are not shown. Wedges indicate a perspective
view. The dotted line is a long Te-+O linkage
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FIGURE 74. The molecular model of 144. Drawn from
the atomic coordinates given in Reference 329
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FIGURE 75. The effect of the Te lone pair on a distorted pentagonal bipyramidal
arrangement with a Cl ligand (145) or with a Ph ligand (144) (after Reference 330)

Figure 74. The molecular structure of its Cl analogue (Et,NCS,), TeCl-C ,H; O, (145), was
recently determined by XD33°. The Te—S bonds are not all equivalent. In both
compounds there are three shorter and three longer ones. The Te—C bond is a normal
single bond in the Ph derivative, viz, 2.124(11) A, but the Te—Cl bond is strikingly long in
the Cl analogue, viz. 2.686(4) A. The relative orientation of the Te—S bonds is also
different in the two compounds. Von Deuten and coworkers®3? descriptively characte-
rized this difference invoking the VSEPR model. Assuming the limiting case in which only
the shorter Te—S linkages are considered to be bonds, both structures may be described
by a trigonal bipyramidal configuration with the Te lone pair of electrons in an equatorial
position. The more electronegative ligand (Cl) will be in an axial position and the Ph group
will take an equational one3?° (Figure 75),

There are no organiceight- or higher-coordinated Se or Te derivativescontaining Se—C
or Te—C bonds whose structure has been elucidated. Several Te derivatives with purely
inorganic Te environment have been investigated by XD33! 7333, It is anticipated that
research will expand to include compounds in which one and possibly more organic
ligands will find their way into the Te bonding sphere.
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I. INTRODUCTION

In addition to three comprehensive reviews on thermochemistry!™3, Organometallic
Chemistry Reviews and Advances in Organometallic Chemistry were consulted. Also the
following periodicals from 1970 were searched: Journal of Organometallic Compounds,
Thermochimica Acta, Journal of Chemical Thermodynamics and Journal of Inorganic and
Nuclear Chemistry. This search revealed very little information on the thermochemistry of
organic selenium compounds and no information whatsoever on organic tellurium
compounds. Accordingly this review is confined to selenium compounds and the
production of group properties for the prediction of the heats of formation of other
compounds. Some indications are made for further desirable studies.

. ORGANIC SELENIUM COMPOUNDS

A. Heats of Formation

All of the heats of formation of organoselenium compounds have been determined via
their heats of combustion. In one sense this is quite a straightforward procedure because
the combustion of selenium and its compounds produce only one metallic oxide, selenium
dioxide, SeO,. Since SeQ, is soluble in water, it is essential to use rotating bomb methods
to ensure complete dissolution of the oxide*. Early determinations using static bomb
methods are therefore suspect for this reason’.

Although not strictly relevant to this chapter, it is first important to establish the heat of
formation of crystalline SeO, for the reasons outlined above. Barnes and Mortimer®

157
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TABLE 1. Values for AH? (SeO,)(c)

Bomb calorimetry AHY (Se0,,0)

Method (kcalmol ™ 1) Ref.
Static — 53.86 7,8
Static — 5335 9
Static — 5395 10
Rotating ~ 539405 6

determined the heat of combustion of Se in the presence of benzoic acid as a combustion
acid using a rotating bomb calorimeter. The combustion process refers to reaction (1):

Se(c) + O,(g) + 401 H,O(l) -»Se0,.401 H,0() Q)

By making use of the enthalpy of solution AH® (solution) = 0.92 + 0.02 kcalmol !, the
heat of formation of the pure crystalline form was found to be — 53.90 + 0.47 kcal mol ~!.
Table 1 compares this value with previous static bomb determinations. In fact the
agreement is very good which suggests that the static bomb experiments may not be
seriously in error. However Skinner* quotes a value of — 56.5 + 1 kcalmol™*.

Merten and Schiiiter® determined the heat of combustion of diethyl selenide/paraffin
oil/benzoic acid mixtures in a static bomb calorimeter. Using AH?(SeO,,c)= —539 +
0.5kcalmol ~, this gives AHf (Et,Se, 1) = — 21.7 + 0.9 kcal mol ~ . Skinner’s* value for
the latent heat of vaporization of +93kcalmol™! gives AH?(Et,Se g)=
— 12.4kcalmol ™.

Barnes and Mortimer® determined the heat of combustion of diphenyl selenide using a
rotating bomb calorimeter. This yielded a value for AH?(Ph,Se,1)=54.1 +
1.4kcalmol~!. They calculated a value for the latent heat of vaporization of 152 +
0.6 kcalmol ™' from the boiling points at 4, 42 and 760 Torr, which gives AH? (Ph,Se, g) =
69.3 + }.5kcalmol L.

Merten and Schliiter® determined the heat of combustion of dibenzyl selenide using a
static bomb calorimeter. The already cited value for AHf(SeO,,c) leads to
AH? (PhCH,),Se,c) = 0.5 £ 5.0kcal mol ™! as previously calculated by Cox and Pilcher?.
No information is available on the heat of sublimation.

Mortimer and Waterhouse'! determined the heat of combustion of diphenyl diselenide
using a rotating bomb calorimeter. This leads to AH{(Ph,Se,;,c)=(288 +
0.5)kcal mol~'. A Knudsen-effusion technique was used to determine the enthalpy of
sublimation AH_;,=(@279+0.6)kcalmol™* and thus AH?(Ph,Se,, g)=567+
0.8 kcalmol ™!,

Arshadi and Shabang'? determined the heat of combustion of dibenzyl diselenide using
an adiabatic static bomb calorimeter. They found that AH{ ((PhCH,),Se,, ¢)=40.8 +
0.8 kcalmol ™', They used a transpiration method to determine the heat of sublimation
AHQ =312 + 0.2kcal mol~! and thus AH? (Ph,Se,, g) = 72.0 + 0.8 kcal mol ~*.

Arshadi and Shabang!? also determined the heat of combustion of 4-phenyl-1,2,3-
selenadiazole using the same technique. They found that AH?(C,H,N,Se,c)=85.6 +
2kcalmol ™!, AH?=225+02kcalmol™! and thus AH(CyH,N,Se,g)=108.1+
2kcalmol ™',

The resulits for these organoselenium compounds are summarized in Table 2.

B. Bond Dissociation Energies

The R—X bond dissociation energy is defined as the energy required to break the R —X
bond. No information of this type is available for organoselenium compounds. However,
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TABLE 2. Heats of formation for organoselenium compounds

Bomb calorimetry AH? (g)

Compound method (kcal mol™1) Ref.
Et,Se Static —124+09 6
Ph,Se Rotating 69.3+ 1.5 7
(PhCH,,),Se Static 0.5£50¢ 6
CgH,N,Se® Static 108.1 +2 13
Ph,Se, Rotating 567408 12
(PhCH,),Se, Static 7204038 13
*AH%(c) only.

4-Phenyl-1,2, 3-selenadiazole.

mean bond dissociation energies may be determined. This is based upon the heats of
formation of the compounds in the gaseous state together with that for the radicals formed
and AHP (Se, g) = 54.3 kcal mol =1 7. For diethyl selenide the mean Se—C bond energy is
defined as AHY/2:

Et,Se—2 Et +Se @

Using a value of AH? (Et)=26.5 + 1 kcalmol ™' '3, D(Se—C)=59.9 4+ 1.7 kcal mol~' '%.
Similarly for diphenyl selenide, with AH® (Ph)=78.5 + 1kcalmol™' '3 D(Se—C)=
71 kcal mol ~!. It appears that the effect of the benzene ring is to strengthen the Se—C
bond by some 11kcalmol~!. Unfortunately a similar calculation cannot be made for
dibenzyl selenide.

Assuming that D(Se—Ph) is the same in diphenyl selenide, a consideration of the
process:

Ph—Se—Se—Ph—2 Ph+2 Se (3)

would conclude that AH =2 D(Se—Ph) + D(Se—Se) = 66.9 £ 2.9 kcal mol ~* close to
Gaydon’s'* value for D(Se—Se) of 64.6kcalmol~". For comparison D(Te—Se)=
57.6kcalmol~! and D(Te—Te)=52+2kcalmol ™' !*. A similar calculation for
dibenzyl diselenide, assuming that D(PhCH,—Se) here is equal to D(Et—Se) gives
D(Se—Se)=63.3kcalmol™*. This leads to an average value for D(Se—Se)=
64.9 kcalmol ! with a spread of + 1.2kcalmol ™",

Returning to the monoselenide compounds the mean bond dissociation energies may be
compared with those for similar compounds involving other elements in Group VI of the
Periodic Table as shown in Table 3. In the two sets of examples, D(X —R) decreases with
the downward movement in Group VI suggesting that D(R —Te) < D(R—Se).

In the manner of Benson and coworkers®, Cox and Pilcher? derived group additivity
values for AHP. Using their assignment for Se(C,)=0 makes C(H,)(C)(Se)=

TABLE 3. Mean bond dissociation energies for derivatives of
Group V1 elements

Compound D(X —R) (kcal mol 1) Ref.
Et,0 86.5 2
Et,S 69.7 2
Et;Se 599 6
Ph,O 1024 2
Ph,S 84.2 2
Ph,Se 7 7
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3.9 kcalmol ~!. This allows heats of formation for other aliphatic monoselenides to be
generated. It is emphasized that the group values depend upon only one experimental
datum and therefore the results should be treated with caution. No other group values may
be derived at this time.

lll. CONCLUSIONS

It is obvious that far more data are required to make a comprehensive review of the
thermochemistry of Se and Te compounds in terms of both combustion studies and bond
dissociation energy determinations. For the latter data only mean bond energy
information is available. Probably the best technique here is the VLPP method (very low
pressure pyrolysis)'®. It wouid be foolish to come to any conclusion other than that Te—R
bonds are weaker than the Se—R bonds for the corresponding Se compounds.
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I. INTRODUCTION

The need to ascertain the composition of organic Se/Te compounds, to qualitatively prove
the presence of these chalcogens and to quantitatively determine their percentages has
existed since the first organic Se/Te compounds were prepared approximately 150 years
ago. During the past one and a half centuries many organic Se compounds and not quite as
many organic Te compounds were prepared. The pertinent literature is well summarized
in several books!:?, chapters®~ and review articles®. Analytical techniques and phy-
sicochemical methods were used as they became available for the characterization of
organic Se/Te compounds. However, the necessity of determining specific organic Se/Te
derivatives in mixtures of such compounds or other matrices did not arise frequently until
the effects of Se and its compounds on living organisms became the concern of
environmental scientists and the medical profession. Se is now known to be —depending
on concentrations—an essential and a toxic element’™'!, Of special interest is its
anticarcinogenic effect against experimentally induced cancer in several animals. Se,
chemically related to S, replaces S in many biologically important molecules and is subject
to metabolic transformations®. There can be no doubt that beneficial and inimical effects
of Se are attributable in most cases not to elemental Se but to specific compounds of Se.
The identification and determination of organic Se compounds in environmental samples
is, therefore, of great importance.

Most of the efforts in the area of analytical Se chemistry were directed toward accurate
and precise determinations of Se in inorganic, organic and biological matrices. Few
methods were developed which allowed the determination of Se compounds. The sections
on analytical chemistry in the books devoted to the biochemistry®~!! and the medical and
biological effects of Se’ provide little if any information on the methods for the
determination of Se compounds, although techniques exist for the gas chromatographic
determination of volatile Se compounds!? and for the element-specific detection of Se
compounds in eluents from high-pressure liquid!® and ion chromatographs!4. The
technique of element-specific detection!® using graphite furnace atomic absorption
spectrometers!* or plasma emission spectrometers!® does not seem to have been applied
to organic Se compounds.

Future work in analytical Se/Te chemistry will have to concentrate on speciation to
provide the techniques required for routine application in research efforts to eludicate the
biochemical, medical and biogeochemical roles of these chalcogens.

This chapter discusses the determination of Se/Te in organic compounds and presents
the analytically useful methods for the identification and determination of organic Se/Te
compounds. The potentially very useful polarographic and other electrochemical
techniques have not yet been used for the determination of these compounds. Most of the
work in this area, which is summarized in the last section of this chapter, explored the
mechanisms of the electrochemical reduction of organic Se compounds.

Infrared spectroscopy, UV-visible spectroscopy, and Mdéssbauer spectroscopy, which
are frequently used to characterize Se/Te compounds, were reviewed recently!+26, The few
photoelectron spectra reported for organic Se/Te compounds are at present not very
useful for the characterization of these compounds. Dipole moments, although available
for many Se/Te compounds, are often influenced more by functional groups other than
Se/Te!'®, and are, therefore, of rather limited use for the characterization of organic Se/Te
compounds. The determination of the conformations of organic Se/Te compounds in
solution by means of dipole moment measurements is more in the domain of physical
chemistry than analytical chemistry. For these reasons, UV-visible, infrared,
Mossbauer and photoelectron spectroscopic techniques, and dipole moment measure-
ments are not covered in this chapter. Other physicochemical techniques such as nuclear
magnetic resonance and mass spectrometry are the topics of separate chapters in this
book.
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Il. DETERMINATION OF Se/Te IN ORGANIC COMPOUNDS

The qualitative detection and quantitative determination of Se/Te are the first steps in the
characterization of organic compounds of these elements. Although some, rather unstable,
Se/Te compounds deposit red Se or black Te on standing and thus reveal that they contain
these chalcogen atoms, the decomposition of the organic compounds with concomitant
conversion of Se/Te to inorganic chalcogen derivatives is in most cases necessary for the
detection and determination of Se/Te.

A. Qualitative Tests for Se/Te

Sensitive, reliable, quick and convenient tests for checking whether organic compounds
contain Se or Te are very helpful in synthetic and analytical work.

A spot test for the detection of Se in organic compounds was developed by Feigl'®. A
small quantity of the sample and one drop of 70%; perchloric acid are gradually heated in a
glycerol bath to 205 °C. After three minutes at 205 °C the reaction mixture is cooled and
then treated with one drop of a saturated solution of hydrazine sulphate. Upon warming
this mixture on a boiling water bath, a pink colouration or a red precipitation appears
indicating the presence of Se. Another method!” decomposes the sample with potassium
chlorate and precipitates selenate with barium ion in the presence of potassium
permanganate. The formation of violet crystals is the sign for the presence of Se.

No qualitative tests seem to have been developed specifically for the detection of Te in
organic compounds. However, mineralization to an inorganic Te compound and its
reduction with sulphur dioxide or hydrazine to black elemental Te, in a procedure similar
to the one used for Se, should be applicable.

S, Se and Te may be present together in an organic molecule!'S. After mineralization and
conversion of selenate to selenite in boiling HCI, hydroxylamine hydrochloride in strongly
acidic solution reduces only selenite. Te can then be precipitated by hydroxylamine in
ammoniacal solution'8, S should not interfere with these tests.

Many other reactions potentially useful for the detection of Se/Te in organic
compounds*!8!9 and in biological samples?®2! are the subject of reviews, which give
references to the pertinent literature.

B. Determination of Se/Te in Organic Compounds

Many methods are available for the determination of Se in organic compounds and in
biological matrices. The biological samples contain in many cases unidentified organic Se
compounds at low concentrations. Te, an element much less abundant than Se, does not
have an organic chemistry as extensive as that of Se, and does not have its environmental
importance. Therefore, much less attention has been given to the development of methods
for the determination of Te.

Unless a non-destructive method is used, the first step in the determination of Se/Te in
organic compounds and biological matrices is the mineralization of the organic matter
and the conversion of the chalcogen to an inorganic compound. The methods for the
mineralization, the subsequent determination of Se'®~2® and Te$-18.19:26.27.29.30 ap{ the
separation of Se and Te®! have been summarized and evaluated in several reviews.
Therefore, only a brief survey of these methods is presented to provide information about
the available options.

1. Determination of selenium

Non-destructive methods for the analysis of Se are X-ray fluorescence!®2!-23-25,32.33

neutron activation!®~2%:32 and proton-induced X-ray**3® or y-ray>® emission, These
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methods have been used almost exclusively to determine Se in biological matrices or to
detect its presence in chromatographic fractions, although the chalcogen content of
organic Se/Te compounds were claimed to have been obtained within + 0.1%, by X-ray
fluorescence of KCl or borax disks®®. An X-ray fluorescence procedure for the
determination of Se in solid and liquid samples in the range of 2-40 + 1 mg/kg or mg/L Se
was developed using a seleno steroid and diphenyl selenide as the standards®’. These
results suggest that non-destructive techniques are useful for the determination of Se/Te in
organic compounds.

Destructive methods for the analysis of Se mineralize the organic compounds by wet
digestion, dry ashing or by combustion in an oxygen atmosphere. The inorganic Se
compounds can then be determined by gravimetric, titrimetric, spectrophotometric,
fluorometric, electrochemical, gas-chromatographic, mass spectrometric or neutron
activation methods.

Wet ashing procedures employ mixtures of acids (sulphuric/nitric, sulphuric/perchloric,
sulphuric/nitric/perchloric), mixtures of acids and salts (sulphuric acid/potassium
permanaganate, nitric/perchloric acid/ammonium vanadate or sodium molybdate) or a
mixture of nitric/perchloric acid and hydrogen peroxide. Several of these wet digestion
methods for the determination of Se have been critically reviewed?38. Dry ashing involves
heating the organic compound with magnesium nitrate or with sodium peroxide in a Parr
bomb. Combustion methods oxidize the organic compounds in an oxygen-filled flask, in a
combustion tube with oxygen flowing over the sample®® or at low temperature in an
oxygen plasma“®.

The solutions obtained after mineralization may contain selenite, selenate or a mixture
of these two compounds. Boiling HCI will reduce all selenate to selenite. Se can then be
determined gravimetrically by reduction of selenite to selenium with sulphur dioxide or
hydrazine sulphate, or titrimetrically through titration of selenite with thiosulphate or of
iodine liberated in the reaction between potassium iodide and selenite. Potassium
permanganate oxidizes selenite to selenate and excess permanganate can be back-titrated.
Selenite can also be determined by titration with silver nitrate or lead nitrate'®-1%2” using
a lead-sensitive electrode*’. A method for the microdetermination of Se in organic
compounds employs oxygen flask combustion or digestion with sulphuric/nitric acid and
argentometric titration of selenite. Halides can often be determined simultaneously#2. The
simultaneous microdetermination of Se and S in organic compounds uses oxygen-flask
combustion, titration of S with barium perchlorate and iodometric determination of Se*3.

Selenite reacts with aromatic ortho-diamines to form yellow- to red-coloured piazse-
lenols, which have absorption maxima in the range 270-500nm and molar extinction
coefficients of approximately 20,000. The piazselenols can be determined spectrophoto-
metrically in aqueous solution or after extraction into an organic solvent such as
toluene!?24, The spectrophotometric determination of Se can be similarly carried out
using dithizone, 2-mercaptobenzoic acid, phenyl thiosemicarbazide or similar S-
containing reagents’®:2%,

Piazselenols extracted into hydrocarbon solvents fluoresce at 580 nm after excitation at
450 nm. This fluorescence allows the very sensitive determination of Se!%+24,
Piazselenols after extraction into toluene can be quantitated by gas chromatography
using electron-capture detection?#*4. This method has the advantage of removing Se from
interfering ions.

Electrochemical techniques for the determination of selenite include polarography,
anodic and cathodic stripping voltammetry, and amperometric, coulometric or potentio-
metric titration!®-24, A coulometric method for the simultaneous determination of C, H,
Se and C, Se, S in organic compounds after combustion in an oxygen current has been
described*>.

Flame atomic absorption*¢-*7 or emission*” spectrometry and the much more sensitive
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flameless atomic absorption methods*’~*? can be used to determine Se in the aqueous
digests or in organic extracts>°~33. The absolute sensitivities may reach I pg Se'®2%. An
inductively coupled plasma emission spectrometer was used to determine Se in organic
compounds after their digestion with HNO, %4,

2. Determination of tellurium

The choice of methods for the determination of Te is rather limited. In principle, many of
the methods proven to be applicable to the determination of Se should be useful for Te
also. However, tellurite does not appear to react with aromatic ortho-diamines to form
piaztellurols.

Organic Te compounds were mineralized with fuming nitric acid, with mixtures of
nitric/perchloric acid or nitric/sulphuric acid, with sodium peroxide/potassium chlorate
in a Parr bomb, by the oxygen flask method**** and in a stream of oxygen3%57. The
tellurium dioxide or tellurite formed during mineralization is then determined gravimetri-
cally®®, by titration with potassium permanganate®®, potassium dichromate®® or silver
nitrate*¢, or iodometrically with amperometric indication of the end-pointS. A method
for the simultaneous microdeterminations of C, H and Te employs. the coulometric titration
of tellurite with sodium thiosulphate3’. Te in aqueous solution was quantitated by flame
atomic absorption spectrometry in an air/acetylene flame at 214.2 nm?**-¢°, The general
analytical chemistry of Te is summarized in several reviews!#!%:3%, General aspects of the
flame atomic absorption spectroscopy of Te®!, the thermal stabilization of inorganic and
organically bound Te®? and interferences by cations in the determination of Te%? using
electrothermal atomic absorption spectrometry are discussed in recent reports.

The formation of complexes of Te with S-containing ligands and the extraction of these
complexes has been summarized®*. The spectrophotometry of these complexes is a
sensitive method for the determination of Te, which has not yet been applied to the
estimation of Te in organic compounds.

lil. IDENTIFICATION AND DETERMINATION OF Se/Te COMPOUNDS

The techniques most often used for the identification and determination of organic Se/Te
compounds are paper chromatography, thin-layer chromatography, gaschromatography
with electron capture, flame ionization, flame photometric or thermal conductivity
detection, ion exchange chromatography, high-pressure liquid chromatography and
iodometry. The identification and determination of organic Se/Te compounds becomes
easier when element-specific detectors are coupled to chromatographs. Atomic absorption
spectrometers with silica tube®37%® or graphite furnaces’®’! and microwave-excited
emission spectrometers were used as Se-specific detectors’?7? for gas chromatographs.
High-pressure liquid chromatographs were interfaced with a graphite furnace atomic
absorption spectrometer’ and an inductively coupled argon plasma emission spectro-
meter!3 to determine organic and inorganic Se compounds, respectively. Neutron
activation analysis was also suggested as a method for Se-specific detection’. The
combination of chromatography with element-specific detection systems provides
analytical capabilities especially useful when Se/Te compounds need to be determined in
complex matrices.

A. Selenols and Tellurols, RYH

Benzeneselenol, PhSeH, was separated from several diorganyl sulphides, diorganyl
selenides and benzenethiol by gas chromatography on 20%, squalene—80/100-mesh
Celite-545 using an argon ionization detector’®. The selenols corresponding to pan-
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theteine, 4’-phosphopantheteine, dephosphocoenzyme A and coenzyme A were separated
from the thiols, disulphides and diselenides of these compounds (see Table 6, items 4749,
51). The spots were visualized by spraying with an aqueous solution of starch/sodium
hydrogen carbonate/0.1N iodine. The blue background turned brown on drying. Spots
caused by selenols, diselenides and selenides returned to the blue background colour upon
spraying with dilute phosphoric acid. Spots caused by S compounds remained white. The
Se compounds on inorganic thin-layer materials can be determined through oxidation
with starch/iodine on the TLC support, extraction of Se compounds from the TLC
support into an aqueous solution followed by acidification and colorimetric measurement
of the starch—iodine complex. Reproducible results were obtained at concentrations as
low as 10~% mole/mL"".

B. Selenenyl Compounds, RSeX

Benzeneselenenyl bromide was determined by addition of aqueous 0.1M KI and 6 M
H,SO, solution to the solution of the Se compound in CCl,. The mixture was tltrated with
sodmm thiosulphate solution using starch for the end-point determination’®

2-Nitrobenzene- and 2,4-dinitrobenzene-selenenyl compounds, RSeX (X = Br, SCN,
OMe, OEt, NH,) reacted in a mixed solvent consisting of ethyl acetate, ethanol and glacial
acetic acid with 0.01 N sodium thiosulphate to form RSeS,0;. The excess thiosulphate
was back-titrated with an iodine solution’®

Ethy! selenocyanate, EtSeCN, was separated by gas chromatography from dialkyl
selenides and diselenides®® (see Table 1, item 5).

C. Aryl-selenium and -tellurium Trihalides, RYX,

Phenylselenium tribromide reacted with KI in H,SO, medium. The mixture was
titrated with sodium thiosulphate solution to the starch end-point’®.

Phenyltellurium trichloride was separated by TLC on alumina from tellurium
tetrachloride, triphenyltelluronium chloride, diphenyltellurium dichloride and diphenyl
telluride®* (see Table 3, item 6).

D. Seleninic and Selenonic Acids, RSeO_H and RSeO,H

Benzeneseleninic acids in CCl, shaken with an aqueous H,SO, solution of KI were
converted to diselenides with liberation of iodine. Iodine was titrated with sodium
thiosulphate”®. The iodometric equivalent masses of para-substituted benzeneseleninic
acids (4-RC¢H,SeO,H, R = H, Me, Cl], Br) are one third of the molecular masses. These
iodometric titrations were also carried out in aqueous NaOH solutions with a visual or
biamperometric end-point determination®2. The equivalent masses of the seleninic acids
were also determined by titration with NaOH?®2.

Benzeneseleninic acid was separated from benzeneselenonic acid by descending
chromatography on glass-fibre paper using amyl alcohol/pyridine/ammonium hydroxide
(6:14:20). The R, values were 0.47 (RSeO,H) and 0.21 (RSeO,H)*>.

2-Aminoethaneseleninic acid was separated from 3-aminopropaneseleninic acid and
the corresponding selenonic, sulphinic and sulphonic acids on Whatman No. 1 paper with
water-saturated 2,4,6-trimethylpyridine/2, 6-dimethylpyridine (1:1)®3. Ion-exchange
chromatography with Aminex A-6 and A-5 resins using an amino acid analyser separated
the four Se compounds and the sulphinic acids. The selenonic and sulphonic acids eluted
together®*

E. Diorganyl Diselenides, R,Se,

Diselenides were detected with the iodine-azide reaction. Heating a diselenide in
ethanolic HCl with Raney alloy generated a selenol which liberated nitrogen from a
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solution containing sodium azide and iodine. Other compounds which gave this test are
disulphides, thiols, selenols, thio ketones, thio acids and their derivatives, and mustard oils.
In the absence of these substances one microgram of dibenzyl diselenide was detectable®.
Aromatic diselenides, (RC¢H,), Se; (R = H, 4-Me, 2-Ph), were titrated iodometrically. The
diselenide-was added to a solution of iodine monochloride in 12M HCL. After shaking, the
mixture was titrated with standard potassium iodate solution. The diselenide was
converted during the titration to arylselenium trichloride’8.

Several dialkyl diselenides were successfully separated from each other, from dialkyl
selenides and ethyl selenocyanate by gas chromatography using flame ionization and
electron capture detectors. The hydrogen flame ionization detector was much more
sensitive to the selenides than the diselenides and ethyl selenocyanate, whereas the electron
capture detector had higher sensitivity for the diselenides and ethyl selenocyanate®’.

Dimethyl diselenide and dimethyl selenide are formed by plants and animals from
inorganic Se compounds. Several methods were developed to separate these two
compounds. The air samples were passed through a column (Alusil®$, silicone oil DC-
55098) or traps at low temperature®’ to concentrate the Se compounds. After desorption,
dimethyl diselenide was separated from dimethyl selenide®*~%%-86, dimethyl and diethyl
selenide”! and unidentified Se compounds®® by gas chromatography using atomic
absorption spectrometers as Se-specific detectors®37%8.71,

The methods for the identification, separation and determination of diorganyl
diselenides are summarized in Table 1. Diselenides derived from amino acids, and
diselenides corresponding to oxytocin, panthetine and coenzyme A are discussed in
Section IILI (Table 6).

F. Diorganyl Selenides and Tellurides, R,Y

Diphenyl chalcogenides, R, Y, were chromatographed on alumina thin layers. The spots
corresponding to Se/Te compounds were visualized with iodine vapour®”.

Attempts were made to separate diphenyl selenide, diphenyl sulphide, diphenyl
telluride, diphenyl chalcogen dichlorides, R,YCl, (Y=S, Se, Te) and triphenyl-
selenonium and -telluronium tetrafluoroborates on Silufol UV-254 thin layers. Seven of
these compounds were successfully separated. A 0.02%; solution of bromocresol green was
used for visualization®8.

The separation of dimethyl selenide from dimethyl diselenide and the determination of
dimethyl selenide was achieved by gas chromatography using flame ionization or Se-
specific atomic absorption spectrometric detectors®>~68.71.80.86  Qevera] other dialkyl
selenides, phenyl alkyl selenides and diphenyl selenide were determined by gas chromatog-
raphy in mixtures containing selenides, diselenides®®, sulphides, disulphides’®, heterocyc-
lic Se compounds®® or trimethylarsine?®?°, trimethylstibine®® and tetramethyltin7-8°.

Dibenzyl selenide and 1, 1-dimethylselenourea were separated by high-pressure liquid
chromatography on Partisil-PXS-ODS with methanol/water (2: 1) as the mobile phase. A
graphite furnace atomic absorption spectrometer served as Se-specific detector. Nickel
nitrate was added as coanalyte to reduce the volatility of Se in the furnace and enhance the
intensity of the Se signal’. More details about this and the other separation procedures
are given in Table 2.

The applicability of microwave emission systems for the detection of Se in gas
chromatographic effluents was checked with dimethyl selenide’? and diethyl selenide’3.
Absolute detection limits of 12 pg’? and 62 pg”® were obtained. The atomic absorption
system had a detection limit of 7ng’°.

The flame photometric detector can distinguish between S and Se compounds. Doping
the gas stream with carbon disulphide generated negative Se peaks®?. Doping with
methane reduced the S signal much more than the Se signal®®-°2. The flame photometric
detector had an exponential response to Se and Te. The response was made linear by
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providing a high sulphur background with carbon disulphide®?.

The paper and thin-layer chromatographic behaviour of several aromatic ditellurides
was investigated with the goal to separate reaction mixtures, identify products and isolate
products. Diaryl tellurides were efficiently separated from tellurium tetrachloride,
diaryltellurium dihalides, aryltellurium trihalides and triorganyltelluronium halides. The
separation of organic Po compounds from the corresponding Te compounds was
generally not possible with these methods. The systems investigated and pertinent
references are listed in Table 3.

Diethyl telluride was separated from diethyl ether and ethyl iodide by gas chromatog-
raphy on silicone rubber/Chromaton. A thermal conductivity detector was used®.

G. Diorganyi-selenium and -tellurium Dihalides, R,YX,

Diarylselenium dichlorides and dibromides were determined by a volumetric pro-
cedure. Upon shaking the dihalides, R,SeX, (R, X: Ph, Cl; Ph, Br; 4-Tol, Br)7-10!
RR’SeX; (R,R’, X: Ph, 4-Tol, Cl; Ph,4-BrC,H,, Br; 4-Tol, Ph, Br) or dibenzoselenophene
dibromide!®? with aqueous K1, iodine was liberated. The iodine was titrated with sodium
thiosulphate solution to the starch end-point.

To determine Se, 9 M HCl solutions of selenite were reacted with acetophenone to form
an organic Se compound, which might have been bis(benzoylmethyl)selenium dichloride.
The organic Se compound was extracted and the extract analysed by gas chromatog-
raphy employing an electron-capture detector!®2,

The thin-layer and paper chromatographic separations of diaryltellurium dichlorides
from organic S, Se and Po compounds, other organic Te compounds and tellurium
tetrachloride are summarized in Table 4.

H. Triorganyl-selenonium and -telluronium Salts

Milligram amounts of triarylselenonium salts, (4-RC4H,),Se* X~ (R, X: H, Cl; Me, Cl;
Me, HSO,) were determined in aqueous solutions of pH 1-13 by spectrophotometry at
227 nm (Ph derivative, ¢ = 18,400) or 232 nm (Tol derivatives, & = 30,900)!°3,

Data relating the thin-layer®!:87-8% and paper chromatographic®® separation of
triphenylselenonium tetrafluoroborate®® and of triaryltelluronium salts from other
organic chalcogen compounds are summarized in Table 5.

I. Selenoamino Acids and Related COmpounds.

Se with properties similar to S replaces S in S-containing amino acids forming
selenoamino acids such as selenocystine and selenomethionine. Selenoamino acids occur
naturally. The separation of the seleno- from the thio-amino acids and other amino acids
was achieved by ion-exchange chromatography using amino acid analysers. Paper
chromatography generally did not separate selenoamino acids from the corresponding S
compounds. However, selenomethionine was successfully separated from methionine by
thin-layer chromatography on silica gel''°. Trimethylsilylated selenocystine and seleno-
methionine had gas chromatographic retention times different from those of the
corresponding S compounds' !,

Several aminoalkyl selenides and diselenides related to selenoamino acids
[seleno(homoj)cystamine, seleno(homo)lanthionamine, selenocystathionamine, carboxy-
methylselenocysteamine] were separated from each other and the corresponding S
derivatives by ion-exchange chromatography''$-!!7. A dipeptide, glutamyl-Se-
methylselenocysteine' 2>, had a significantly longer retention time than the S-peptide on a
Dowex 1-X4 column. The paper chromatographic behaviour of the selenols, thiols,
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selenides, sulphides, diselenides and disulphides related to pantethine, coenzyme A, 4-
phosphopantethine and dephosphocoenzyme A was investigated’’.

The results of these investigations of selenoamino acids and related compounds are
summarized in Table 6.

J. Diorganyl Selenoxides, R,SeO

Diaryl selenoxides reacted with aq. KI in 6 M H,SO, solution. The liberated iodine was
titrated with sodium thiosulphate to the starch end-point. This reaction converts the
selenoxides to selenides. The equivalent mass for selenoxides is half the molecular mass’®.
Although only bis(4-ethoxyphenyl) selenoxide was determined, the method should be
applicable to other selenoxides and perhaps to telluroxides.

Four methods for the microdetermination of selenoxides were investigated.
Potentiometric titrations of selenoxides dissolved in acetic anhydride with perchloric acid
gave acceptable results!?% 126, The iodometric method’® was found to be erratic and
unreliable in the presence of compounds with other functional groups!?®. Selenoxides
oxidized iron(11) to iron(in) in acidic methanolic ferroammonium thiocyanate solution.
The intensely coloured iron(m) thiocyanate complex was determined photometrically. The
instability of the iron(i) thiocyanate solution proved to be a serious disadvantage for
routine application of this method!2*. The degree of inhibition of the hydrolysis of urea by
urease was found to be proportional to the concentration of selenoxides. The inhibition
constants are compound-specific. It might be possible to determine an inhibitory
compound in the presence of others!?>, These methods were used to determine diphenyl
selenoxide and 2-(phthalimido)ethyl methyl selenoxide!2*.

K. Selenourea

Selenourea was determined in sulphite solutions buffered with NaHCO, by addition of
0.1 N iodine solution to oxidize selenium to selenite. After addition of acetic acid the excess
iodine was titrated with thiosulphate solution. The selenite was then determined
iodometrically in HCl solution. An appropriate modification of this procedure allowed the
analysis of mixtures containing selenourea and selenosulphate!?”,

1,1-Dimethylselenourea was separated from dibenzyl selenide by high-pressure liquid
chromatography using a graphite furnace atomic absorption spectrometer as a Se-specific
detector’ (Section II1. F, Table 2, item 13).

L. Selenophene, Tellurophene and Related Compounds

The molar responses relative to benzene and the effective carbon numbers of
selenophene, tellurophene and their 2-acetyl derivatives were determined with a gas
chromatograph — flame ionization detector system. The molar responses were appro-
ximately half that of benzene!28.

The equivalent mass of benzoselenophene dibromide was determined by treating the
dibromide with a H,SO, solution of KI and titrating the liberated iodine with
thiosulphate solution’®.

The gas chromatographic peak caused by 2,5-dimethyl-3-azabenzoselenophene was
identified by doping the gas stream with carbon disulphide. Se peaks turned negative, but S
peaks remained positive??.

2,3-Dihydro-3-azabenzoselenophene was separated by gas chromatography from
diethyl selenide, diphenyl selenide and piazselenol®® (Section III. F; Table 2, item 9).
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M. Piazselenols

Piazselenols are five-membered heterocyclic compounds which form when aromatic
ortho-diamines condense with selenites. The absorption and fluorescence properties of
piazselenols were exploited for the determination of Se. Piazselenols in contrast to selenite
are soluble in non-polar organic solvents and can be extracted, for instance with hexane,
toluene, chloroform or cyclohexane, from aqueous solutions. The extracts can then be
analysed by gas chromatography employing electron capture detectors!2?~134 flame
photometric detectors®®!3> or a microwave emission detector! 6. The preconcentration
achieved by the extraction, the separation of the piazselenol from interfering compounds
by gas chromatography and the sensitivity of the detectors make it possible to determine
Se at concentrations of 0.1 ug/L. The absolute detection limits are in the low nanogram
range. The sensitivity of the methods is influenced by the substituents present in the
piazselenol. The relative sensitivities of piazselenols derived from diaminonaphthalene
and substituted diaminobenzenes were investigated by Shimoishi!32,

Piazselenol was separated by gas chromatography from diethy! selenide, diphenyl
selenide and 2,3-dihydro-3-azabenzoselenophene®? (Section III. F; Table 2, item 9).

The piazselenol formed from selenite and diaminonaphthalene was extracted with
cyclohexane. The extract was chromatographed on C-18 reverse-phase TLC plates
(EtOH/H,O/AcOH 65:35:1) and silica gel plates (ethyl acetate/toluene 1:4). Se at
nanogram levels was quantitated by densitometry!3’.

Piazselenol, 5-chloro, 3-nitro- and benz-piazselenol (from 2,3-diaminonaph-
thalene!3%-13%) were separated from excess reagents by reverse-phase (Nucleosil C-18!38,
Bondapak C-18'3%) high-pressure liquid chromatography with methanol/water, acetonit-
rile/water'3® or ethanol/water'3® as mobile phases. With ultraviolet or fluorometric
detection Se was determined in the nano- to pico-gram range'38,

N. Selenium and Tellurium Diethyldithiocarbamates, (Et,NCSS),Y

Inorganic Se/Te compounds react with diethyldithiocarbamates to form compounds
extractable with chloroform. Dithiocarbamates are formed by many cations. High-
pressure liquid chromatography using reverse-phase columns allowed the separation of
the Se!4%-14! and Te'*! compounds from other dithiocarbamates. With ultraviolet
spectroscopic detectors one microgram of Se/Te was detected'*!.

Tellurium diethyldithiocarbamate was separated on silica gel thin layers, the spot
extracted with methanol and Te determined in the extract by graphite furnace atomic
absorption spectrometry!42.

O. Trialkylsilyl Selenides/Tellurides and Related Compounds

The compounds (Et;M),Y (Y = Te, Se, S) were separated by gaschromatography witha
detector based on heat conductivity. The column material was 20%; Apiezon L on silanized
Chromosorb W. The retention time increased with increasing boiling points of the
compounds'*3. Bis(trimethylsilyl) selenone [(Me,Si),S¢0,] formed from selenite and
N,0-bis(trimethylsilyl)acetamide, is a volatile, stable compound, which was used to
determine Se by gas chromatography with flame ionization detection'#%.

IV. POLAROGRAPHIC AND OTHER ELECTROCHEMICAL METHODS

Polarography has been applied extensively for the determination of inorganic Se'82°.

Although several organic Se compounds have been the subject of polarographic studies,
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few methods were developed which are suitable for quantitative determinations. Most of
the investigations explored the mechanisms of reduction of the Se compounds and
compared their reduction behaviour with that of the corresponding S compounds.

Benzeneselenols gave under various conditions a single reduction wave. The half-wave
potential was dependent on the pH of the medium and the substituents in the benzene
ring'**. Nygard investigated the polarographic reduction of bis(carboxyalkyl) diselenides,
[HOOC(CH,),],Se, (n= 1145147 2_4148.13%) diphenyl diselenide!*°, 1,2-diselenacyc-
lopentane!®*! and its 4,4-bis(hydroxymethyl)!3%134,  4-carboxy!®*® and 3-4"-
carboxybutyl)'®2  derivatives, 4-carboxy-1-thia-2-selenacyclopentane'4’-133,  3,6-
dicarboxy-1,2-diselenacyclohexane!®2, 4,5-dicarboxy-1,2-diselenacyclohexane!*? and
2,2-bis(hydroxymethyl)-1,3-propanediseleninic acid'#’-'>4. Information about the elec-
trode processes was gained from direct-current polarographic curves, elec-
trocapillary curves and oscillopolarographic investigations. The diselenides, R,Se,, form
initially the mercury compounds (RSe),Hg or RSeHg which are subsequently reduced to
selenols, RSeH, by transfer of one electron per Se atom'*”. The diseleninic acid is first
irreversibly reduced to the selenium—mercury compound which in a subsequent reversible
step is transformed to the diselenol!*?-!3* The polarographic reduction of 2-aminoethyl-
selenosulphuric acid is preceded by the formation of RSeHg and sulphite and finally yields
2-aminoethaneselenol **>.

Selenocystine and selenocysteine were investigated by several polarographic methods
and the properties of the Se compounds compared with those of the corresponding S
derivatives!48-136.157_ Gejenocystine can be determined by cathodic stripping voltam-
metry in dilute aqueous acid. The detection limit for selenocystine is 5 x 107%™ in the
presence of 100-fold amounts of cystine and cysteine' 8. Selenocystine causes catalytic
prewaves in the polarographic reduction of cobalt!®® and nickel!®°. The prewaves are
probably produced by complexes formed between the metal ions and selenocys-
teine!®®:16% Selenocystamine [bis(2-aminoethyl) diselenide] gave polarographic waves
more positive than c?'stamine. The diselenide can be distinguished from the disulphide in
the same solution'®’.

An oscillopolarographic investigation of selenourea proved that the reduction of
selenourea yielded selenide ion which reacted with mercury, Selenourea is reduced at a
potential 140mV more negative than thiourea. The detection limit for selenourea is
S x 10—6M162,163.

Substituted 2-nitroselenophenes can be determined polarographically at concen-
trations of 10~ m"%. The general features of the polarographic reduction of substituted 2-
nitroselenophenes are similar to those of thiophenes and furans'®®. AC polarographic
studies of heteroacene quinones in acetonitrile containing the 2,5-diphenylselenophene
ring showed that the reduction proceeded in two one-electron steps* 6.

Polarographic investigations of 2,1,3-selenadiazole!¢’, benzoselenadiazole!%~' 7%, ben-
zoselenadiazoles substituted in the 4- or 5-position'”*, pyridinoselenadiazole!’® and
dioxopyrimidinoselenadiazole!”? in aqueous medium and in dimethylformamide estab-
lished that a radical anion is first formed which is subsequently reduced to the ortho-
diamine and selenide.

The selenadiazoles obtained from 3,3',4,4'-tetraaminobiphenyl and selenite were used
for the polarographic determination of Se!”6~!75. A sensitivity of one microgram Se
per litre was achieved with single sweep polarography!’®. With 4-chlorobenzoselena-
diazole and differential pulse polarography the detection limit was 0.4 microgram Se
per litre! 7%

The polarographic reduction of bis(4-methoxyphenyl) ditelluride produced
4-methoxybenzenetelluro!'®°  Bis(4-methoxyphenyl)tellurium oxide yielded under
conditions of classical and oscillographic polarography bis(4-methoxyphenyl) telluride
in an irreversible reaction!®!.
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1. INTRODUCTION

Every element in Group VI in the Periodic Table possesses at least one magnetically active
isotope!. (Table 1 lists the NMR properties of these nuclei and compares them to those of
the 'H and '3C nuclei.) However, the two lighter elements, O and S, both possess only
quadrupolar nuclei (Table 1) and the dominant isotopes of the elements, 1O and 328, have
zero spin. Although the number of studies using !’O-NMR spectroscopy has increased
considerably with the advent of pulsed Fourier transform (FT) techniques, 3*S-NMR
spectroscopy continues to be difficult experimentally, due to the quadrupolar spin (I =
3/2) and the low natural abundance (0.76%;). On the other hand, Se and Te both possess
spin-4 nuclei with adequate natural abundance ("’Se and '%°Te) such that NMR
experiments using pulsed FT methods to observe these nuclei are relatively routine.
However, only in the last five years have researchers begun to extensively investigate the
NMR parameters of organoselenium and organotellurium compounds using pulsed FT
77Se- and '23Te-NMR spectroscopy.

Because the material has not been reviewed previously, this article will concentrate
heavily on NMR studies utilizing the "Se and '25Te nuclei. 'H-NMR studies have been
reviewed previously? and, because of the small chemical shift range, they have not been
found to be very informative. ! 3C-NMR investigations of organoselenium and organotel-

TABLE 1. NMR properties of the Group VI nuclei®

Natural NMR frequency Relative receptivity®
Isotope Spin abundance (%) (MHz) R’ R®
'H 12 99.985 100.1 1.000 5.68 x 10?

13C 1/2 1.108 25.1 1.76 x 1074 1.00

70 512 0.037 13.6 1.08 x 1073 6.11 x 1072
338 3/2 0.76 7.7 1.71 x 1073 973 x 10772
778e 1/2 7.58 19.1 526 %1074 298
123T¢ 12 0.87 26.2 1.57 x 1074 0.88

125Te 1/2 6.99 315 221 x 1073 12,5

“Data taken from Ref. 1.
PReceptivity relative to 'H is given as R” and relative 1o '*C is given as R€.
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lurium compounds are fairly numerous and will be dealt with where they complement the
77Se and '23Te studies or are in some other way especially noteworthy. A discussion and
comprehensive listing of *3C chemical shifts and other carbon parameters in organose-
lenium and organotellurium compounds is beyond the scope of this article.

In searching the literature, every attempt has been made to review publications
through June 1983. Not every paper may be referenced, but certainly the large majority are
discussed or referenced in some way. This article is divided into two parts. The first and
largest part of the paper deals with NMR studies and the second part deals with ESR
studies. As mentioned previously, material reviewing 7’Se- and '**Te-NMR studies has
not appeared since the large explosion of pulsed FT data has begun. To
demonstrate how recent most of the data are, it is interesting to note that a 1978 book'
covering NMR studies of all nuclei in a very comprehensive manner devoted only ten
pages to 7’Se-NMR spectroscopy and only five papers were referenced®” 7 which had
utilized pulsed FT methods. Only two pages described '2°Te-NMR spectroscopy and
there were no publications describing direct observation of !2°Te resonances.
Accordingly, it was felt that efficient use could be made of tables of 7’Se and '25Te
chemical shifts classified according to type of compound. The chemical shift ranges of
both of these nuclei are very large ( ~ 3000 ppm for 7’Se and ~ 7000 ppm for 12*Te) and it
is hoped that, in addition to the discussion in this chapter, the reader will find it instructive
to refer to the chemical shift values given for various classes of organoselenium and
organotellurium compounds. Because the chemical shift range is so large for these nuclei
and because these shifts are sensitive to various factors, in some cases more than one value
has been reported for the same molecule. Every attempt has been made to report all values
in the tables and to comment on any discrepancies. Also, where possible, a comparison of
Se and Te values with corresponding O and/or S parameters has been made.

il. NMR STUDIES
A. Organoselenium Compounds

1. Relaxation times

The problems of the relatively low natural abundance and relatively low NMR
receptivity of 7’Se with respect to the proton have been minimized with the advent of FT
NMR spectrometers and techniques, through which substantial gains in the signal-to-
noise ratio over conventional continuous wave NMR spectroscopy may be realized. To
take full advantage of the FT method, a knowledge of the inherent spin-lattice relaxation
time, T,, of the Se nucleus is desirable since it influences the time duration of the
experiments via the recycle time between pulses®®. The T, values can also provide
valuable information concerning molecular dynamics and interactions, molecular struc-
ture, conformation and composition. It is always advantageous, when studying any
particular nucleus, to be forearmed with a knowledge of the range of T, values of the
nucleus in a number of functional forms and under a variety of conditions (e.g.
temperature, solvent, concentration). Furthermore, it is also very important to determine
which of the various mechanisms contribute to the overall spin-lattice relaxation of the
nucleus®-?,

In 1977-79 several studies'®!* appeared which reported the first investigations of
77Se spin-lattice relaxation times. Values for T, of representative compounds are shown in
Table 2. Several important conclusions emerged from these and later studies!3:'®. First,
the dipole—dipole (DD) relaxation mechanism which is so important in 3C-NMR
spectroscopy’ 8 is almost non-existent in Se compounds. For 7"Se, a maximum Nuclear
Overhauser Enhancement (NOE)!® of 2.6 is possible, but for only one compound has any
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TABLE 2. 77Se spin-lattice relaxation times, T;, for representative compounds

Compound T(s) Temp.(°C) Conditions Ref.
H,Se 0.7 34 1.0M, D,O 11
0.34 35 40% (v/v), CDCl, 11
MeSeH 1.3 40 20% (v/v), (CD,),CO 11
EtSeH 1.7 40 20% (v/v), CDCl, 11
C,oH;,SeH 19 42 20% (v/v), CDCl, 11
H,N(CH,),SeH 7. 3 0.5M, D,0,pD 83 i
PhSeH 18 27 80% (v/v), C¢F 14
Me,Se 1.5 32 20% (v/v), CDCl, 11
45 27 7.5M, CH,Cl,, 20%, 14
(v/v)
Bu,Se 19.1 40 20% (v/v), CDCI, 1
(CgH,,),S¢ 104 41 20% (v/v), CDCl, 11
i-Pr,Se 8.7 41 20% (v/v), CDCI, 1
MeSe(CH,),NH, 84 43 0.5M, CDCl, 1
D,L-MeSe(CH,),CH(NH,)CO, H 135 34 0.Im, D,0, pD 4 1}
MeSeCH,SeMe 13.9 29 30% (v/v), CDCl, 16
MeSe(CH,),SeMe 14.4 29 30%, (v/v), CDCl, 16
MeSe(CH ,),SeMe 12.9 29 30% (v/v), CDCl, 16
(MeSe—), 90 45 0.5M, CDCl, 1
(PhSe—), 20.0 45 0.5M, CDCl, 11
16.0 a 3.0M, 209 (V/v), 14
CeF¢
(PhCH,Se—), 270 55 0.5M, CDCl, 11
(CyoH;,Se—), 200 43 0.5m, CDCl, 11
Me,Sel 137 R 1.0M, D,0, pD 7 11
Me,Se(Br)CH,CO, Et 1.8 32 0.5M, CDCl, 11
Me,NC(Se)NH, 8.6 55 0.5, D,0, pD 4 11
Me,SeO 8.9 30 0.5M, D,0, pH 7 3
{Me,CHO),SeO 119 a a 15
(CF,CH,0),8¢0 13.1 a a 15
><:°\/.s v—o 74 a a 15
o]

o]
Nse=0 67 a a is

O/
Q P 10.8 a a 15

¥
o]

NaSeMe 16.3 43 1.0m, D,O 1]
Na,SeO, 168 15 0.5M, D,0,pH 66 11
102 a 0.5m, H,0 13
Na,SeO, 10.7 a 1.0m, H,0 13
H,S¢0, 21 12 10M, D,0, pH 96 11
8.5 10 10M, D,0,pH L5 11
1.4 a 40m, D,0 13
NaHSeO, 0.34 a 40m, H,0 13
Zn(Se,CNEt,), 44 24 1.0M, CDCl, 12
Pd[Se,CN(Bu-i), ], 14 27 0.43m, CHCI, 12
Et,NH,Se,CNEL, 27 -8 0.87M, CDCI, 12

“Value not given.
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significant enhancement been reported (4 M aqueous Na,SeO;, NOE = 0.4!'3). Second, for
small Se-containing molecules, the spin-rotation (SR) relaxation mechanism dominates
the spin-lattice relaxation and as the size of the molecule increases, the chemical shift
anisotropy mechanism (CSA) becomes increasingly important!!-!2-16,

These findings have important implications concerning the future of ’7Se-NMR
spectroscopy, particularly if this nucleus is studied in large, macromolecular, biological
systems as well as higher molecular weight organic molecules. The relaxation times which
have been reported thus far are not extremely long (~ 1-30s) and thus ""Se-NMR
spectroscopy should be able to be utilized as a routine tool for characterization. Also, in
higher molecular weight systems where CSA is the dominant relaxation rate (1/T,) the
use of high-field spectrometers will be very beneficial since the CSA mechanism is
proportional to the square of the external magnetic field?°. As yet, no variable field T,
studies have been reported for 7’Se to determine quantitatively the contributions of the SR
and CSA mechanisms and experiments of this type are needed.

2. Chemical shifts

It is not within the purview of this article to thoroughly discuss the theory of chemical
shifts. However, it is useful to discuss chemical shift theory in a rather specific way as it
relates to 77Se. The chemical shift reflects the distribution of electrons surrounding the
observed nucleus and is, in general, a sensitive probe for characterization of the bonding in
a molecule. Although considerable progress has been made in the recent past towards a
refined theory of nuclear shielding, the ab initio calculation of chemical shifts still
constitutes a formidable problem, and satisfactory correlation with experimental data
remains limited to relatively small molecules containing light atoms, which unfortunately
are of little practical importance to most chemists. This is certainly the case for Se where no
published attempts toward a unified chemical shift theory are available. Thus we will
endeavour to discuss chemical shifts in chemically relevant terms and interpret these shifts,
where possible, using empirical substituent effects.

For any magnetically active nucleus in the presence of an external field, H, the effective
field, Hg, is given by

Hy=Hy~Hyo=H,(l - 0) (1)
_Hy,—-H,
"

The factor ¢ is called the magnetic shielding constant for the nucleus under observation
and characterizes the electronic and chemical environment of that nucleus. The magnitude
of the chemical shift is determined by this parameter which can be further subdivided into
three different types of shielding as shown in equation (3).

c

@

o =0a%" 4 gP 4 gN (3)
Here ¢“i* represents contributions from local diamagnetic effects, 6™ is the shielding term
arising from electronic circulations on the observed atom and o™ represents neighbouring-
group anisotropy eflects, i.e. fields arising from electronic circulations around atoms
surrounding the observed nucleus. The diamagnetic term decreases with the distance r
between the nucleus and circulating electrons and is therefore dominant for atoms with s
electrons only. The o™ term is dependent on the nature and geometry of neighbouring
atoms and is independent of the nature of the observed nucleus. The paramagnetic term
o™ is zero for nuclei with spherical distributions of electrons. However, for Se, which has
a valence-shell electron configuration of 4s%4p*, a non-spherical distribution of electrons
exists and variations in paramagnetic terms are expected to be the dominant contributor
to Se chemical shifts. The paramagnetic term o™ for Se is related to several factors as
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shown in expression (4)?! 3
para — __r_>i‘f,z 4
o™ o AE Y @
where {r~3>, is the mean inverse cube of the radius of the 4p orbitals, the Q terms
(obtained from the charge density-bond order matrix) denote the imbalance of charge in
the valence shell of Se and AE is an effective excitation energy. The above is a somewhat
drastic approximation of a more rigorous formulation but will suffice for our purposes.

From expression (4), it is clear that the deshielding of Se will increase (a) as the
paramagnetic circulation gets closer to the nucleus, ie. the larger the radial factor {r %)y,
(b) as the asymmetry of the valence electron cloud increases, i.e. the greater the £Q term
and (c) as AE becomes smaller and excitation becomes easier.

An increase in the electron-withdrawing ability of the groups attached to Se should
decrease the value of r, thereby increasing {r~*) and increasing the deshielding. Such a
correlation is indeed shown by the 77Se chemical shifts for a series of Me derivatives?? in
which the Se shielding increases in the order MeSeOOH < MeSeCl, < Me,SeO <
Me,SeCl, < Me,SeBr, < Me,Se, < Me,Se* < Me,Se < MeSeH < MeSe™. This is the
order of decreasing electronegativity of the groups attached to Se. A similar order is
obtained when the chemical shifts of a series of phenyl selenenyl derivatives is compared?3.
For example, the shielding increases in the order PhSeOOH < PhSeCl < PhSeBr <
PhSeSPh < PhSeSePh < PhSeMe < PhSeH < PhSe ™.

Deviations from spherical symmetry of the electron cloud occurs in molecules having
low-lying electronic excited states which mix with the ground state to yield non-zero
matrix elements of the magnetic moment operator. The AE term tends to decrease as the
asymmetry of the molecules increases so that the ZQ and AE ™! terms tend to act in the
same way. In general, whenever the chemical shift of a diselenide is compared to that of the
corresponding selenide, a deshielding of Se is observed?2. This has been attributed to the
influence of the low-energy electronic band associated with the diselenide moiety, i.e.to a
small value of AE.

In this regard, it has been shown that in some organoselenium compounds, particularly
selones (which contain carbon-selenium double bonds, C=Se), there is a
correlation of the 77Se chemical shift with the wavelength 1 of the band in the visible
spectrum?®, The major contribution to the chemical shifts comes from the deshielding of
Se by the n — =* circulation of lone-pair electrons in the n* orbitals of the C=Se group.
In fact, the deshielding of Se in selones increases as the n—n* band moves to longer
wavelength. This can be understood by expression (4) since the larger the value of 4, the
smaller the excitation energy AE and thus the greater the deshielding of the Se nucleus.

a. Medium effects. (i) Solvent effects. 7’Se-NMR chemical shifts are very susceptible to
solvent effects. The solvent dependence of 7?Se-NMR shifts can vary by up to 50 ppm in
many organoselenium compounds?32%, (Although not as high as several hundred ppm as
indicated by Wong and coworkers?® in reference to the 7’Se-NMR shifts of selenophos-
phorus compounds studied by Dean?’ ; in this case the solvent (SO,) forms a complex with
the selenophosphorus compound.) While this property may be exploited for studies of
many molecular properties, comparison of chemical shift data from different sources is
made correspondingly more difficult. The solvent shifts?® 2° of the 77Se resonance of 5%
solutions of Me,Se in 20 solvents are presented in Table 3. These shifts cover a range of
approximately 22 ppm. Deshielding of Se resonances is observed in going from polar
solvents such as dimethyl sulphoxide to non-polar solvents such as cyclohexane and
carbon tetrachloride. Employing a linear solvation energy relationship and the data of
Table 3, Taft recently demonstrated that in non-chlorinated solvents, 7’Se solvent shifts in
Me,Se are influenced primarily by the dipolarity of the solvent3°. Solvent shifts have been
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TABLE 3. 7"Se solvent shifts of Me,Se

Solvent Chemical shift (ppm)  Standard Ref.
Cyclohexane 45,73 ab 28;29
Carbon tetrachloride 2.1;5.46 ab 28,29
Triethylamine 0.4 a 28
Mesitylene 03 a 28
Diethyl ether —-28 a 28
Benzene —32;-0.358 a; b 28,29
N,N-Dimethylaniline —42 a 28
Nitrobenzene —54 a 28
Pyridine —55 a 28
Acetic acid —-6.7 a 28
Phenylacetonitrile -70 a 28
Methylene chloride —-17.2;-450 ab 28;29
Chloroform —76;—486 ab 28;29
Methanol —83;-434 ab 28;29
Acetonitrile —85 b 29
Hexamethylphosphoramide -94 a 28
Acetone —-98;-6.30 ab 28;29
Dimethylformamide —119 a 28
Nitromethane ~134 a 28
Dimethy} sulphoxide —149;-1433 a:b 28,29

“Relative to neat Me,Se (shifts are reported for 5% mol solution).
*Relative to Me,Se in CDCI, (60% v/v); all samples 5% (v/v) in the specified solvent.

observed for alkyl and aryl selenides?®:2%, diselenides?® and methyl selenocyanate?®.
From this discussion it is clear that solvent effects are significant in 7’Se-NMR studies,
making it imperative to specify the solvent in which 7’Se spectra are obtained.

(i) Concentration effects. Dilution shifts may reach a magnitude of several ppm. The
77Se-NMR resonance of neat Me,Se is shielded by 9 ppm upon dilution in CDCl, (1.25%
v/v)*?, Shifts of similar magnitude have been observed for other alkyl selenides and
diselenides?® whereas the shifts of diaryl diselenides show much smaller concentration
dependence. The concentration dependence of the chemical shift probably accounts, at
least in part, for discrepancies of reported chemical shifts which have appeared in the
literature when Me,Se has been used as the reference. For example, reported 77Se chemical
shifts for dimethyl diselenide are 275 and 281 ppm, and for dibenzyl diselenide,
(PhCH,Se),, 402 and 412 ppm. In these two studies!!-22 neat Me,Se and 1.0M Me,Se in
CDCl,, respectively, were used as reference standards. A constant shift independent of
concentration can be attained by using very dilute samples, which, in some cases, could be
time-consuming because of the large number of repetitive scans which would be required
to obtain a spectrum. Again, for reproducibility between laboratories, it is important to
specify the concentrations of the sample used in the study.

(iii) pH effects. Selenols, RSeH, in general, are relatively acidic and can be easily
deprotonated. For example, 2-aminoethaneselenol has been found to be completely in the
zwitterionic form at pH 7-10, in contrast to 2-aminoethanethiol, which is only 60%
zwitterionic at pH 10°! When the selenolate anion is formed, the 7’Se resonance of the
selenol is shielded by approximately 200 ppm. A typical weak acid titration plot has been
obtained for the change in 77Se-NMR chemical shifts of selenocysteamine,
H,NCH,CH,SeH, as a function of pH!!.

(iv) Temperature effects. The temperature dependence of 7?Se chemical shifts of Se
compounds was first noted by Lardon>? in 1972 and by Odom, Dawson and Ellis'" in
1979. Subsequently it has been reported for selenides®*-2°, diselenides®® and selenocar-
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bonyl?$ (R,C=Se)compounds. The temperature dependence of the ’’Se chemical shifts of
(CH,),Se in CDCl, is approximately 2.5ppm over the range of 222-323K?°. The
temperature dependence of selones, R,C=Se, is found to be 0.34-0.48 ppm K ~*. Over the
temperature range 287-313 K, the variation of 7’Se shifts with temperature is reported to
be linear?®. Aryl diselenides®? are reported to have a temperature dependence of
0.4 ppm K ~!. In all cases a deshielding of Se is observed. Diselenides and selones are highly
coloured compounds which would be expected to have small excitation energies, AE, the
value of which would decrease with increasing temperature. As noted previously, a
smaller value of AE would reduce the shielding of Se.

b. 7"Se chemical shift referencing. This area has been a somewhat vexing problem. There
has been no universal agreement on a reference standard. The earliest studies employed
either neat dimethyl selenide?2, Me,Se, or seleninyl chloride®3, SeOCl,, as a reference.
More recently, 7’Se FT NMR studies have been reported using aqueous selenous
acid**3%, H,Se0,, sclenophene®® and 4,4'-dimethyldiphenyldiselenide®®, (4-
CH,C,H,Se),, as well as the two standards mentioned above. Since, as noted, Se chemical
shifts are susceptible to solvent effects, reproducibility is best attained by using an external
standard which appears to be a general consensus. A proposal that a solution of Me,Se in
CDCl, (60% v/v) be accepted as universal reference standard for 7’Se chemical shifts has
appeared in the literature?®, The rationale for doing so is that (1) Me,Se resonates at a
frequency which is close to one extreme of the chemical shift range, (2) Me,Se is
inexpensive and commercially available and (3) a spectrum of Me,Se can be obtained with
a good signal-to-noise ratio in one pulse on any of the commercially available FT
instruments. The magnetic field of a magnet of an FT instrument is generally ‘shimmed’ to
high homogeneity by locking to a 2H resonance signal and adjusting the current in the
shim coils until maximum signal and resolution are achieved. This process requires
repetitive acquisition of the spectrum of the observed nucleus. Thus, the 607, Me,Se in
CDCI, provides both the *H lock signal and sufficient signal-to-noise to achieve
maximum homogeneity of the magnetic field in a series of one-pulse acquisitions.

¢. Classes of compounds. The tables are organized according to chemical shift values, i.e.
from the most shielded resonance to the most deshielded resonance for that particular
class of compounds. In cases where there are substituted phenyl rings the parent
compound is given first and all derivatives of that parent are then presented in the order
stated above. To standardize "”Se chemical shift values in this chapter, they are tabulated
with respect to the reported value of Me,Se in CDCI; (609 v/v). In the tables we have
attempted to present values which may be compared in as consistent a manner as possible.
However, in many cases experimental conditions have not been specified clearly, or more
commonly, investigators were probably not aware that the resonance positions of their
reference standards were so sensitive to variable conditions. Thus, to avoid confusion, in
those investigations where values are reported with respect to Me,Se as a standard
reference, we have tabulated the original values irrespective of the conditions employed,
whereas, for the values which are referenced to standards other than Me,Se, relevant
conversion factors are employed with respect to Me,Se in CDCl, (60%, v/v). For the
reader’s convenience, the conversion constants employed for other reference materials are
given as footnotes in each table.

(i) Selenols and selenolates. The chemical shift data for selenols and selenolates are
presented in Table 4. The total chemical shift range is approximately 600 ppm with the
most shielded 77Se resonance being that in the selenolate MeSe~ Na* and the most
deshielded resonance occurring in CF;SeH. As expected, selenolates are more shielded
than the corresponding selenol, usually by ~ 200 ppm. For example, the 7’Se chemical
shifts of MeSeH and MeSe~ Na* are — 130 and — 330 ppm, respectively. The increased
shielding in selenolates occurs as a result of the increased electron density around the Se
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TABLE 4. "7Se chemical shifts of selenols and selenolates

Chemical
Compound shift (ppm) Standard Solvent Ref.
MeSe~ Na* —-332;-330 ab H,0 22:11
H,Se —288 b D,0 11
HSeCH,CH,NH, -212 b D,0, pD =83 11
EtSe” Na* - 150 a H,0 22
pL-HSeCH,CH(NH,)COOH -~ 141 b D,0,pD=5 i1
MeSeH —116;—130 ab Neat; CDCl, 22;11
CsFsSeH -~ 16 a Not specified 37
C,oH,,SeH -7 b CDCl, 1
i-PrS¢- Na* 8.7 a H,0 22
EtSeH 39;41 b CDCl;; Me,CO 11
PhCH,SeH 107 a CH,Cl, 22
t-BuSe™ Na* 129 a H,O 22
PhSeH 145 a Neat 22
o-AnSeH 84 a Neat 22
o-TolSeH 112 a Neat 22
0-CIC;H,SeH 158 a Neat 22
0-FC,H SeH 191 a Neat 22
m-TolSeH 144 a Neat 22
m-AnSeH 153 a Neat 22
m-CF,C,H,SeH 159 a Neat 22
m-FC H,SeH 164 a Neat 22
m-CIC.H,SeH 167 a Neat 22
p-AnSeH 122 a Neat 22
p-TolSeH 128 a Neat 22
p-FC,H,SeH 141 a Neat 22
p-CIC.H SeH 142 a Neat 22
i-PrSeH 159 a Neat 22
t-BuSeH 278 a Neat 22
CF,SeH 287 ¢ CeFe 41

“Relative to neat Me,Se.
*Relative to 1.0M Me,Se in CDCl,.
‘Relative to Me,Se in C;D,.

nucleus causing an increase in the 4p radial distance. Thus the (r~3 Y4p factor of
expression (4) decreases. A comparison of the data for MeSeH, PhCH,SeH and PhSeH
shows that the replacement of a Me group by a PhCH, group deshields the Se nucleus by
~ 220 ppm whereas the deshielding caused by substitution of a Ph group is ~ 280 ppm,
presumably due to the increased electronegativity of the sp2-hybridized C atom in the Ph
group. Interestingly, introduction of a C4F 5 group shields the Se nucleus as evidenced by a
168 ppm chemical shifts difference between selenophenol, PhSeH, and pentafluoroseleno-
phenol, C,F SeH. In this case the greater electronegativity of the ring F atoms should
lead to a positive charge on the sigma framework of the polyfluoroaromatic ring, making it
a stronger inductive acceptor than the Ph group. However, an increased nuclear shielding
has been found in polyfluoroaromatic compounds with respect to their hydrocarbon
apalogues. Thus, the CF, group which exhibits a strong inductive effect deshields Se,
whereas the C4F group shields it. This shielding has been discussed®” in terms of a
decreased conjugation between the unshared electron pair of the Se and the n system of the
perfluorinated benzene ring. Reduced conjugation of the unshared electron pair of S with
the = system of the polyfluoroaryl ring is confirmed by X-ray fluorescent spectral data for
organic S compounds>®. A similar dependence may also be expected for the Se derivatives.

McFarlane and Wood?2, who were the first to report 7’Se chemical shift data for a
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variety of organoselenium compounds, observed that, in general, Se resonances are
deshielded as the electronegativity of the substituent attached to Se increases when the
overall range of substituent electronegativities is relatively large. However, when
substituents had similar electronegativity values, as, for example, when alkyl groups were
varied, the relationship broke down. Thus, in the alkyl selenols and selenolates (RSeH and
RSe ™), the shielding effect of the group increases in the order t-Bu < n-Pr < Et < Me which
is opposite to that expected if the Se chemical shifts were dominated by the inductive effect
of the alkyl groups. As will be seen later in this chapter, the same trend is observed with
dialkyl selenides, R,Se, aryl alky! selenides, ArSeR, dialkyl diselenides, R,Se,, and similar
behaviour has been observed in 3!P chemical shifts of trialkylphosphines3®. An
explanation for this reverse shielding phenomenon has been proposed*® and will be
discussed in the section concerning Se chemical shifts of selenides.

Due to the large chemical shift range of 7’Se, NMR studies of this nucleus should be a
powerful technique to study the transmission of electronic substituent effects. McFarlane
and Wood?2 carried out such a study for meta- and para-substituted phenyl selenols and
reported a poor correlation of 7’Se chemical shifts with Hammett ¢ constants of the
substituents. The lack of a good fit was attributed to H-bond formation in selenols which
these investigators felt could affect the Se shielding by more than 20 ppm. This is significant
considering that the total chemical shift range covered in the compounds studied was
~45ppm. It should also be noted that, as yet, no additional definitive studies
demonstrating significant H-bonding to Se have appeared.

(i) Dialkyl selenides. 7’Se chemical shifts of dialkyl selenides are reported in Table 5.
When hydrogen atoms of the methyl groups of Me,Se are successively replaced by Me
groups, a deshielding of approximately 100 ppm per H atom replaced is observed (e.g.,
Me,Se (0ppm), MeSeEt (108 ppm), Et,Se (217 ppm), MeSeBu-t (294 ppm), (i-Pr),Se
(432 ppm) and (¢-Bu),Se (601 ppm)). The replacement of the methyl H by a Ph group
causes a deshielding of ~ 170 ppm per replacement, e.g. Me,Se (0 ppm), PhCH,SeMe
(173 ppm), (PhCH,),Se (333 ppm). Although replacement of H by a more electronegative
F atom causes a considerable deshielding, the replacement by a Cl (less electronegative
than F) causes even greater deshielding. For example, the ""Se chemical shifts of Se in
CF,SeCH,, CF;S¢CF,, CF;SeCF,Cl, CF38¢CFCl, and CF;SeCCl; are 370, 717, 815,
927 and 953 ppm, respectively.

The 77Se.NMR studies of a large number of substituted Se-benzylselenoalkanoic acids
(XCzH,CH,Se(CH,),COOH, where n = 1-10) are presented in Table 6. The shifts caused
by meta and para substituents have been correlated with Hammett’s o values; however, in
our opinion there were not enough substituents studied to obtain a meaningful
correlation, It is interesting to note that a maximum ?’Se shielding occurs for the butyric
acid derivatives (n = 3) and it has been proposed that this could perhaps be due to the
interaction between the free electron pairs on the carbonyl group and empty Se valence-
shell d orbitals®.

Previously, the abnormal behaviour of the 7’Se chemicals shifts in alkyl selenols,
selenolates, selenides and diselenides was mentioned (vide supra). Briefly, for selenols, a
deshielding of ~ 120 ppm is observed as H is replaced by Me in the series MeSeH, EtSeH,
i-PrSeH, t-BuSeH and a similar trend is observed for selenolates. In alkyl selenides, the
analogous substitution deshields the Se resonance by ~ 110 ppm per replacement by a Me
group for the series Me,Se, MeSeEt, Et,Se, MeSeBu-t, (i-Pr),Se, (t-Bu),Se. In dialkyl
diselenides a similar, but smaller ( ~65 ppm per replacement) deshielding is observed in
the 77Se chemical shifts of MeSeSeMe, EtSeSeEt, i-PrSeSe-Pr-i, t-BuSeSeBu-¢. In all cases,
each Me group contributes an additive deshielding to the ?’Se resonance which is
surprisingly large for a relatively small change in the electronic nature and elec-
tronegativity of these groups.

A clearer understanding of this effect and its origin can be obtained by more closely
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TABLE 5. 77Se chemical shifts of dialkyl selenides

Chemical
Compound shift (ppm) Standard  Solvent Ref.
Me,Se 0 a CDCl, 27
MeSeCH,CH,NH, 44 ¢ CDCl, 11
DL-MeSeCH,CH,CH(NH ,)COOH 75 c D,0O(pD 4) 11
MeSeEt 108 b CH,Cl1, 22
Bu,Se 167 ¢ CDCl, 11
(CzH,,),Se 168 c CDCl, 11
PhCH,SeMe 173 b CDCl, 7
Et,Se 217;236.6 d b Neat; neat 34;22
CF,SeHgCl 2679 e CH,OH 33
MeSeBu-t 294 b Neat 22
(PhCH,),Se 328.5;333 fib (CD,),CO; 5,7
CDCl,
{(0-CIC,H,CH,),Se 3024 f (CD,),CO 5
(m-CIC,H ,CH,),Se 330.2 f (CD,),CO 5
{m-BrC4,H,CH,),Se 3315 f (CD,),CO 5
{p-CIC¢H,CH,),Se 3319 f (CD,),CO 5
(p-BrC,H,CH,),Se 338.0 f (CD,),CO 5
(0,p-Cl1,C4H,CH,),Se 309.2 f (CD,),CO 5
(CF,Se),Hg 3374 e MeOH 33
CF,SeMe 370 g CeDg 41
(i-Pr),Se 432,436 c'd CDdl,; 11;22
CDCl,
(CF,),Se 6979;717;7246  e;g;e Neat;C;Dy; 33;41;52
not specified
CF,SeCF,Cl 799.6;815 e g Not specified; 52;41
C:D
CF,SeCFCl, 910.6;927 e;g  Notspecified;  52;41
C¢Dg
CF,SeCCl, 953 g CeDy 4]

“Relative to Me,Se in CDCl, (60% v/v).

®Relative to neat Me,Se.

‘Relative to 1.0M Me,Se in CDCl,.

9Aq. H,SeO; was used as a reference ; chemical shift values have been converted relative to Me,Se in CDCl, (60
v/v) using the expression 5[ Me,Se] = 6[H,SeO, (aq.)] — 1285.6.

©SeOCl, was used as a reference ; chemical shift values have been converted relative to Me,Se in CDCI, (60% v/v)
using the expression [ Me,Se] = 6[SeOCl,] — 1482.6.

/ Selenophene in (CD,),CO (20%) was used as a reference; chemical shift values have been converted relative to
Me,Se in CDCl, (60% v/v) using the expression 6(Me,Se) = é(selenophene) — 608.6.

‘Relative to Me,Se in C¢Dy.

examining solvent effects on 7’Se chemical shifts*®. As pointed out earlier in this chapter,
substantial solvent-induced 77Se chemical shifts have been observed. The shifts have been
reported to range up to 40-50 ppm for alkyl selenides and diselenides and diamagnetic
susceptibility contributions are small compared to these shifts. It should be noted that the
extreme values for these solvent shifts for low molecular weight alkyl selenides and
diselenides occur for the solvents trifluoroacetic acid (maximum shielding) and diiodo-
methane (maximum deshielding)*C.

In an attempt to understand the 7’Se solvent-induced chemical shifts with respect to
some particular property of the solvent, the shifts have been correlated with the following
parameters: (1) the refractive index of the solvent, (2) the molar polarizability of the solvent
and (3) the ratio of the molar polarizability of the solvent to its molar volume®*®,
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Although none of these parameters individually yields an excellent correlation, all three
reproduce the overall trend of the data with the refractive index being the parameter which
most successfully correlates with the solvent shifts. For example, CF,COOH has the lowest
value of refractive index and CH,1, has the highest value of the solvents studied*?. Thus
polarizability and dispersion forces clearly figure predominantly (although perhaps not
exclusively) in the intermolecular interactions causing these shifts. Se, with its relatively
large size and two unshared pairs of electrons should be highly polarizable and should
interact significantly with highly polarizable solvents.

With such an intermolecular polarizability concept in mind, it is rather easy to
extrapolate to an intramolecular situation where dispersion forces within a molecule could
be exerted by neighbouring alkyl groups and influence Se shielding. Alkyl groups have
been shown to be very polarizable in the gas phase in that they stabilize a negative or a
positive charge*3. This polarizability effect is based on the charge-induced dipole
interaction and attenuates rapidly with distance (proportional to r~#) between the centres
of polarizability and of charge. Since the polarizability of a molecule is an additive
property**, successive additions of a Me group at a fixed distance should exert nearly the
same influence. Thus, in going from MeSeMe — MeSeEt — EtSeEt » MeSeBu-t — i-
PrSePr-i, successive replacement of a Me group at a fixed distance disperses the electron
density at the highly polarizable Se atom by about the same magnitude which in turn
increases the {r~3) factor (r decreases) as well as the asymmetry factor, £, in expression
(4). The net result is an increased deshielding of about equal magnitude in each case. The
deshielding observed in alkyl! selenols and selenolates can be explained in a similar manner
as the methyl hydrogens in methyl selenol (or selenolate) are successively replaced by Me
groups.

In molecules where the alkyl group is n-Pr, a shielding of Se is observed relative to the
case where the alkyl group is Et. For example, this is seen in the compounds PhSeMe
(202 ppm), PhSeEt (322 ppm), PhSePr-i (424 ppm), PhSeBu-t (521 ppm) and PhSePr-n
(285 ppm). This shielding in n-Pr derivatives can be understood due to the fact that a Me
group is now introduced two C atoms away from the Se and thus the dispersion effect
introduced by an extra Me group is very small compared to that in PhSe-Pr-i. In addition,
introduction of a Me group in the y-position with respect to the Se atom causes shielding
by the ‘y-effect’, which is well known and accepted in !'>C-NMR spectroscopy*>.
Confirmation of this y-effect in Se-NMR spectroscopy is further established by comparing
the 77Se chemical shifts of (1) PhSeBu-i (264 ppm) and PhSeBu-n (288 ppm) and of (2)
PhSeBu-s (394 ppm) and PhSePr-i (424 ppm). In the first case the i-Bu derivative has two y-
carbons with respect to Se whereas the n-Bu derivative has only one such carbon; thus an
increased shielding of 24 ppm is observed with the i-Bu derivative. In the second case
introduction of a y~carbon in the i-Pr compound yields a s-Bu derivative and causes a
shielding of 30 ppm. The replacement of a methyl H of the n-Pr group by an alkyl group
has virtually no effect on the Se shielding, as e.g. in PhSePr-n (285 ppm) and PhSeBu-n
(288 ppm) and in n-Bu,Se (167 ppm) and (n-CgH,,),Se (168 ppm). Thus, intramolecular
dispersion effects of neighbouring alkyl groups have a great influence on the shielding of
the Se nucleus. Such an effect is also observed in the gas-phase acidities (also an intrinsic
property) of alcohols*3. The observed order of gas-phase acidities of alkyl alcohols is t-
BuOH > i-PrOH > EtOH > MeOH > H,O whichisreversed from that found in solution.
In fact, it has been suggested that the solution order is an artifact and does not represent
any intrinsic property of these molecules.

Another example where a group which is less electronegative (i.c. has lower electron-
withdrawing ability) influences the shielding of 77Se in the reverse manner is the observed
increased deshielding in going from CF,SeCH,— CF,SeCF,Cl- CF,SeCFCl, -
CF ,;8eCCl,. Gombler explained*! this phenomenon by considering C—F and C—Cl
hyperconjugation so that mesomeric structures A and B contribute to the shielding of Se.
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Although hyperconjugation involving the —CF, group was proposed*® as early as 1950,
serious reservations have been expressed and reviewed*”~*? concerning this concept and
conclusions have also been advanced that C-—F hyperconjugation does not play a
significant role in the stability or reactivity of aliphatic organofluorine compounds or
aromatic compounds with perfluoroalkyl substituents. In this regard, it should be noted
that in halogen-substituted acetic acid molecules, gas-phase acidities increase in the order
FCH,COOH < CICH,COOH < BrCH,COOH which is the reverse of the order in
aqueous solution°. This acidity order can be explained by comparing the polarizability
of the halogen substituents. The atomic polarizabilities of F, Cl and Br are 0.53, 2.61 and
3.79 A3, respectively®!. Thus it was proposed that the more polarizable atom can better
stabilize a charge on the O in the acetate anion. In the Se compounds above, the more
polarizable Cl atom can polarize the electron density on the polarizable Se atom more
effectively than F. Polarization of the Se electron density causes an increase in the £Q and
{r=3%) factors in expression (4), thereby increasing the deshielding at the Se nucleus.
(iii) Alkyl aryl selenides. 7’Se chemical shifts of alkyl aryl selenides are shown in Table 7.
The ""Se resonance in MeSePh is deshielded by ~ 200 ppm when compared to that in
Me,Se. Again, deshielding of Se is incremented by ~ 120 ppm when the Me group is
replaced by Et, i-Pr and t-Bu groups. Table 7 also provides the 7’Se chemical shifts for a
range of substituted selenoanisoles, XC,H,SeMe. The shifts in the para series®® cover a
range of ~ 50 ppm as the substituent is varied from —NMe, to —NO,. The direction of
the shifts is normal, i.e. electron donors cause upfield shifts and electron acceptors cause
downlfield shifts. The 7’Se chemical shifts of these substituted selenoanisoles have been
examined rather carefully in an attempt to understand their origin. Although single-
parameter equations of the Hammett or Brown-Okamoto type have been used
extensively to derive relationships between Substituent Chemical Shift (SCS) values and
substituent parameters (¢ constants) in order to obtain one or more transmission
coeflicients (commonly denoted by p), Dual Substituent Parameter (DSP) equations have
also been successfully used>*:**, In the DSP method, the SCS values are related to a linear
combination of previously defined polar and resonance substituent parameters (g, and a5,
respectively) as shown in equation (5):

SCS = pi6; + paon &)

The symbol &, denotes the fact that any one of four resonance scales (a5, a3, ab*, o ) may
be used for a given correlation. It is usual practice to perform four separate correlations,
each with a different resonance scale, and then to utilize the one which yields the best fit to
the experimental data. The main advantage of the DSP method over single-parameter
treatments is that it allows the calculation of separate transmission coefficients for
resonance and polar effects. The ‘goodness of fit’ of a DSP correlation is judged from the f”
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TABLE 7. 77Se chemical shifts of alkyl aryl selenides”
Chemical shift

Compound (ppm) Solvent Ref.
1-NaphSeMe 155 CDCl, 7
2-NaphSeMe 202 CDCl, 7
PhSeMe 197 CDCl, 57

202 CH,Cl, 22

202 CDCl, 58

202 Neat 53

203 CDCL, 7
0-AnSeMe 150 CH,Cli, 22
o-TolSeMe 162 CH,Cl, 22
0-CIC,H, SeMe 201 CH,Cl, 22
0-NaOOCCH Me 225 50% aq. MeOH 58
0-MeOOCC H,SeMe 259,265 CDCl,;CDCl, 59,58
0-CH(O)C,H ,SeMe 267 CDCl, 59
0-HOOCC/H ,SeMe 272 CDCl, 58
0-AcC,H, SeMe 282 CDCl, 59
0-NO,C,H SeMe 2921 Neat 53
m-TolSeMe 199;200 CH,Cl, ; neat 22;53
m-AnSeMe 207 Neat 53
m-FC,H ,SeMe 214 Neat 53
m-CF,C4H , SeMe 217 Neat 53
m-CIC,H,SeMe 215;217.7 CH,Cl,; neat 22;53
m-BrC4H,SeMe 2198 Neat 53
m-NO,C,H, SeMe 225.6 Neat 53
p-Me,NC,H, SeMe 181.2 Neat 53
p-NH,C.H SeMe 1820 Neat 53
p-AnSeMe 189.5; 191 Neat; CDCl, 53;22
p-TolSeMe 196.1;197 Neat; neat 53,22
p-FC,H, SeMe 200;200.0 CH,Cl, ; neat 22;53
p-CIC,H, SeMe 203;203.6 CH,Cl, ; neat 22,53
p-MeOOCCH ,SeMe 2181 Neat 53
p-NO,C,H ,SeMe 2334 Neat 53
PhSeBu-i 264 CDCl, 57
PhSePr-n 285 CDCl, 57
PhSeBu-n 288 CDCl, 57
PhSeEt 322 CDCl, 57

326 CDCl, 7

327 CH,Cl, 22
o-TolSeEt 276 CH,Cl, 22
0-AnSeEt 362 CH,Cl, 22
m-AnSeEt 331 Neat 22
m-CIC,H,SeEt 336 CH,Cl, 22
m-CF;CH,SeEt 340 Neat 22
p-AnSeEt 318 CH,Cl, 22
p-TolSeEt 323 Neat 22
p-FC,H,SeEt 324 CH,Cl, 22
PhSeBu-s 394 CDCl, 57
PhScPr-i 424 CcDa, 57
o0-AnSePr-i 355 CH,(Ql, 22
PhSeBu-t 521 CDCl, 57

“°All chemical shifts are relative to neat Me,Se.
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value where
f=SD/RMS (6)

Here, SD is the standard deviation of the fit and RMS represents the root mean square
value of the experimental data. In practice, f = 0.0-0.1 represents excellent correlation,
f=0.1-0.2isfelt to be moderately good correlationand f values of0.3and greater represent
only crude trends®®.

In the substituted selenoanisoles, a DSP analysis of the 7’Se chemical shifts as the
substituent is varied indicates that the shifts are precisely related to substituent electronic
effects and the following equations are obtained®®:

ortho: SCS =475, + 13705 f=021 ™
meta: SCS = 34¢, + 8554 f=0.14 ®)
para: SCS =320, + 5207 =017 )

It is interesting to note that, while ‘good’ correlations are obtained, the p, values for the
meta and para transmission coefficients are similar but the py values differ substantially.

(iv) Diaryl selenides. Gronowitz and coworkers carried out a systematic '’Se-NMR
study® of the effect of substituents on the Se chemical shift in 4,4'-disubstituted diphenyl
selenides (Table 8). The ?7Se shifts vary in a regular way with the character of the
substituents, i.e. electron-donating groups cause upfield shifts and electron-attracting
groups induce downfield shifts. A good linear correlation was obtained when the 7"Se
shifts were plotted against the ¢ values of Swain and Lupton or with the s, values of
Hammett. A linear correlation was also found between 7’Se chemical shifts and '°F

TABLE 8. 77Se chemical shifts of diaryl selenides

Chemical
Compound shift (ppm) Standard Solvent Ref.
(CgF),Se 110 a Not specified 37
(4-CF,C4F,),Se 179 a Not specified 37
PhSeC.F, 265 a Not specified 37
Ph,Se 402;414.5 ab CDCl, ;CDCl,: DMSO 7;6
(0-NaOOCC.H,),Se 435 ¢ 50% ag. MeOH 58
(0-MeOOCC.H,),Se 469 ¢ CDCl, 58
(0-HOOCC.H,),Se 479 ¢ CDdQl, 58
(p-H,NC.H,),Se 3734 b CDCI,:DMSO (1:1) 6
p-An,Se 387.5 b CDCl,:DMSO (1:1) 6
(p-PhOC,H,),Se 393.8 b CDCl,:DMSO (1:1) 6
p-Tol,Se 399.3 b CDCl,:DMSO (1:1) 6
(p-IC4H,),Se 402.2 b CDCl,:DMSO (1:1) 6
(p-MeSC.H,),Se 404.0 b CDCl,:DMSO (1:1) 6
(p-FC4H,),Se 404.8 b CDCl,:DMSO (1:1) 6
(p-BrC,H,),Se 408.4 b CDCl,:DMSO (1:1) 6
(p-CICH,),Se 411.8 b CDCl,:DMSO (1:1) 6
(p-HOOCCH,),Se 4286 b CDCl,:DMSO (1:1) 6
(p-AcCeH,),Se 4299 b CDCl,:DMSO (1:1) 6
(p-NO,C.H,),Se 439.3 b CDCl,:DMSO (1:1) 6

“Relative to neat Me,Se.
®Reported relative to selenophene; converted to Me,Se in CDCl; (60% v/v) using the relationship
8(Me,Se) = §(selenophene) — 608.6.
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chemical shifts of 4-substituted fluorobenzenes with the ""Se shifts being approximately
2.5 times more sensitive than the !°F shifts. Again it can be seen from the data in Table 8
that the introduction of a perfluorinated benzene ring causes a shielding of the Se nucleus
compared to the parent hydrogen compound. For example, compare the 7’Se chemical
shifts of Ph,Se (402 ppm), PhSeC F; (265 ppm) and (C,F,),Se (110 ppm).

(v) Alkyl diselenides. "’Se chemical shifts of dialkyl and alkyl aryl diselenides are
provided in Table 9. As mentioned previously, a deshielding of approximately 65 ppm is
observed in going from Me,Se, — Et,Se, - i-Pr,Se, — t-Bu,Se,. The magnitude of the
deshielding is considerably less than that observed in alkyl selenides, as, for example,
Me,Se (0ppm) and Et,Se (217 ppm). This smaller deshielding in diselenides has been
discussed in terms of the difference in the site where substitution takes place*®. In going
from Me,Se to Et,Se, the substitution takes place at each of the a~carbons, whereas in
going from Me,Se, to Et,Se,, each of the Me groups is introduced at the a-position with
respect to one Se atom and at the f-position with respect to the second Se atom. Thus, in
diethyl diselenide each of the Se atoms has a Me group in the y-position, which induces a
shielding of Se by the y-effect (vide supra). Therefore, in going from Me,Se, — Et,Se, — i-
Pr,Se; —+ t-Bu,Se,, each new Me group induces deshielding of the §-Se by a dispersion
effect and shielding of the distant Se by the y-effect, resulting in inducing a smaller

TABLE 9. 77Se chemical shifts of alkyl diselenides

Chemical
Compound shift (ppm) Standard Solvent Ref.
Dialkyl
(MeSe), 268.3;270;275; a;b;cid;e CDCl, ; neat; neat; 40:32;22;
275;281 CDCl,;CDCl, 7; 11
(C,0H3,S¢), 316 e CDCl, 1
(EtSe), 319; 333.5; 339 bra:c Neat; CDCl,; neat 32;40:22
(PhCH,Se), 401.4; 402; 412 f:d;e CDCl,: DMSO (1:1); 5;7; 11
CDCl,; CDCl,
(2-CIC,H,CH, Se), 395.1 f CDCl,: DMSO (1:1) 5
(2-BrC¢H,CH,Se), 3959 ! CDCl,: DMSO (1:1) 5
(4FC¢H,CH,Se), 403.0 i CDCL,: DMSO (1:1) 5
(4-CIC4H,CH, Se), 4079 ! CDCl,: DMSO (1:1) 5
(4-BrCH,CHSe), 408.2 ! CDCl,:DMSO (I1:1) 5
(2,4-C1,C H,CH,S¢), 3988 ! CDCl,: DMSO (1:1) 5
(i-PrSe), 401.9; 407 4 CDCl,; neat 40,22
(r-BuSe), 493 c Neat 22
(CF,Se), 528; 531; 550 c;g:h Not specified; neat; 37, 33,41
C¢D,
Alkyl aryl
PhSe*SeMe 445(*), 294 c Neat 22

“Relative to Me,Se in CDCl, (607 v/v).

Aq. H,SeO, was used as a reference; chemical shift values have been converted relative to Me,Se in CDCl, (60%
v/v) using the expression 5[Me,Se] = 6[H,SeO;(aq.)] — 1285.6.

Relative to neat Me,Se.

“Relative to Me,Se in CDCl,.

“Relative to 1.0M Me,Se in CDCl,.

/Selenophene in (CD,),CO (20%;) was used as a reference; chemical shift values have been converted relative to
Me,Se in CDCl, (60% v/v) using the expression 5(Me,Se) = é(selenophene) — 608.6.

?SeOCl, was used as a reference; chemical shift values have been converted relative to Me,Se in CDCl, (60% v/v)
using the expression 6(Me,Se) = 6(SeQCl,) — 1482.6.

*Relative to Me,Se in C,Dy.
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TABLE 10. 'Se  chemical shifts of diaryl diselenides,
R'C¢H,Se*SeC(H, R

R! R? Chemical shift (ppm)
H H 464.1

2-NO, 2.NO, 485.0

4-OMe 2.NO, 352.2(*),618.6

4-Me 2-NO, 353.1(*), 596.4

4-H 2.NO, 356.9(*), 583.6; 357(*), 584°
4-NO, 2-NO, 372.9(*),565.7
4-COOMe 4-COOMe 4514

4-NO, 4-NO, 4558

4-CN 4-CN 4575

4-OMe 4-H 462.0(*), 505.9

4-Me 4H 462.0(*),478.2

4-1 4-1 470.5

4-Me 4-Me 475.7

4-Br 4-Br 4759

4-Cl 4-Ci 478.2

4-F 4-F 493.5

4-OMe 4-OMe 505.8

“Relative to Me,Se in CDCl, (60% v/v); solvent CDCl;; Ref. 60.
*Relative to Me,Se; solvent CDCl,; Ref. 61.

magnitude of deshielding compared to that observed in the alkyl selenide series. A similar
effect has also been seen in ditellurides, which will be discussed in more detail later in this
chapter.

(vi) Diaryl diselenides. 7’Se chemical shifts of symmetrical and unsymmetrical diaryl
diselenides are presented in Table 10. For the symmetrical diselenides, ’7Se shifts of 4-
substituted derivatives containing strongly electron-accepting groups, strongly electron-
donating groups as well as substituents of intermediate character such as Me and halogens
have been reported®®. The total chemical shift range covered is ~ 55 ppm. Correlation of
77Se shifts with substituent constants of the Hammett and Brown~Okamoto type is poor
and a negative slope is obtained. Thus, electron-withdrawing groups shield the 7’Se
resonance whereas electron-donating groups deshield the ”’Se resonance. From the 7’ Se
chemical shifts of unsymmetrical diselenides it can be seen that electron-withdrawing
substituents induce deshielding of the proximate Se atom but induce shielding of the
distant Se atom. For example, corapare p-AnSe*SePh (462(*) ppm, 5059 ppm) and
PhSeSePh (464.1 ppm), in which introduction of an OMe group in the 4-position of
diphenyl diselenide deshields the distant Se by 41.8 ppm whereas the proximate Se
resonance is shielded, but only by ~ 2 ppm. Thus the main effect of a substituent is to affect
the distant Se. The reason(s) for this rather unusual chemical shift behaviour certainly
require and deserve further study.

(vii) Selenenyl sulphides. The large majority of selenenyl sulphides which have been stud-
ied by 7"Se-NMR spectroscopy (Table 11) were investigated as model compounds for
biological systems which had Se covalently bound to thio groups by using the reactant
6,6'-diselenobis-(3-nitrobenzoic acid)®?. Even though the compounds are relatively
similar, the total chemical shift range is over 320 ppm with the most shielded system being
4-NO,C,H,SeSBu-t and the most deshielded being 2-NO,C4H,SeSCN. The Se re-
sonance in these compounds is generally deshielded with respect to the corresponding
diselenides presumably due to the slightly greater electronegativity of § compared to Se.
For example, the 7’Se chemical shift of Ph,Se, (464 ppm) is 62 ppm shielded from
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TABLE 1. 7’Se chemical shifts of selenenyl sulphides

Chemical
Compound shift (ppm)  Standard Solvent Ref.
4-NO,C¢H,SeSBu-t 416.6 a CDCl, 62
PhSeSCH,Ph 475.0 a CDCl, 62
2-NO,,4-BrC4H,SeSBu-¢ 514.6 a CDCl, 62
PhSeSPh 5260 a CDdl, 62
2-NO,C,H,SeSEt 563.7 a CDCl, 62
2-NO,C.H,SeSCH,CH,COOH 565.7 a CDCl, 62
2-NO,C¢H,SeSBu-n 573.1 a CDCl, 62
PhSeSMe 574.0 b Not specified 22
2-NO,C.H,SeSCH,CH,OH 574.6 a CDdl, 62
2-NO,CH,SeSC,¢Hj, 574.7 a CDCl, 62
2-NO,C,H,SeSCH,Ph 577.0 a CDCl, 62
2-NO,,4-BrC,H,SeSCH ,Ph 584.6 a CDCl, 62
CF,SeSCF, 590 c CsDg 41
2,4(NO,),CH,SeSEt 593.9 a CDCl, 62
2,4{NO,),C4H,SeSCH,Ph 607.5 a CDCl, 62
2-NO,C.H,SeSCH,COOH 609.8 a CDCl, 62
2-NO,C.H,SeSPh 618.8 a CDCl, 62
2-NO,C.H,SeS(4-NO,CH,) 588.9 a CDCl, 62
2-NO,C.H,SeS5(4-Tol) 6323 a CDCli, 62
2-NO,CH,SeS(4-FC,H,) 641.7 a CDCl, 62
2-NO,C,H,SeS(4-An) 660.9 a CDCl, 62
2-NO,,4-BrC¢H;SeS(4-Tol) 6399 a CDCl, 62
2,44NO,),C.H,SeS(4-Tol) 668.9 a CDCl, 62
CF,SeSCF,Cl 620 c CsDq 4]
CF,SeSCFCl, 656 c CDg 41
CF,SeSCCl, 680 c C¢Dg 41
2-NO,C.H,SeSCN 73717 a CDCl, 62

“Relative to Me,Se in CDCI, (607, v/v).
*Relative to neat Me,Se.
“Relative to Me,Se in C;Dg.

PhSeSPh (526 ppm). Since many of these compounds were studied as model systems, the
Se had a Ph group attached. Introduction of an electron-withdrawing group (e.g. —NO,)
in the ortho or para position deshielded the Se resonance. Interestingly, when a para
substituent was introduced on a Ph ring bound to S, behaviour of the 7’Se chemical shift
was opposite to that expected. For example, a NO, group on the sulphur Ph ring caused a
shielding of the Se while electron donors (in a mesomeric sense) effected a deshielding of the
Se resonance. This same effect has been noticed in unsymmetrical diselenides (Table 10).

(viii) Seleno esters, The 7’Se chemical shifts for this class of compounds are shown in
Table 12. Replacement of a Me group in dimethyl selenide by a benzoyl group, —COPh,
leads to a deshielding of the 77Se resonance by 445 ppm. Baiwir and coworkers found that
the 7"Se chemical shifts of ortho-substituted butyl selenobenzoates varied in a linear
manner with the electronegativities of the substituents if the substituents were halogens®>.
The 77Se chemical shifts of 4-substituted phenyl selenobenzoates, 4-XC,H,SeCOPh, were
found to vary in a regular manner with the electronic properties of the substituent®*. The
total chemical shift range for this series covers approximately 28 ppm, only half as much as
that observed for 4-substituted selenoanisoles. The observed ?7Se chemical shifts and the
13C chemical shifts of the ipso and carbonyl carbon were evaluated with the Dual
Substituent Parameter analysis (Taft) and all the correlations were found to be
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TABLE 12. 77Se chemical shifts of seleno esters, ArCOSeR

Compound Chemical shift (ppm)  Standard Ref.
BzSeMe 4450 a 63
BzSeBu 5170 a 63
2-IC,H,COSeBu 562.3 a 63
2-BrC,H,COSeBu 566.2 a 63
2-CIC4H,COSeBu 569.4 a 63
2-FC,H,COSeBu(trans) 576.2 a 63
2-FC,H,COSeBu (cis) 5823 a 63
2-MeCH,COSeBu 590.6 a 63
BzSePh 627.6,641.5 ab 63;64
BzSe(2-An) 549.5 a 64
BzSe(2-Tol) 593.5 a 63
BzSe(4-NMe,C4H,) 6229 b 64
BzSe(d-An) 628.9 b 64
BzSe(4-Tol) 633.1;6344 cb 36;64
BzSe(d-FC,H,) 6344 b 64
BzSe(4-CIC,H,) 6370 b 64
BzSe(4-BrC H,) 6374 b 64
BzSe(4-EtOOCC(H,) 642.3 b 64
BzSe(4-AcC H,) 642.7 b 64
BzSe(4-NO,C.H,) 645.7 b 64
BzSe(4-CNCH,) 650.4 b 64
2-IC(H,COSe(2-An) 595.4 a 63
2-BrC,H,COSe(2-Tol) 636.6 a 63
2-MeSeC H ,COSePh 640.8 a 63
2-MeSC4H,COSePh 650.7 a 63
2-IC4H,COSePh 668.0 a 63
2-CIC4H,COSePh 674.1 a 63
2-AnCOSePh 700.2 a 63
4-0ctOC4H,COSe(4-PenC H,) 6189 ¢ 36
4-AnCOSe(4-Tol) 620.5 ¢ 36
AcSePh 660.0 a 63

“Relative to Me,Se in CDCl,; solvent CDCt,.

*Relative to Me,Se in CDCl, (60% v/v); solvent CDCl,.

(4-TolSe), in CDCl, (~ 10%) was used as a reference; chemical shifts values have been converted relative to Me,Se
in CDCl, (60% v/v) using the expression 6[Me,Se] = 6[(4-TolSe),] — 475.7; solvent CDCl,.

discriminatory towards the ¢ resonance scales. Mesomeric donors were found to interact
well with the Ph ring. Thus it is proposed that the selenobenzoato moiety, —SeCOPh, is
acting as an electron-deficient group and that the delocalization of electron density of Se
onto carbonyl O takes place via an ng,—x¥, interaction.

(ix) Compounds containing C=Se double bonds. ?’Se chemical shifts of compounds
containing C—Se double bonds are spread over a very broad range (Table 13). The 7’Se
chemical shift of COSe is most shielded at — 447 ppm and the Se resonance in (t-Bu),CSe is
the most deshielded at 2131 ppm. In fact, the chemical shifts of compounds containing the
C=Se moiety appear as a class to have a larger chemical shift range than any other type of
Se compound. Cullen and coworkers?4, Gombler®® and Wong, Guziec and Moustakis?®
found a linear correlation, with two exceptions, between the "’Se shifts and 4_,, of the
n—z* transition. As the AE term appears well correlated with the energies of the n— z*
transition, the correlation between 7’Se chemical shifts and 4_,, (n - n*) clearly shows that
the 77Se chemical shift is dominated by the local paramagnetic screening term, g™,
Wong, Guziec and Moustakis?® have also determined !’0 chemical shifts of the
corresponding carbonyl compounds and found that the correlation of 77Se chemical shifts
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TABLE 13. 7"Se chemical shifts of C=Se compounds
Compound Chemical shift (ppm)  Standard Solvent Ref.
Se==C=0 — 447 a C¢Dg 65
Se=C=S 102 a D¢ 65
/NHZ
Se::C\ 147 b D,0,pD4 11
NMe,
Se=C(NH,) 195 a C,D, 65
Se:—‘C:Se2 ? 331 a CcDg b5
Se—=C(:-Bu)NMe, 640 c CDCl, 24
Se=CF, 688 a C¢Dj 65
Se==C(Ph)NMe, 733 ¢ cbcl, 24
Se—=C(Ph)OEt 9i5 c CDCl, 24
Se

1613 c cDay, 24
:} Se 1737 c CDCl, 26
Q; Se 1803 ¢ cDal, 24
@j%se 1844; 1849 c:a CDCl,;C¢Dg 24,65
s/;;}: Se 2135 ¢ cDat, 24
Se =C(Bu-1), 2131;2162 coa CDCl;;C,D, 24:65

“Relative to Me,Se in C,D,.

"Relative to 1.0M Me,Se in CDCl,,
‘Internal standard Ph;PSe; converted to Me,Se in CDCl; (60% v/v) using the relationship &(Me,Se)=

6(Ph,PSe) + 263.

of selones and '70O chemical shifts of the corresponding ketones is excellent.

(x) Selenocyanates. Se resonances of selenocyanates fall in the range of 125-509 ppm
(Table 14). The CN group exhibits a surprisingly small deshielding effect on the Se
chemical shift in these compounds. In fact, it is much smaller than might be expected on the
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TABLE 14. 77Se chemical shifts of selenocyanates

Chemical
Compound shift (ppm) Standard Solvent Ref.
Alkyl derivatives
MeSeCN 125 a CDCl, 7
PhCH,SeCN 291;299.9 a;b  CDClL,;(CD,),CO 1,5
2-CIC,H,CH ,SeCN 284.7 b (CD,),CO 5
2-BrC,H,CH,SeCN 285.0 b (CD,),CO 5
2-FC¢H,CH,SeCN 295.7 b (CD,),CO 5
3-FC¢H,CH,SeCN 305.8 b (CD,),CO 5
3-CIC,H,CH,SeCN 309.0 b (CD,),CO 5
3-BrC,H,CH,SeCN 309.8 b (CD,),CO 5
4-FC,H,CH,SeCN 306.4 b (CD,),CO 5
4-CIC4H,CH,SeCN 309.3 b (CD,),CO 5
4-BrC,H,CH,SeCN 309.3 b (CD,),CO 5
2,4-C1,C,H,CH,SeCN 291.8 b (CD,),CO 5
CF,;SeCN 509 a CsDsg 41
Aryl derivatives
PhSeCN 320.8;322.3 c;a CDCl, ; neat 60,67
2-MeOC(O)CzH,SeCN 394 a CDCl, 59
2-NO,C.H,SeCN 413;417 d:¢c  CDCl;;CDCl, 61,68
2-HC{O)C(H,SeCN 423 a  CDCI, 59
2-AcC,H,SeCN 434 a CDCl, 59
4-AnSeCN 305.0;308.8 a;c CDCly; CDCl, 67,60
4-TolSeCN 313.0 ¢ CDCl, 60
4-FC,H,SeCN 3183 ¢ CDCl, 60
4-CIC H,SeCN 3210 ¢ CDCl, 60
4-BrC,H,SeCN 321.7 ¢ CDCl, 60
4-EtOC(O)CH,SeCN 3294 ¢ CDCl, 60
4-AcC4H,SeCN 329.9 ¢ CDCl, 60
4-MeOC(O)C4H,SeCN 330;3305 a;c  CDCl,;CDCl, 7;60
4-NO,C,H,SeCN 338.8;340 c;a  CDCly; CDCl, 60; 67
4-CNC.H,SeCN 341.8 ¢ CDCl, 60
2.44(NO,),C,H;SeCN 449 ¢ CDCl, 68

“Relative to neat Me,Se.

*Selenophene in (CD;),CO (20%) was used as a reference; chemical shift values have been converted relative to
Me,Se in CDCI; (60% v/v) using the expression 6(Me,Se) = d(selenophene) — 608.6.

‘Relative to Me,Se in CDCl, (60% v/v).

Relative to Me,Se in CDCI; (concentration not specified).

basis of its electron-withdrawing power (i.e. its electronegativity) as well as by comparison
with the 77Se chemical shifts of selenoisocyanates and selenoisothiocyanates (see Table
22). The deshielding induced by the CN group on the 77Se chemical shift is approximately
of the same magnitude as that induced by an acetylenic group?®. Although the CN group
and the C=C bond are isoelectronic, the more polar CN group would be expected to
induce a larger deshielding if inductive polarization dominates. Thus other factors must
contribute substantially in the case of triply bonded groupings. Similar behaviour of the
CN group is observed in the a-carbon chemical shifts of alkyl cyanides®®.

The ""Se chemical shifts of para-substituted aryl selenocyanates vary in a regular way
with the character of the substituent®?, i.e. electron-donating groups cause shielding and
electron-withdrawing groups cause deshielding. The shifts cover a range of approximately
33 ppm (becoming more deshiclded from —Me to —CN), which is similar to the range
observed for the substituent effect on the Se chemical shifts of para-substituted phenyl
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seleriobenzoates (27.5 ppm). A Dual Substituent Parameter analysis of the shift data
support the concept that the level of = interaction between the —SeCN group and the Ph
ring is approximately 1.5 times the level of polar effects (pg/p, = 1.49)°.

(xi) Selenenyl halides. This class of compounds includes mono-, di- and tri-halides and
thus a relatively broad range of chemical shifts is observed (Table 15). Although, as
expected, replacement of a hydrogen by a halogen induces a large deshielding, further
introduction of halogens will reverse the trend. This can be seen when comparing the 77Se
chemical shifts of CF,SeH (287 ppm), CF,SeCl (1077 ppm) and CF;SeCl, (890 ppm). It
should be noted that this behaviour is also observed in the !'°Sn chemical shifts of alkyltin
halides and in the !*C chemical shifts of alkyl halides when the halogens are Br and L

In a recent study*! of trifluoromethyl selenenyl halides, a plot of the 7’Se chemical shift
of the selenenyl derivative CF;SeX (where X = Cl, Br, CN, H, Ag) vs. the electronegativity
of the substituent X yielded a relatively straight line although there is some question
concerning the scientific validity of this plot. All substituent electronegativity values were
chosen from one scale, except that for the CN group which was taken from a separate scale.
Electronegativity scales are internally consistent but values from different scales should
not be mixed as has been done in this case. Thus, with respect to a correlation with
electronegativity, there is reason to believe that the 7’Se chemical shift for CF,SeCN may
be anomalous.

TABLE 15. 7’Se chemical shifts of selenenyl halides®

Chemical

Compound shift (ppm) Solvent Ref.
Alkyl derivatives

Me,SeBr, 389 CH,CI, 2
Me,SeCl, 448 CH,CI, 2
Et,SeBr, 540 Cccl, 22
i-Pr,SeBr, 742 cal, 2
(CF),SeF, 830 C,D, 41
CF,;SeBr 886 C,Dg 41
MeScCl 890 CH,Cl, 2
CF,S¢Cl, 953 CsDg 41
EtSeCl, 995 CH,Cl, 2
CF,SeCl 1077 C,Ds 41
Aryl derivatives

Ph,SeCl, 586 CDCl, 22
CF<SeCl 812 Not specified 39
PhSeBr 869.0 cDCl, 68
2-NO,C¢H ,SeBr 908,912 CDCl,; CDCl, 61;68
2-CH(O)C,H,SeBr 1019 CDCl, 59
2-AcCH,SeBr 1029 CDCl, 59
2-MeOC(O)C,H,SeBr 1042 CDCl, 59
4-NO,C.H,SeBr 823.0 CDCl, 68
4-TolSeBr 876.9 CDdl, 68
4-AnSeBr 887.7 CDdCl, 68
2,4(NO,),C,H,SeBr 897.6 cDCl, 68
PhSeCl 1042 CDCl, 68
2-NO,C.H,SeCl 999 CDCl, 68
2-MeOC(0)C(H,SeCl 1017 CDCl, 59
2-AcC¢H,SeCl 1087 CDCli, 59
2-HQ(O)C,H,SeCl 1097 cDCl, 59

*Chemical shifts are reported relative to Me,Se.
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Similar to the above study, a plot of "’Se chemical shifts of o-nitrophenyl selenenyl
compounds, 0-NO,C H,SeX (where the first element of the X group is O, Cl, Br, N, S, Se,
C), vs. the electronegativities of X yields two straight lines. One line represents the
substituents X = C, N and O and hasa different slope than the line where X = Cl, Br, Seand
S.

(xii) Heterocyclic selenium compounds. 7’Se NMR parameters for a series of 2- and 3-
substituted selenophenes are presented in Table 16. Acceptable linear correlations were
observed between the substituent-caused 77Se shifts of 2-substituted selenophenes and
similarly ortho-positioned '3C shifts when carbonyl-containing derivatives and 2-
nitroselenophene were excluded?. The substituent-caused 77Se shifts in the 3-substituted
derivatives behaved as if the substituents were in the para position rather than in the meta
position and these 77Se shifts were approximately six times larger than *3C shifts of
similarly positioned carbons. The 77Se shifts are much smaller than expected for the 2-
CHO group and furthermore an upfield shift was observed even though the 2-CHO group
is electron-withdrawing. Although the difference between the 77 Se shift caused by the CN
group (712.9 ppm) and the CHO group (602.2 ppm) is substantial, the !*C chemical shifts
of the 3-carbon are almost the same (11.5 ppm and 10.5 ppm from the chemical shift of the
3-carbon of selenophene, respectively) The anomalous ”Se shifts of 2-carbonyl derivatives
were explained by invoking through-space bonding between empty Se d orbitals and the
carbonyl O lone pair in the cis conformation of the 2-carbonyl derivatives. A similar
through-space d orbital interaction was also suggested to occur for 2-nitroselenophene,
while this interaction is absent in 2-cyanoselenophene.

In addition to the substituted selenophenes discussed above, a series of mono- and di-
substituted benzo[b]selenophenes have been studied and their 7’Se chemical shifts are
listed in Table 17 and 18, respectively®®. The general trends observed in the monosubsti-
tuted benzo[b]selenophenes are the same as those observed in the corresponding
selenophenes. As observed in the selenophenes, nitro- and carbonyl-containing derivatives
show relatively lower deshielding of Se resonances. No correlation has been established
between the "’Se chemical shifts in 2- and 3-substituted benzo[b]selenophenes. In
disubstituted derivatives, additivity rules do not usually hold; however, a linear
correlation has been established between the 77Se chemical shifts of 2-substituted
benzo[b]selenophenes and those of the corresponding 2,3-disubstituted derivatives when
the 3-substituent is Me. In these compounds, the observed shifts are in good agreement
with the shifts calculated by additivity.

Additional heterocyclic compounds of Se and their "’Se chemical shifts are listed in
Tables 19 and 20.

(xiif) Selenium —oxygen compounds. 7Se chemical shifts of Se compounds containing a
Se—O-C moiety are presented in Table 21. In general, the presence of a neighbouring O
causes a large deshielding of Se and thus this class of compounds exhibits the most
deshielded Se resonances among the organoselenium compounds with certain exceptions
(e.g some C=Se compounds, vide supra). It is interesting to note that the replacement of a
Me group by a Ph group in methylseleninic acid, MeSeOOH, leads to a shielding
( —40 ppm) rather than the expected deshielding of the Se nucleus; e.g. MeSeOOH
(1216 ppm), PhSeOOH (1173 ppm), 3-TolSeOOH (1176 ppm). Actually the Se chemical
shift in this class of compounds appears to be less sensitive to the changes in the structure
of the neighbouring groups than most of the classes of compounds which we have
discussed, For example, the 77Se chemical shift difference between PhCH,SeOOH and
MeSeOOH is only 19 ppm and that between (MeQ),SeO, and (EtO),SeO, is only 6 ppm.
In the former series, RSeOOH, the Se atom has one non-bonded pair of electrons and in
the latter series, R;SeO,, the Se atom has no lone pairs. Moreover, for the transition
(Me0),Se0 —»(Me0),Se0, an increased shielding of Se of approximately 290 ppm is
observed. Therefore, it appears that Se shielding is less sensitive to changes in substituents
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TABLE 20. 7"Se chemical shifts of other heterocycles containing selenium

m @ (3 C))
~
L1 I
Se” “Se Se” Y0 Se” Y0 Se”

(5) (6) V) (8
Compound Chemical shift (ppm) Standard Solvent Ref.
1 157 a CDCl, 7
2 451 a CDCl, 7
3 545 a CDCl, 7
4 552.6 b (CD,),CO 71
5 581 a CDCl, 7
6 584 a CDCl, 7
7 654 a CDdl, 7
8 1013 a CDCl, 7

“Relative to neat Me,Se.
*Selenophene in (CD,),CO was used as a reference; chemical shift values have been converted relative to Me,Se in
CDCl, (60% v/v) using the expression §(Me,Se) = d(selenophene) — 608.6.

in compounds in which Se does not have lone pairs, like R,Se0,, and much more sensitive
in compounds in which Se has two non-bonded electron pairs, like alkyl selenides and
dialkyl diselenides. This, of course, fits well with the polarizability concept discussed
earlier in this chapter.

(xiv) Miscellaneous selenium compounds. A substantial deshielding of Se is observed in
going from selenides to selenonium salts. The magnitude of this deshielding depends both
upon the nature of the added alkyl group and the groups already present. Thus the
formation of Me,Se* from Me,Se is accompanied by a deshielding of 253 ppm, whereas
when Me,EtSe* is formed from MeSeEt the deshielding is only 183 ppm (Table 22).
Similarly the transformation Et,Se — Et,Se*I~ and Me,Se - Me,EtSe*I~ are accom-
panied by deshieldings of 144 and 291 ppm.

d. Isotope effects. Several groups have studied the effect of isotopes on 7’Se nuclear
shielding. Actually, the first isotope effect involving Se was observed on the F chemical
shift in °F-NMR spectroscopy in several Se—-F compounds’*. The first example of Se
isotope effects on 77Se shielding was that of Jakobsen and Hansen in a study’® of the 7”Se-
NMR spectrum of Me, Se, in which four well-resolved lines due to the naturally occurring
isotopic species Me?7Se—"SeMe, where n = 76, 78, 80 and 82, were observed (natural
abundances of selenium isotopes are: 7#Se, 0.96%;; 75Se, 9.12%,; ""Se, 7.5%; 78Se, 23.61%;
80Se, 49.61%; ;32Se, 8.85%). An increase by two mass units in Se mass was found toinduce a
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TABLE 21. ""Se chemical shifts of selenium—oxygen compounds

Chemical shift

Compound (ppm) Standard Solvent Ref.
PhSe(OCH,Ph),Me 672 a CDCl, 58

CI)H

Se— Me
Ci \0 799 ¢ MeOH 58

C/

Il

0
Me,SeO 812 a H,0 22
2-HOOCC H,Se(ONa)Me 830 a MeOH 58
PhSe(O)Me 832 a CDCl, 58
2-MeOC(O)C,H, Se(O)Me 852 a CDCl, 58
Ph,S¢O 863 a CDCl, 58
(Et0),S5¢0, 1047 a CH,Cl, 22
(Me0),Se0, 1053 a CH,Cl, 22
(CF,),5¢0 1095 a C¢Dg 41
MeSeOOH 1216 a Neat 22
PhCH,SeOOH 1235 b (CD,;),SO 72
2-CIC,H,CH ,SeOOH 1228.5 b (CD,),80 72
2-FC4H,CH,SeOOH 12287 b (CD,),SO 72
2-BrC,H,CH,SeOOH 1230.8 b (CD,),S0 72
2-TolCH,SeOOH 1240.5 b (CD,),SO 72
3-BrC,H,CH;S¢OOH 1228.2 b (CD,),SO 72
3-FC;H,CH,SeOOH 1231.1 b (CD,),SO 72
3-CIC¢H,CH,S¢OOH 1232.6 b (CD,),SO 72
3-TolCH,8¢OOH 1234.1 b (CD,),80 72
4-CIC,H,CH,SeOOH 1226.8 b (CD,),SO 72
4-BrC;,H,CH,SeOOH 1228.9 b (CD,),SO 72
4-TolCH,SeOOH 1229.8 b (CD,),SO 72
4-FC,H,CH,SeOOH 1231.7 b (CD,),SO 72
2,4-C1,C¢H,CH,SeOOH 1227.1 b (CD,),SO 72
PhSeOONa 1173 c 2 23
3-TolSeOOH 1176.7 b (CD,),SO 72
4-TolSeOOH 11759 b (CD,),80 72
(Me0),Se0 1339 a Neat 22

“Relative to neat Me,Se.

*Selenophene in (CD,),CO (20%) was used as a reference; chemical shift values have been converted relative to
Me,Se in CDCl, (60% v/vj using the expression 6(Me,Se} = d(selenophene) — 608.6.

“Relative to Me,Se in CDCl, (60% v/v).

shift of 2.62 x 10~ ?ppm (0.50Hz at 19.09 MHz). In this same study’5, 2-deuterosel-
enophene exhibited a 7’Se chemical shift 32.1 Hz to lower frequency from that of the
hydrogen compound which was a two-bond isotope shift of 1.682 ppm. Also, in the same
sample of selenophene a one-bond !3C (*2C) isotope effect of 0.257 ppm (4.9 Hz) on the
77Se chemical shift was determined from the *3C satellite doublet.

The largest secondary isotope shift ever observed in high-resolution NMR spectroscopy
was reported for the 7’Se spectrum of a liquid mixture of H,Se, HDSe and D,Se’5. The
isotope shift per D atom is 7.02 ppm (133 Hz at 18.95 MHz) to lower frequency and in the
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TABLE 22. 7"Se chemical shifts of miscellaneous organoselenium compounds

Chemical
Compound shift (ppm)  Standard Solvent Ref.
CF,ScAg 26 a Pyridine 4]
Me,Se* I~ 253 b H,0 22
Et,MeSe* 1~ 325 b H,0 22
PhSeCH,CH=—CH, 3219 b Not specified 73
4-MeOC,H,SeCH,CH—CH, 313.5 b Not specified 73
4-NO,C,H,SeCH,CH—=CH, 344.1 b Not specified 73
4-AnSe* Me,I~ 325 b H,0 22
PhSeCH=—CHCI (trans) 368.6 b Not specified 73
4-AnSeCH=CHCI (trans) 361.8 b Not specified 73
4-ToiSeCH=CHCI (trans) 364.6 b Not specified 73
4-CIC,H ,SeCH=CHC! (trans) 366.3 b Not specified 73
4-BrC¢H,SeCH=—CHCI (trans) 366.5 b Not specified 73
4-NO,C4H ,SeCH—=CHCI (trans) 3770 b Not specified 73
PhSeC,H,Cl, (cyclo) 370.2 b Not specified 73
4-AnSeC,H,Cl, (cyclo) 356.8 b Not specified 73
4-TolSeC,H,Cl, (cyclo) 362.9 b Not specified 73
4-CIC,H,SeC,H,Cl, (cyclo) 370.5 b Not specified 73
4-BrC.H,SeC,H,Cl, (cyclo) 371.5 b Not specified 73
4-NO,C¢H SeC,H,Cl, (cyclo) 396.8 b Not specified 73
Et,Se* I~ 377 b H,0 22
PhSeCH—=CH, 395.5 b Not specified 73
4-AnSeCH=—=CH, 386.7 b Not specified 73
4-TolSeCH=CH, 390.9 b Not specified 73
4-CIC4¢H,SeCH—CH, 395.4 b Not specified 73
4-BrC;H,SeCH=CH, 396.0 b Not specified 73
4-NO,C4H,SeCH=CH, 4049 b Not specified 73
(CF,Se),As 505 a CeDs 4]
(CF;Se),P 541 a C:D¢ 41
CF,S¢SO,CF,Cl 975 a CsDy, 41
CF;8¢80,CFCl, 976 a CeDs 4]
CF,S¢SO,CF, 984 a CDg¢ 41
CF,S¢NSO 1091 a Ce¢D¢ 41
CF,8¢eNCO 1104 a CsDg 4]
CF,SeNPPh, 1112 a CeDg 41
(CF,S¢);N 1617 a CeDy 41

“Relative to Me,Se in CgDy.
*Relative to neat Me,Se.

"H-coupled ""Se spectrum each resonance is fully separated from resonances of the other
isotopomers. In this study primary and secondary isotope effects on the ?’Se—'H coupling
constants were also observed.

In two other recent reports, Gombler reported further studies on C and Se isotope
effects on 7’Se nuclear shielding””-7%. '3C isotope effects were measured for 30
organoselenium compounds and were found to range from 0.012 ppm in CF,SeCl to
1.099 ppm in Se=C (Bu-t),””. Several important findings were (1) the magnitude of the
isotope shift could be correlated with C—Se bond distance, (2) appreciable substituent
effects were observed in closely related compounds, (3) there was no general correlation
between the electronegativity of the substituent and the isotope shift and (4) the isotope
shift could be temperature-dependent. In the study of the effect of Se isotopes on 7"Se
shielding’8, the compounds (CF,),Se,, Me,Se, and CF,SeSeMe were investigated.
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Jakobsen’s earlier work on Me,Se, was essentially confirmed, although instead of a
constant isotope shift it was found that the isotope shift per unit mass difference decreased
with increasing mass of the Se isotopes. A very interesting observation was that the 7’Se
spectrum of the MeSe group of CF,SeSeMe exhibited a fine splitting for each isotopomer
which was attributed to the occurrence of two conformers. This suggests a relatively high
barrier to rotation around the Se—Se bond in this molecule and why this should be so is
not clear. This molecule and its 7’Se-NMR spectrum deserve further study.

3. Coupling constants

Spin-spin coupling constants involving 7’Se have been measured for a relatively large
number of nuclei and this area has been reviewed relatively recently’®, Of primary
importance in this review are 7’Se—'3C and 7’Se—""Se coupling constants in organose-
lenium compounds although 7’Se-'H coupling constants deserve mention. A large
number of 7’Se—~!H coupling constants have been reported and the area has not been
reviewed since 19732, However, in the intervening years, nothing more of substance has
been uncovered. Of particular interest is the possible use of coupling constants to probe
structure and bonding and 7’Se-!'H couplings appear to be sensitive to
stereochemistry89 82,

Although fewer 77Se—!3C coupling constants have been reported, they are increasingly
being investigated with regard to structure and bonding in organoselenium compounds.
McFarlane and coworkers®3 were the first to study 7’Se—!3C coupling constants in a
variety of organoselenium compounds in which the Se atom had from zero to three
unshared electron pairs. These coupling constants ranged from —13.0Hz in
MeSeO; K* to —123Hz in PhSe™ K* and the sign was always negative. It was
suggested that, in general, a coupling constant of more than 45 Hz was indicative of a direct
Se—C bond but the variety of factors affecting the magnitudes of the couplings would
make it difficult to use them as structural probes. However, Reich demonstrated®? that
two-bond Se—C coupling constants in a selenide, a selenoxide, a selenium salt and a
selenonium ylide in which the Se is part of a dihydrobe